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    Feel

A parser, type analyzer, and evaluator for FEEL (Friendly Enough Expression Language) defined by DMN 1.6, written in Elixir.
Status: 0.1.0, active development. The parser and both backends implement most FEEL features,
including all 86 standard built-in functions. External function definitions are parsed but rejected during
preparation unless an extension adds the function for their kind (D-211; feel_java does this for java). The TCK report records compatibility results.
The type-system assessment states the
result-check, nested-negation and decision-table contracts, together with the remaining
proof-audit and precision work. They do not establish general analyzer soundness.


Highlights
	DMN 1.6: Decimal arithmetic rounded to 34 digits (via Decimal), temporal types (dates, times, and separate days-and-time vs. years-and-months durations, with IANA time zones via tz), ranges, contexts, and all 86 standard built-in functions.
	Prepare Once, Run Many Times: Separates parsing, name resolution, and static typing (Feel.prepare/2) from evaluation (Feel.run/3).
	Dual Execution Backends:	Interpreter (default): Walks the IR. Generates no code and creates no atoms. Each run reads the OS clock once (System.os_time/1) unless :clock is set; now() and today() share that instant. Time-zone data is the tz database compiled into the code.
	BEAM Compiler (backend: :beam): Compiles IR to Erlang abstract format and loads a BEAM module, splitting a long body by the variables the rest of it still reads. The module stays until Feel.Backend.Beam.release/1, which takes time in proportion to the number of processes in the VM; its name is an atom, and the BEAM never garbage-collects atoms, so that stays for the life of the VM, released or not. The atom table is fixed in size (1,048,576 entries by default) and a full table crashes the whole VM, not just the expression. Each distinct expression adds at least one atom (the same expression prepared again adds none), so compile a bounded set of expressions that you control, and use the interpreter for external input.


	Static Refinement Types: An internal type analysis uses set-theoretic representations to infer intervals, narrow through conditions, flag selected dead branches and remove runtime assertions. Its soundness limitations are documented in the assessment above.
	Unary Tests: Decision-table input entries via Feel.test/4, and the same tests in an expression via in. A decision table is a node of the syntax tree (Feel.AST) with its own run (Feel.Runtime.DecisionTable); it has no text, and the DMN layer (dmn) builds it from a model and gives it to Feel.prepare_ast/3.
	Lenient & Strict Error Handling: A semantic error evaluates to null and is returned as a diagnostic of severity :error in :lenient mode (the default), or halts the run at that error in :strict mode. An :info or a :warning does not halt a strict run.
	Camunda Extensions: Opt-in support for Camunda 8 functions (is defined, trim, partition, etc.), overloads, and flexible date-time formats (:camunda).
	Resource Containment: Public FEEL calls run preparation and evaluation in BEAM workers with deadlines, process heap policies and bounded transfers. Feel.Limits also bounds syntax, calls, iterations and individual collection sizes.
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	Development
	License


Installation
Add feel to your dependencies:
def deps do
  [
    {:feel, "~> 0.1.0"}
  ]
end
Runtime dependencies are decimal (IEEE 754 decimal arithmetic, rounded to the 34 digits of FEEL) and tz (the IANA time zone database, compiled into the code).

Quick Start
For one-off evaluations, use Feel.eval/3:
Binding names are strings. A non-string key is an input error; with trusted containment disabled, building the implicit scope raises ArgumentError.
# Numbers are Decimal values
{:ok, result, []} = Feel.eval("1 + 2 * 3")
result == Decimal.new(7)

# Variables are read from string-keyed bindings
{:ok, true, []} =
  Feel.eval("age >= 18 and name != null", %{"age" => Decimal.new(21), "name" => "Ann"})

# Conditional branches (only the selected branch is evaluated)
{:ok, "adult", []} =
  Feel.eval(~s(if age >= 18 then "adult" else "minor"), %{"age" => Decimal.new(21)})

# Mathematical power operator (rounded to 34 digits)
{:ok, root, []} = Feel.eval("2 ** 0.5")
Decimal.to_string(root)
#=> "1.414213562373095048801688724209698"

Core Workflow: Prepare and Run
In production environments, expressions are typically prepared once and evaluated many times with varying inputs:
# 1. Prepare: parse, resolve names, and infer types once.
#    With no scope, "price" and "quantity" are resolved at run time, so the type is :any.
{:ok, expression} = Feel.prepare("price * quantity")

Feel.type(expression)
#=> :any

Feel.free_names(expression)
#=> MapSet.new(["price", "quantity"])

# 2. Run: execute against specific data bindings
{:ok, total, []} =
  Feel.run(expression, %{"price" => Decimal.new("9.99"), "quantity" => Decimal.new(3)})

Scopes and Static Analysis
A Feel.Scope provides the compiler with schema information before runtime data is supplied.
Type Declarations & Unknown Names
scope = Feel.Scope.new(%{"price" => :number, "quantity" => :number})

# Names are checked at prepare time, and the result type is a number
{:ok, expression} = Feel.prepare("price * quantity", scope: scope)
Feel.type(expression)
#=> :number

# Misspelled or unbound names emit warnings by default, or errors if configured
{:ok, misspelled} = Feel.prepare("prise * quantity", scope: scope)
[%Feel.Diagnostic{code: :unknown_name, severity: :warning}] = Feel.warnings(misspelled)

{:error, %Feel.Error{code: :unknown_name}} =
  Feel.prepare("prise * quantity", scope: scope, unknown_names: :error)
Model-defined types are read with Feel.ItemDefinitions. Recursive definitions are rejected by default; recursive: :guarded retains finite graphs and checks complete finite descendants, while the legacy recursive: :any mode deliberately approximates them. See the guarded-type guide for an example, supported cycles, constraints, conversions and conservative function-signature analysis.
Allowed Values Constraints
Allowed values (as defined in DMN Item Definitions) restrict valid input domains:
# Constrain age to [0..150]
scope = Feel.Scope.new(%{"age" => :number}, allowed_values: %{"age" => "[0..150]"})
{:ok, expression} = Feel.prepare("age + 1", scope: scope)

# An out-of-range value returns null with a diagnostic
{:ok, nil, [%Feel.Diagnostic{code: :value_not_allowed}]} =
  Feel.run(expression, %{"age" => Decimal.new(200)})

# Stances are :enforce (default), :enforce_wide, :trust, :audit, :report, and :ignore.
# :report keeps the value and warns. :enforce makes it null. :audit keeps it and reports
# an error. :trust and :ignore leave the value unchecked. :enforce_wide checks as :enforce
# does and leaves the type as wide as the declaration.
{:ok, expression} = Feel.prepare("age + 1", scope: scope, declarations: :report)
{:ok, _val, [%Feel.Diagnostic{code: :value_not_allowed, severity: :warning}]} =
  Feel.run(expression, %{"age" => Decimal.new(200)})

# The members of a value are constrained by the steps down to them: a key of a context,
# :each for the elements of a list. Both are narrowed on (`person.age` is a number in
# [0..150]), and the value of a run with a member that is not allowed is null.
person_scope =
  Feel.Scope.new(%{"person" => {:context, %{"age" => :number}}},
    allowed_values: %{{"person", ["age"]} => "[0..150]"}
  )

{:ok, expression} = Feel.prepare("person.age", scope: person_scope)
{:ok, nil, [%Feel.Diagnostic{code: :value_not_allowed} | _]} =
  Feel.run(expression, %{"person" => %{"age" => Decimal.new(200)}})

# Constrain the result type and allowed values
scope = Feel.Scope.put_result(scope, result_type: :number, result_allowed_values: "<= 200")
{:ok, expression} = Feel.prepare("age * 2", scope: scope)
{:ok, nil, [%Feel.Diagnostic{message: "the result is not one of its allowed values"}]} =
  Feel.run(expression, %{"age" => Decimal.new(120)})

Unary Tests and Decision Tables
FEEL unary tests express conditions against an implicit input, as used in DMN decision table rule entries:
# Prepare unary test entries
{:ok, tests} = Feel.prepare("[18..65), > 80", entry: :unary_tests)

{:ok, true, []} = Feel.test(tests, Decimal.new(21))
{:ok, false, []} = Feel.test(tests, Decimal.new(70))

# Null input handling
{:ok, false, [%Feel.Diagnostic{code: :null_operand}]} = Feel.test(tests, nil)

# Typed input validation
{:ok, typed} = Feel.prepare("> 5", entry: :unary_tests, input: :number)
{:ok, false, [%Feel.Diagnostic{code: :type_mismatch}]} = Feel.test(typed, "five")
The same tests can be written in an expression with the in operator. Feel.test/4 turns a test that comes out null into false; in keeps the null:
{:ok, true, []}  = Feel.eval("age in [18..65)", %{"age" => Decimal.new(21)})
{:ok, false, []} = Feel.eval("age in (< 18, >= 65)", %{"age" => Decimal.new(21)})
{:ok, nil, [%Feel.Diagnostic{code: :null_operand}]} = Feel.eval("age in [18..65)", %{"age" => nil})

Dual Execution Backends
feel provides two backends. Equivalence tests compare their returned values and diagnostics on shared examples. This is finite regression coverage, not a guarantee for every expression.
	Backend	Selection	Characteristics	Best Used For
	Interpreter	backend: :interpreter (default)	Tree-walking evaluator. No generated code and no new atoms. Each run reads the OS clock once unless :clock is set.	Dynamic, ad-hoc, or untrusted expressions.
	BEAM Compiler	backend: :beam, sandbox: false	Compiles IR to a loaded BEAM module. release/1 unloads the module, but its atom is never freed (each distinct expression costs at least one atom, and the atom table is fixed in size). Past max_generated_statements, preparation fails with :too_large_to_compile.	The same expression, executed many times, from a bounded set of expressions you control.

Using the BEAM backend:
scope = Feel.Scope.new(%{"price" => :number, "quantity" => :number})
{:ok, expression} = Feel.prepare("price * quantity", scope: scope, backend: :beam, sandbox: false)

{:ok, total, []} =
  Feel.run(expression, %{"price" => Decimal.new("9.99"), "quantity" => Decimal.new(3)}, sandbox: false)

# Unload the BEAM module when the expression is discarded (its atom is never freed)
Feel.Backend.Beam.release(expression.executable)

Error Handling: Lenient vs. Strict
In accordance with DMN 1.6, semantic errors do not crash evaluation:
	:lenient (default): Division by zero, a type mismatch, and a null operand of +, -, *, /, **, or of <= and >=, evaluate to null and come back as a diagnostic of severity :error. A null operand of < or > is null with no diagnostic. and, or, and not follow three-valued logic and report nothing: null and true, null or false, and not(null) are null, but null and false is false and null or true is true. An unknown name is a :warning and is read from the bindings. A violation of the allowed values under declarations: :report is a :warning and the value stays. An implicit conversion is an :info.
	:strict: The first diagnostic of severity :error ends the run with {:error, %Feel.Error{kind: :strict}}. :info and :warning stay with the value.

# Lenient mode: nil, and a diagnostic whose severity is :error
{:ok, nil, [%Feel.Diagnostic{code: :division_by_zero, severity: :error}]} = Feel.eval("1 / 0")

# Strict mode: the same error halts the run
{:error, %Feel.Error{kind: :strict, code: :division_by_zero}} =
  Feel.eval("1 / 0", %{}, mode: :strict)

Language Features
Contexts and Entry Ordering
Context entries can reference other keys in the same context, in any order: an entry may read a key written later in the text, and a cycle gives null with an error. By default a context in the result is a plain Elixir map with string keys. The order of the entries is kept inside the run (so get entries lists them as written) and can be kept in the result with contexts: :ordered:
# Context entries reference sibling keys
{:ok, %{"total" => total}, []} = Feel.eval("{total: price * qty, price: 9.99, qty: 3}")
total == Decimal.new("29.97")

# Entry ordering
{:ok, entries, []} = Feel.eval("get entries({b: 1, a: 2})")
Enum.map(entries, & &1["key"])
#=> ["b", "a"]

{:ok, context, []} = Feel.eval("{b: 1, a: 2}", %{}, contexts: :ordered)
Feel.Value.Context.keys(context)
#=> ["b", "a"]
Paths and List Filters
# Path navigation into contexts and date properties
scope = Feel.Scope.new(%{"person" => {:context, %{"name" => :string, "age" => :number}}})
{:ok, expression} = Feel.prepare("if person.age >= 18 then person.age else 0", scope: scope)
{:ok, thirty, []} = Feel.run(expression, %{"person" => %{"name" => "Ann", "age" => Decimal.new(30)}})

{:ok, year, []} = Feel.eval(~s|date("2024-01-31").year|)
year == Decimal.new(2024)

# List filtering
scope = Feel.Scope.new(%{"people" => {:list, {:context, %{"name" => :string, "age" => :number}}}})
{:ok, expression} = Feel.prepare("people[age > 18].name", scope: scope)

# A specification type includes null, so the public type does not mention it.
# The type of the IR node is "list<string | Null> | Null".
Feel.type(expression)
#=> {:list, :string}

people = [%{"name" => "Ann", "age" => Decimal.new(34)}, %{"name" => "Bob", "age" => Decimal.new(12)}]
{:ok, ["Ann"], []} = Feel.run(expression, %{"people" => people})
Dialects and Parsing
# Parse AST directly without type analysis
{:ok, ast} = Feel.parse("for x in [1, 2] return x * 2")

# S-FEEL is a syntax restriction (DMN 1.6, clause 9). Grouping parentheses and null
# belong to the default :practical grammar; :literal follows the printed grammar.
{:ok, _} = Feel.parse("(age + 1) * 2 >= 18", dialect: :s_feel)
{:error, %Feel.Error{kind: :syntax, code: :outside_s_feel}} =
  Feel.parse("if age > 18 then 1 else 2", dialect: :s_feel)

Extensions
Extensions add vendor-specific functions or relaxed spellings without changing standard DMN 1.6 semantics. Extensions are enabled per prepared expression with the :extensions option:
# Camunda extension enables helper functions like `trim`
{:ok, "a", []} = Feel.eval(~s|trim("  a ")|, %{}, extensions: [:camunda])
{:ok, nil, _}   = Feel.eval(~s|trim("  a ")|)

# Safe path inspection with `is defined` (even in strict mode)
{:ok, false, []} =
  Feel.eval("is defined(order.total)", %{"order" => %{}}, extensions: [:camunda], mode: :strict)

# Permissive temporal spellings emit informational diagnostics
{:ok, %Feel.Value.Time{hour: 13, minute: 30}, [%Feel.Diagnostic{code: :temporal_spelling, severity: :info}]} =
  Feel.eval(~s|time("13:30")|, %{}, extensions: [:camunda])

{:ok, expression} = Feel.prepare("trim(name)", extensions: [:camunda])
{:ok, "Ann", []}  = Feel.run(expression, %{"name" => " Ann "})
The :camunda suite comprises three modular extensions (Feel.Extension.registry/0):
	Extension	Capabilities Added
	:camunda_functions	is defined, get or else, assert, is empty, is blank, trim, partition, duplicate values, last day of month, to base64, from base64, to json, from json, extract, uuid, and random number
	:camunda_overloads	Additional signatures for standard functions: number(from, grouping separator), date and time(date and time, timezone), string join with prefix/suffix, get value with key path list, nested context put, and substring past end-of-string
	:camunda_temporal_formats	Times or date-times without seconds, ISO T delimiters, and Java-style timezone bracket notation (2018-04-29T09:30:00+02:00[Europe/Berlin])

Custom extensions can be created by implementing the Feel.Extension behaviour. An extension that only adds data (it never returns a function, and a diagnostic it makes has no origin) can say so with the optional data_only?/0; a host that copies runs into workers, such as dmn, then sends less with each call. An extension that does not say so is treated as able to return a function written elsewhere. feel_java declares this.

Untrusted Expressions and Limits
Public Feel calls run preparation and execution in monitored BEAM workers by default. They return ordinary FEEL results and prepared expressions:
guard = [timeout: 1_000, max_result_bytes: 10_485_760]
{:ok, expression} = Feel.prepare("x + 1", guard: guard)
Feel.run(expression, %{"x" => Decimal.new(2)}, guard: guard)
Feel.eval("x + 1", %{"x" => Decimal.new(2)}, guard: guard)
eval/3 includes preparation, execution, context conversion and diagnostics in one deadline. prepare/2 returns an ordinary Feel.Expression; every run/3 needs its own protection. Sandbox preparation and execution accept only the interpreter. BEAM compilation creates global atoms and modules that worker termination cannot reclaim, so use it for a bounded set of expressions you control. The generation limit is checked before a distinct module-name atom is created; it does not reclaim names from successful compilations. DMN uses the same worker through its ordinary public APIs; Dmn.compile(model, backend: :beam) is the caller's choice for models it trusts and is accepted in that worker, which does not reclaim the modules and atoms it loads either.
	guard: option	Default	Bounds
	timeout	5,000 ms	The complete operation, including preparation, result checking and sending
	max_memory	134,217,728 bytes (128 MiB)	Process heap policy, including shared binaries at garbage collection
	max_input_bytes	max_memory	Conservative estimate of captured input copied into the worker
	max_result_bytes	max_memory	Conservative estimate of the returned term, including diagnostics

The same defaults apply to parsing, preparation and evaluation. A larger artifact or a preparation that needs more time must use an explicit guard: allowance; later calls still get a fresh policy. These are per-operation limits, not a concurrency limit or an instantaneous total-VM memory ceiling. Containment is not free: a contained call of a small expression takes about 9 µs compared with 0.3 µs with sandbox: false (apps/feel/scripts/bench_sandbox.exs, Apple M1 Pro), because a process must be started and a closure copied and checked, and the cost grows with the bindings and the result that cross the boundary.
Timeout and transfer failures return %Feel.Error{kind: :limit} with codes :timeout, :input_too_large or :result_too_large. Unexpected worker termination returns %Feel.Error{kind: :worker, code: :worker_failed}. If the caller dies, the work it owns is cancelled. The first diagnostic's details.reason records the observed worker outcome, such as {:exit, :killed}, {:exit, {:controller, :killed}} or {:raised, exception}. A heap-cap termination can produce {:exit, :killed}, but an explicit kill can produce the same reason; the library does not infer :memory from it. Reasons whose conservative transfer estimate exceeds 4,096 bytes are replaced with reason: :omitted, reason_omitted: :too_large. Fatal worker monitor failures are bounded before they are forwarded to the caller: their complete error envelope must fit both 4,096 bytes and max_result_bytes, otherwise only that omission marker is returned. If even the marker cannot fit, the result is :result_too_large. Ordinary results, caught exits and exceptions keep their complete-result check; timeout and transfer-limit codes stay distinct. Use sandbox: false for the trusted opt-out; guard: nil does not disable containment.
This is resource containment within the host VM. A heap policy is checked at garbage collection; it is not an instantaneous or whole-VM memory ceiling. The preflight, which decides what is copied into the worker, runs in the caller with bounded traversal and checks the deadline cooperatively, including during the transfer-size walk. Expiry returns :timeout even if the byte allowance would also be exhausted. This is not scheduler preemption and does not bound the duration of an individual VM operation. A deadline cannot interrupt arbitrary non-yielding native code. Host functions, extensions and import resolvers are trusted capabilities: terminating a worker cannot undo their effects or contain independent processes they spawn. Keep access to files, networks and external runtimes behind explicit host policies. Raw VM link/monitor signals arrive before their reasons can be sanitized; host callbacks must keep exit reasons bounded. Their initial receipt is outside the worker's heap policy. The application must bound concurrency, accepted input and retained prepared artifacts. Transfer checks and copying grow with the captured bindings and returned data; large inputs can dominate an otherwise short evaluation. Prepared run/3 and test/4 select the compiler's required bindings when their exact canonical keys are available, preserving the implicit unary input ?. An alternate spelling, absent dependency or executable without that metadata keeps the complete binding map. Declaration and allowed-value dependencies are retained even when optimization removes a body read. eval/3 still needs its bindings for scope inference and preparation.
max_input_bytes bounds what is actually sent to the worker. A large unused value omitted from that payload can therefore be accepted; a used value, captured callback environment or returned value still faces its full transfer check. Selection counts toward the same deadline and uses a bounded, shallow caller-side walk. It does not evaluate FEEL, invoke callbacks or perform type conversion. Transfer traversal uses an explicit continuation stack and a byte budget, so a deeply represented expression is not rejected merely for exceeding an internal transfer depth. Parser, call-depth, heap and value-size limits remain in force.
For trusted input, sandbox: false skips the whole-operation worker and transfer checks. It does not disable Feel.Limits, nor can it escape an enclosing worker. The flag applies to each call; it is not stored in a prepared expression. BEAM preparation and execution require this explicit opt-out:
{:ok, expression} = Feel.prepare("x + 1", backend: :beam, sandbox: false)
Feel.run(expression, %{"x" => Decimal.new(2)}, sandbox: false)
Feel.parse/2, prepare_ast/3, test/4 and the raising variants follow the same default. Keep Feel.Limits enabled as well. Trusted calls keep the structural, call, iteration, diagnostic and per-value limits below, but have no whole-call deadline. Iteration and call counters cannot bound a single expensive built-in. See the security model in the architecture for worker ownership, nested policies, transfer accounting and the remaining limits.
Checked while parsing or analyzing:
	max_source_bytes (default 100,000): the size of the source.
	max_nesting_depth (default 100): how deeply expressions nest, including the nesting of a type (list<list<number>> and the parts of a context<> or function<>).
	max_name_tokens (default 64): the tokens of one name the expression introduces (first name is two). Scope names and context keys written as strings are outside it.
	max_narrowing_facts (default 256): facts about one subject that the analysis has to reapply at each read.

Checked while running, on both backends:
	max_iterations: elements taken by for, some, and every.
	max_call_depth and max_calls: how deeply calls of a function written in the expression may nest, and how many such calls a run makes in all. Calls of built-in functions are not counted by these.
	max_diagnostics: diagnostics reported.
	max_list_length and max_string_length: each constructed list and string, including intermediate results, plus nested returned values, folded constants and range endpoints.
	regex_match_limit: backtracking steps for matches, replace, and split.

There is no cumulative allocation quota. Sandboxed operations use the worker heap policy for live process memory; it is checked at garbage collection and is not a whole-VM ceiling. Trusted calls with sandbox: false keep the per-value checks but have no worker memory or deadline protection.
max_generated_statements (default 10,000) applies to backend: :beam. Past it, prepare/2 returns {:error, %Feel.Error{kind: :limit, code: :too_large_to_compile}}. The interpreter generates no statements, so the same source prepares there when the caller selects that backend.
New generated module names also have a VM-lifetime quota of 50,000, configurable through :feel, :max_generated_modules. A refusal returns :too_many_generated_modules before atom creation. Existing names can be reused at the limit. Unloading code and restarting the application do not refund the quota; only a VM restart reclaims the atoms. Hosts still bound concurrent compilation, retained code and other sources of atoms.

Compliance and Verification
	DMN Technology Compatibility Kit (TCK): The dated report records the vendored revision, options, result counts and accepted deviations for both runners. Semantic choices and their rationale belong in the decision record.
	Camunda documentation examples: scripts/camunda_examples/run.sh fetches the documentation and compares its examples on both backends, with and without extensions. It writes a local report under tmp/camunda_examples/; the documentation is an external compatibility corpus, not the FEEL specification. It needs network access and Python with beautifulsoup4.
	Generated property sweeps: These test whether runtime values fall within inferred types on generated expressions and finite bindings. mix test runs deterministic slices; mix test --only sweep runs the full generated corpus. The narrowing documentation tables are checked against the analyzer too. See the sweep workflow for coverage, commands and oracle limitations. Passing sweeps do not establish general soundness.


Documentation and Deep Dives
Detailed architectural and design documentation is available in docs/:
	Document	Topic
	docs/architecture.md	End-to-end compiler pipeline, stage transitions, and module hierarchy.
	docs/compiler-architecture.md	Comparison with other compilers and a prioritized architecture roadmap with tradeoffs and validation criteria.
	docs/type-system.md	Specification lattice vs. internal set-theoretic refinement type system.
	docs/type-system-analysis.md	Type-system assessment, scientific foundations, language comparisons, recommended target design, and open obligations.
	docs/narrowing.md	Static condition narrowing: the facts a condition gives, where they hold, and what they change in the types, warnings, and optimizer.
	docs/decisions.md	Current design choices and their rationale, organized by topic.
	docs/todo.md	Detailed open cases; current priorities are in the type-system and compiler assessments.


Development
Development is pinned to Erlang/OTP 29 and Elixir 1.20 in .tool-versions. mix.exs requires Elixir ~> 1.20.
# Fetch dependencies
mix deps.get

# Formatting and style checks
mix format --check-formatted
mix credo --strict

# Compile with warnings as errors
mix compile --warnings-as-errors

# Run tests and verify test coverage (enforces >= 95% floor)
mix test
mix test --cover

# Type analysis
mix dialyzer

# Build documentation
MIX_ENV=dev mix docs --warnings-as-errors

Running All Quality Gates
scripts/check.sh runs format, compile (warnings as errors), Credo, the Java quality gate, unused-lockfile and Hex audit checks, docs, soundness sweeps, Dialyzer, tests and both TCK runners:
scripts/check.sh             # Full test and verification suite, the steps at the same time
scripts/check.sh --fast      # Quick checks (format, compile, credo)
scripts/check.sh --only test # Run a specific step
scripts/check.sh --serial    # One step after the other, as CI does

Each step's line shows the wall-clock seconds and the processor seconds the step used. The processor time is the cost; the wall-clock time also includes waiting for the rest of the machine.
For performance comparisons, mix run scripts/bench.exs --quick --sandbox measures protected interpreter public calls; --no-sandbox measures the trusted engine and is the default. Both include the same workloads. Split preparation phases stay direct, and BEAM measurements always require trusted mode. --check expectations describe engine work; a sandboxed call can additionally grow with the size of an argument it must copy. Save each mode to a separate --json file. The focused MIX_ENV=test mix run apps/feel/scripts/bench_sandbox.exs, run from the umbrella root, compares prepared FEEL/DMN runs and complete public preparation/compilation with and without the boundary.
The run suite separates execution from preparation and module lifetime:
	Measurement	What is timed
	Interpreter preparation	One public Feel.prepare/2 call
	BEAM cold preparation	One public Feel.prepare/2 call with its generated module absent: parsing, analysis, optimization, code generation, compilation and loading; release is timed separately
	BEAM warm preparation	The same call while that module is already loaded: parsing, analysis and code generation still run, but the loader reuses the module
	BEAM release	Feel.Backend.Beam.release/1, including code deletion and purging

Cold means module absence in an already running VM, not a fresh VM or a cold Erlang compiler. Cold and release figures are medians of seven batches of individually timed calls; warm preparation uses the usual seven timed batches. Every cold cycle retires its module before the next preparation, and warm measurements keep the module loaded throughout. Release can grow with the VM's process count. cold break-even uses the additional cold preparation cost divided by the execution time saved; release is excluded and must be budgeted separately. Preparing an already loaded module is distinct from reusing a prepared expression, which avoids preparation entirely.
JSON reports run/NAME/prepare_interp_ns, prepare_beam_cold_ns, prepare_beam_warm_ns and release_beam_ns. The former prepare_beam_ns combined preparation and release and is removed; it must not be compared directly with the new cold figure. The table suite reports table/BACKEND/prepare_first_pass_us and prepare_warm_ns, plus table/beam/release_us. Its first pass starts with generated modules absent, but repeated cells reuse modules within that pass, so it is labelled first pass, shared modules, not a cold per-cell measurement. Warm preparation keeps those modules, and release retires each distinct module once, including the batch's traversal and deduplication. The old table prepare_us keys are replaced by the explicit prepare_first_pass_us keys.
The test step includes a slice of every soundness sweep (test/feel/sweep/) unless the sweeps step also runs, which runs them whole. The sweeps step runs all of them, as MIX_ENV=test mix test --only sweep test/feel/sweep; its output is in tmp/check/sweeps.log in the root. The scripts in scripts/sweep/ run the same sweeps with a report of their own and have options for comparing two trees.
To run the TCK from apps/feel:
(cd ../bdm_tck && mix run scripts/tck.exs)                       # FEEL expressions
(cd ../bdm_tck && mix run scripts/tck.exs --extensions camunda)  # FEEL with extensions
(cd ../bdm_tck && mix run scripts/dmn_tck.exs)                   # Complete DMN models

Opening a pull request runs format, a forced compile and the tests without sweep slices. The rest of CI is opt-in: the ci label, a draft marked ready, or a workflow dispatch. See the root CI policy.
To inspect AST and IR pipeline transformations step by step:
mix run scripts/steps.exs "price * quantity" --bind price=2 --bind quantity=3

License
feel is released under the GNU Affero General Public License v3.0 only. The text is LICENSE. The vendored DMN TCK cases keep their own license, apps/bdm_tck/test/fixtures/tck/LICENSE-ASL-2.0.txt.


  

    Architecture

How feel is put together: the stages an expression goes through, which module does what, and where the rules live. It describes the code as it is. What is still to be written is in todo.md, and why things are as they are is in decisions.md; the ids (D-138, D-27, and so on) refer to the latter. Compatibility results are recorded in the dated TCK report.
For recommended changes and priorities, use the compiler assessment. The correctness contracts, remaining audit work and the target type design are in the type-system assessment. This module guide describes mechanisms rather than establishing their soundness.
What it is, and what it is not
feel is a library for FEEL, the expression language of DMN 1.6: it parses an expression, checks and types it, and runs it. It is standalone, with two runtime dependencies (decimal for numbers and tz for the IANA time zone database).
It is the expression layer of a DMN engine. A decision table is a node of its syntax tree (D-175), but it has no text: the DMN layer (apps/dmn) reads a model and builds the trees (Feel.prepare_ast/3, D-174). The boxed expressions, business knowledge models and decision requirements graphs belong to the caller, who hands feel the text of an expression (or a tree it built), a scope that says which names and types it may use, and the values of the names.
Two ideas shape the rest:
	Prepare once, run many times. Everything that does not depend on the data (parsing, name resolution, typing, checking calls, compiling) happens in Feel.prepare/2. Feel.run/3 only evaluates.
	A semantic error is a null and a diagnostic, not an exception. Lenient mode carries on evaluating, and strict mode ends with {:error, _} at the first error (D-04). Syntax, preparation, input and resource failures also return error values.

The pipeline
 source text
     |  Feel.Syntax.Lexer          raw tokens, with byte spans and white-space flags
     v
 tokens
     |  Feel.Syntax.Parser         groups names using the scope; Feel.Syntax.SFeel checks S-FEEL
     v
 AST   (Feel.AST)
     |  Feel.Analysis.Analyzer     resolves names, types every node, checks calls, adds the
     v                             verification nodes for the scope
 IR    (Feel.IR) + type, free names, diagnostics
     |  Feel.Optimizer             folds what is constant, drops checks the types settle
     v
 IR
     |  Backend.compile/2          interpreter: keeps the IR
     v                             beam: Emitter -> Loader -> a loaded module
 Feel.Expression                   what prepare/2 returns, and run/3 takes back
     |  Feel.run/3, Feel.test/4    Backend.run/3, on Feel.Runtime and Feel.Builtin
     v
 {:ok, value, diagnostics}  or  {:error, %Feel.Error{}}
Feel (lib/feel.ex) is the facade and runs calls in a sandbox by default. sandbox: false turns that off for trusted input. prepare/2 is the left half of the picture and run/3 the right half. eval/3 does both once, and builds a scope from the bindings when it is not given one (D-37). parse/2 stops after the AST, test/4 runs unary tests (a decision table's input entries) against an input.
What is chosen at prepare/2 stays with the prepared expression: the dialect (D-49) and the extensions (D-81) go into the executable and from there into every run. Supplying either to run/3 returns an input error under the default sandbox, or raises ArgumentError with sandbox: false. The mode, the clock and the limits are set per run.
The analysis tier changes inferred bounds and preparation warnings, while execution must preserve values, ordered diagnostics and strict failures under the same declaration assumptions. Literal function signatures are captured in their written environment by kind-only analysis. Full analysis makes that additional bounded pass when the syntax contains functions, then uses the captured signatures alongside more precise call refinements. Call specialization and optimization preserve them, including when a function escapes through a list or context (D-219).
Static argument-type mismatches stay preparation warnings. The runtime built-in boundary checks actual values and constructs its own diagnostic, so inferred type text does not leak into a tier's runtime error. Structural errors such as invalid arity keep a fixed diagnostic in the IR.
Every failure has a kind (Feel.Error), and the kind says when it happened:
	Kind	When	Meaning
	:syntax	prepare	the source does not parse, or (S-FEEL) is outside the subset
	:limit	prepare or run	an engine limit or sandbox deadline/transfer bound was passed; Limits and Security model describe enforcement
	:analysis	prepare	calls or types could not be resolved, or a construct is not written yet (:not_implemented); a name the scope lacks is only a warning by default, and an error with unknown_names: :error (D-37)
	:backend	prepare	the backend could not produce something that runs (BEAM only)
	:strict	run	a strict run ended at its first error
	:input	prepare or run	invalid sandbox options/backend, or a bound value breaks a declaration of the scope, such as number! (D-48)
	:worker	sandbox prepare or run	an unexpected worker termination

Problems that are not failures are Feel.Diagnostics, with a severity (:error, :warning, :info), a code, a byte span into the source and an optional hint. Those found while preparing are in Feel.warnings/1; those found while running come back with the value.
Module map
Paths are under lib/feel/, except the facade lib/feel.ex.
	Layer	Modules	Role
	Facade	lib/feel.ex, expression.ex, scope.ex, item_definitions.ex, dialect.ex, limits.ex, error.ex, diagnostic.ex, name.ex	the API, and the data it passes around
	Preparation	preparation.ex, recursion.ex	shared parsed/AST preparation, conservative binding dependencies and linked-callee evidence
	Containment	worker.ex, worker/{transfer,preflight}.ex, facade wrappers	whole-operation deadlines, process heap policies, bounded transfers and caller-side selection
	Extensions	extension.ex, extensions.ex, extension/camunda/{functions,overloads,temporal_formats,json}.ex	the behaviour for additions to FEEL, how a set of them is resolved, and the bundled Camunda extension (D-81); Java is a separate application
	Values	value.ex, value/*	how each FEEL type is represented (D-02)
	Types	type.ex, type/*	the types of the specification, and the richer ones used for inference
	Syntax	syntax/{lexer,token,characters,parser,name_set,type_parser,s_feel}.ex, and ast.ex	source to tree
	Analysis	analysis/analyzer.ex, analysis/signatures.ex for stable literal signatures (D-219), and its helpers, for names, calls and loops (scope_stack, references, quoted_names, calls, invocations, iterations, paths, filters), for types (inference, allowed_values), the seam to the proofs about values (refinement, D-133), for sets (intervals, narrowing, preimage, test_sets, integer_set) and for temporal values (at_literals, date_arithmetic, date_properties, duration_properties, month_scaling, moment_arithmetic, moment_properties, moment_tests, moment_zones), and ir.ex	tree to typed IR
	Optimizer	optimizer.ex	IR to IR
	Backends	backend.ex, backend/interpreter.ex, backend/beam.ex, backend/beam/{emitter,scalar,chunks,loader}.ex	IR to something that runs
	Runtime	runtime.ex, runtime/*	the semantics: arithmetic, comparison, logic, temporal, paths, filters, calls, unary tests, verification
	Built-ins	builtin.ex, builtin/*	the library of functions, one module per area (the list functions in two more, under builtin/list/)

Values and types
A value is a plain Elixir term (D-02): nil, boolean, a UTF-8 binary, a finite Decimal, an Elixir Date, a list, and Feel.Value.Context for a context. The types that need more are structs: Feel.Value.Time, DateTime, the two durations (separate on purpose, D-02), Range and Function.
A context keeps the order of its entries (D-135), which the specification leaves open and the TCK does not test: the entries by key in a map, and the keys in order. A literal has the order it is written in, and not the order its entries are evaluated in (D-58), which the IR carries in meta.order when they differ. get entries, context put, context merge, context(...), string(...), the descendant and to json show the order; = ignores it. Outside the engine a context is a plain map with string keys, as the specification and the TCK have it: the value of a run is converted (contexts: :ordered keeps the order), a map a host binds is a context in the order of its keys, and a native function receives and returns maps. The engine reads a plain map as a context wherever it reads one (Feel.Value.Context.is_context/1), so nothing converts a binding, and builds a %Context{} wherever it makes one; the order of a plain map is worked out only when something asks for it (put/3 and merge/2 into one are constant time). A function is a value of one of three kinds: :feel, a closure written with function(...), :builtin, and :native, an Elixir function that the host exposes and that is called through the boundary types of its signature (D-82). Each module in value/ says how its values look (t), describes its type (type/0) and recognizes its values (value?/1). value/zone.ex and value/format.ex are helpers (time zones, and the text of a value as string(...) writes it).
There are two ways to describe a type, and the distinction matters for the analysis (type-system.md goes through both, and sets them against the types of TypeScript and Elixir).
	Feel.Type is the type system of the specification (section 10.3.2.9): a flat lattice with :any on top and :null at the bottom, and null belongs to every type, so number means "a number or null". conformance.ex, instance.ex and conversion.ex relate types to each other and to values, and apply the implicit conversions (D-24). Feel.Type.parse/2 reads type expressions such as list<number>. Feel.ItemDefinitions can also construct guarded recursive data graphs (recursive: :guarded). Feel.Type.Recursive unfolds them for complete finite-value membership and constraint paths; analysis uses a bounded upper projection instead of expanding the graph indefinitely. Recursive signature projections and declaration checks follow the guarded-type contract.
	Feel.Type.Union is what the analyzer infers with (D-39): a list of alternatives with :null among them when the value may be null. It can say "never null" and "only null", which the specification's types cannot, and it can carry a set of values for an alternative (D-39, D-109): age + 1 for an age in [0..150] is number in [1..151] | Null. The sets are Feel.Type.NumberSet (intervals of numbers within decimal128) and Feel.Type.StringSet (single strings and intervals, in the order of the run), and dates and durations are put in the same algebra by their image as numbers (Feel.Type.Image). Times and dates and times are put in the same algebra too (D-109): by the second they fall in, on three number lines (the clock of the values with no zone, and the instant and the clock of those with one; Feel.Type.Moment), since their order depends on the zones, and by the fraction of the second, on a fourth (D-118). Feel.type/1 converts back to the specification's type.


! after a type (number!, D-48) is an extension for the declarations of a scope: the name is never null. It is not part of the FEEL expression grammar. The same holds for the two other types that the lattice cannot express, which a host declares: {:not, T} (Any except T) and {:union, [T, U]} (T | U, D-178). They are defined by the union they make (Feel.Type.Composite), so the analysis relies on that union and the run asks Feel.Type.Union.contains?/2 about it.
Syntax
The lexer is context-free and never raises (D-06). It cannot tell a-b the name from a - b the subtraction, because that depends on which names are in scope, so it emits raw words, numbers, strings and symbols with their text and spans. The parser (syntax/parser.ex) is hand-written precedence climbing (D-28) that reads the whole grammar and decides the grouping of names from the Feel.Scope and the built-in names. The scope's names are lexed with the same lexer, so the parser compares tokens, not strings. They are kept in a Feel.Syntax.NameSet (syntax/name_set.ex), which says whether a run of tokens is a name, only the start of one, or neither, so that reading a name costs the tokens it shares with a known name and not the length of the run (D-177). A name is canonical (Feel.Name, D-05): white space is not part of it.
The parser reads FEEL whatever the dialect. S-FEEL is a check made on the tree and the text after the parse (s_feel.ex, D-49). The size of the source is limited in the lexer, and the nesting depth and the length of the names that an expression gives to a parameter, an iterator or a key (D-154) in the parser; see Limits.
Feel.AST is the tree as written: names are token lists and temporal literals are text (D-15).
A name in backticks (`first name`, D-83) is the one thing the lexer groups itself: one :quoted_name token, checked to be a name in the canonical form (the words with one space, nothing but name characters), so the parser needs no scope to know where the name ends. It is not DMN 1.6, so it is read in every dialect but S-FEEL and reported once for the expression as an :info (Feel.Analysis.QuotedNames).
Analysis
Feel.Analysis.Analyzer is the largest module. It walks the AST with a ScopeStack and produces the IR, the inferred type of the whole, the free names and the diagnostics. An error returns {:error, diagnostics}; a construct it does not handle yet returns the diagnostic :not_implemented (D-28, D-56), so that preparing fails with an :analysis error and never raises.
What it does:
	Names. Looked up innermost-first in a ScopeStack (analysis/scope_stack.ex, D-26): the special contexts of the constructs, then context entries, then the scope, and the built-ins last, so any of them can shadow a built-in. A name becomes a :var, a :local, a :builtin or a name that is resolved against the keys of a context at run time. A scope is not taken to have every name, so one that is missing from it is a variable of type Any | Null that is looked up in the bindings when the expression runs, with an :unknown_name warning and a suggestion when a name in the scope is close. unknown_names: :null makes it a null with a warning, and :error an error (D-37).

	Types. Every node carries a union type. analysis/inference.ex has the result type of each operator, intervals.ex the algebra of number sets for + - * /, test_sets.ex reads unary tests as sets of values (of numbers, strings, booleans, and dates and durations by their images, D-109), date_properties.ex, duration_properties.ex and moment_properties.ex give the properties of a date, a duration, and a time or a date and time from its set, moment_tests.ex compares the sets of a time and a date and time (D-109), moment_arithmetic.ex adds a duration to them and subtracts them (D-109), moment_zones.ex gives their value, time offset and timezone, and preimage.ex gives the numbers an operand can be when an operation is in a set (D-122), operands.ex and date_preimage.ex do the same for the dates and the durations (D-122), and narrowing.ex narrows the type of a name, of a path that starts at one, or of the element of a filter by the comparisons, between, in, instance of, and and or around it: in the branches of an if (if y != 0 then x / y else null, D-194), in the right operand of an and, in that of an or and in the upper bound of a between (D-194). A fact about a path narrows its source (p.age > 5 leaves p a context with that age, and d.month > 6 leaves the days of a date's set from July, D-194, and s.hours > 2 the amounts of a duration's set from two hours, D-194), and a local, a parameter of a function or an entry of a context, is narrowed as a name is, identified by the depth of the context that binds it, so that a name bound again deeper takes no fact (D-193), and Feel.Type.Union.intersect/2 is the meet of two types, which several of the facts use. The facts that the conditions compose about one subject are counted: more than max_narrowing_facts of them that have to be applied at each read of it is a :limit error of the analysis (:too_many_facts, D-154), since the work for a subject grows with the square of their number. A test checks inference.ex against the runtime on the same operands, and the narrowing against the runtime on every pair of a set of values. narrowing.md has the rules of the narrowing, with a page for each type and one for the functions that have several signatures. Unknown arithmetic operands use the possible result kinds of the runtime tables, including number-or-duration negation. Full analysis also recognizes selected repeated reads of one value (D-203, D-207); self-division of month durations preserves zero and numeric-conversion failures. Repeated duration addition still combines independent intervals, and the core tier keeps independent-operand types for repeated reads. These rules improve precision; the type-system assessment states the correctness contracts and the remaining soundness audit.
	Temporal literals and arithmetic. analysis/at_literals.ex decodes an @"..." literal when the expression is prepared, so that it is a constant of the IR (and reports a spelling that an extension reads, D-81). date_arithmetic.ex (D-109) and month_scaling.ex (D-109) work out the dates that a date plus or minus a duration can be, and the months of a years and months duration times or divided by a number. The properties of a date and of a duration are whole numbers: integer_set.ex makes the Feel.Type.NumberSet of them, and type/exact_number.ex does the floors and comparisons that need exact numbers, since the arithmetic of Decimal rounds (D-109).
	Paths and filters. analysis/paths.ex types a.b and a...b from the type of the source: an entry of a context, a property of a date, a time, a duration or a range, or the same from each element of a list (D-65). analysis/filters.ex decides from the type of the brackets whether source[brackets] is an index, a predicate, or one that the value decides at run time, binds item and the entries of an element as names, and types the elements the predicate keeps (D-71).
	Calls and loops. analysis/calls.ex finds what is called, puts named arguments in the order of the parameters, and types the result (D-56) by the signatures that the arguments may match (D-56: abs(dd) of a duration is a duration). Invalid argument counts or names give :arity_mismatch; incompatible argument values give :argument_out_of_domain. Both can be preparation warnings. At runtime, structural errors use fixed IR diagnostics, while type mismatches use the ordinary boundary's actual-value checks. invocations.ex types the call of a value (f(1), g(3)(4)) from what the callee can be (D-82), and iterations.ex types for, some and every from the types of their domains and of the body (D-86).
	Lists and contexts. The entries of a context can read each other's keys in any order (D-58). analysis/references.ex reads what each entry reads from the tree, and the analyzer evaluates them in dependency order.
	Unary tests. Lowered to expressions of the input ?, a name bound for the run (D-40): < 5 is ? < 5. A test whose meaning depends on the value (a list, a range, a boolean or a null that an expression of ? gives) is a :match node; the value decides the meaning, never the type (D-209).
	The declarations of the scope. See below.

What a scope declares
Feel.Scope carries the names and their types, the type names a model defines, the allowed values of some names (the source text of unary tests, as in a DMN item definition), and the type and allowed values of the result. The analyzer turns the declarations into nodes around the expression:
allowed            the result is null with an error if its allowed values reject it   (D-138)
  conform          the result is converted to its declared type, or null with an error (D-138)
    conform_bindings    the bound values are converted to their declared types         (D-138)
      verify_bindings   the bound values are checked against their allowed values      (D-138)
        <the expression>
One option, declarations:, says what this is used for (D-138). It controls two things: what the run does with a bound value that does not fit (verify: :enforce converts it or makes it null with an error, :report leaves it and only reports it, false ignores it), and whether the allowed values narrow the types (narrow), which is what lets the analysis prove things about a name, and so is safe only when the run enforces them or the host guarantees them. The analyzer keeps the two apart in its context, and Feel.Analysis.Declarations works them out from the option, which is a stance:
	declarations:	A bound value that does not fit	The allowed values	Nodes in the IR
	:enforce (default)	converted, or null with an error	narrow the types	both, :enforce
	:enforce_wide	the same	do not narrow	both, :enforce
	:trust	not looked at: the host guarantees the values	narrow the types	none
	:audit	stays, and is an error	narrow the types	both, {:report, :error}
	:report	stays, and is reported (an error for a type, a warning for allowed values)	do not narrow	both, {:report, ...}
	:ignore	not looked at	do not narrow	none

The tiers: refined types and kind-level types
The full tier tracks literals, value sets and condition facts through the refinement modules. Those modules can dominate preparation cost on some expression shapes. analysis: selects the tier (D-133):
	Tier	Types	A condition
	:full (default)	refined sets for numbers, strings, booleans, dates, times and durations, with bounded approximations	narrows the names it reads in its branches
	:core	of the kinds: number, string, list<number>, a context with these entries; null is tracked	says nothing

Both tiers are intended to preserve execution semantics. They differ in inferred precision, preparation warnings, optimization opportunities and preparation cost. Equivalence tests exercise that contract, but finite comparisons do not establish a universal guarantee. Use scripts/bench.exs prepare to measure the cost on a workload. Under :core, allowed values do not refine analysis types, and :trust and :audit are rejected. Both tiers retain the repaired signature/result-check regressions; selecting a tier does not replace the wider algebra and effect audit.
Feel.Analysis.Refinement is the seam. The analyzer asks the refinement for the facts of a condition (facts/3: nothing in the core tier), the type of a constant (constant_type/2) and the narrowing of a type by a fact (narrow/2 and the functions that combine facts, which belong to Narrowing), and no module of the refinement is called from the analyzer other than through it. settle/2 is the safety net: every node the analyzer returns goes through it, and in the core tier it takes the sets out of the type of the node, so that a set that some part made (the result of a built-in function, a property of a date, the elements of 1..3) goes no further than the node. It looks at the alternatives of the type and not at its depth, for the parts of the type of a node are those of the nodes below it, which were settled; the type of a node that was folded to a value is erased whole. Inference types the kind of an operation and whether it can be null, and asks Refinement.Operations, which is part of the seam, for the sets of the result and for whether the sets of two operands decide a comparison (D-133). Two callers are outside the seam, and are functions of types that need no tier, since the types of the core tier have no sets to work on: Paths (the properties of a date, a duration, a time and a date and time from their sets) and AllowedValues (the tests of a name as sets). The test of the seam (test/feel/analysis/refinement_test.exs) reads the calls between the modules and fails if a module of the refinement has a caller that is not in its list.
The IR
Feel.IR is the resolved form that both backends run. A node is {kind, meta, ...}, where meta has the byte :span (so a run-time diagnostic points at the source) and the :type. ir.ex documents each node. A type expression is read on its own for instance of; external function definitions require a registered extension function for their kind (D-211). Without one, preparation fails with :not_implemented. Host-native functions can also be supplied as values with declared signatures (D-82). A function (function) and the call of a value are produced (D-82, Feel.Runtime.Invoke), and so are for and quantified (some, every; D-86, Feel.Runtime.Iteration). A quiet node is the argument of a parameter that is read without reporting (is defined, D-100): evaluation inside it is lenient and what it reports is not kept (Feel.Runtime.Env.quietly/2). A new kind of node needs a clause in the analyzer, the interpreter and the emitter (see "Extending it").
Optimizer
Feel.Optimizer (D-45) is a function from IR to IR between the analyzer and the backends, on by default. Its contract is to preserve the value, ordered diagnostics and source locations, and the point where a strict run ends. The regression suites exercise this contract; the remaining proof audit is described in the type-system assessment. It folds operations on constants (only when the run would report nothing), takes the branch of an if with a constant condition, and drops a conversion or a verification that the analysis has already shown to hold. Feel.Expression keeps both the optimized IR and the unoptimized_ir/1. Tests run the same expressions both ways. An upper recursive projection cannot justify removing a conformance check or prove that conversion leaves its operand unchanged. Result and specialized parameter bounds describe converted values.
Backends
Feel.Backend is a behaviour: compile(ir, options), run(executable, bindings, options) and an optional release(executable). compile/2 takes profile: :fast | :explain; :explain is meant to report the rules and branches a run took, for audit trails, and it is not implemented: both backends and the emitter raise ArgumentError for it (Feel.Backend.validate_profile!/1), so that a caller who asks for it is not given a run without the report. The option stays as a placeholder for it (todo.md).
	Feel.Backend.Interpreter (default) walks the IR. It generates no code, loads nothing and creates no atoms, so it is the right choice for expressions from sources that are not trusted. It is the reference (D-21).
	Feel.Backend.Beam (backend: :beam) emits Erlang abstract format directly, never source text, so nothing from the expression is interpreted as code, and a name from the expression is never turned into an atom (beam/emitter.ex). The generated function is a straight line of calls to Feel.Runtime; a body of more than 32 statements is cut into functions that call one another (beam/chunks.ex, D-113), so that long straight-line bodies avoid known host-compiler costs. The values of a long list, context or call are collected a few at a time, and a fun with many parameters reads them from a tuple, for the same reason (D-113). This does not establish linear compilation for nested branch chains or arbitrary expressions. beam/loader.ex compiles and loads it under a name derived from a hash of the IR and runtime cache stamp (Feel.Generated.E<hex>), so the same expression is one module, a loaded module is never replaced, loads of one name are serialized, and release/1 unloads a module once nothing runs it, at a cost in proportion to the number of processes in the VM, and without freeing its atom (the figures are in its documentation). compile/2 first emits forms under a fixed placeholder name, counts their statements and refuses an expression over max_generated_statements before creating a distinct module-name atom. Accepted forms receive their IR-and-cache-stamp-derived name before the Erlang compiler runs. This avoids permanent names for oversized expressions, while successful compilation still consumes a module-name atom. Refusal returns an error of kind :limit, code :too_large_to_compile (D-154). The limit bounds the statement count because the compiler's time and memory grow with it for large generated modules; the interpreter makes no code and has no such limit. The cost is a module and an atom per distinct expression, which the VM does not free, so it is meant for expressions that are trusted and run often. For an expression that only does scalar work on declared names (beam/scalar.ex, D-164) it is a function that reads the names in one pattern, does scalar operations without an environment and checks individual constructed strings. It runs the expression in the interpreter from the start when its assumptions fail. Measure preparation, successful specialization, fallback and release separately on the intended workload; a backend has no fixed speed advantage.

Both backends call the same Feel.Runtime, so the semantics are written once. They must give the same value and the same diagnostics, in the same order, and tests check it.
Runtime
Feel.Runtime is the contract between the compiler and the code it generates. Its abi/0 cache stamp (runtime.ex) participates only in generated module names. Changing the stamp prevents reuse of code emitted against an older runtime contract. No attributes or version-negotiation layer remain. Prepared expressions must be regenerated on upgrade; persisted generated .beam files are unsupported. The modules under runtime/ are functions on values, each citing the tables of DMN 1.6 it implements. The operators are pure; the modules that run parts of the expression or have something of their own to report (filter, iteration, invoke, allowed_values, binding_types, result_type, temporal_text) are given the environment and return it:
	Module	Area
	env.ex	the environment of one run: mode, dialect, clock, limits, diagnostics, and what the run has added up (calls and iterations)
	bindings.ex	looking up a name in the bindings, shared by both backends
	kind.ex	the kind of a value, which the operator tables dispatch on
	number.ex, number/power.ex	decimal128 arithmetic: 34 digits, half-even, the scale rules, the exponent range; ** as one correctly rounded power (D-62)
	logic.ex	three-valued and and or (Tables 51, 52)
	compare.ex	= != < <= > >= across kinds (Tables 53-55)
	arithmetic.ex	+ - * /, ** and negation (Tables 57-61 and 63)
	temporal.ex	dates, times and durations: exact time in ticks of 10^-34 s, floating, offset and IANA zones (D-54)
	unary_tests.ex, range_literal.ex	the tests, and a range as a value (D-61)
	range_text.ex	reading the text of a range, for range(...) (D-73)
	path.ex	selecting an entry or a property, and the descendant (D-65)
	filter.ex	source[brackets]: the index, the predicate and the choice between them by value (D-71)
	regex.ex	the regular expressions of XPath, read strictly and written as a pattern of the Erlang engine, for matches, replace and split (D-80)
	invoke.ex	function values and the call of one: closures, host functions, the conversion of the arguments to the parameters' types (Table 64), and the depth of calls (D-82)
	iteration.ex	for, some and every for both backends: the domains, and the elements taken, counted against max_iterations (D-86)
	null_operand.ex	which null operands are an error and which are only missing data (D-103)
	temporal_text.ex	reading the text of a time and a date and time, with the spellings of the extensions that are on (D-81)
	type_check.ex	instance of (Table 62)
	partial.ex	the results of a for so far, for a body that only indexes partial (D-86)
	equal_items.ex	which items of a list are equal to an earlier one, without comparing every pair: distinct values and the extension's duplicate values
	allowed_values.ex, binding_types.ex, result_type.ex	the run-time half of the scope's declarations

An operator does not touch the environment. It returns an outcome: {:ok, value}, :missing (the result is null because an operand is null, which is not a mistake), or {:error, diagnostic}. The backend passes it to Env.settle/3 with the span of the node. That puts the span on the diagnostic, leaves out a null operand that an error inside the operation already explains (D-103), and checks the size of every value against the limits. Env.report/2 is the single place where a diagnostic is collected (lenient) or ends the run (strict): settle/3 ends in it, and so do the modules that are given the environment and have a warning or an info of their own, such as the conversion of a bound value, a filter, an iterator or a spelling of a time. A strict run ends by a throw that Env.run/2 catches. A run that exceeds a limit ends the same way, in either mode, with an error of kind :limit: the size of a list or a string and the depth of calls of function values (max_call_depth, which stops a function that is passed to itself), the number of calls of functions of FEEL (max_calls, D-154, which the depth does not bound) and the number of elements that the iterators of for, some and every have taken (max_iterations, D-86), the backtracking of a regular expression (regex_match_limit), and, for the run as a whole, the diagnostics it has reported (max_diagnostics). All of them have the code :limit_exceeded, and the details of the diagnostic name the limit.
Evaluation order is part of the semantics. Both operands of a binary operator are always evaluated, and and or included, so an error in the operand that does not matter is still reported (D-53). An if evaluates the condition and only the branch it takes (D-53). The elements of a list are evaluated in order, and the entries of a context in the order they depend on each other (D-58).
Built-in functions
The 86 names of section 10.3.4 are listed in builtin.ex, because the parser needs them to read multi-word names. The functions are in one module per area (builtin/conversion.ex, string.ex, list.ex, number.ex, temporal.ex, range.ex, context.ex, boolean.ex), and a test keeps the two lists equal (D-56).
A function is a Feel.Builtin.Function (D-56): a name, signatures (parameters with names, types and whether they are optional), the function itself, pure? and never_null?. The analyzer turns a call into {:call, meta, {:builtin, meta, name}, arguments} with the arguments in the order of the parameters; both backends evaluate the arguments in order and Builtin.call/3 runs the function and returns an outcome to settle. That is the whole contract. A call of a pure function on constants is folded only when the evaluation succeeds without diagnostics. All 86 standard names have implementations. A registered name without one would be a :not_implemented analysis error. A function is found by name in a table that is built once, from the areas, and kept in :persistent_term (Builtin.function/1, D-56; Builtin.clear_cache/0 forgets it), since an area builds its list of functions anew at each call and every call of a built-in in a run looks one up.
The functions of an area share how they take their arguments (Feel.Builtin.Arguments, D-79): a null or a value of the wrong kind is null with an :argument_out_of_domain error, a list of one is taken as its element where a scalar is wanted, a value is taken as a list of one where a list is wanted, and a position is cut to a whole number. A parameter can be variadic (Feel.Builtin.Function.parameter/3), as in sum(1, 2, 3) and append(list, a, b). A call by name takes the signature that has the names, with the order in which they are written deciding between two signatures that have the same names (before(point, range) and before(range, point)), and signatures that differ only in types count as one (abs(n: x) is for each kind of abs, D-56). The list functions are two modules under builtin/list/ (the aggregates and the others), since an area module has nothing but names/0 and functions/0. The regular expressions of matches, replace and split are read by Feel.Runtime.Regex, which writes the dialect of XPath as a pattern of the Erlang engine (D-80).
Extensions
Engines add to FEEL: functions DMN does not have, more signatures for the ones it has. The core does not, and does not name any such thing. Feel.Extension (D-81) is a behaviour for a module that says what it adds, and Feel.prepare(source, extensions: [MyApp.Shout]) switches it on. The option is [] by default, and then the library is DMN 1.6 and nothing else. Feel.Extensions resolves and checks what is given once, and it travels with the prepared expression into every run, as the dialect does.
An extension adds, and never changes the result of an expression that is valid without it: what it adds was an error before (an unknown function, a call with a number of arguments that no signature takes) or was not FEEL. The TCK expects a few such errors (number("1.000.000,01", "."), 0058 #016: "will error when too few params"), so an extension that turns one into a value deviates from it on purpose, and names the node (D-81). :camunda gives number that signature of two arguments (D-81), and the call is still null with an error (another code), so it declares no node: apps/bdm_tck/test/fixtures/tck/deviations/camunda_overloads.txt is empty. Today it has three callbacks that add behavior, the first two lists of Feel.Builtin.Functions, the same structure as a built-in and called the same way (D-56), and one optional declaration:
	functions/0 adds functions with names that DMN 1.6 does not have. A name of several words is read as one name wherever the extension is on, as string length is.
	overloads/0 adds signatures to a function that DMN 1.6 has. The function of DMN 1.6 runs first, and an overload gets its turn only if that reports an error, in the order of the extensions; its call may return :next to say the arguments are not for it. If every overload does, the error of DMN 1.6 stands.
	temporal_text/1 gives other spellings of the text of a time or a date and time (13:30, T23:59:00, 2018-04-29T09:30:00+02:00[Europe/Berlin]). When time(...), date and time(...) or @"..." cannot read its text, the library reads the first spelling it can read as the string of DMN 1.6 that it stands for, and reports it as an :info (:temporal_spelling). The rules are Feel.Value.Temporal.Spellings, which the library also uses on its own, with no extension, to say in the hint of the error how DMN 1.6 writes the text (D-81).
	data_only?/0 (optional) says that the extension adds data only: nothing it returns is or holds a function, and a diagnostic it makes has no origin (D-222). A host that copies a run into a worker (DMN, DD-44) then need not copy the diagnostic sources of the elements the run does not use. An extension that does not declare it is taken to be able to return a function written elsewhere. The callback is asked once, when the set is prepared, and the answer is recorded (Feel.Extensions.data_only?/1 of a prepared set runs no extension code); keep it a constant. feel_java declares it.

The places where the core decides ask Feel.Extensions: the parser which words form a function name, the analyzer which functions and signatures exist, the run which function to call. A call that an extension may answer is marked extension: true in its metadata, and the analyzer and the optimizer fold it with the extensions of the expression (D-45), as they fold a call of a function of DMN 1.6; the optimizer is given the dialect and the extensions for that. scripts/tck.exs --extensions runs the TCK with extensions on and lists the nodes that stop passing: those an extension does not name are its bugs (with :camunda on, none of the 3,557 nodes changes). The bundled extension is :camunda (lib/feel/extension/camunda/; the name stands for :camunda_temporal_formats, :camunda_overloads and :camunda_functions, each of which can be switched on alone), reads those spellings, gives six functions additional signatures (D-81), and adds sixteen functions of its own (D-81), to json and from json among them (json.ex). The optional feel_java application adds Java external functions through the same mechanism; it is not a dependency of feel. An extension that does change a node of the TCK declares it in apps/bdm_tck/test/fixtures/tck/deviations/<name>.txt, and Feel.TCKExtensionsTest checks the list. Syntax is not an extension: a name in backticks is always read, and reported (D-83).
Dialects
Feel.Dialect names :feel, :s_feel and :b_feel (D-49). The dialect is chosen at prepare/2 and goes into the executable and from there into every run; a run cannot choose one. S-FEEL is a restriction of the syntax and runs as FEEL. B-FEEL, which differs in its semantics (an error gives a value of the type and not null), is accepted and runs as FEEL: the dialect is carried in Env, and nothing reads it yet.
Limits
Feel.Limits (limits.ex) caps the work an expression can cause. A limit is a non-negative integer or :infinity, the defaults are provisional, and exceeding a limit is an error of kind :limit. The stage that checks it decides when the error comes:
	Limit	Checked	Code
	max_source_bytes	by the lexer, at prepare	:source_too_large
	max_nesting_depth, max_name_tokens (D-154)	by the parser, at prepare	:nesting_too_deep, :name_too_long
	max_narrowing_facts (D-154)	by the analyzer, at prepare	:too_many_facts
	max_generated_statements (D-154)	by the BEAM backend, at prepare, before the Erlang compiler runs; the interpreter ignores it	:too_large_to_compile
	max_list_length, max_string_length	by Env.settle/3, on every value a run makes	:limit_exceeded
	max_iterations (D-86), max_call_depth (D-82), max_calls (D-154), regex_match_limit	during the run	:limit_exceeded
	max_diagnostics (D-154)	by Env.report/2, at each diagnostic that is collected	:limit_exceeded

A run that exceeds a runtime limit ends in either mode, and the diagnostic details name the limit. These limits describe selected work and individual values rather than elapsed time or all memory held by the VM. Calls with sandbox: false have no whole-operation deadline. Preparation still has expensive source shapes; use the sandbox for untrusted preparation as well as evaluation.
Security model
The untrusted data are FEEL source and bindings, DMN XML and imported models. Host extensions, native functions, clocks, entropy providers and import resolvers are trusted code with the host's capabilities. The library combines language-level construction limits with BEAM process containment; it does not create an OS security boundary.
Shared worker and public wrappers
Feel.Worker lives in feel, which dmn already depends on. Ordinary Feel and Dmn entry points wrap their operation with this worker by default; XML parsing and optional DMN table checks also call it directly. There is one implementation of deadlines, heap policies, transfer checks and cancellation.
	Entry point	Protected operation
	Feel.eval/3	Preparation, execution, context conversion and diagnostics
	Feel.parse/2	Parsing, returning an ordinary AST
	Feel.prepare/2, prepare_ast/3	Preparation, returning an ordinary Feel.Expression
	Dmn.load/2	XML parsing and conversion to a model
	Feel.run/3, test/4	One evaluation of a prepared expression
	Dmn.compile/2	XML loading when bytes are supplied, model conversion, import resolution and compilation
	Dmn.evaluate/4, evaluate_all/4, invoke/4	The complete operation across all FEEL units and result conversion
	Dmn.prepare_call/3	Nothing runs: sandbox: and guard: are checked once, and the decision name and plan are fixed
	Dmn.run/2	One evaluation of the prepared decision, admitted as Dmn.evaluate/4 is

Prepared expressions, compiled models and returned FEEL closures are ordinary terms. Each sandbox call applies a fresh policy; preparing once does not determine the policy of later calls. FEEL sandbox APIs reject the BEAM backend, whose global atoms and modules cannot be reclaimed by killing a worker. BEAM preparation and execution of an expression require sandbox: false, for a bounded set of expressions controlled by the host. The flag skips the outer worker and transfer checks for that call; engine limits remain. It cannot escape an existing worker. Dmn.compile/2 prepares for the interpreter unless the caller chooses backend: :beam (DD-41), and that choice is accepted in the default worker: the DMN compiler asks FEEL for the backend itself, inside its own worker, and the modules and atoms it loads stay in the VM when that worker is gone. Containment of such a compile bounds its time and memory and not what it leaves behind, so :beam is for models the caller trusts. Running a model compiled that way is contained like any other. XML and optional table analysis keep their own workers even when the outer DMN boundary is disabled. Direct backend, analysis and type-helper calls do not establish the outer operation boundary; use the listed facade operations to contain untrusted preparation and interpreter evaluation.
The preflight
A worker is another BEAM process, so whatever it runs is copied into its heap. A call that captured the whole compiled model and every input would copy all of it each time and count all of it against max_input_bytes, so that a model larger than the allowance would be unusable however small the decision it is asked for. The preflight is the step, in the caller and before any worker exists, that decides what the job closure holds. The internal run_prepared entry point of Feel.Worker starts the policy and deadline and hands them to a selector: Dmn.Execution.prepare/6 for a DMN call, and the binding selection of Feel.run/3 and test/4 for FEEL (Feel.Worker.Preflight has the budget they share).
For a DMN call the preflight
	resolves the requested names and orders the decisions, business knowledge models and inputs they need, once, with the planner of Dmn.Compiled;
	keeps only those units, in the compact form a worker needs (the executable, its reads and recursion groups, faults and options; not the source text, the syntax tree, the IR or the diagnostics that stay with the caller);
	keeps every input key, because the run validates all of them, and replaces large or composite values the decision does not read;
	decides whether the source of other units must travel too, which is necessary only when a run could report a diagnostic whose origin is another unit (a function supplied by the caller, a calendar module, an extension that is not declared data only, see below);
	returns the closure, which then passes the ordinary transfer check and is copied.

It runs outside the worker, so it must be bounded without one. It has a budget of at most 100,000 steps (less for a small memory or input policy), reads the deadline when it starts and then every 64 steps, and runs no host code: no extension, callback or resolver is called, and whether an extension adds data only is read from a record made at preparation or compilation. Whatever it cannot decide (a name or key that is too long, an unusual spelling, a spent budget) makes it send the original, complete argument instead, which faces the same transfer check, so a fallback costs time and never skips a check. Expiry of the deadline is a :timeout. Selection is an optimization of what is copied and never validation: the worker validates options, names, input keys and values again, and strict errors, diagnostics and the result are produced and checked inside it.
What it costs and what it saves, measured on an Apple M1 Pro with OTP 29 (the measurements further down say how): about 3 µs for the preflight, next to about 8 µs for the transfer check of the job and about 17 µs for the spawn, the copy and the reply. It is what keeps that overhead from growing with the model: one decision of a model of 1 to 30,000 decisions costs 22–36 µs contained. The remaining cost grows with what has to travel, about 3 µs per KB of payload, and is large only when source maps must travel with the job (414 KB and about 1.2 ms a call for a model of 1,087 decisions with an extension that is not declared data only).
Ownership, deadlines and transfer limits
The guard: policy has four options:
	Option	Default	Enforcement
	timeout	5,000 ms	Deadline covering preparation/compilation or evaluation, result checking and sending
	max_memory	134,217,728 bytes (128 MiB)	Heap policy installed at worker spawn, including shared binaries at garbage collection
	max_input_bytes	max_memory	Conservative bound on the function capture copied into the worker
	max_result_bytes	max_memory	Conservative bound on the complete returned term, including diagnostics

These defaults apply to each complete public operation, including FEEL preparation and DMN loading and compilation. The returned expression/model must fit the result allowance too. Large artifacts, long import budgets and external startup/queue waits can need explicit larger guard: options. Changing an inner XML/import budget never widens the outer operation's deadline or heap policy. Later evaluations get fresh policies rather than inheriting the compilation's larger allowance.
A monitored controller owns a linked, monitored worker and monitors the caller. Caller death or deadline expiry terminates owned work; termination waits for workers to die before the terminal reply. Replies use aliases so a timed-out call cannot leave late result messages. The worker sends the result directly to the caller; the controller receives only a delivery marker, avoiding a second result copy.
Worker failures expose the observed reason in FEEL's first diagnostic details and DMN's Error.details. {:exit, :killed} may mean a heap-policy termination or an explicit kill; it is not proof of memory exhaustion. Controller exits stay distinguishable as {:exit, {:controller, reason}}, and caught exceptions as {:raised, exception}. Additional reason details have a fixed 4,096-byte conservative transfer allowance; larger terms are omitted with an explicit marker. These diagnostic details do not change deadline or transfer-limit codes. Fatal worker monitor exits bypass the worker's ordinary result path. Before forwarding one, the controller checks the complete error envelope against the smaller of 4,096 bytes and max_result_bytes. An oversized envelope becomes {:exit_reason_omitted, :too_large} internally and the public details become %{reason: :omitted, reason_omitted: :too_large}. The marker also passes the result allowance; an allowance too small for it yields :result_too_large. Small observed reasons stay intact. The controller receives raw VM exit signals before sanitizing them. This initial receipt is outside the worker heap policy; trusted host callbacks must bound the exit reasons they produce. The caller likewise receives a raw monitor signal if the controller itself crashes; its returned error is sanitized after receipt. These VM-generated signals are not covered by the result-transfer bound. The controller cannot safely be given a heap-kill policy that would bypass its owned-child cleanup.
Feel.run/3 captures only the executable, selected bindings and run options; source, AST, duplicate IR and preparation diagnostics stay with the caller. Feel.prepare/2 records the analyzer's conservative external dependencies on the interpreter executable, including declaration checks, allowed-value tests and returned closures. Selection uses exact canonical keys, always keeping the implicit unary-test input ?. A missing exact key keeps the complete map so runtime alias lookup and missing-name diagnostics are unchanged. Executables built directly without dependency metadata also use the complete map. eval/3 keeps all bindings because preparation infers a scope from them. worker/transfer.ex keeps its conservative transfer accounting.
Dmn.Execution builds a compact view from the current compiled units: required executables, reads, recursion groups, faults and runtime options. It leaves the original model and duplicate expression representations with the caller. Selection and execution share the iterative planner in Dmn.Compiled: it produces one ordered dependency closure across all requested targets. The caller supplies its existing preflight budget and deadline. A successful projection captures the ordered plan together with its matching immutable compact model in the job closure. Evaluation and invocation reuse that plan after the normal option, name, input and argument validation; the worker does not walk the dependencies a second time. The plan is included in input transfer accounting, is never stored on the reusable compiled artifact, and cannot be supplied through public options. A complete-input fallback carries no plan, so execution computes it inside the worker. Trusted calls likewise plan during execution. A Dmn.PreparedCall holds its own plan for runs that are not in a worker (sandbox: false, or inside one); in a worker its request is selected like an evaluate/4 request, so the worker gets the part of the model the decision needs and not the prepared value. Explicit frames process target and requirement lists incrementally, mark every member of a recursion group before following its external requirements, and then emit its members together in compiler order. Repeated edges, group members, emission and frame unwinding all consume caller work steps. The payload builder only compacts the planned units; it does not traverse dependencies again. No planner callbacks, bulk graph expansion or persistent plan cache are introduced. Oversized keys, uncertain metadata or work exhaustion fall back to complete guarded input; deadline expiry stays a timeout. Ordering consumes the existing budget rather than widening it, so some complex projections can fall back sooner. Their original payload still passes ordinary transfer admission and containment. The plan uses current units, avoiding both an unbounded caller stack and a per-target cache that could grow quadratically or become stale after an artifact is edited. The compact view carries only requested target names and the selected units' source maps. It has no model-wide name/ambiguity maps. The source of a unit outside the selected graph is needed only when a run could report a diagnostic whose origin is that unit: a function value made in another unit carries its origin, and so can a diagnostic made by trusted host code. A bounded iterative inspection of the selected expressions, the selected input values and the run options shares the planner's budget and deadline and decides. These cases make the extra source maps travel: functions supplied directly, nested in data or captured in closures; FEEL extensions that do not declare data_only?/0 (D-222); non-ISO Date calendar modules; pre-existing diagnostic origins; and BEAM executables prepared with such an extension. Only those cases scan the remaining units and build a diagnostic source index, omitting unneeded executables and already selected sources. The extra source walk shares the same budget and deadline; exhaustion falls back to complete guarded input. No callback runs during admission. All source mapping stays inside the worker; strict errors and the complete diagnostic envelope still face its deadline, heap policy and result-transfer bound.
Extension code never runs in this inspection, which happens in the caller before the worker exists: whether an extension adds data only is asked when the set is prepared (Feel.Extensions.new/1) and when Dmn.compile/2 compiles (Dmn.Compiled.feel_data_only), both inside their protected operation, and recorded. A callback that blocks is stopped by that operation's deadline.
What a prepared expression holds does not depend on the call, so the compiler asks once: Dmn.Compiler.Unit.callback_free is true, false or nil (not looked at), set from the final expression (DD-44). Only what a worker is given is inspected, here and in the walk of a nil unit: the executable, the linked peers and the extensions, not the syntax tree, the IR or the scope, which stay with the caller and can be large (every unit of a model with thousands of item definitions carries them). true skips the walk of that unit in every call and false ends the inspection at once; nil, as in a unit that was built or edited without the compiler, is walked, so the flag only saves work and is never the sole evidence. Whoever changes expression on a compiled unit resets it. A BEAM executable is inspected like the interpreter's: generated code calls only Feel.Runtime, the built-in functions and the extensions it was made with, and holds no function value of its own, so it is opaque exactly when its extensions are. The common interpreter/data path, with no extension or only data-only ones, has no scan or transfer of unrelated model metadata. A model with an extension that is not declared data only, a supplied function or a custom calendar incurs model-size source costs, about 3 µs per KB of payload: 414 KB for a model of 1,087 decisions, 1.2 ms a call, against the 2.9 KB and 39 µs it needs. Uncertain or exhausted projections still pay whole-model costs. Both can exceed small input-transfer allowances.
When the planner selects every current unit, equal map sizes prove the selected subset contains all available source maps. Selection skips capability inspection and the extra source index, while still checking its cooperative deadline. Already-mapped DMN faults are not inspected for origins: execution copies them directly into the result or strict error. Their complete transfer accounting is unchanged. Finite Decimals with exactly the standard fields, sign ±1, nonnegative integer coefficient and integer exponent are proven callback-free in constant time. Extended/malformed structures still use the bounded walker. This proof never normalizes the value or exempts large integer fields from transfer checks. Custom Date calendars are opaque because temporal operations can dispatch through their module atom even when the input contains no function terms.
For DMN evaluation, the payload keeps every input key and the values of required inputs; unused large or composite values can become nil. Small scalars, short binaries and Decimals are kept to avoid duplicating key normalization; this heuristic never exempts their contents from the transfer check. Dmn.Run still validates and normalizes every key in the worker. Selection uses the same bounded name normalization, preserving alias collisions and namespace precedence. Invocation arguments stay complete because their parameter names are established by the actual function.
Worker.run_prepared/2 is an internal entry point for trusted library selectors. It starts and inherits the policy before selection, then applies the ordinary input check and dispatch to the selected closure. worker/preflight.ex bounds selection and capability inspection by the smaller memory/input policy, with a ceiling of 100,000 work steps; uncertain or excessive selection falls back to the original checked payload. It reads the clock before the selection starts and then every 64 steps (a step is constant work and runs no host code); the transfer walk checks every 256. Target and FEEL dependency keys longer than 256 bytes, and graph keys longer than 4,096 bytes, also fall back. DMN input selection normalizes only name components up to 256 bytes and namespaces up to 1,024 bytes. Longer or invalid forms are validated by the original guarded path. Expiry stops the operation instead of starting a fresh deadline. Host callbacks, FEEL execution, type conversion and result conversion stay inside the worker.
Transfer work grows with the actual captured input and result. max_input_bytes limits that payload, not unused caller-owned arguments: omitting an oversized unused value can change a former :input_too_large into success without increasing what crosses the boundary. Used values, callback environments, binary backing storage and results keep their full checks. Necessary large inputs and source metadata can still dominate a short evaluation. Benchmark trusted engine work separately from sandboxed public calls; neither has a general constant-overhead guarantee.
Measured on an Apple M1 Pro with OTP 29 (apps/tck_eval, 3,493 decision calls of the TCK, fewer than its 3,511 result nodes because one call can cover several nodes; models compiled with recursion, the Java extension only where a model has a Java function; the machine was not idle, so treat differences below about 10 % as noise): a contained call takes about 100–130 µs for the interpreter against 67–68 µs with sandbox: false, and loading and compiling the models takes 15–30 % longer, because the compiled model is size-checked and copied back out of the worker. Inside the process the overhead of a call splits roughly into the preflight (about 3 µs), the transfer check of the job (about 8 µs) and the spawn, copy and reply (about 17 µs), and grows with the payload: about 3 µs per KB. bench_payload.exs and bench_sandbox.exs (see the DMN README) print the same split for independent decisions; tck_eval prints a sandbox: false row beside each contained one. The TCK has few large payloads, so a model whose extension is not declared data only is the case to measure for your own workload.
worker/transfer.ex bounds traversal before copying input and inside the worker before returning results. It counts repeated heap structure, captured function environments and referenced binary backing storage conservatively, including non-byte-aligned bitstrings and the variable boxed storage of remote references. A tail-recursive traversal uses explicit continuation frames for tuple fields, list tails, map iterators and function captures; it never expands an entire wide container and has no independent composite-depth cutoff. Every visited occurrence consumes the byte allowance, so the work and continuation storage stay bounded. A shared DAG can still be rejected even if its live heap is small. Traversal stops when its allowance is exhausted; it does not flatten the complete DAG first. Input admission runs in the caller. Its transfer walk checks the shared deadline at entry, every 256 traversal steps (including continuation unwinding), and completion or byte exhaustion. Expiry returns :timeout rather than :input_too_large. These are cooperative checks, not scheduler preemption: an individual VM operation or a descheduled caller can still delay the response. Result checking stays inside the preemptible worker, under its heap policy and controller deadline. No second input copy or extra admission process is needed.
Internal pipeline stages run within the outer job without repeating transfer checks. Explicit nested worker policies reuse an enclosing worker when its policy is already at least as restrictive. A tighter operation gets an owned child with the earlier deadline and the smaller inherited memory/transfer allowances. Optional DMN table analysis can expire independently and report an unfinished check; expiry never proves coverage or justifies removing a runtime check. Parent termination cancels owned children, and child cleanup completes before a terminal reply. Recursion signature probes receive the run options too: standalone linking stays protected by default, while DMN's internal probes respect trusted opt-out or stay within the existing outer worker. The shared preparation pipeline attaches conservative binding dependencies before optimization, including when a standalone recursive member is prepared again with single-signature callee evidence. That repreparation uses the shared worker and the link caller's sandbox policy. DMN establishes this evidence during compilation. Its compact worker expressions keep the peer names needed to reuse it, while omitting saved preparation options, ASTs and duplicate IR. Evaluation installs links without analyzing or optimizing those compiled members again.
The worker distinguishes timeout, input-size and result-size failures from exceptions and exits. An unexplained :killed exit is a worker failure; it is not inferred to be memory exhaustion from its timing. The FEEL and DMN wrappers translate these outcomes into their public error structures.
Engine limits and worker memory
Keep the engine limits enabled. Construction checks can reject oversized strings and lists before allocation, while calls, iterations, depth, diagnostics and regex backtracking have their own limits. General step accounting, list-walk charges, numerical cost estimates and comparison budgets are absent; a deadline covers expensive individual operations without estimating their CPU cost. Numerical precision/range safeguards and local analysis budgets are still in place.
Regex matching streams results on OTP 28 and later when the engine's internal iterator is available. On older OTP releases it lists matches before applying the output cap, preserving that engine's empty-match behavior. Engine limits and worker containment still apply, but the fallback may allocate the match list before the next heap-policy check at garbage collection.
There is no cumulative allocation counter, shared atomics budget or retained-byte state in the runtime environment. The worker heap policy bounds live process memory at garbage collection; per-value checks reject individual oversized strings and lists in both execution modes. A DMN operation runs its FEEL evaluations in the same worker, so they share that worker's deadline and heap policy without threading an allocation budget through the runtime. Trusted calls have no aggregate memory bound supplied by the library.
Limits of containment and host responsibilities
A process heap policy is not an instantaneous or whole-VM memory ceiling. Shared binaries may be charged at their full backing size, and some allocations occur before the next garbage collection. A deadline cannot interrupt arbitrary non-yielding native code. Process termination cannot undo external effects or contain independent processes spawned by a host callback. An external runtime, such as the optional Java extension, needs its own host policy. The Java sidecar encodes a bounded request in the FEEL caller before sending it to its long-lived server. Its allow policy, message/name caps, JVM heap options and startup/method timeouts apply independently of the BEAM worker. A FEEL worker timing out does not cancel an accepted Java request; the shared JVM continues until the method returns or the sidecar stops it. Queued calls stay serialized, so the host must bound concurrency.
The interpreter does not generate modules or atoms from source. XML rejects DOCTYPE before parsing and bounds document structure through Dmn.Limits. Imports require an explicit resolver rather than automatically opening model-supplied locations. These controls restrict language and model input; they do not restrict arbitrary code supplied by the host.
Trusted BEAM compilation has a separate VM-lifetime quota for new generated module names: 50,000 by default, configured through :feel, :max_generated_modules. Refusal happens before atom creation; existing names can be reused. Neither unloading code nor restarting the application refunds it. This does not bound other atoms, concurrent compilations or retained code (D-223).
The application must bound concurrent jobs, accepted input and retained prepared artifacts. There is no global worker queue or pool. Measure representative preparation, large bindings and returned results before choosing larger allowances. From the umbrella root, MIX_ENV=test mix run apps/feel/scripts/bench_sandbox.exs compares warmed direct and sandbox calls, including complete public preparation and compilation with median/max times and outcome codes. Outstanding allocation audits and preparation bounds are in the resource backlog.
Tests and how the code is checked
Unit tests and doctests live under test/feel/. The checks cover several distinct contracts:
	Runtime results against inference, narrowing facts and selected declaration boundaries.
	Analysis tiers, optimized/unoptimized evaluation and backend behavior against each other.
	Decimal128 arithmetic against Python decimal fixtures, and specification examples with explicit provenance.
	Generated expression sweeps and the narrowing documentation tables; see the sweep workflow for commands and coverage limits.
	The official DMN TCK through the FEEL-only and whole-model runners. The TCK report records scope, options and baselines.

Finite tests provide evidence for exercised cases. Shared type predicates and missing cap, variance or composite cases can hide defects; the type-system assessment states the contracts these cases protect and the broader audit that the existing suite does not complete.
Three scripts show what is going on:
mix run scripts/steps.exs "price * quantity" --bind price=2 --bind quantity=3 --backend beam
(cd ../bdm_tck && mix run scripts/tck.exs)
mix run scripts/bench.exs --quick

steps.exs prints the data structure after each stage (lex, parse, analyse, optimise, compile, run) with the time of each, and compares the backends and the optimized with the unoptimized IR. With --extensions camunda (names or modules, D-81) every stage has the extensions, step 0 lists them, and a call that an extension may answer shows [extension]. tck.exs prints how the TCK went, what is pending and why, and takes --model, --list, --update, --extensions and --analysis core. bench.exs measures cost, with no dependency, in four suites: how prepare/2 grows with the size of the source for a few dozen shapes of expression, split into its phases (prepare); how a run grows with the size of its data, for the list, string and context functions and the loops (scale); what a run costs on each backend with the optimizer on and off, and how many runs the BEAM backend needs to pay for its compile (run); and the cost of a decision table's worth of unary tests (table). prepare and scale fit the exponent of the growth (constant, linear, quadratic or worse), each shape and each expression says what is expected of it, and --check exits 1 when one grows faster (one that is flagged is measured twice more, and the median of the three counts, since a busy machine moves a single figure); the few that are known to be worse are marked in the script and written down in todo.md. The Camunda extension has constructs of its own in each suite (camunda_..., with the extension on whatever else is asked), and --extensions camunda puts it on for all the others. bench.exs profile runs :tprof on the phases. --json FILE saves the figures and --compare FILE lists what moved, with --fail-on-regression. Times belong to the machine they were made on; fitted exponents also depend on the workload, sizes, warm-up and measurement noise. They are empirical scaling evidence, not complexity proofs.
Two more scripts check the code instead of showing it. scripts/check.sh runs the quality checks at the same time (--serial: one after the other), all of them even when one fails, and says which failed: format, compile (with warnings as errors), credo, deps (an unused entry of mix.lock), audit (mix hex.audit, which needs the network), docs (mix docs with warnings as errors: a dead link, a reference to a function that is not there), dialyzer, test (the tests, the doctests and the TCK baseline), sweeps (the complete generated soundness sweeps), java (the Java quality gate), and the two runners tck and dmn_tck. The output of each step is kept in tmp/check/. --fast runs format, compile and Credo (the latter on changed files). --only, --skip and --fail-fast select checks, and the exit status is 1 if a step failed. scripts/camunda_examples/run.sh runs the code examples of the Camunda FEEL documentation with DMN 1.6 alone and with :camunda on, and writes tmp/camunda_examples/report.md by default; it fetches the pages and needs python3 with beautifulsoup4. Generated reports are local artifacts rather than maintained compatibility promises.
Extending it
	A new IR node. Add it to the table in ir.ex; produce it in analysis/analyzer.ex with its type from analysis/inference.ex (and references.ex or narrowing.ex if it binds or tests names); evaluate it in backend/interpreter.ex; emit a call for it in backend/beam/emitter.ex (the emitter calls into Feel.Runtime and puts no semantics of its own in the generated code); and let the optimizer fold it if it should. The backend-equivalence test shows a gap.
	A node that a layer above FEEL builds. A node with no text, which Feel.prepare_ast/3 takes and the parser never makes (the decision table, D-175, and the declared value, D-190, are the two there are). It goes through the same places: the node in ast.ex, a clause of analyze_clause/2 in the analyzer (or, as for a declared value, the nodes that exist), the optimizer, Walk.value_of/3 in backend/interpreter/walk.ex and Emitter.expression/2, with the semantics in a module of runtime/ that both call. Keep the shape {kind, %{span: …}, parts…}: References, the quoted names and AST.shift/2 walk any such tuple. apps/dmn/docs/feel-integration.md has the whole path, with the diagrams, and a checklist.
	A new operator or runtime function. Write it in runtime/ as a pure function that returns an outcome, citing the table of the specification. If generated code calls it, changing its name, arity or meaning requires bumping the cache stamp (Feel.Runtime.abi/0).
	A built-in function. Add a Feel.Builtin.Function to functions/0 of its area module, with the signatures from the specification so that named arguments work. Its call takes the Env and the evaluated arguments and returns an outcome; Feel.Builtin.Arguments has what the functions share for dealing with a null, a list of one, or a position. Use specification examples, signature tests, sweeps and the TCK to check the resulting behavior.
	Something DMN 1.6 does not have. Not in the core: an extension (Feel.Extension) that adds a function or an overload, so that switching it on cannot change a result that was valid without it.
	A decision. Where the specification is silent or contradicts itself, the choice goes into decisions.md as the effective choice and rationale; update an existing record when it changes. Cite the relevant specification sections and vendored test cases there. Open work belongs in todo.md.

Use the specification section cited by a decision and the vendored fixture provenance to investigate a semantic question. Private sibling checkouts and extraction notes are not prerequisites for this repository.


  

    Compiler architecture comparisons and roadmap

The FEEL compiler should keep its current foundation: a semantic intermediate representation, a direct interpreter, and an optional BEAM backend. The strongest improvements are explicit contracts for observable effects, bounded preparation work, and targeted changes to generated control flow. A new native backend, general SSA framework, or adaptive JIT would impose substantial costs without an established need.
This assessment compares compiler designs to decide which changes are worthwhile for FEEL. It covers Java, Clang/LLVM, Rust, Go, OCaml, Elixir/BEAM, C# and F# on .NET, V8, Elm, CEL, and Dhall. The type-system assessment covers correctness and type design in detail; the existing architecture guide remains the module reference.
The implementation review was refreshed on 19 October 2026. The compiler comparisons were first researched on 17 October; their architectural lessons are not a version support matrix. Older performance figures are workload-specific historical measurements, not fresh results or general speed guarantees. Use the benchmark scripts for the current code.
Implemented foundations include shared BEAM containment for complete public preparation, compilation and evaluation; conservative transfer checks; compact FEEL/DMN payloads; per-call DMN plan reuse; and compilation-time evidence for recursive callees. Defaults are five seconds and 128 MiB. Trusted calls can opt out with sandbox: false; generated BEAM code requires that opt-out because module-name atoms and loaded code have VM-wide lifetime. See the security model.
The generation-limit ordering fix (C0) is complete: forms are emitted under a fixed placeholder and checked before a distinct module-name atom is created. The reproduced function-signature, projection, structural-reader, rule-certainty and unary-test-lowering failures are also repaired, including the function-reader and recursion completeness follow-ups. Preserve those regressions; the broader proof, effect and witness audits in the type-system assessment remain open. DMN caller typing, linked-closure caching and diagnostic origins are implemented behavior, not new roadmap tasks.
DMN also derives a business knowledge model's caller result from its function item's output (DD-33), including aliases and imports, while decision-service results follow their separate rule. Literal signatures are stable across tiers and optimization, runtime argument diagnostics are built from values, and DMN table proofs keep their uncertainty. The type-system assessment states those contracts; the broader fact/effect audit is open work.
Full analysis of syntax containing function literals now makes a bounded kind-only signature pass before refining the executable IR. The historical preparation measurements below predate that pass and should not be treated as current costs for function-heavy workloads.
Services derive named output contexts, honor their own result conversion and keep derived recursive runtime signatures. Guarded item graphs check complete finite data while analysis uses bounded upper projections, including post-conversion parameter specialization.
Unary-test lowering now preserves dynamic matching's null contract (D-40, D-209): a nullable scalar expression that reads ? does not turn a null result into implicit equality with null. -? and an equivalent conditional therefore agree. Explicit null equality and null literals keep ordinary equality. The remaining-reader audit adds these lowering checks alongside result-check regressions.
Resource-boundary follow-up: fresh module names have a VM-lifetime admission quota (D-223). DMN shares call, iteration and diagnostic counters, snapshots its clock once, and bounds model units (DD-45). These checks complement shared workers (D-221); they do not complete early emission limits, concurrency admission or the fact/effect audit proposed below.
Read in order for the design argument, or go directly to the decision you need:
	Current architecture — what exists and which semantics it preserves.
	Compiler comparisons — grouped by architectural model, with a lesson for FEEL.
	Recommended changes — priorities, tradeoffs, and acceptance criteria.
	Changes to defer — the evidence that would justify larger investments.
	Delivery roadmap and validation — effort, dependencies, the first implementation step, and evaluation of the work.

1 The current architecture
1.1 Preparation and execution
The public boundary is valuable: Feel.prepare/2 performs work independent of input data, while Feel.run/3 evaluates the prepared expression against bindings.
FEEL source and scope
  → lexer and parser
  → source AST
  → analysis, resolution, and lowering
  → semantic FEEL IR
  → FEEL optimization
  ├─ interpreter executable retaining the IR
  └─ BEAM emitter
       → Erlang abstract forms
       → Erlang compiler
       → BEAM module
       → loader and, on a JIT-enabled runtime, BeamAsm
       → native code
The parser uses scope information to disambiguate FEEL names. The analyzer resolves bindings and calls, decodes literals, computes facts, orders context entries by dependencies, and inserts declaration checks. The optimizer transforms the same IR. Both backends use shared runtime operations for language semantics. See Analyzer, IR, Optimizer, and Backend.
The DMN layer has a corresponding prepared-model boundary. A compiled model holds prepared FEEL units and their dependencies; evaluation runs the required units in dependency order. That is already the right level at which to reuse model preparation. See Dmn.Compiled.
1.2 The IR remains close to the language
The IR is a tree of FEEL operations with resolved references and metadata. It keeps concepts such as contexts, filters, unary tests, functions, and verification nodes. This makes it useful both for direct interpretation and for transformations that need FEEL semantics to remain visible.
It is not a CPU-oriented instruction language. Register allocation, stack layout, instruction selection, and native-code emission are delegated downstream. Adding those responsibilities to this project would duplicate capabilities already supplied by Erlang/OTP.
The interpreter itself runs on BEAM and may execute as native code. It still interprets the FEEL program by walking its IR. The BEAM backend removes that walk by generating code for the particular expression. These are different execution strategies for FEEL even though both ultimately use the same host runtime.
1.3 Execution preserves more than a value
A semantic error commonly produces null and a diagnostic in lenient mode; strict mode stops at its first error. Diagnostic order and source locations therefore matter. A diagnostic now carries a host-supplied origin so a function body's span can be mapped through its own unit instead of its caller's text (D-201). A function written in an expression keeps the origin of its run; hosts must label any function they bind that was made by a run without an origin. Calls can also depend on the clock or host functions, and evaluation is subject to resource limits.
An optimization must account for these observations. Computing the same final value is insufficient if a transformation suppresses an error, repeats an external call, or changes which strict failure is encountered first. Retained call, iteration and per-value limits have an explicit policy; there is no general step or cumulative-allocation quota to preserve. Wall-clock and heap-policy termination can vary with optimization and VM scheduling.
The optimizer already takes considerable care here. For example, it folds a constant computation only when its evaluation produces no diagnostics. However, the reasons that an operation may be removed or must remain are spread across specialized predicates and cases. See Optimizer and Identity.
1.4 Existing strengths to preserve
The project already has substantial compiler infrastructure:
	A shared runtime and two backends, with optimized versus unoptimized comparisons.
	Feel.Paranoid, which checks intermediate results and compares execution paths.
	Benchmarks separated into parse, analyze, optimize, and compile, with scaling checks and compilation break-even measurements.
	Generated-code chunking to avoid excessively large Erlang functions.
	A guarded scalar fast path with interpreter fallback.
	Generated-module deduplication, serialized loading, soft retirement, and an internal generated-code cache stamp.
	Per-run linked-closure reuse and host-supplied diagnostic origins across calls.
	Model-chain audits, rejected-declaration sweeps and generated mutation experiments.

These are implemented foundations, not proposed additions. See Paranoid, benchmarks, Chunks, Scalar, and Loader.
The loader also deliberately passes :no_ssa_opt to the Erlang compiler. Its recorded rationale is that the general emitted code largely calls runtime functions: disabling those SSA optimization passes substantially reduced compilation time with little execution difference on the measured workloads. Other compilation and code-generation work still occurs. Future changes to the emitted code should remeasure this choice rather than assume that either enabling or disabling every optimization is always best. See compiler options.
2 Comparison with other compilers
The comparisons are grouped by the architectural question they answer: ahead-of-time lowering, execution on managed runtimes, and embedded or restricted language boundaries. The diagrams show logical dataflow; real compilers interleave stages and process units at different times. Java means the usual OpenJDK/HotSpot configuration, Rust means rustc with its usual LLVM backend, Go means the standard compiler, and JavaScript uses V8 as a concrete example.
2.1 Ahead of time compilers
These implementations illustrate when a source-oriented representation should give way to one designed for optimization or execution.
Clang and LLVM
C or C++ source
  → preprocessing, parsing, semantic analysis
  → Clang AST
  → LLVM IR and optimization
  → target-specific machine representations
  → instruction selection and register allocation
  → object files and linking
Clang owns the source-language frontend. LLVM supplies reusable optimization and code generation. LLVM IR expresses explicit control flow, arithmetic, calls, and memory operations after much of the source-language structure has been lowered. Link-time optimization can keep IR until linking to enable optimization across compilation units. Clang toolchain, LLVM code generator.
Current Clang development also includes an optional ClangIR route based on MLIR. It keeps higher-level structure for transformations before LLVM lowering. ClangIR.
Lesson for FEEL: keep language concepts until their useful transformations are complete, then reuse a backend. The Erlang backend already supplies that division. Clear pass contracts and analysis invalidation are useful ideas to borrow; LLVM's whole infrastructure is not required to implement them. LLVM pass management.
Rust
Rust source
  → parsing, macro expansion, name resolution
  → HIR (high-level IR) and type checking
  → THIR (typed high-level IR)
  → MIR (mid-level IR), borrow checking, and transformations
  → monomorphization and LLVM IR generation
  → LLVM optimization, native code, and linking
Rust uses several language-specific representations before LLVM. MIR makes control flow and operations explicit for checking and transformation. Monomorphization generates concrete instantiations of generic code. Internally, queries request dependent computations and support caching and incremental compilation; rustc is not simply one global sequence of passes. Rust compiler overview.
Lesson for FEEL: introduce another representation when it enables specific reasoning that the existing one makes difficult. Reuse work at a meaningful boundary. Neither multiple IRs nor a query engine is an architectural goal by itself.
Go
Go source
  → parsing and type checking
  → compiler IR and Unified IR machinery
  → inlining, devirtualization, escape analysis
  → lowering
  → generic SSA and optimization
  → target-specific lowering and register allocation
  → object code and linking
Go's standard compiler has its own backend. SSA, or static single assignment, gives each computed value a distinct definition, making data dependencies easier to analyze. Earlier passes keep language structure; later passes simplify low-level computations and select machine operations. Some language operations become runtime calls. Go compiler architecture.
Lesson for FEEL: explicit, focused phases can serve a substantial language. Keep transformations at the level where their invariants are understandable, and measure preparation cost alongside execution cost. There is no need to adopt another project's entire optimization framework.
OCaml
OCaml source
  → parsing and type checking
  → lambda representation
  ├─ bytecode generation → ocamlrun interpreter
  └─ native optimization and code generation → object files and linking
OCaml shares frontend work while providing bytecode and native compilation paths. Its lambda representation lowers source constructs and discards much of the source type structure; pattern-match compilation is a concrete use of this boundary. The two paths make different tradeoffs in compilation cost and execution strategy. OCaml compiler backend.
Lesson for FEEL: a shared semantic frontend and different execution paths are a coherent design. Add a lower representation when it makes a particular transformation easier to express and validate. The long-branch problem is a suitable experiment; the existence of OCaml's lambda form does not by itself justify another FEEL IR.
Type erasure also needs a semantic boundary. FEEL must keep descriptors required by runtime instance of and checks, even when temporary inference data can be discarded. This reinforces the separation between analysis facts and executable metadata discussed in the type-system assessment.
2.2 Managed runtimes and compiler services
These implementations distinguish source-language compilation from the runtime that executes its output. They also show that reusable compiler services and runtime optimization are separate architectural choices.
Java and HotSpot
Java source
  → parsing, resolution, semantic and flow checks
  → lowering
  → JVM bytecode in class files

At runtime
  loading and verification → loaded bytecode
    ├─ interpretation and profiling
    ├─ C1 → quickly compiled native code
    └─ C2 → more heavily optimized native code
Java divides compilation between javac, which handles source-language semantics, and runtime compilers. Tiered compilation balances quick startup against more expensive optimization of frequently executed code; individual methods need not visit every tier. Runtime profiles guide compilation and execution choices. C2 compiles from bytecode and associated information, rather than translating C1's machine code. javac phases, HotSpot tiered compilation.
Lesson for FEEL: compilation cost belongs in the execution strategy. A faster generated function is not necessarily a faster overall workload. Reuse and frequency should determine whether compilation is worthwhile.
Java also has an ahead-of-time native deployment route through GraalVM Native Image. That alternative illustrates how deployment requirements can justify a different architecture; it is not a prerequisite for a compiler that serves a VM well. Native Image.
Elixir and Erlang
Elixir source
  → AST
  → macro expansion and compile-time execution
  → Elixir analysis and lowering
  → Erlang abstract forms
  → Core Erlang and BEAM SSA
  → BEAM instructions and module
  → load-time native compilation on a JIT-enabled runtime
Elixir performs its language-specific work and then shares the Erlang compiler. Macros execute during compilation and transform ASTs. Erlang contributes further representations and optimization passes. Elixir macros, Elixir's Erlang backend, Erlang compiler passes.
BeamAsm generates native code when BEAM modules load on supported JIT configurations. This is different from waiting for hot functions and repeatedly optimizing them using execution profiles. BeamAsm.
Lesson for FEEL: this is the closest architectural relative. Optimize the shape of the Erlang forms and the use of runtime operations. Maintain a clear distinction between FEEL preparation and the host VM's loading and execution responsibilities.
C# and F# on .NET
C# source → Roslyn frontend and lowering → CIL assembly
F# source → F# frontend and lowering     → CIL assembly

CIL and metadata
  ├─ CLR JIT at runtime → native code
  └─ Native AOT at publish time → native executable
C# and F# have separate compilers and source-language type systems, while their usual .NET compilation paths share CIL and the runtime. F# is not a Roslyn frontend: its compiler implements its own parsing, type checking, optimization, and IL emission. Native AOT is a deployment alternative that compiles IL at publication rather than through a JIT during execution. Managed execution, F# compiler organization, Native AOT.
The distinctive architectural lesson is Roslyn's service model. Its APIs expose syntax, symbols, semantic analysis, diagnostics, and emission. Editor features use the compiler's information, and the compiler layer is independent of Visual Studio. Roslyn API model.
Lesson for FEEL: build focused inspection services around the same prepared analysis used for execution. A caller should be able to locate a binding, inspect a node's type and source origin, and understand why a check remains or was removed. This extends the existing Feel.Expression accessors; it does not require a workspace engine or a second analyzer for editor tooling.
The type systems also illustrate why metadata contracts matter. C# nullable-reference annotations guide warnings without changing runtime behavior; F# units of measure are checked statically and erased. FEEL's runtime type tests and optimizer have different obligations. An advisory fact must not silently become permission to remove a runtime check. C# nullable analysis, F# units of measure.
The shared-runtime lesson supports continued use of BEAM. Domain features such as units belong in a separate language-design proposal; adding another native backend would not provide them.
JavaScript and V8
JavaScript source → AST → Ignition bytecode
  ├─ Ignition interpretation and feedback
  ├─ Sparkplug → baseline native code
  ├─ Maglev → optimized native code
  └─ TurboFan / Turboshaft → peak optimized native code
V8 balances startup with performance on hot code. Its current architecture includes Turboshaft's control-flow-based optimizing representation. The tiers are available execution strategies, not a mandatory sequence for every function. V8 architecture.
Runtime feedback supports guarded specialization. If an assumption fails, execution can deoptimize and later recompile. Multiple tiers reduce the gap between cheap initial execution and expensive peak optimization. Maglev and V8's tiers.
Lesson for FEEL: bounded specialization with a reliable fallback is useful. The scalar backend already applies a simpler form of this idea. Reconstructing arbitrary execution state, repeatedly recompiling, and maintaining many speculative versions would be a much larger undertaking.
2.3 Embedded and restricted language designs
These comparisons focus on host boundaries, observable outcomes, and resource guarantees. Elm targets a general JavaScript engine, CEL embeds an expression evaluator, and Dhall emphasizes configuration normalization; their useful similarities to FEEL are therefore different.
Elm
Elm compiles to JavaScript, which is then executed by a JavaScript engine. Its Maybe and Result types make absence and failure explicit in ordinary program data. These are separate choices: the target provides execution infrastructure, while the frontend and libraries define the source language's guarantees. Elm JavaScript integration, error handling.
Lesson for FEEL: generated code must preserve the source language's outcome distinctions even when the host runtime offers different error mechanisms. FEEL's runtime already carries values, diagnostics, and strict failures. Make those distinctions explicit in transformation contracts and explanations, so a null returned normally cannot be confused with a null accompanied by an error.
Replacing FEEL null semantics with an Elm-style result type would change the language. The worthwhile architectural work is clearer outcome contracts and source-oriented diagnostics within the existing semantics. Elm's application-level Model–View–Update architecture is a separate topic from this compiler comparison.
Common Expression Language
CEL source and declared environment
  → parse
  → check names, calls, and types
  → checked AST with resolution metadata
  → repeated evaluation with variable and function bindings
CEL is an embedded expression language. Its documented lifecycle separates parsing and checking from repeated evaluation; the host defines the available variables and functions, and runtime bindings must match the compilation environment. Its checked representation can be stored for reuse. CEL overview.
Lesson for FEEL: this is a close comparison for prepare/run and the embedding API. Treat a prepared artifact as a program with an environment contract. Different binding values can reuse it when they satisfy the applicable assumptions; changes to declarations, extension contracts, dialect, or preparation options can require a new artifact.
FEEL already fixes the dialect and extensions at preparation and rejects attempts to override them during run. Preserve that behavior and make the remaining host assumptions inspectable before adding cache machinery. See the run boundary and prepared expressions.
A stored AST is not automatically a portable or indefinitely compatible artifact. Persistence would need an explicit format and compatibility policy. CEL strengthens the case for disciplined preparation reuse, without establishing a need for a custom bytecode VM or for persistent FEEL artifacts now.
Dhall
Dhall is useful as a comparison for bounded configuration evaluation rather than machine-code generation. Its language design guarantees termination of well-typed evaluation, but its documentation explicitly notes that a finite computation can still take impractically long. Dhall safety guarantees.
Lesson for FEEL: type correctness, termination, and an acceptable resource cost are different guarantees. Even a restricted expression language needs operational limits on preparation and execution. Host callbacks and the downstream Erlang compiler also have costs that an expression-level counter does not completely control.
This supports keeping worker containment for preparation and execution. It does not justify imposing Dhall's restrictions on FEEL or presenting a logical work limit as a hard memory or wall-clock bound for the entire host process.
2.4 What the comparisons change
	Design question	Useful comparisons	Decision for this project
	Where should native-code responsibilities live?	Clang/LLVM, .NET, Elixir/BEAM	Continue using the Erlang toolchain
	When is another representation justified?	Rust, Go, OCaml	Require a concrete transformation or invariant that benefits
	When should preparation become more expensive?	HotSpot, V8, OCaml's execution paths	Measure reuse, fallback rates, and total cost
	How should tools inspect a program?	Roslyn and the F# compiler services	Extend accessors into focused queries over the prepared analysis
	What makes reuse semantically valid?	CEL	Specify preparation assumptions and environment compatibility before caching
	Which outcomes must transformations preserve?	Elm, C# and F# metadata distinctions	Separate values, diagnostics, runtime descriptors, and facts that justify transformations
	Does a restricted language need resource limits?	Dhall	Keep whole-operation containment and local construction/analysis bounds

These are lessons for particular boundaries, not a ranking of compilers. ASTs, bytecode, and SSA are not mutually exclusive categories: an AST is an IR, bytecode can be both an execution format and compiler input, and SSA describes definitions and dependencies. More representations are justified when their benefits repay lowering, validation, metadata preservation, and debugging costs.
The additional comparisons sharpen the existing priorities. Environment contracts belong in P1 correctness work, focused inspection APIs in P2 tooling work, and cache implementation remains P3 until reuse is demonstrated. They do not establish a new requirement for SSA, a native backend, or an adaptive JIT.
3 Recommended changes
P1 items establish reliable boundaries before broader optimization. P2 items address demonstrated costs or improve maintainability and explainability. P3 items depend on workload evidence. A deployment dominated by long generated expressions may reasonably promote the branch-lowering work to P1.
The C identifiers refer to the scoped implementation slices in the effort and dependency table. They separate work that can ship independently within a broader recommendation.
	Priority	Change	Expected benefit	Main tradeoff
	Complete	Delay module-name creation until generation limits pass (C0)	Refused expressions do not consume distinct permanent module names	Full forms are still allocated before refusal
	P2	Early emission refusal and preparation-cost reductions (C1–C2)	Less work before refusal and faster bounded preparation	Counting overhead and conservative precision fallback
	P1	Effects, preparation contracts, and IR validation (C3–C5)	Auditable assumptions and transformation preconditions	Metadata maintenance and conservative answers
	P2	Flatter lowering of long branch chains (C6)	Lower BEAM compilation cost	More helpers and possible call overhead
	P2	Extract analyzer responsibilities behind stable interfaces (C7)	Easier review and local reasoning	Refactoring risk without immediate speedup
	P2	Semantic inspection APIs and bounded execution explanations (C8–C9)	Reusable tooling and useful decision traces	API scope, provenance, and trace-volume management
	P3	Prepared-artifact caching and backend admission policy (C10–C11)	Reuse preparation and bound operational cost	Ownership, identity, and invalidation complexity
	P3	Additional guarded fast paths (C12)	Faster common operations	Larger specialization surface and fallback testing

3.1 Bound preparation and generation
The smallest resource-lifecycle fix, C0, is implemented. Beam.compile/2 emits candidate forms under a fixed placeholder, checks the exact statement limit, and only then obtains the distinct module name from the IR and runtime cache stamp. A refused expression creates no distinct module-name atom. This does not bound emission itself or the atoms of accepted compilations; C1 and C11 remain open. See compilation order and module naming.
Public interpreted preparation already has a whole-operation deadline and heap policy. C2 is a performance improvement within that boundary: profile repeated analysis and specialization, then reduce duplicated work through preparation-local memoization or targeted optional-precision caps. Local state needs an explicit lifetime and semantic key. Do not reintroduce a general work counter or cumulative allocation budget. Remaining preparation costs.
Separate optional precision from required checking. Exhausting an optional specialization budget should keep a conservative summary. Exhausting the ability to complete required semantic validation should produce an explicit limit error. A budget must not silently skip validation or allow partially checked IR to reach a backend.
The emitter should account for generated work while constructing it. Currently max_generated_statements is checked after forms have been emitted. Preserve a final exact check, but reject excessive generation before allocating the entire result. Include large generated constants in the resource model: statement count alone is not a complete memory bound. See BEAM compilation and documented generation limits.
The existing emitter counter numbers variables; it is not the final statement count. Nested functions, branch bodies, and chunking affect the relationship. C1 must establish a safe counting rule before using a partial count to reject an expression. An early rejection also cannot report an exact final total that was never computed: preserve exact diagnostics where available and specify any new lower-bound diagnostic explicitly. This is why C1 is a separate change from the smaller C0 ordering fix.
Tradeoff and acceptance criterion. Memoization and local precision caps add overhead and can reduce inferred precision. Measure ordinary and repeated-analysis shapes, preserve required validation, and check cleanup and accepted semantics. The worker stays the outer resource boundary for interpreted preparation; a local cap is not another memory guarantee. C1 applies to trusted BEAM emission, whose global atoms and modules outlive a worker. Preparation callbacks and constant evaluation stay subject to the host-capability limits described in the security model.
3.2 Make analysis and execution contracts explicit
For each fact used to change execution, define what it establishes, which preparation or host assumptions it depends on, and which transformations may use it. Distinguish advisory diagnostics from conservative value facts, runtime signature metadata, and accepted proofs. C# nullable analysis and F# erasure illustrate why these roles cannot be inferred from the presence of a type annotation. The type-system assessment states the current contracts for signatures, projection, rule certainty, tiers and DMN scope. Completing the wider fact and consumer audit remains a dependency described in the open obligations.
Introduce a small summary describing whether evaluating a node may report diagnostics, call external code, or depend on runtime state. Keep retained engine-limit behavior and worker ownership explicit rather than folding them into a single pure? flag. Unknown operations receive conservative summaries.
For example, if a / b = null then 0 else 1 can return a number while reporting division by zero, and strict execution can stop before reaching the result. An optimizer cannot infer silence from the final value. The existing effect-analysis note identifies this distinction.
Transformation APIs should answer specific questions: may this computation be removed, repeated, reordered, or replayed from the start? These questions can have different answers. A summary indicating no diagnostics does not prove termination, absence of host effects, or preservation of resource limits.
Make the preparation/execution environment contract explicit as part of the same work. Dialect and extensions are already fixed at preparation; record which declaration and callable assumptions must remain valid when bindings change. Where the host supplies a trusted contract, expose that obligation rather than imply it has been verified. This is a contract audit and consolidation, not a claim that the current API permits arbitrary option changes.
Add an IR validator at important development boundaries. It should check node shape, required metadata, binding references, and backend preconditions. Rewrites must update derived facts or invalidate them for recomputation. The validator establishes structural consistency; it does not prove semantic equivalence.
Tradeoff and acceptance criterion. A shared summary can become a shared source of mistakes. Start conservatively and replace existing special cases gradually. Differential tests must cover diagnostic order, source locations, strict failures, host-call counts, and the documented resource policy. Test that changing runtime values within the documented contract supports reuse, while an incompatible preparation setting is rejected or requires preparation again. Proof-dependent rewrites must keep checks when their premises are unavailable. These changes are prerequisites for broader code motion or common-subexpression elimination, not a reason to enable those transformations immediately.
3.3 Flatten long generated branch chains
Earlier development probes identified superlinear preparation cost for long branch chains, with much of the time in :compile.forms. Deeply nested generated case expressions are a candidate cause. Reproduce the scaling and profile the current emitter before choosing a transformation; the performance backlog states the measurement requirements.
Prototype a backend-specific transformation that divides long chains into bounded helper functions or otherwise reduces nesting. Preserve lazy branch selection, evaluation order, live values, and diagnostic spans. Existing straight-line chunking is a useful foundation, but it does not solve every nested-control-flow shape. See branch emission and Chunks.
Tradeoff and acceptance criterion. Helpers can add calls and argument passing; too much splitting can make ordinary code slower or larger. Compare preparation scaling, peak memory, generated size, and execution across several branch lengths and taken-branch positions. Adopt the change only if it addresses the measured bottleneck without unacceptable runtime regressions.
Keep this inside BEAM lowering initially. Introduce a small execution-plan IR only if several transformations need the same explicit sequencing, branches, and live-value information. That decision should follow the prototype, not precede it.
3.4 Extract responsibilities without multiplying traversals
The analyzer combines resolution, inference, lowering, constant evaluation, specialization, diagnostics, and memoization in one large module. Extract cohesive services while keeping an analyzer facade and the existing scope-aware traversal.
Possible boundaries are constant evaluation, bounded call specialization, binding management and declaration-check construction. Both analysis and optimization legitimately need constant information, so share its implementation rather than require all constant evaluation to occur in one late pass.
Memoization should have an explicit owner and semantic key. Process-local storage is not inherently wrong, but its lifetime, cleanup, and dependencies should be controlled by the preparation context. A small module interface may be sufficient; a global dependency-query framework is not necessary.
Condition facts currently use closures. Consider inspectable fact terms only when a concrete consumer needs them: joint facts over several paths, explanations, or measured folding and memoization improvements. A small shared graph of restrictions, conjunctions, and disjunctions is a possible representation. Canonical syntax alone does not establish semantic equality or eliminate the need for directed bounds. D-194 already implements outcome and provenance semantics on closures; use that as the baseline for any representation prototype, comparing it with fact_costs.exs, the preparation benchmarks, and the narrowing suites. Keep the existing representation until the benefit and migration invariants are established.
Tradeoff and acceptance criterion. Moving functions alone does not improve the architecture. Each extraction should reduce hidden dependencies or make an invariant locally testable. Preserve evaluation and analysis order initially, then compare diagnostics, prepared results, and performance. Do not add full-tree traversals merely to make the diagram more symmetrical.
3.5 Support semantic inspection and execution explanations
Build on the existing Feel.Expression accessors, which expose syntax, unoptimized IR, names, inferred result type, and diagnostics. Following Roslyn's service model, add focused queries over the same analysis used for compilation: binding resolution at a source location, a node's inferred type and assumptions, and the reason a transformation kept or removed a check. Begin with the information needed to diagnose the known failures.
Keep a small supported query API separate from version-specific debug dumps. Consumers should not need to reproduce name resolution or depend on every private IR tuple. A compiler workspace engine, incremental editor analysis, and a general analyzer-plugin system are separate investments that require their own use cases.
Compiler inspection and execution explanation serve different audiences. Decision authors need to understand which branch or rule was taken, where a value came from, and which constraint failed. Build on existing source spans and DMN source mapping. When transformations combine or split nodes, keep enough origin information to relate generated work to the source.
The unimplemented :explain profile is a concrete opportunity: begin with bounded interpreter traces and a defined event vocabulary. Trace the execution being explained; avoid running effectful input a second time merely to reconstruct an explanation. See the explain proposal.
Tradeoff and acceptance criterion. Public queries need stable meanings, and detailed traces consume memory. Verify that queries agree with the actual compiler decisions and report uncertainty honestly. Test shadowed bindings and source origins after rewriting. Define a maximum trace size and a truncation event, and verify that explanations preserve the normal result and diagnostics. An interpreter-first trace implementation is sufficient; optimized BEAM tracing can wait until its provenance requirements are understood.
3.6 Make caching and backend admission workload-aware
Keep preparation separate from execution. The benchmark harness reports cold BEAM preparation with its generated module absent, warm preparation while the same module is loaded, and release separately. Cold is a module-cache condition in an already running VM, not a fresh VM. Warm preparation still parses, analyzes and emits code; reusing the prepared expression avoids all that work. The table suite's first pass mixes cold and warm preparations because repeated cells share modules; it reports a separate warm pass and release of distinct modules. For a workload with positive per-run savings:
cold break-even runs = additional cold preparation time / per-run time saved
Release is excluded from preparation and this break-even calculation. It has its own cost, which depends on the VM's process count. If compiled execution is no faster, there is no execution-count break-even. Use representative inputs, including fallback cases, and account separately for memory and startup constraints. Historical benchmark prepare_beam_ns figures included release and must not be compared directly with the new prepare_beam_cold_ns figures.
The current loader deduplicates already-loaded code by a hash of the IR and cache stamp. A prepared-expression cache would additionally save parsing and analysis. Put that cache where reuse and lifecycle are known, often the embedding application or model service. Derive its identity rules from the P1 environment contract: account for source, scope names, declarations and declaration stance, dialect, extension and host-callable contracts, relevant options, and implementation compatibility. Runtime values may vary when the established contract permits them. Do not share a diagnostic-bearing artifact across different source locations without preserving the correct source mapping.
The CEL comparison moves specification of that compatibility contract ahead of caching; it does not move a cache itself out of P3. If a host-callable contract has no stable identity or version, keep reuse within an owner that controls its lifetime instead of inventing a universally safe cache key.
Bound concurrent compilation, live code, and admission of new generated modules. Unloading a module does not reclaim its atom name, so an LRU bounds live code but not the cumulative number of names created. For unlimited expression churn, keep the interpreter path available. Do not casually reuse a small pool of module names for different expressions: active code and versioning make that a separate correctness problem. See Loader.
C0 prevents name creation for expressions refused by the generation limit. D-223 separately caps new names over the VM lifetime, including later compiler failures. If a deployment accepts unbounded numbers of distinct expressions for BEAM compilation, promote C11 admission control to P1. A prepared-expression cache alone does not solve that lifetime limit.
Tradeoff and acceptance criterion. Caches and automatic promotion introduce ownership and invalidation problems. Start with explicit backend selection and documented reuse. Add a bounded cache only when measurements show repeated preparation in real callers; evaluate hit rate, saved preparation time, retained memory, and semantic-key correctness. Persistence across releases needs an artifact versioning design beyond the current generated-code cache stamp.
3.7 Extend guarded fast paths selectively
The scalar backend already checks assumptions, performs a bounded set of cheaper operations, and restarts in the interpreter when it cannot answer safely. It avoids much of the general environment and outcome handling on successful paths. Small scalar workloads motivated this path, but gains and break-even counts depend on the expression family and must be measured on the current code. See Scalar and performance notes.
Its restart strategy depends on speculative work not having committed observable effects. Extending it to host calls, diagnostics, or other externally visible operations requires proving replay safe, or designing a different recovery mechanism.
Tradeoff and acceptance criterion. Every added operation enlarges the specialization surface. Profile common models, select one operation family, and compare total preparation-plus-execution cost with realistic fallback rates. Preserve decimal behavior, conversions, errors, and limits. If most cost remains inside the same runtime operation, removing another small layer of dispatch may not justify additional generated code.
4 Changes to defer
These options are not inherently poor compiler designs. Their benefits do not currently justify their costs for this project.
	Change	Why defer it	Evidence that would justify reconsideration
	LLVM or another native backend	Requires runtime/value integration and another execution implementation; native compilation alone does not remove decimal and collection costs	A concrete deployment requirement outside BEAM, or a measured workload with a credible prototype advantage
	General SSA middle end	Adds control-flow construction, joins, analysis maintenance, and metadata obligations	Several valuable cross-branch or loop transformations cannot be expressed cleanly with targeted lowering
	Adaptive JIT with multiple optimization tiers	Adds profiling, recompilation, version management, invalidation, and state recovery	Large stable workloads whose observed behavior yields substantial gains beyond existing guarded compilation
	Custom bytecode VM	Adds an instruction set, compiler, debugger surface, and execution path	IR walking or IR memory is a measured dominant cost and a small prototype improves it materially
	Rust-style incremental query engine	Dependency tracking and invalidation would be disproportionate to ordinary expression preparation	Interactive editing of large models with measured recompilation costs that unit-level reuse cannot solve
	Generic pass/plugin or IDE workspace framework	Adds ordering, lifecycle, and invalidation machinery beyond focused compiler queries	Independent transformations or interactive large-model editing need capabilities the small API cannot supply
	Broad common-subexpression elimination, code motion, or equality saturation	Value equivalence alone cannot justify changes to diagnostics, calls, or resource behavior	Effects and retained resource-policy contracts are established, and specific transformations have demonstrated value
	A wholesale analyzer rewrite	Risks changing many semantic boundaries at once	Incremental extraction repeatedly fails to make required invariants expressible

Similarly, a decision-table indexing or batching layer should be driven by model profiles. It can be more valuable than generic compiler optimization if repeated rule dispatch dominates, but must preserve the engine's hit-policy behavior and observable evaluation semantics. The existence of a dependency plan in Dmn.Compiled is not itself evidence that another planning layer is needed.
5 Delivery roadmap and validation
5.1 Effort estimates
These are rough engineer-day ranges for one maintainer familiar with this code, including implementation, focused tests, relevant measurements, and documentation. They exclude review delays, unrelated type-system repairs, and deployment-specific integration beyond the stated slice. They are planning judgments based on the inspected implementation, not measured delivery times. Re-estimate after the first change and after any prototype; shared refactoring and validation mean the rows should not be added into a calendar commitment.
	ID	Scoped deliverable	Effort	Prerequisites
	C0	Intern the generated-module name only after the existing generation check passes	Complete	Preserve the no-atom-on-refusal regression
	C1	Stop excessive emission early, retaining the final exact check	3–5 days	A sound relation between partial emission work and the limit, plus a diagnostic contract; C0 is already implemented
	C2	Profile and reduce repeated preparation work with local memoization or targeted optional-precision caps	Re-estimate after profiling	Preserve existing worker containment and required checking; coordinate semantic keys/fallbacks with C3
	C3	Specify preparation assumptions, environment compatibility, and transformation preconditions	3–5 days	Audit the current public and runtime contracts; no new representation required
	C4	Initial structural IR validator at analysis and optimization boundaries	2–4 days	Agreed node, binding, and metadata invariants; use C3 where assumptions cross a boundary
	C5	Conservative effect summaries and migration of one optimizer transformation family	5–10 days	C3; repaired type facts for any restored proof-dependent optimization; C4 is useful for validation
	C6	Prototype flatter branch lowering, then harden it if worthwhile	2–4 days prototype; 3–6 more to ship	Baseline scaling measurements and preserved evaluation order; C4 is recommended, full C5 is not required for a local order-preserving rewrite
	C7	Extract one cohesive analyzer service without changing traversal order	2–4 days per service	An identified boundary and its invariants; count extractions required by C2 or C5 there, not twice
	C8	Initial source-location queries for bindings, inferred types, and available assumptions	3–5 days	Defined source and binding identity; C3 for the meaning of reported assumptions; richer transformation reasons may depend on C5
	C9	Bounded interpreter explanation events with source provenance	5–10 days	Outcome/event contract and provenance rules from C3; reuse C8 where useful, but a public query API is not a hard dependency
	C10	Bounded prepared-expression cache for one identified embedding owner	4–8 days	Measured repeated preparation, C3 compatibility rules, explicit ownership and invalidation policy
	C11	Compilation admission and concurrency limits for one identified owner	3–6 days	Defined quota lifetime and handling of VM-lifetime module names; coordinate with C0 and C3; no cache required
	C12	One additional guarded operation family on the scalar fast path	3–7 days	Representative profiles, sound operand assumptions, and a local replay/effect argument; reuse C5 where applicable

The broader features cost more than their first slices. C4 initially checks structural consistency, not soundness. C5 does not migrate every optimizer rule. C8 does not provide a complete IDE or all optimization remarks. C9 excludes tracing optimized BEAM execution. C10–C11 exclude a distributed cache or fleet-wide quota service. C12 excludes arbitrary effectful host calls and general deoptimization.
5.2 Dependencies and sequencing
Independent groundwork: C0 is complete. C1 needs a counting argument rather than a new analyzer architecture. C2 and C3 can progress independently where their interfaces are agreed. The smallest C4 validator can use existing IR definitions; it need not wait for every effect summary.
Semantic dependencies: C3 supplies the assumptions used by C5 and by reuse policies. Type-system repairs gate any optimization that relies on the affected facts; they do not block delaying module-name creation, structural validation, or inspecting existing analysis. A structural validator passing is not permission to re-enable an unsound optimization.
Targeted improvements: C6 can follow its own measurement and equivalence checks without waiting for a complete optimizer refactor. C7 should accompany work that needs a cleaner boundary. C8 and C9 share provenance requirements, but neither needs a new backend or query engine.
Workload decisions: C10 requires evidence of repeated preparation. C11 is independently valuable when distinct-expression churn is a deployment concern and should then move ahead of caching. C12 requires both measured benefit and safe fallback. None of these follows automatically from completing the earlier work.
5.3 Completed first step and next implementation slice
C0 is complete. Its regression derives the prospective module name as a binary from the IR and cache stamp, uses String.to_existing_atom/1 to check absence without creating it, and verifies that a refused expression creates neither an atom nor a module. Accepted expressions keep exact limit checks, deduplication and serialized loading. The placeholder replaces only the module attribute, preserving literal atoms in generated expressions. Feel.Runtime.abi/0 is a cache-generation stamp in module names; there are no ABI markers, compatibility modules or version negotiation. Prepared expressions must be rebuilt on upgrade; persisted generated modules are unsupported.
Next: C1, early emission refusal. Estimated effort: 3–5 engineer-days. Count generated work during emission using a sound lower bound on the final statement count, and stop before allocating excessive forms. Keep the final exact check for accepted candidates and define diagnostics for early refusals without claiming an exact final total that was never constructed. Test nested functions, branches, chunking and large constants, along with zero, exact and infinite limits. Compare general and scalar output against the interpreter and preserve diagnostics and evaluation order.
This remains separate from the worker policy: BEAM compilation requires trusted input, and accepted module-name atoms have VM lifetime. The library caps fresh module names (D-223); C11 concurrency and per-owner admission stay the host's concern.
5.4 Delivery order
	Preserve completed C0. Keep the no-module-name-atom regression and the existing generation-limit contract while changing emission.
	Clarify contracts and reduce preparation costs. Develop C3 alongside measured C1–C2 slices, extracting only the services needed for that work. Add C4 at useful development boundaries and migrate one transformation family through C5.
	Run the C6 branch-lowering experiment. Ship the hardening work only if the measured preparation gain justifies its runtime and maintenance cost.
	Add C8 inspection and C9 explanations. Reuse existing analysis and start execution traces in the interpreter.
	Choose C10–C12 from deployment evidence. Promote C11 when expression churn makes admission a correctness requirement; choose cache and fast-path work using actual reuse and profiles.

This sequence keeps the current public prepare/run boundary and both backends. The type-system soundness work stays a separate prerequisite for affected optimizations, rather than a reason to postpone every architectural improvement.
5.5 Validate semantics and cost separately
Use the existing rejected-declaration and extension-condition sweeps, rule-table sweep, DMN chain audit and mutation generator for the corresponding changes (D-195, D-199, D-206). A surviving mutation needs semantic review: safe widening is different from a missed under-approximation. These tools still share membership and runtime machinery, and do not replace independent expectations.
For each transformation, compare optimized and unoptimized execution on both backends, including returned values, ordered diagnostics, source locations, strict failures, and host-call behavior. Include missing bindings, null inputs, conversion boundaries, overflow, and resource-limit edges. The interpreter and Feel.Paranoid provide a strong comparison mechanism, but shared analysis and runtime code can share bugs; targeted independent expectations remain necessary.
For performance changes, use the existing prepare, run, scale, and table suites. Record phase timings, growth with source and input size, compilation memory, generated code size, and steady-state execution. Include small ordinary expressions as well as stress cases: an improvement to worst-case scaling can coexist with an unacceptable cost on the common path.
Measure fallback-heavy inputs separately from successful specialized runs. Measure cold compilation separately from reuse of an already-loaded module. Cache experiments should report hit rate and retained resources, not just hit latency.
For inspection APIs, compare reported facts with compiler decisions and preserve stable query meanings as the internal representation changes. For reuse, vary declarations, extension contracts, source locations, and relevant options to test compatibility decisions independently from cache hit rate.
A change should earn its place through a clearer invariant, a bounded failure mode, a useful explanation capability, or a reproducible workload improvement. The priority is to make the existing compiler easier to reason about and operate while preserving its ability to reuse the Erlang toolchain.


  

    Current design decisions

This record explains the choices that still shape FEEL. It is organized by topic, with one current account of each choice. Superseded behavior, completed implementation diaries, old measurements and abandoned proposals have been removed. Git keeps that history.
Identifiers are stable citations, not an implementation sequence; gaps are intentional. Update the relevant record when a choice changes, including its callers' references. Assign a new identifier only for a distinct decision, using the next unused number above the existing identifiers. Open work belongs in the backlog.
A recorded choice is not a correctness proof. The type-system assessment states the contracts and the remaining proof audit. The compiler assessment distinguishes implemented containment from proposed compiler improvements. Neither finite regression coverage nor a recorded mechanism establishes general soundness.
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Values and numeric behavior
D-02 Values and type descriptions are separate data
Value modules live under Feel.Value; Feel.Type describes types. Numbers are finite Decimals, strings UTF-8 binaries, dates ISO Dates, booleans booleans, null nil, and lists Elixir lists. Times, date-times, ranges and functions have dedicated representations. Years-and-months durations store months; days-and-time durations store seconds. They remain separate because months have no fixed length in seconds. Contexts use the ordered representation in D-135 internally.
D-12 Decimal literals and unary signs
A sign is a parser operation, not part of a number token, so 1 -1 is still subtraction. Parsing keeps scale where representable, rounds coefficients to 34 digits half to even, and enforces decimal128 exponent limits. Zero clamps its exponent and has no negative-zero representation. A literal outside the supported format is a syntax error. Feel.Value.Number owns this behavior.
D-59 Arithmetic follows decimal128 value bounds
Arithmetic rounds to 34 digits half to even, preserving the required scale where representable. Division uses the exact quotient at the preferred scale if it fits, otherwise a rounded quotient. Representability is a property of the value: removable trailing zeros do not make a result overflow. A result outside the format becomes null with :overflow, not infinity. Constant failures can also produce preparation warnings. Exact-number fitting and bound comparison avoid unnecessary conversion of very large integers to decimal text; this is not a general preparation-time bound.
D-214 A host Decimal that arithmetic refuses is no number where a value is checked
Feel.Value.Number.value?/1 is Feel.Runtime.Number.valid?/1: a finite Decimal of at most 34 digits whose exponent is inside decimal128, the numbers that every arithmetic function accepts. A host can bind another, such as a value with 35 digits that equals 1. Under a declared number it does not conform, so it follows the path of any non-conforming value: null with :type_mismatch, or for a type marked ! an error of kind :input. This holds for a bound name, for the members of a bound list or context, and for the guards of Feel.Backend.Beam.Scalar, so the analysis may rely on a declared number being null or a number of the format. The guards test integers only: a coefficient below 10^34 and an exponent from -6176 to 6111. A number with a larger exponent conforms, and the fast path leaves it to the fallback, which answers the same. Feel.Runtime.Kind.of/1 still calls any finite Decimal a number, and arithmetic refuses an operand that is not valid with :argument_out_of_domain; a value bound without a declared type is not checked at all. A value the runtime produces has to pass the same test, since the analysis calls it a number: the days of a duration near the end of the range, the years of one with 35 digits of months, and the seconds of one with the smallest exponent, are rounded to 34 digits, as a quotient is.
D-62 Powers are rounded once
Numeric a ** b computes a high-precision power and rounds the result once to the FEEL format, rather than multiplying already-rounded values repeatedly. This preserves the specification's payment example. Domain failures and overflow are runtime outcomes; null operands follow D-103. Prefix negation binds tighter than power, so -3 ** 2 is 9. Feel.Runtime.Number.Power implements the operation.
D-220 An end of a number set is a number of FEEL, and what reads one that is not stays total
A bound is a Decimal that NumberSet cuts to the range, not to 34 digits, and the runtime functions take only numbers (Feel.Runtime.Number.valid?/1). floor, ceiling and round * at one scale took the limit from inside an open end as a whole number: for (-max..max), the type of modulo(a, a), floor has the end max - 1, which has 6,145 digits. Number.power/2 answers :invalid_operand for it, and Intervals.corner/2 had no clause (floor(modulo(k, k)) ** 1 raised CaseClauseError while preparing); sqrt and log gave it to Power.ln/1, which raised ArithmeticError. Three changes, each with its own tests. The rounding image cuts every end outward to 34 digits (down for a low end, up for a high one, as the hull for many scales already did), so floor of (-max..max) is [-max..max]: one step wider than needed, and the whole number. Intervals.power/2 takes a corner that is not a number as any size and null, as add/2, subtract/2, multiply/2 and divide/2 take one. The sqrt, log and exp images produce no image for an end that is not a number (the call has the type of its signature). The last two stay because a set can still have such an end: the months of a years and months duration are integers of any size (D-59). A scan of the node types of about 8,000 generated expressions found the rounding image to be the only place that produced such an end from numbers of the format.
D-135 Context order is observable inside the engine
Feel.Value.Context keeps written entry order independently of dependency evaluation order. Updating an existing key preserves its position; a new key is appended. Merge, get entries, formatting and JSON conversion use that order. Plain host maps have sorted-key order when an order is needed. Equality compares keys and values, not insertion order. Boundary results are plain maps by default; contexts: :ordered preserves ordered contexts. Context types and shape summaries do not encode order. TCK examples whose written key order is also alphabetical do not distinguish this choice from sorted keys; the engine's order-specific regressions establish the intended behavior.
D-168 Shared structures can be compared without expanding them
Runtime equality recognizes supported lists or contexts that are the same VM term before recursively walking their contents. This prevents repeated traversal of shared structures whose expanded tree is much larger than their retained representation. It is an equality fast path, not a general theorem that arbitrary foreign host values have FEEL equality semantics.
Syntax and names
D-05 Names have a canonical spelling
Names are token sequences. Feel.Name.canonical/1 inserts spaces between adjacent word tokens and removes spaces around name symbols, so a - b and a-b denote the same scoped name. Scope entries, context keys and bindings use canonical strings; capitalization remains significant.
D-213 A string key is a name only when the lexer reads it as exactly a name
A context entry written as a string is keyed by the canonical name (D-05) when the text is a name, so "first name" and first name are one key. Feel.Syntax.Lexer.name_tokens/1 decides it: the text lexes without error, its first token can start a name, every token can continue one, and only white space lies between the tokens and around them. A comment is not white space here, since the lexer drops it and the text would not be what it is read as. Any other string, such as "a - b = c", "hello world!" or "a /* c */ b", is the key exactly as written, so two such texts that differ only in white space are two keys. The parser (which names an entry binds for the entries to read) and Feel.Analysis.References.key/1 (the key the analysis and both backends use) both use this one predicate. Feel.Name.canonical/1 is still the canonical form of a text that is known to be a name.
D-06 Lexing does not decide whether a token sequence is a name
The lexer keeps raw tokens, spans and preceding whitespace. The parser groups them using the names in scope, since a-b can be a name or subtraction. Scope names pass through the same lexer so matching uses the same tokens as expression parsing.
D-07 Whitespace and apostrophes have explicit lexical rules
When a code point is both grammar whitespace and an allowed name character, whitespace wins. Zero-width joiners remain name characters. Both ASCII ' and U+2019 are accepted as apostrophe symbols in names; neither introduces a string literal.
D-09 Comments are whitespace and do not nest
// ends at a line terminator; /* ... */ ends at the first closing delimiter. Openers take precedence over division and multiplication, and comment text inside a string is ordinary string content.
D-10 Strings preserve unknown backslashes
Only ASCII double quotes delimit a string. The grammar's escapes, Unicode escapes and valid surrogate pairs are decoded; malformed Unicode is rejected. An unrecognized escape keeps its backslash because the grammar also allows a plain backslash. A raw line break (U+000A through U+000D) ends the string; the lexer reports it as unterminated.
D-13 Reserved words cannot start unquoted names
The reserved set is and between else every external false for function if in instance null of or return satisfies some then true. A reserved word can occur later in a name. not, list, context, range, e and E are ordinary words; an exponent marker has that role only inside a number token.
D-15 The AST retains source syntax without resolving it
Names remain token lists and @ literals remain text until analysis. Spans include grouping parentheses, but parentheses do not need their own AST node. Analysis resolves names, temporal values, call signatures and evaluation choices into the IR.
D-25 Type parsing takes the longest known type name
Built-in and model-defined type names can contain several words. The type parser consumes the longest known name; an unknown qualified name is kept for an analysis diagnostic. Built-in type names are not shadowed. -> is one token for function types, and type nesting counts against the parser's depth limit. Host-only composite declarations are described in D-178.
D-26 Lookup uses the nearest context
Locals, filter bindings, context entries and enclosing contexts are searched from the inside out, then the global scope. Contexts are not merged during lookup. Built-ins are a final fallback, so a local or scoped value shadows a built-in function. Lookup order is prepared rather than repeatedly indexing the same context stack.
D-27 Unknown member names use a lexical boundary
After ., after ..., and for unknown keys in filter brackets, the parser takes a name-start word followed by non-keyword words. Inside a filter, a known scoped name still uses longest matching. This bounds ambiguity without making parsing depend on inferred runtime structure. Reading member names from declared context types is not implemented; see the backlog.
D-28 Expression parsing has one precedence model
The precedence-climbing parser uses longest scoped-name matching. Binary operators, including **, associate left; prefix negation binds tighter than power. The final part of if, a loop or a function extends to the enclosing delimiter. Brackets parse their first expression once, then distinguish a list, grouping or interval by the next token. A potentially ambiguous upper [ is classified by lookahead rather than unrestricted backtracking. Comma-separated tests in parentheses belong to in.
D-37 Missing names remain diagnosable at runtime
With an explicit scope, an undeclared name is a preparation warning by default (unknown_names: :warn), and the runtime can still find it in the bindings. unknown_names: :null makes it null with a warning and does not read the bindings. unknown_names: :error fails preparation. Without a scope, ordinary names are resolved dynamically. An unbound runtime name gives null and a warning. Scope validation and runtime lookup are separate policies.
D-49 Dialects share a parser, but syntax and semantics are separate
FEEL is the default. S-FEEL checks the parsed tree and tokens against a restricted grammar, reporting :outside_s_feel; it does not fork evaluation semantics. Its practical/literal grammar options remain explicit. B-FEEL semantics are not implemented. A prepared expression keeps its dialect and extensions; a run cannot replace them.
D-177 Parse scopes can reuse name indexes
Feel.Syntax.ScopeIndex prepares scoped name/type tokens for longest-match parsing and can be reused across texts with the same scope. Matching follows the relevant token prefixes instead of repeatedly joining every possible suffix. This is a reusable parse input, not inference of names from runtime values or a proof of linear parsing for all inputs.
D-83 Backticks delimit canonical names
Backticks delimit an already valid canonical FEEL name, including one that ordinary lexical boundaries would split. They are accepted in FEEL without an extension switch and reported once per expression as :quoted_name information. They do not permit arbitrary text, noncanonical spacing, escapes for a backtick, or quoted declarations of parameters/iterators. S-FEEL rejects them. This syntactic addition cannot change a formerly valid core expression; value-changing additions remain opt-in extensions.
Evaluation and diagnostics
D-04 Runtime operations return outcomes; the environment applies policy
Pure runtime operations return values, missing results or diagnostics. Feel.Runtime.Env.settle attaches spans, applies limits and reports outcomes. An ordinary lenient operation error yields null plus an error diagnostic; declaration stances can keep invalid values, as D-138 describes. Strict mode halts at the first error. Warnings and information do not halt strict execution. Parse/analysis failures, strict halts, limit failures, non-null input violations and backend failures use {:error, %Feel.Error{}}. A successful evaluation returns its value and diagnostics together.
D-201 Diagnostics identify the text their spans belong to
Feel.Diagnostic.origin carries a host-defined identity. A run has an origin (Feel.run/3, :origin, nil unless the host gives one), and a function written in an expression keeps the origin of the run it is made in: its body reports with it wherever it is called. A function passed to another unit's function, and one that function makes and gives back, therefore report in their own text and not in the caller's. Feel.Value.Function.with_origin/2 replaces the origin of a function that a run without one made. Argument conversion and arity errors remain at the call site. The runtime restores the caller's origin after a call and compares origins as well as spans when deciding whether an inner error explains a null operand. A function made without an environment (Invoke.closure/3) has no origin and runs under its caller's.
Linked members use their member keys: the function of a member gets its key unless it has an origin already, so a member that only returns another's function does not take it over. DMN runs every unit with its key as the origin, then maps body diagnostics through that unit's source; a diagnostic of a unit's own text has the unit's key as its origin, not nil. FEEL carries the identity without interpreting it. A host that binds a function made by a run without an origin still needs to supply this context itself.
D-46 Conversions are observable information
Accepted implicit conversions report :implicit_conversion, including declaration checks, built-in arguments, function parameters and iteration/filter sources where applicable. Fractional-to-integer conversion is truncation toward zero and is reported too. Conversion reports must survive optimization when evaluation would produce them; a value's type alone is not an effect summary.
D-53 Only if selects a branch lazily
if evaluates its condition and only the selected branch; only true selects then. Null and non-booleans select else, unless the node is a boxed one (D-212). Operator operands, including both operands of and and or, are evaluated. Static facts used on the right operand do not permit skipping its runtime errors.
D-212 Nodes built from a box can be strict about their condition
DMN 1.6 requires the if of a boxed conditional, the brackets of a boxed filter and the satisfies of a boxed some or every to resolve to a boolean (10.2.1.8 to 10.2.1.10), and the DMN TCK expects null with an error for a value that is not one. FEEL text keeps Tables 50 and 51, where such a value is false. A layer above FEEL that builds the node from a box marks it boxed: true in its meta; the parser never does. The analyzer copies the mark to the IR node and Feel.Runtime.Boxed applies it in both backends. The BEAM scalar path takes a marked if into its subset for a condition that is a boolean or null and hands every other run to the interpreter on an IR that keeps boxed (its fallback once dropped it, and gave the else branch where the interpreter gave null with an error).
A marked node is null with a :type_mismatch error when its condition is neither a boolean nor null. null stays false, and a number in a filter's brackets stays an index. For a filter, some and every, one such element anywhere makes the whole result null, so a true does not decide a some that has a bad element after it; the quantifier loop ends at the first. The node's type has Null where the condition's type allows such a value. The optimizer keeps a marked if whose constant condition is not a boolean or null: it must not fold it to the else branch, which would lose the error.
When the condition's type makes the error certain, the analyzer says so while preparing, as a warning with details.always, and gives the node the type Null (an if has unreachable branches). That is an if whose condition has no boolean and no null in its type, a filter whose brackets have no boolean, number or null over a source that has an element (a list written out with an item, or a value that is neither null nor possibly empty), and a some or every whose body has no boolean and no null over domains that have an element and cannot fail. A source or domain that may be empty is not flagged, because the brackets or body would not run. The run still reports the error from the node, so the value and the flag do not depend on the layer above, which can read details.always as an error of the model. The node is not folded to a constant null: a constant reports nothing.
D-58 Collection literals preserve evaluation semantics
List elements evaluate in order. Context keys are discovered first; entry expressions evaluate in dependency order, allowing forward references and diagnosing cycles. A function entry captures its surroundings without making its own key an implicit recursive binding. Written context order is kept separately (D-135). Collection construction passes through the runtime's applicable limits.
D-61 Membership and range values remain distinct
in binds its subject once and combines test results with three-valued OR; all tests are evaluated. A range value is not a list of tests. Prefix tests can also form ranges with missing endpoints, which are distinguished from explicit null endpoints. A != prefix range keeps the endpoint on both sides and includes it in neither, an explicit range-value choice rather than a complement type. A reversed range literal holds no values; the stricter range(string) behavior is recorded in D-73. Input-entry satisfaction follows D-40 instead of returning three-valued results.
D-69 between reads its subject once
value between low and high uses the three-valued combination of value >= low and value <= high, with the subject evaluated once. Both bounds are evaluated, and the resulting diagnostics remain observable even when one comparison determines the Boolean result.
D-65 Paths distinguish entries, properties and descendants
A path uses a canonical member key, not a variable lookup. It can select context entries, supported value properties or project entries through a list. Missing members diagnose ordinary path access. Descendant selection visits nested values using context/list ordering; types and node shapes retain only the structure they can represent. Closed context summaries can establish absence, whereas an open context declaration cannot rule out extra entries.
Normalization preserves nested exclusions. Paths requests a positive upper approximation at each union it inspects: the source, list elements, and entries traversed for descendants. It returns a selected context entry's original union, keeping its exclusions for later readers. This local projection prevents an excluded context from reaching the no-property fallback and proving a false list<Null> result; regressions cover paths and descendants with declared result checks.
Descendant node shapes obey the same rule. An excluded context whose internal structure is not known cannot establish zero descendants or an empty iteration domain. Filter name discovery also inspects excluded context bases; subsequent entry narrowing preserves the exclusions and the element's precedence over outer names.
D-71 Filters choose index or predicate behavior explicitly
A numeric bracket value selects an index; a Boolean predicate keeps elements for which it is true. Where analysis cannot decide, a dynamic runtime mode applies the value-based rule. Context elements expose item and their keys under filter lookup rules. Scalar sources can be treated as singleton lists with a conversion report. Index zero has no element; null and out-of-range cases follow runtime filter diagnostics rather than host indexing behavior.
D-86 Iteration belongs to a shared runtime
for, some and every use Feel.Runtime.Iteration on both backends. Later domains can read earlier iterators; domains accept lists, supported whole-number/date iteration ranges, or a converted singleton. partial is the results accumulated by a for, in result order. Index-only reads can use the existing accumulator without copying the whole list each turn. A quantifier evaluates every element, including after its result is decided; a boxed strict body that is not a boolean or null stops the loop with an error. Empty products have the usual empty-list / existential-false / universal-true results. Iteration and list-construction budgets are checked while work proceeds.
D-100 Quiet parameters suppress argument diagnostics
A built-in parameter can be marked quiet. Its argument runs in a temporary lenient environment whose reports are discarded and whose surrounding mode/diagnostics are restored afterward. Analysis warnings from that argument are suppressed too; analysis errors, limits and aborts still apply. This is broader than suppressing only a missing lookup: arithmetic errors inside the argument are quiet as well. Only the argument is quiet. Camunda is defined uses this mechanism; get or else does not.
D-103 Null values and error diagnostics are separate choices
Equality treats null = null as true, null against a non-null value as false, and != as its opposite. Operators do not unwrap singleton lists. The current ordering policy restricts ordering to ordered kinds; true <= true is null, despite the alternative reading as < or =.
	Operation with a null operand	Policy
	Arithmetic and unary negation	Null with :null_operand
	<=, >=, hence closed bounds and between comparisons	Null with :null_operand
	<, >	Null without that diagnostic
	Boolean logic	Three-valued result without that diagnostic

Non-Boolean operands of and/or can produce unknown without an error; not of an invalid argument reports a type mismatch. A null already explained by an error inside the operation, including applicable binding checks, is not reported again. These compatibility choices are centralized in NullOperand, Compare and Env. The TCK flags are inconsistent for identical expressions: 0105#023 expects null for 10 + null without an error flag; 0100#error_when_add_lhs_number_to_rhs_null sets it. The accepted flag mismatches record the resulting deviations. These choices do not resolve every ambiguity in the specification.
Temporal choices
D-54 Calendar arithmetic and zones have explicit policies
The implementation uses these policies where the specification or compatibility evidence needs an interpretation. They are distinct from numeric approximation in the analyzer.
	Question	Current choice
	Fractional months after scaling a years-and-months duration	Nearest whole month, ties toward positive infinity
	A month addition whose destination lacks the original day	Clamp to the last day of the destination month
	Adding seconds to a date-time with a zone ID	Elapsed time: resolve an instant, add, then convert back
	Adding months to that date-time	Change local calendar fields and retain the zone ID
	Local time in a zone gap / overlap	Shift forward through the gap / choose the earlier instant
	Unknown zone ID	Reject it as a value; operations on malformed host-built values diagnose it
	Zoned versus unzoned equality/order	Adopt the local-field comparison policy where the runtime supports mixed zones
	Subtracting a zoned and an unzoned value	Null with :offset_mismatch
	Offset time ordering	Subtract the offset without wrapping at the day boundary
	Time-only value with a zone ID	Standard offset on 2000-01-01, independent of today's clock
	Date versus date-time, or the two duration families, in comparison	Distinct kinds; no implicit cross-kind comparison
	24:00:00 as a time	Normalize to midnight; date-time normalization can carry the date
	Date-only text passed to date and time	Midnight without a zone; retain an explicitly supplied zone
	A zone on a date (2012-12-25+01:00)	Accepted and dropped; a date has no zone

Date bounds and invalid-domain errors remain diagnostics. Calendar conversion, elapsed time and wall-clock arithmetic must not be conflated. Feel.Runtime.Temporal and Feel.Value.Zone own these choices. The vendored 0068 equality and 0100 arithmetic cases exercise offset comparisons and mixed-offset subtraction; implementation regressions also cover the policy choices the TCK leaves open.
D-118 Fractional seconds are retained, but comparison has a coarser rule
Time and date-time values keep decimal fractional seconds, while their equality and order use the whole-second rule selected from specification/TCK evidence. Duration comparison is not truncated this way. Arithmetic and value can expose fractions that temporal equality does not distinguish. Analysis keeps fractional coordinates separately so it can model these operations without treating comparison coordinates as the entire value.
D-68 Temporal value uses one epoch and explicit offsets
The epoch is 1970-01-01T00:00:00Z. A date's value is its midnight UTC seconds; a zoned date-time's is its instant, including fractions. An unzoned date-time has no instant value and reports an error. A time's value is local seconds minus its offset, without day wrapping; an unzoned time uses local seconds. Zone gaps, overlaps and time-only zone IDs follow D-54. Consequently temporal equality does not imply equality of the full fractional value.
Functions and extensions
D-56 Built-ins share a signature registry and call boundary
Area modules describe all 86 standard built-ins in Feel.Builtin.Function records. The registry is cached in :persistent_term and can be cleared after code reload. Known named calls are assigned a signature and reordered during analysis; dynamic calls resolve names at their runtime boundary. Unknown, repeated or missing argument names and wrong arities are runtime errors with preparation warnings where discoverable. Structural errors such as invalid arity carry fixed IR diagnostics. Static argument-type mismatches remain preparation warnings; runtime value validation constructs its own diagnostic independently of the analysis tier (D-219). Named signature selection respects parameter order when names overlap. Arguments already accepted need no conversion; otherwise the applicable signature's conversions are reported. Whole-number parameters truncate toward zero. Built-ins also exist as function values.
D-79 Built-in edge cases follow explicit runtime policies
The implementation preserves these choices rather than delegating them accidentally to host behavior:
	Area	Choice
	Numeric rounding	decimal is half-even; up/down are away from/toward zero; half-up/down ties follow those directions
	modulo	Exact remainder with the divisor's sign
	String positions	Unicode code points, not UTF-16 units or grapheme clusters; positions are one-based and may count backward
	String case	Full Unicode mapping without a locale
	Literal string matching	Match text literally; regex functions are separate
	string join	Omit null items; null delimiter means no delimiter
	Empty aggregates	sum, mean, median, min, max yield null without an error; mode yields []; product and sample stddev report an error
	Numeric aggregates	Invalid or null elements are errors, rather than being omitted; stddev is the sample statistic
	List equality/search	Use FEEL equality; null can match null; distinct values keeps the first occurrence
	List positions	No position zero; negative positions count from the end; each operation checks its own permitted bounds
	Range relations	Use the point/range formulas separately, including their behavior on empty and unbounded ranges
	Missing context key	get value yields null without the missing-path error produced by ordinary path access
	Context construction	Duplicate entry keys are errors; merge is shallow; nested put requires intermediate contexts
	Formatting	Nested temporal values use FEEL literal notation; ranges have literal text; functions and containers holding them have no string form

Specifications, fixtures and tests hold the detailed cases. Compatibility never silently overrides a known defect: accepted deviations are listed in the TCK tooling.
D-73 Number and range conversion parse data, not arbitrary programs
number(string) uses numeric-literal syntax with an optional minus; it does not trim whitespace or accept +, non-finite values or host-specific notation. Grouping separators are removed before decimal separator replacement, without validating grouping positions. Already numeric input is accepted. range(string) permits supported literal endpoints and designated temporal constructors on one positional string literal. It does not evaluate arbitrary endpoint expressions or resolve names. Reversed endpoints are rejected by this conversion although a reversed range literal is an empty range; that inconsistency remains an explicit current choice.
D-80 Regular expressions implement a translation boundary
FEEL asks for XPath-style patterns; Erlang supplies PCRE. Feel.Runtime.Regex translates the supported syntax and rejects unsupported constructs rather than exposing all PCRE behavior. Replacement syntax and flags follow the FEEL contract. Matching has a backtracking budget; this does not by itself bound all compilation work or guarantee complete XPath-regex compatibility.
D-215 Regular expression matches are found one at a time
A pattern that is only text is searched with :binary.match/3. For any other pattern, the engine is asked for one match at a time, starting from a byte offset in the whole text, so ^, $ and the characters before the offset mean what they mean in the whole text. The steps are the same as in the engine's own :global run, including the retry that follows an empty match, and a test compares the matches with that run on random patterns and texts. replace, split and scan end at the first match that passes the cap of the result, so a walk costs only as much as the part it covers and builds nothing past the cap. The limit reported is the first one the text crosses, either the cap or the engine's backtracking budget, so it is not always the engine's. The public :re.run/3 is not used for this: each call checks the whole text for UTF-8 again, and a million matches never end. The function internal_run of :re (four arguments), which the engine's own loop calls for each match, is undocumented; the first call checks the text and raises if it is not UTF-8; later calls are told that it has already been checked. The steps are those of the loop of OTP 28 and later; the loop of OTP 27 steps over an empty match differently, so an OTP release before 28, or one without the function, lists all matches at once (the matches are the engine's on every release; only the cost of the walk is as before).
D-81 Extensions are explicit preparation inputs
Feel.Extension supplies opt-in functions, overloads and temporal parsing conveniences. The Camunda suite groups its functions, overloads and permissive temporal forms. Backticks follow the independent syntax policy in D-83. An extension can answer calls rejected by the core, and constant folding must use the same extension configuration as runtime execution. Prepared expressions keep that configuration. Determinism, clock and entropy requirements remain visible; extension support is not a claim of complete Camunda compatibility. An external function declaration is rejected during analysis unless an extension adds the function for its kind (D-211).
D-82 Functions are closures with explicit host boundaries
A FEEL function captures its enclosing bindings. Calls bind positional or named arguments, apply parameter declarations and run through Feel.Runtime.Invoke on either backend. Native functions are Feel.Value.Function values with explicit boundary conversion types, not arbitrary executable text from the model. Signature metadata is observable through type tests; the distinction between that metadata and inferred body behavior is represented explicitly by arrows and call refinements (D-171). A function definition does not implicitly bind itself; linked recursion is D-188.
D-211 External functions are calls of an extension's function
function(a, b) external {kind: description} has no meaning in FEEL itself: the body names a kind and describes the function in that kind's terms. Feel.Analysis.External reads it as function(a, b) external <kind>(description, [a, b]) when an extension adds the function named external <kind> (D-81), and analysis continues on that ordinary function and call: its closure, declared types, impurity (no folding) and both backends are the existing ones. Without such an extension the function stays external and preparation fails with :not_implemented. feel knows no kind. Since external is a keyword, a model cannot write the call by that name.
Java is the sibling application feel_java, which feel does not depend on. Its extension adds external java, which sends the class, the method signature and the arguments to FeelJava.Sidecar: a process that owns a JVM (priv/Sidecar.java, run as source) over a port with a framed binary protocol (FeelJava.Protocol). The application starts nothing; a host starts the sidecar with a policy.
	Policy. :allow lists classes (every public static method they declare) or Class#method; the default is nothing. It is enforced in Java before the class is loaded, because models are untrusted. Parameters are primitives, their boxes, String, Object, Number, BigDecimal, BigInteger and arrays of them; results are numbers, strings, booleans, null or lists of them. What an allowed class lets through is the host's responsibility (Integer.getInteger reads a system property).
	Conversions. A number must be exact for byte, short, int, long and BigInteger; a float result is its shortest decimal; a one-character string is a char; a value that is not a list becomes an array containing just itself, which is how a varargs method is called; null is any reference parameter. Returned numbers are read by Feel.Value.Number.parse/1, so they have FEEL's 34 digits and range.
	Limits. A request is counted exactly while it is made and refused when it is over :max_message, before a JVM is started. A class name over 255 bytes and a method signature over 4096 are refused before that, in Elixir and again in Java: FeelJava.Protocol holds the numbers and the process passes them to the JVM (--max-class, --max-signature, as --max-message). They bound what a model's text can make the JVM do before the policy is asked, which a megabyte of [] in a signature would otherwise spend the whole :timeout on. A response is written to a buffer that stops at the limit; a reason is cut by bytes to what a message may hold. A call past :timeout kills the JVM (Java cannot be interrupted) and the next call starts one. A JDK older than 17 is refused with its version. The child spec's shutdown time covers a wait for the JVM. Every failure is null with :external_function_failed and the reason.
	FEEL containment. Ordinary public FEEL/DMN calls use a worker deadline, including request encoding and waiting for the sidecar. Java calls return ordinary outcomes; there is no weighted step cost. Trusted callers can opt out with sandbox: false, as the BEAM backend requires. The Java allow policy, message/name caps and JVM limits apply in either mode. Startup and active methods have separate sidecar timeouts; a FEEL worker ending does not cancel an accepted Java request or close the shared sidecar's port. Hosts must bound concurrency and permitted capabilities.
	The request is made by the caller. A value that a model shares (a1 = [a0, a0], a2 = [a1, a1]: forty list nodes) counts as a tree of a trillion leaves in a message, which copies it without the sharing (a list of 22 levels is 1.4 GB in the receiving process). So the caller makes the request as a binary and sends the binary. The size it may have is the process's :max_message, which the process keeps in its own dictionary for its callers to read with process_info (no message, so no place in the queue behind a running call; and gone with the process, however it ends); a process that is not found by its pid on the node is asked. The encoding stops at the size, a shared value is met once for each time it is written, and the bytes met, including for a refused request, are available as per-call transport statistics.
	Ending the JVM. The JVM exits when its input is closed, even in the middle of a method: the main thread reads the requests and a daemon thread runs them, and the main thread calls Runtime.halt (also for a frame over the limit), since a thread that is not a daemon and a shutdown hook that does not end would keep a JVM that returned from main or called exit. The process closes the port when it stops a JVM, so a timed-out JVM ends where there is no kill program (a small container image), and a JVM whose BEAM was killed does not keep running a method. kill -9 is still sent first. Any Error of a call (a class that will not initialize) is its answer and not the end of the JVM, and a method that returns with its thread interrupted does not end the thread that answers.
	Class path. The JVM is started with --class-path of its own: priv/classes of feel_java (in the package, with a .keep) and the jars in it, or the host's :classpath (which is not empty). Without it the source launcher takes the working directory and CLASSPATH of the BEAM, and a class file there would be code behind any allowed name that the JDK does not have. The folder is for a checkout or a path dependency; inside deps/ it is replaced by an update, so an installation names a folder of its own.
	Host. The JVM runs with the English locale, because String.format reads it and the same model has to give the same text on every host. :jvm_args come after the defaults and win where they say the same, except for the collector: one that they choose replaces the default one, since two are a JVM that does not start. The options are checked when the process starts, as in DD-39.
	Rejected. A NIF would embed a JVM by JNI: a fault takes down the node and a call holds a scheduler. A table of JDK methods in Elixir would pass the TCK without being able to call Java.
	Costs. A JDK 17 or later; a start compiles the source; calls are serialized per sidecar, and the call of a caller that a guard has stopped keeps running for as long as :timeout. Instance methods, constructors and other kinds are in the backlog.
	Gate. apps/feel_java/scripts/check_java.sh runs google-java-format (AOSP), javac -Xlint:all -Werror and SpotBugs at every priority, with downloaded tools held to a pinned SHA-256. It is a check.sh step and a CI job; CI runs the tests on a JDK 17.

D-87 Sorting is stable and calls the supplied function
sort requires a compatible two-argument function, even for an empty input. Stable merge sort moves a right item ahead of a left item only when precedes(right, left) is true. False, null or a lenient error does not move it; diagnostics remain observable, and strict errors halt. Calls of FEEL comparators count toward the function-call budget. The result with an inconsistent or partial ordering can depend on the original item positions; the library does not manufacture a total order.
Declarations and types
D-22 Declared relations are structural
Lists and ranges are covariant; contexts use width/depth conformance; functions use contravariant parameters and covariant results, ignoring parameter names. Named types resolve structurally. Conversion is a separate relation. Equivalence accepts equal terms or mutual conformance, so reordered union alternatives can be equivalent. A failed bounded inclusion query need not prove semantic inequality. The join returns a conservative common supertype; it need not be the least expressible one for function or composite types. These are bounded procedures, not a complete semantic subtyping decision procedure.
D-23 Conformance and instance of treat null differently
Ordinary declarations admit null. instance of instead accepts null only for Null, so null is not an instance of Any or number. A required context member must exist even if its declared type is nullable. Composite runtime membership checks the original declarations directly, including preserved function signatures. Analysis normalization preserves nested exclusions rather than replacing the excluded parts by positive approximations (D-178).
D-24 Implicit conversion follows failed conformance
A value that conforms is returned unchanged. Otherwise the conversion boundary tries singleton-list unwrapping, singleton-list wrapping and date-to-date-time conversion in its supported order. At most one step is used by default; permitted combinations require compose: true. Operators do not apply these declaration conversions to every operand. Conversions preserve diagnostics and must not be identified with subtyping. Selecting a built-in signature at a declared function boundary is the additional conversion described in D-197.
D-197 Declared function conversion may select a built-in signature
After ordinary conformance and the standard implicit conversions fail, a built-in with type-specific refinements can become the first non-variadic signature within a declared function type. This supports passing abs to function<number> -> number, as the TCK requires. The resulting function enforces that signature's arity, parameter names and argument conversions before calling the built-in. Conversion is reported as :function_signature information; :report mode does not perform it.
The original value and instance of are unchanged: abs itself still has its broader function type. The conversion applies at supported parameter, binding and result boundaries, not recursively inside containers. If several signatures fit, registry order selects one; there is no combined-arrow adapter.
D-39 Analysis types make null and value sets explicit
The internal Feel.Type.Union is distinct from declared types. [] is no possible value; [:null] contains null; [:any] is the non-null universe; [:any, :null] includes both and can describe foreign host terms. Alternatives carry scalar sets and structural parts. Strings support intervals and excluded points, not just finite enumerations. Bulk normalization avoids repeated incremental joins. Budgets can replace sets with larger bounds in positive positions. NumberSet construction, union and intersection select :outer, :inner or :exact; complement and inclusion are exact over the supplied sets. Ordinary union normalization still widens large scalar descriptions, so it is not unrestricted exact set algebra. Certain rule bounds use a separate lower-bound path (D-158).
D-48 Non-null declarations are explicit
{:non_null, type} and T! exclude null without changing ordinary FEEL type names. The mark is accepted in expression type syntax as well as host declarations. A rejected non-null input is an input error, not a lenient substitution of null. Non-null result constraints are currently rejected. Public function projection preserves outer non-null parameter marks and checks parameter variance; where nested detail cannot be projected safely, the whole function projects to Any (D-171).
D-51 Constraint locations distinguish elements from collections
Allowed values of a collection item definition apply to its elements; a collection-level type constraint applies to the collection. Component constraints use paths through context keys and list elements. Null exemptions and non-null declarations are separate rules. These constraints are not implicitly part of every instance of check.
D-99 Item definitions become reusable scope data
Feel.ItemDefinitions resolves named definitions, components, collections and inherited constraints into the declarations used by Feel.Scope. It does not read a DMN document itself. Definitions are structural aliases, not nominal identities. Recursive expansion is controlled separately (D-189).
D-138 One declaration stance controls checking and assumptions
declarations: is the public policy; analysis: independently selects inference cost/precision. Result declarations are checks at the expression's boundary, and bindings are checked before their allowed values where the stance requires it.
	Stance	Invalid binding	Allowed-value narrowing
	:enforce	Convert or replace with null and report an error	Yes
	:enforce_wide	Same checks	No
	:trust	Host promises validity; no checks	Yes
	:audit	Keep value and report an error	Yes, conditional on host validity
	:report	Keep value; type error or allowed-value warning	No
	:ignore	No checks	No

Unchecked kinds are still assumptions, even when allowed-value narrowing is off. Under :core, allowed-value refinement is absent and :trust/:audit are rejected. The guarantees remain conditional on the declarations and host assumptions of the chosen stance; they are separate from algebra repairs.
D-178 Composite declared types enter through the host API
The host can supply {:union, types} and {:not, type} declarations. Their values are checked through the composite translation; expression syntax does not offer general unions, intersections or arbitrary difference. Conversions into union alternatives are not generally provided. Normalization preserves nested exclusions, including beneath another exclusion or a function domain. Public projection can lose precision but must not strengthen a function promise by widening its accepted-input domain. The nested-context and double-negation membership rules are kept as regressions; a broader independent constructor audit remains open.
D-189 Recursive items have an explicit guarded graph mode
Feel.ItemDefinitions.new/2 rejects recursive definitions by default. The legacy recursive: :any option still cuts back edges and is explicitly approximate. recursive: :guarded keeps a finite {:recursive, name, graph} descriptor for recursive data, with one-step unfolding. Each cycle must consume a context member or list element; a cycle through a function signature is rejected. A finite function item may accept or return recursive data. Membership checks the entire finite value, including missing fields. Graph paths apply inherited and component constraints at every occurrence. Boundary conversions keep their existing meaning; nested field conversions are not added.
Constraint verification consumes occurrences incrementally with a traversal cursor and shared reversed paths. It stops on the first rejection and constructs a forward path only for that diagnostic. Both graph traversal and the enclosing path/list selectors stay lazy, so an invalid root does not first materialize its descendants. Successful traversal avoids forwarding each occurrence through every ancestor. Recursive.parts/4 remains an explicit materialization API; runtime verification does not use it.
Cycle validation visits shared definitions once per root, using graph components to reject function cycles and the unguarded subgraph to reject alias-only cycles. Union.from_spec/1 projects recursive descriptors to a structural upper bound with a shared 256-node budget. Budget exhaustion widens the analysis only; runtime membership still checks the full finite value. Consumers must not use that bound as proof of membership in a recursive target. Conformance checks stay, instance of has no positive proof from the projection, negative narrowing keeps the original bound, and recursive function domains use the empty lower bound when constructing an upper arrow. Public function projection may use Any where its type language cannot express that empty domain. Negation of a recursive target projects to Any | Null; runtime Boolean membership remains exact. Recursive conformance is deliberately conservative, accepting identical reachable graphs under a consistent one-to-one renaming and ordinary lattice rules rather than attempting general recursive subtyping. The comparison preserves constructors, constraints and reference sharing while ignoring unrelated definitions, so imported callable signatures do not fail solely because their frames rename types. Tests include an independent finite-tree oracle, deep invalid and valid values, and optimized/unoptimized execution on both backends and tiers.
Parameter specialization and result boundaries use post-conversion upper bounds for recursive declarations, even if the operand fits their projection: membership in an upper bound cannot prove that singleton conversion leaves the operand unchanged. Specialization drops pre-conversion shape, callee and origin evidence for these parameters, including captured parameters of returned closures. An enforced recursive result remains the closure's exact runtime result signature on both backends, through surrounding allowed-value and binding checks. Its analysis signature conservatively uses Any for that result; the body bound remains available as a call refinement. Collection classifiers unfold recursive heads and aliases so that singleton wrapping and element allowed values retain their ordinary meaning.
The analyzer selects each closure's result signature once, storing it in meta.returns before optimization. Both backends use the stored type: folding a conditional to a recursive declaration must not change observable signatures. Runtime composite membership, including list elements, checks the original declarations even when recursion occurs only in a value's retained signature.
The same signature rule applies to functions declared in scopes and supplied as values: a recursive result has Any | Null as its observable result bound, with the structural projection retained only as a call refinement. Function membership and value projection handle those overloads without using their refinements as signature evidence. Graph projection widens recursive function results before unfolding erases their markers; functions reached inside a recursive graph may consequently lose call precision as well. Runtime signature tests use the retained declarations and conservative conformance relation, not their structural upper projections.
D-190 Embedded declarations enforce every applicable constraint
A :declared AST node lets a caller put type and allowed-value boundaries inside an expression tree, not only at its root. Analysis lowers it to the ordinary conformance and allowed-value checks and applies inherited/component constraints from the declared type. A check that can reject must include null in its result bound, even for a non-null successful value. Optimizer removal of a check must be justified separately. The reproduced function-related bypasses are repaired and retained as regressions. Recursive checks remain when only an upper projection fits; preserving declaration meaning across every proof consumer is still an audit obligation.
Inference and narrowing
D-109 Temporal refinements use coordinates suited to each operation
Dates use day-number sets and durations use month/second sets. Times and date-times need multiple coordinates for local fields, instants, zones and fractions. Arithmetic, properties and inverse rules operate on these coordinates within budgets. A coordinate approximation is not a complete set of all relations among temporal fields. Calendar clamping and zone changes must use runtime semantics.
D-122 Inverse arithmetic narrows operands conservatively
Selected numeric, date and duration operations have inverse rules used when a comparison constrains the result. Rounding, representability failures and calendar clamping matter; inverse images must retain every input that can reach the outcome. Unsupported or over-budget cases keep broader inputs. Time/date-time inverse coverage remains partial. These rules compose with the outcome model in D-194.
D-196 Ordering requires an ordered kind on both sides
<, <=, > and >= yield null if either operand is a boolean, list, range, context, function or foreign value, whatever the other operand is. Inference reports the corresponding certain mismatch, including against Any or a named type. A null operand retains its separate diagnostic policy (D-103). Only numbers, strings, dates, times, date-times and the two duration kinds have ordering operations.
The supported interpretation of <=/>= follows the specification's domain table, so equal booleans or lists do not become true through the alternative < or = reading. Runtime pair tables and OrderingKindsTest hold inference to that choice. Equality and inequality remain separate operations.
D-203 Arithmetic with unknown operands uses the possible result kinds
An operand of a kind unsupported by its operator makes the result null even when the other operand is unknown. A string supports only +; date/time kinds support + and -; durations support all binary arithmetic except **; numbers support all five operators. Boolean, list, context, range, function and foreign kinds support none. Known incompatible pairs remain mismatches.
For an unknown operand that may support the operation, inference joins the results of its possible kind pairs and null, using the existing known-pair rules. Thus number + Any yields number | Null, string + Any yields string | Null, and number * Any can also yield either duration kind. Bounds of the known operand are forgotten for this calculation. Bare-kind results are cached. ArithmeticKindsTest compares inference with runtime pair tables.
Unary negation and repeated reads of an unknown value use the additional rules in D-207.
D-207 Negation and repeated reads retain their possible result kinds
Negation of an unknown value yields number | years and months duration | days and time duration | Null. In full analysis, two reads recognized as one value use same-kind pairs, rather than all pairs of independent operands. Thus v + v has only number, string or duration results; v - v has numeric or duration zero results; v * v is nonnegative or null; and v / v is one or null. v ** v is a number or null. The core tier retains the independent-operand approximation for repeated reads.
A years-and-months duration divided by itself is one only when it is nonzero and its month count can be converted to a runtime number. Absolute month counts of at least 10^34 fail that conversion; inference preserves null for them. A duration with a set of values added to itself is twice a value of the set, as x + x is for a number, so a gapped input does not add its parts to each other: months in [P1M..P2M], [P6M..P7M] give [P2M..P4M], [P1Y..P1Y2M], not also [P7M..P9M]. A sum that could exceed the range of numbers is any duration for months (they never overflow in the run) and has a null for seconds, as for two values. A duration with no set, the whole kind, is as for two. A string added to itself still combines its possible strings pairwise (see the backlog).
A unary test does not read these types to decide a null: an expression of ? that can be null or a boolean is decided by its value (D-209), so -? does not match a null input however it is typed.
D-204 Date joins and selected duration failure regions retain discrete semantics
Adjacent day-number intervals join into one date set; dates are discrete even though numeric and second-duration sets admit fractions. Failure regions for days-and-time duration arithmetic reuse numeric rules on seconds. Date arithmetic with a bounded month duration uses a conservative region of years that can cross the calendar boundary, retaining extra dates rather than dropping failures. Very large second durations are formatted in scientific seconds to bound diagnostic text.
Month-duration products and quotients still use an unrestricted failure region because month scaling rounds. Functions called with conditions still retain generic body-node types; specializing those nodes requires joining call analyses and proving which functions can escape.
D-133 Refinement is an optional analysis tier
:full uses sets and condition facts; :core keeps kinds and explicit nullability with fewer facts. Feel.Analysis.Refinement is the seam, including operation sets and final node-type settling. The execution contract is intended to be the same in either tier; the result-check regressions exercise both. Finite equivalence tests do not establish a universal guarantee, and a cheaper tier does not replace the proof obligations of the analysis.
D-151 Built-in result rules can depend on argument structure
Registry rules such as result_from retain element types for supported list transformations and aggregates instead of using only a generic declared result. Those rules are specific analyses, not Hindley–Milner polymorphic schemes. Their coverage is partial and must include conversion and failure possibilities.
D-152 Structural exclusions are bounded analysis representations
An :except member describes a structural kind less selected subtypes; overloads and the distinction between empty and nonempty lists add precision. Normalization, context expansion, arrow combinations and scalar sets have resource caps. Dropping detail can be safe for an upper bound while being unsafe under negation, contravariance or certainty. Normalization now retains nested exclusions and function domains; readers request positive approximations explicitly. Function projection and set erasure check variance before retaining an arrow. Neither membership agreement nor a failed subtype check supplies an independent proof for the wider bounded algebra.
D-155 Call analysis considers compatible signatures and argument relations
Result inference selects signatures compatible with argument bounds, with conservative fallback when it cannot decide. same_kind rules compare related point/list arguments where represented; empty or unbounded values prevent some mismatch proofs. Narrowing by a call must retain functions and foreign host terms when the call accepts them, not treat Any as only primitive FEEL kinds. Missing inverse or signature detail loses precision; it must not silently exclude accepted inputs.
D-161 Refinements explain selected failures without promising exactness
Result rules use decimal arithmetic, value sets and available grain to improve bounds. NullReasons searches edge values for witnesses and can suggest constraints that avoid a failure. This is bounded sampling, not an exhaustive witness search. A retained null need not have a discovered witness, and a value set need not be exact. Grain and relation propagation remain incomplete.
D-170 Local inference can recognize related values
Repeated reads and selected runtime identities can improve bounds: x - x, self-comparison, empty membership, list indexing and small explicit quantifier products have dedicated rules. Related allowed-value declarations can inform bounds under a bounded dependency analysis. These rules do not form a general relational solver or prove identities for arbitrary effectful expressions. Conversion, foreign values, null and eager evaluation remain part of each rule's preconditions.
D-171 Function overloads and observable signatures have distinct roles
A built-in with several signatures is one function value described by an overload, not an arbitrary choice of one function. Calls can use compatible arrows and refinements; a declared arrow does not assert that the value has no other arities. Runtime signature metadata remains distinct from an argument-specialized body summary. The reviewed baseline violated this contract through projection, nullability and variance. Function literals now use their observable, nullable runtime signature as the arrow and their inferred body result only as a call refinement. Normalization preserves nested exclusions; public projection and set erasure discard an arrow when weakening its parameter would strengthen its promise. The regressions include both original result-check bypasses.
Higher-order list images also judge callbacks from runtime arrows only. A Boolean call refinement does not make an observable Any result signature acceptable to sort or list replace. An excluded function alternative remains a possible callback; it is not merely a position argument. Recorded arrows guarantee signatures without exhausting them: a value typed as a three-argument function, such as matches, can also have a two-argument Boolean signature. A qualifying arrow establishes acceptance; other function descriptions, including overloads and excluded bases, retain both a possible list result and null. Missing signatures and call refinements establish neither rejection nor guaranteed acceptance. This preserves result checks after narrowing.
D-219 Literal function signatures are independent of refinement and optimization
The analyzer stores Union.to_spec(IR.plain_type(body)) from a kind-only analysis of the written environment as meta.returns on a function node. Both backends construct runtime signature metadata from it. Full analysis first makes this core pass when the syntax contains functions. Private AST occurrence keys keep signatures distinct even when source spans coincide; reanalysis for calls reuses the captured signature. Each pass retains the specialization budget. Previously the backends projected IR.type(body) after optimization, so narrowing a body could turn a rejected callback into an accepted one and let an optimized expression bypass a result check. The captured signature is also the function's arrow; the precise body result is a separate call refinement (D-171). Projection starts from the plain type deliberately: exclusions in a body's type are analysis facts, not additional observable signature promises. Neither condition facts, argument specialization nor optimizing the body changes meta.returns. Full-only declaration stances preserve verification policy in the signature pass without using allowed-value narrowing. Regressions compare signature predicates, result checks and callback diagnostics through direct values, lists and contexts on both backends and analysis tiers.
Static call mismatches remain preparation warnings and null result bounds. They do not embed inferred types in runtime diagnostics: the ordinary built-in boundary validates actual values and produces the runtime diagnostic. Structural call errors such as invalid arity still carry their fixed diagnostic. The tier differential sweep compares complete outcomes in lenient and strict modes.
D-173 Never describes code that cannot execute
The empty union marks the nodes of a branch that has been established as unreachable, and selected cases produce an unreachable_branch warning. It must not mark an eagerly evaluated operand merely because its value cannot decide a Boolean result. Branch discovery and warnings are bounded analyses, not complete reachability decisions; unsupported cases remain broader.
D-193 Callable and structural summaries travel with bindings
Callees and node shapes retain selected known functions, literal cardinalities and members through names, parameters, iterators, returned functions and repeated selections. Function bodies can be reanalyzed with argument types and condition origins. Memoization keys must include those assumptions; alternative counts, depth and source budgets bound selected paths. Exhaustion falls back to type-based inference, which must preserve the appropriate approximation direction. This metadata is not a portable runtime function contract. Nested functions created inside a returned container are widened back to their written parameter types and Any | Null results where the call cannot preserve their original shape (D-203). A unique unspecialized written arrow can be paired for a top-level returned closure; equal argument or entry arrows do not prove identity. Nested closures and overloads conservatively use Any | Null results. Specialized body arrows must not become inspectable runtime signatures.
A union of returned function types remains alternatives, not an overload requiring every arrow. Call-result refinements are attached only to a unique written/refined pair; ambiguous alternatives retain their broader written union.
In linked preparation, completeness is kept separately from closure identities. Syntax and retained shapes take precedence, including iterator elements and forwarded container arguments; compact completeness is the fallback when discovery cannot retain the alternatives within its budgets, or body specialization cannot proceed within its depth or source budget. It must not replace a literal closure's identity and thereby prevent argument-specific body analysis while that analysis is available. Context-entry values retain the marker after refinement settles and before local bindings are made, including containers whose shapes exceed the 32-entry limit. Using the complete written result bound does not spend more body budget. Ordinary paths and descendant selections propagate completeness from their source. This covers functions inside the selected descendant lists without inferring completeness from their arrow types. A source with unproven host functions remains unproven, and known identities still take precedence where discovery succeeds.
Function and overload types do not establish an exhaustive arity list, and contain no parameter names. Unknown positional arities or uncovered parameter domains start at Any | Null before applicable call refinements; named calls through types alone remain Any | Null. Known function syntax and built-in registry entries can still establish arity errors. Parameter callee identities are cleared if signature conversion may replace the function (D-197), including conditional, list and context alternatives. See the function-type readers.
D-194 Conditions have true, false and unknown outcomes
Narrowing tracks facts for all three outcomes; an else combines false and unknown. Logical operators, Boolean comparisons and selected predicates compose those facts. A binding to a condition can retain its origin, including through supported parameter passing. Facts about locals refer to their binding, not just their spelling. Selected operation/call inverses include failure regions so the else case keeps inputs that produce null. Unsupported regions retain the whole possible input. Representation and inference defects described in the assessment still qualify these intended upper-bound contracts.
Compiler and resource boundaries
D-20 The IR carries semantic choices and source locations
Feel.IR nodes retain spans and inferred types. Analysis resolves names, call arguments, context ordering, filter modes and decoded literals before either backend runs. Advisory metadata, callable summaries and inferred bounds are not interchangeable with proofs authorizing execution changes.
D-21 The interpreter is the default and a reference implementation
The interpreter creates no generated modules or atoms. The optional BEAM backend compiles prepared IR; its performance benefit depends on workload and reuse. Backend comparisons check values and diagnostics on finite corpora. Both backends share runtime semantics, so agreement cannot exclude shared bugs.
D-38 BEAM modules have explicit identity and lifetime
IR is emitted as Erlang abstract forms. Generated module names are hashes of that IR and the runtime cache stamp; loaded code is not replaced or killed while running. Release unloads eligible code but never reclaims its atom name. Use the BEAM backend for a bounded set of controlled expressions and the interpreter for unbounded external churn. The cache stamp prevents reuse of modules from an older compiler/runtime contract. There is no ABI negotiation or persisted generated-artifact format; rebuild prepared expressions on upgrade.
D-223 Evaluation counters and returned values keep their limits
Feel.Runtime.Budget owns cumulative iteration, call and diagnostic counters for sequential runs in one process. DMN shares the handle across dependencies, targets and final invocation; call depth remains local to a call stack. Unexpected exceptions invalidate the handle because partial consumption cannot be recovered. Allowed-value checks keep their work counters while isolating diagnostic scope. A runtime halt carries its environment through those scopes: each restores its earlier diagnostics, and the run boundary settles the complete counters exactly once. Normal alternative checks still exclude enclosing diagnostics from their success/error analysis. Handles are process-owned; direct FEEL callers use sandbox: false when sharing one, or create and use the handle inside a single enclosing worker.
Returned values are inspected for string and list bounds, including folded constants, nested contexts and range endpoints. Shared worker deadlines and transfer limits contain recursive membership, constraint traversal and output inspection (D-221). There is no general step or cumulative allocation quota. Direct host type queries and trusted calls require host containment.
New generated module names have a serialized VM-lifetime quota of 50,000, configurable as :feel, :max_generated_modules. Zero permits reuse only; :infinity removes the quota but keeps an atom-table headroom check. Refusal returns :too_many_generated_modules before interning a new name. Release and application restart do not refund it. Other atoms, concurrent compilation and retained code remain host responsibilities. Generated code uses main's cache-stamp contract; prepared expressions are rebuilt on upgrade.
D-45 Optimization must preserve observable execution
The optimizer folds safe constants, simplifies selected branches and removes checks it considers redundant. Prepared expressions keep the unoptimized IR and accept optimize: false. Folding uses the prepared dialect, extensions and limits; cached constant metadata avoids reevaluating nested subtrees. The required contract includes value, diagnostics, conversion, strict stopping and resource behavior. The signature-related check-removal counterexamples are repaired and retained as regressions on both backends and analysis tiers. Passing those cases does not establish this contract for every optimization.
D-113 Emission splits large generated functions
Chunking separates long bodies, collection construction and large-arity work into helpers with only the live variables they need. This avoids known host-compiler costs and limits for those shapes. It is not a proof of linear compilation for arbitrary control flow. Long branch chains, large constants and early generation accounting remain open work items in the compiler roadmap.
D-140 Preparation reuses local analysis metadata
Node shapes, constants, references and indexed facts are computed or memoized near their construction rather than repeatedly walking nested subtrees. Branch-chain facts and body reanalysis reuse work within their assumption context. These are preparation-local optimizations; they do not justify sharing results across different scopes, origins, declaration policies or effects. Optional narrowing validation cross-checks memoized answers against uncached facts, using the same algebra; it changes measured work and is not an independent semantic oracle. Public preparation is contained by the shared worker deadline and heap policy. There is no general preparation step quota; local analysis caps control selected precision and specialization work.
D-148 Executables keep environment templates, not a fixed run clock
Compilation keeps environment settings; a run instantiates its clock, limits, mode and entropy. Without an explicit clock, one OS instant is captured and converted to a date-time only if read. now() and today() share that run instant; today() uses the clock's own date/zone. A supplied clock function is read once per run. Preparation and constant folding cannot freeze nondeterministic calls.
D-154 Limits count selected work and construction
Feel.Limits is the source of defaults. Limits cover source bytes, syntactic/type depth, name tokens, selected narrowing work, generated statements, collection sizes, iterations, call depth/count, diagnostics and regex backtracking. Loops check growth while building results; host compiler emission currently has a final statement-count check after emission. These are logical counters, not a hard bound on total VM CPU or memory. Preparation and hostile host callbacks need additional containment; see the security model.
D-210 Numerical cost estimates were superseded by worker deadlines
The former runtime charged logarithms, exponentials, square roots and powers in weighted steps. D-221 replaces that accounting with whole-operation containment. Numerical range/precision safeguards and cached logarithmic constants remain; sandbox deadlines bound whole operations without estimating individual CPU costs.
D-221 Shared BEAM containment replaces general step accounting
Feel.Worker owns deadlines, process heap policies (including shared binaries), bounded input/result transfers and caller/child cleanup. Feel and Dmn protect complete operations by default; DMN XML parsing and optional table checks also call this worker directly. The shared defaults are five seconds and 128 MiB, with input/result caps defaulting to the heap allowance, including preparation and compilation. Larger artifacts need explicit host-selected guards. Nested mandatory work reuses a stricter enclosing policy, while tighter optional analysis uses owned child workers with the earlier deadline.
max_steps, weighted built-in costs and comparison budgets are removed. Cheap call, iteration, depth, diagnostic and value-size limits remain. Cumulative construction-byte accounting and its shared atomic counter are removed: the worker heap policy bounds live process memory at garbage collection, while individual string/list checks apply in both modes. DMN and its FEEL units share the same worker policy. Trusted calls with sandbox: false have no worker deadline or aggregate memory protection. This is an explicit resource-policy change: removed step and cumulative-memory options are rejected, not ignored. A BEAM worker is not a total VM memory boundary and cannot undo capabilities granted to trusted host callables. Transfer accounting uses a byte-budgeted continuation stack instead of an independent representation depth cutoff. Recursion signature probes inherit the chosen run policy. Worker termination details report observed exit/exception reasons with a bounded diagnostic payload; a :killed exit is not classified as memory exhaustion because an explicit kill can have the same reason.
D-222 An extension may declare that it adds data only
Feel.Extension has an optional callback data_only?/0. Returning true promises that nothing the extension returns is a function value or holds one, and that a diagnostic it makes has no :origin (Feel.Diagnostic): it cannot bring the text of another expression into a run. Feel.Extensions.data_only?/1 answers for a set of extensions (an empty set is data only; a module that does not declare it, or something that is no extension, is not). Nothing in feel acts on the answer. A host that copies a run into a worker does (DMN, DD-44): without the declaration it has to copy the diagnostic source of every element of the model, because an extension is trusted code that could return a function written elsewhere.
The callback is called once, when the set is prepared (Feel.Extensions.new/1, inside the protected preparation), and the answer is recorded in the set. A host reads the record (Feel.Extensions.data_only?/1 of a prepared set runs no extension code) and never calls the callback where its own deadline does not hold, such as the caller's side of a call before a worker has started (DMN records it at compilation, DD-44). A callback that raises or exits counts as false; one that blocks is stopped by the deadline of the preparation that calls it.
The default is the conservative one, so an existing extension keeps its behavior until someone who has read it declares it. A wrong true does not change a value; it makes a diagnostic of a function that came from elsewhere lose the element it belongs to when the run is in a worker. FeelJava.Extension declares it: a Java result is a number, a string, a boolean, null or a list of those, and its failures carry no origin. The bundled :camunda extensions do not declare it.
D-164 Scalar specialization has a guarded fallback
The BEAM scalar fast path checks supported assumptions and falls back to the interpreter when it cannot answer. Replaying speculative work is safe only before observable effects have committed. This is a deliberately limited specialization surface, not general deoptimization for host callbacks or arbitrary effectful operations.
Embedding and verification
D-40 Input entries return satisfaction, not a three-valued answer
Unary tests lower to expressions of the input ?; dynamic matching handles lists, ranges and values. All alternatives are evaluated. An entry is satisfied only by a true result; not(...) requires the alternatives to be false, so unknown is not converted to success. The wildcard - matches every input, including null. This differs from expression in, which can return null (D-61). An expression of ? is decided by its value and not by its type (D-209).
D-209 A unary-test expression of ? is decided by its value, not by its type
A unary test that is an expression has a value, with ? bound to the input. If the expression reads ? and the value is a boolean or null, the value is the answer: null is not satisfied, and not(...) of it is not either. A list matches an input equal to an element, a range an input within it, and any other value an equal input. An expression that does not read ? is compared in the same way, so a null input matches a null value (a null literal, a name bound to null). Both backends call Feel.Runtime.UnaryTests.matches/3 for this.
	The expression reads ?, its value is	Satisfied	not(...) satisfied
	true or false	the value	the opposite
	null (for any input)	no	no
	a non-null value that is not a boolean, list or range	the input equals it	the input does not
	a list or a range	the input is in it	the input is not

The analyzer lowers a test to ? = e only where that gives this answer for every value of its type (Analyzer.compared_by_equality?/2): the type consists of kinds compared by equality and, when e reads ?, has neither null nor boolean. Any other expression is a :match node. So inferred precision and the declared type of the input never change a result: ? + 1, -? and (function(x) x)(?) are not satisfied by a null input however the input is declared, and a boolean that ? gives in a mixed type (if ? > 5 then true else 7) is its own answer. in follows the same rule with its three-valued result: null in (? + 1) is null.
The specification gives a boolean expression of ? as its own value (Table 56) and says nothing about other expressions; the TCK has no case that uses ? (0072-feel-in lists the syntax in a comment only); Camunda's feel-scala and Drools leave such a null unsatisfied. A rule by static type cannot cover a type the analysis does not know. Treating that null as the answer makes a declaration change a result, and treating it as equal to the input lets a null boolean that an opaque type hides match a null input. Equality with a non-boolean value of ? is kept, which feel-scala and Drools do not do. UnaryExpressionOfInputTest checks every kind of type, null and non-null input, and null and non-null value against this table on both backends, optimized and not.
D-174 Embedders can prepare a source AST directly
Feel.prepare_ast/3 accepts trees built by an embedding layer, with source/spans supplied for diagnostics. Such nodes use the same analysis, optimization and runtime paths as parsed expressions. This avoids regenerating FEEL text and losing model structure; it does not remove the need for correct node contracts or source mapping.
D-175 Decision tables are dedicated AST/IR nodes
A table keeps its hit policy, input/output declarations, rule order and selected output evaluation. It is not translated to nested general expressions that would obscure diagnostics or evaluate outputs that the policy does not require. Both backends call the shared table runtime. Static rule questions are a separate facility (D-158).
D-195 Rule entries narrow that rule's outputs
The analyzer reads all entries of a rule, meets their facts, then analyzes its outputs under those facts. A positive entry uses the in predicate's true outcome; not(...) uses its false outcome, which excludes null. A dash uses the column's input values when present. Repeated inputs, paths, operations and supported numeric calls use the existing subject and preimage machinery.
This applies to every hit policy because only matching rules have their outputs evaluated. Default outputs and output-column value declarations remain outside the rule. Earlier columns do not yet narrow later entries; failed earlier rules do not narrow a FIRST rule. Contradictory facts do not assign a dead rule's outputs Never; dead-rule reporting remains a separate Feel.Rules question. Facts are skipped when the outputs and constraints cannot use them, avoiding extra work for constant tables. table_narrowing_test.exs and the table sweep exercise the rule on both execution paths.
D-188 Explicit links enable recursive knowledge functions
Feel.Recursion resolves links to functions whose closures are created in the invocation environment. This supports embedding-layer recursion without adding an implicit self-binding to every FEEL function. The interpreter handles these links, with call count/depth limits; it is not general recursion support in all backends. The DMN layer decides which cycles are permitted.
Before probing signatures, the linker prepares each member again from its saved AST and preparation options. Its peer bindings carry internal callee evidence that they are single-signature FEEL closures (or null), distinct from the partial signature guarantees of ordinary function types. Aliases and selected containers retain this evidence through Callees; shadowing parameters and ordinary host bindings do not acquire it. Positional self-calls with broad argument types retain the peer's result bound and possible conversion failure. Named self-calls use that bound or null when they supply at most the parameter count, and null otherwise. This bound does not prove a name match: unknown or duplicate names still fail binding, and omitted parameters receive null. Their observable signatures and binding conversions stay consistent instead of widening to Any when the open-function invocation rule is repaired.
D-200 Linked closures are cached within a run
The first call of a linked member constructs its closure and stores it in Feel.Runtime.Env.links, keyed by the link identity and member key. Later calls reuse it. A new run or a separate link has its own cache, so returned function values need no process dictionary or table with a shared lifetime. The cache keeps called closures and their binding/link maps until the run ends.
Closure construction reports binding diagnostics once, when it happens; call-depth and call-count limits still apply to every call. A first construction inside a quiet argument can have its diagnostics suppressed while the cached closure is kept, following the quiet-call policy.
Links take their signatures from a probe with peers bound to null. When constructing the actual closure, the runtime checks that its parameters and result type still match that signature. A member whose function shape depends on a peer is null through its link and reports :type_mismatch; strict mode stops on that diagnostic. The check applies inside sandboxed and trusted calls alike.
D-158 Rule analysis distinguishes conclusions from uncertainty
Feel.Rules asks coverage, overlap and dead-rule questions using possible-input upper bounds and certain-input lower bounds. The verdict interface distinguishes a conclusion, a refutation with a witness, and unknown. Failed subtype proof is not proof of a gap. Certain numeric sets now use bounded subsets; certain string sets discard information when their point budget is exhausted. They never use an enlarged hull or a widened string kind to establish certainty. Numeric complement and inclusion are exact at the interval cap. Range exclusion combines the excluded endpoint images with exact union before complementing them: widening that union would shrink the complement and invent range-subtype and coverage proofs. The retained exclusion planner bounds this work to six negations with at most sixteen intervals each. The boundary regressions keep the 17-point example of section 2.3. String alternatives use bulk StringSet.union_all/2; negated lists use intersect_all/1, followed by the lower-bound point/exclusion budget check. Interval ranges do not count toward that budget, so combining them one prefix at a time would restore quadratic work. Reduction-count regressions cover both directions on disjoint open intervals. Witnesses are not universally validated against original entries; the broader proof audit remains open.
D-159 Node monitoring checks exercised runs
Feel.Paranoid evaluates unoptimized IR while checking monitored node values against inferred types and compares prepared execution where used by sweeps. Comparisons keep diagnostic order and every field, including spans, origins, messages, details and error kinds. Embedded values use recursive equality; decimal scales are ignored and FEEL implementation closures are ignored when comparing function signature metadata. Comparing two function values checks parameters and result type, not what the function does; a test that needs the behavior calls the function itself. It has monitoring exclusions for selected eager operands and function bodies. Membership uses the implementation's own type machinery, so a quiet monitor does not independently establish semantic membership or soundness.
D-198 Result compatibility asks whether conversion can succeed for some value
A declared result is certainly incompatible only when none of its inferred alternatives can convert. The analyzer recognizes refined date alternatives by kind, so date sets can convert to date-time. Structural overlap is considered recursively rather than rejecting a context merely because one entry's type is broad. A possible conversion keeps the applicable result type; an impossible one still yields null and a mismatch warning. This repaired under-approximated result nodes that the DMN audit found, without changing binding or call-argument conversion policies.
D-199 Verification includes rejected declarations and whole-model chains
Feel.Sweep.Rejected builds declared AST nodes that source parsing cannot express, placing constraints on context entries, list elements and function results. Its pools include both accepted and rejected values; a coverage assertion requires both outcomes. Feel.Sweep.Tables exercises entry facts and rule outputs, while Feel.Sweep.ExtensionConditions checks facts when extensions answer calls.
Dmn.TCK.Audit runs planned units with Feel.Paranoid and compares their chained values with ordinary prepared execution. It uses TCK cases, bounded single-input variants and separate audit models with rejected declarations. Function-body findings are attributed to their owning unit through the caller. It is not a complete model checker: unused units, ungenerated input combinations, recursion and nondefault extension configurations can remain unexercised. Membership still uses the project's own predicate and needs independent checking.
D-180 Regression evidence includes generated sweeps and mutation checks
Unit tests, backend/optimizer comparisons, finite-grid sweeps, construct-suite gaps and checked narrowing tables exercise different contracts. Regular tests run deterministic slices; full sweeps and mutation scripts provide additional coverage. Keep failing reproducers rather than shrinking pools to hide a finding. Independent oracles are still needed at algebra, cap and variance boundaries. BEAM-heavy differential tests run after the async phase through Feel.BeamCase, reducing code-server contention. Ordinary tests do not unload shared generated modules; unloading is tested separately. Cost checks use reductions where elapsed time would measure machine contention rather than work.
See the sweep workflow.
Feel.SpecVectors classifies printed/copied rows as :spec / :xref, which are the intended oracles. :derived and :interpretation rows are coverage aids, not authoritative expected answers. This classification is heuristic and must be checked against a row's provenance before trusting it. Decimal fixtures and the official TCK are separate external evidence. The TCK report records the corpus, runner options, accepted deviations and a dated snapshot, not a percentage proof of the language semantics.
D-206 Mutation generation tests the limits of the sweeps
Feel.Sweep.MutantGenerator changes selected syntax-tree nodes of analysis files. Seeds reproduce a sample; a control run first checks rewriting without a mutation. The driver can run slices, full sweeps, unit tests and type comparisons in temporary copies. A generated survivor is reviewed, not automatically classified as a defect. Timeout-only failures are marked flaky and unit failures are retried alone before being counted.
The handwritten suite keeps specific wrong rules and their intended detectors. Some are held by unit tests rather than sweeps; an equivalent or safely widening change may legitimately survive. Generated experiments exposed missing extension-condition, rounding-boundary, mixed context-key and negative-median-overflow coverage. The added regression cases keep those checks. Survivor triage, more samples and wider extreme-value coverage remain in the backlog; generated runs are on demand, and D-217 adds a CI check of the handwritten mutants.
D-217 Handwritten mutants run in CI, and a second sample is part of the evidence
A second generated sample (seed 2, 100 of 4,107 sites, including inference.ex, calls.ex and analyzer.ex, which the default file list leaves out) found three wrong rules that no test covered. Each is closed with a unit test and is a handwritten mutant, nineteen in all: a quotient of numbers near zero by divisors of which only some have a whole reciprocal; two times whose sets share no number but may be equal (a time with a zone is compared by instant, one without by clock); and the sum of numbers far below zero, which the overflow check covered on the upper side only.
near != @zero in Images.List.tiny_mean?/1 is not dead, as D-206 read it. Both operands are sets of numbers, and the comparison is false only when the one number near zero is exactly 0. That separates a mean of numbers that cancel and leave 1E-6176 (null or 0, by the order of the sum) from one that cancels to 0. A unit test and a mutant cover the rule; the sweeps have no number near 1E-6176 and do not see it.
Twelve more types that are too small were covered by unit tests alone. Their argument is a set (a month in [1..12], a pattern that is one text), while the sweeps ran bare kinds; D-218 adds the calls and conditions that reach them.
mutants.exs --terms says whether the whole sweeps can see a mutant at all: a sweep fails one only if a type moves or the sweep raises. The mutants job of CI runs the handwritten mutants on the slices and fails when a mutant is not what it is expected to be, so a catch that has become thin is noticed when a generator or pool moves the slice. It is a job of its own, not a step of check.sh; it takes about two hours on a hosted runner, so it is in .github/workflows/weekly.yml, on Mondays and on request, and not in the per-push CI.
D-218 Sweeps run set-typed arguments and outcome conditions for the rules that read them
Twelve mutants of the second sample made a type too small and only a unit test failed. The rule of each reads an argument that is a set of values (a year, an hour, a pattern that is one text, a null start, a dividend with a long rest) or the facts of a comparison's null outcome used as a condition, and the sweeps ran bare kinds. Calls therefore lists 22 calls of date, time, replace, substring, stddev and modulo with such arguments (@sets), and Narrowing.outcomes/0 compares a number and an unknown value with true and false as conditions. A name that may be null is narrowed first, or its null would make the call null and say nothing about the rule.
The additions are deliberately small: sets and unions in every pool were 42 % more bindings of the call sweep for no catch (D-206). Against the sweeps without them: the call sweep gains 0.04 % of its expressions, 0.009 % of its bindings and 0.05 % of its reductions, the narrowing sweep 0.8 % of its expressions, 1.9 % of its bindings and 0.8 % of its reductions (0.1 s and 0.6 s of processor time against 30 to 50 s and 80 to 100 s). With them, all twelve mutants (ten sites) fail a sweep on the tree of D-217: through 1 to 5 expressions in the slices and 1 to 15 in the whole sweeps. date with a year past the calendar is seen in the slice by one binding of an expression, so that catch is thin.
The twelve are generated names that exist only on the tree of D-217, so eight handwritten mutants carry them into CI, one for each way the sweeps reach a rule (the two outcome conditions, date, time, stddev, modulo, replace, substring); the handwritten list is 27 and each of the eight is caught in the slice by 2 to 5 expressions. These are calls chosen for the rules that were found, so a rule of the same kind in another function is not seen until its call is listed.


  

    Type narrowing

Narrowing is how the analyzer uses what a condition says. In if x > 5 then x else 0 the x that is returned is not the declared number | Null: the condition was true, so it is a number above 5. Every read of a name is analyzed under the facts available in its branch. Narrowing improves result bounds, supports warnings about fixed conditions, and lets the optimizer remove checks. It therefore has consequences for execution, even though the runtime does not apply the facts itself. The assessment states the contracts and the remaining audit work; the rules and tested examples below do not establish general soundness.
This page has the general rules. Each type has a page of its own with the conditions that narrow it and what they leave (the index), and overloaded functions says how narrowed arguments meet functions with several signatures. type-system.md explains the types that are narrowed, and architecture.md where the code sits.
	Expression	Type	Warnings
	if x > 5 then x else 0	number in 0, (5..max]	—
	if x != null then x + 1 else 0	number	—
	if v instance of number then v else 0	number	—
	x > 5 and x < 3	boolean = false | Null	decided_condition
	if n > 10 then 1 else 2	number = 2	decided_condition

Contents: 1 Vocabulary · 2 The names in the examples · 3 What gives a fact · 4 Then, else and null · 5 And and or · 6 Where facts apply · 7 What it changes · 8 What gives no fact · 9 Limits · 10 Correctness obligations and checks · 11 The code · 12 The pages · 13 Does it narrow as far as it can?
1. Vocabulary
	Subject. What a fact is about: a name (x), a path that starts at a name (p.age), a local, which is a parameter of a function, an iterator, or an entry of a context, identified by the depth of the context that binds it, so that a name bound again deeper takes no fact (D-193), and in the brackets of a filter the element (item) or one of its entries.
	Fact. A function from the type of a subject to the alternatives of it that are left. A fact only takes alternatives away or makes a set of values smaller. It must preserve every value the subject can have in that branch; shrinking alone does not establish this obligation. A fact that leaves nothing says that the branch cannot be taken: a read of the subject there keeps the type it had, since any type will do, and the if leaves the branch out of its type and says that it never runs (section 7, D-152, D-173).
	Branch. then is where the condition was true. else is where it was not: false, null, or a value that is no boolean, since if takes the else branch for anything but true (Table 50). That asymmetry is the source of most of what follows: the not-true branch is rarely as informative as the true one.

Facts compose by the logic around them, and they stack: a read inside a branch has the facts of every condition that encloses it, and the facts of the same subject are applied one after the other.
2. The names in the examples
The tables are checked against the analyzer using this scope (Feel.Sweep.scope/0). Expression rows compare the prepared root types (with default optimization) and warning codes; condition rows inspect the subject in the unoptimized branch IR. Constant folding can make a root type more precise. This is distinct from checking every possible runtime binding. A name has its declared type, with null added, as for every name that is bound from outside (x is number | Null); allowed values narrow the type of the name when the run enforces them (D-138), as in n. An allowed value is a unary test, which is a condition of ?, and narrows by the rules of these pages (D-161): ? * 2 < 100 as an allowed value narrows as x * 2 < 100 does in a condition.
	Name	Declared as
	x, y	number
	k	number!, a number that is never null (D-48)
	n	number with the allowed values [0..10]
	age	number with the allowed values [0..150]
	s, s2	string
	b, b2	boolean
	d, dr	date; dr allows [@"2020-01-01"..@"2022-12-31"]
	dt, dtr	date and time; dtr allows [@"2024-01-01T00:00:00"..@"2024-01-31T23:59:59"]
	tm, tmr	time; tmr allows [@"08:00:00"..@"18:00:00"]
	ym, yms	years and months duration; yms allows [@"P0M"..@"P5Y"]
	dd, dds	days and time duration; dds allows [@"PT0S"..@"P3D"]
	xs, ys	list<number>, list<string>
	ps	list<context<age: number, name: string>>
	q	context<age: number, name: string> with the allowed values [0..150] for age
	qs	list<context<age: number, name: string>> with the allowed values [0..150] for the age of each
	ls	list<list<number>> with the allowed values > 0 for the numbers, and the type constraint count(?) <= 2 for the inner lists
	ws	list<number> with the type constraint count(?) > 0
	top	number with the allowed values [18..65]
	capped	number with the allowed values <= top, which mention another name (D-170)
	emp	context<age: number, limit: number> with the allowed values <= emp.limit for the age and [0..65] for the limit
	r	range<number>
	p	context<age: number, name: string>
	f	function<number> -> number
	v	Any
	m	Person, a model-defined type: context<age: number, name: string>

A type is written as Feel.Type.Union.format/1 writes it: number in [0..150] | Null is a number from 0 to 150, or null; -max and max are the ends of decimal128; string except "a" is every string but one. Where a table says — for a branch, the branch cannot be taken.
The tables use the defaults analysis: :full and declarations: :enforce. The core tier keeps kind information but does not apply these set-valued facts. It preserves the same runtime values and diagnostics for supported settings; observable function signatures are captured independently of the extra full-tier precision. Preparation warnings can still describe different inferred bounds. :trust and :audit require full analysis.
Declaration stance also changes the assumptions behind the tables. :enforce_wide checks values without narrowing by allowed values. :trust and :audit use allowed values without repairing invalid bindings; the host must satisfy those assumptions. :report and :ignore do not narrow by allowed values, but still assume declared kinds. Non-null input declarations lose their null alternative only in the enforcing stances. See declarations and Feel.Analysis.Declarations for the full contract.
3. What gives a fact
A condition gives facts about the subjects it reads, in the shapes below, and nothing else does (section 8). Each is read for three outcomes of the condition, and not for two (5).
	Condition	Says	Pages
	a subject that is the whole condition (b)	true in then, anything else in else	boolean
	= != < <= > >= of a subject with any expression, on either side (5 < x is x > 5)	the values for which the comparison can be true, or can be false	every kind
	between	the two comparisons of value >= low and value <= high (D-69)	number, date
	subject in tests	the tests are conditions of the input ?: joined in then, met in else (D-61, D-194)	number, string
	subject instance of T	in then, what is in both the type and T, and never null unless T is Null; in else, the type less T: what is not wholly within T, and null, and for a name of type Any the kinds that T does not take out (D-23, D-194, D-39)	any, null
	and, or	the facts of the two sides, met or joined (5)	
	not(c)	the facts of c for the outcome that not turns over: where c is false in then, where it is true or unknown in else (5)	boolean
	a condition compared with true or false ((x > 5) = true, c != false)	the facts of the condition: c = true is true where c is, and false for everything else, null included	boolean
	an arithmetic operation or a negation in a comparison (x + 1 > 5)	in then, its operands are not null, and are the numbers that give such a result (D-194, D-122); in else, the numbers that give a result it is false for, and null, where the operation cannot be null for the operand	number, durations
	a call of a number function in a comparison (abs(x) < 100, floor(x) = 3, sqrt(x) < 10)	in then, its arguments are not null, and are the numbers that give such a result (D-161); in else, as for an operation	number functions
	a call of any other built-in in a comparison (string length(s) > 0, day of week(d) = "Monday", sum(xs) > 5)	its arguments are not null (unless the call takes one), and are of the kinds for which it gives such a result; the length of a string says whether it is the empty one (D-170). A name of type Any is taken kind by kind, a function and a term that is not a value of FEEL among them: a list function makes a list of any value, so append(v) != null leaves Any (D-155)	any, string, list, date
	a path (p.age > 5)	a fact about the path narrows the entry, and the source that has it (D-65, D-194)	context
	a property of a date, a duration, a time or a date and time (d.year = 2024)	narrows the set of the value (D-194, D-109)	date, time, date and time
	the element of a filter, in its brackets (xs[item > 2])	narrows the elements the filter keeps (D-71)	list

How a comparison narrows a kind is specific to that kind, and is described on its page. What they all have in common is the subject of the next section.
4. Then, else and null
null is what makes the two branches unequal. An ordering with a null operand is null, and null is not true; but null = null is true, and null != 5 is true (Table 50, D-04). So:
	Condition	x when true	x when not true
	x > 5	number in (5..max]	number in [-max..5] | Null
	x = 5	number = 5	number in [-max..5), (5..max] | Null
	x != 5	number in [-max..5), (5..max] | Null	number = 5
	x = null	Null	number
	x != null	number	Null

	When an ordering is true, the subject is not null, and is in the set of values for which it can be true. When it is not true, the subject can still be null, so the type keeps Null.
	x != 5 is true for null, so Null stays in then and drops out of else, where the comparison is certainly false.
	x = null and x != null are the guards. x = null is true only for null, and when it is not true the subject is not null: that is what turns number | Null into number in if x = null then 0 else x + 1.

	else uses the values for which the comparison is false only when it cannot be null: the other side is of one kind and never null. Otherwise every value remains. That is why x > y says less than x > 5:

	Condition	x when true	x when not true
	x > y	number in (-max..max]	number | Null
	x = y	number | Null	number | Null
	x > v	number	number | Null
	x = v	number | Null	number | Null

y can be null, so x = y can be true for a null x, and x > y is read from the bounds of y's set: x is above its lowest value. v is Any, so the other side's kind is not known, and a number is all that x > v can say. The pages of the kinds go through the same questions for their sets. null.md has the whole matrix.
A value compared with itself is one value, and not two of the type (D-170): x = x is true for every value of FEEL, null included, and an ordering of a kind that has one is false (<, >) or true (<=, >=) and null where the value is null, since an ordering with a null is null. A kind without an order (b < b) is a mismatch as always, and Any is not known to be a value of FEEL.
	Expression	Type	Warnings
	x = x	boolean = true	—
	p = p	boolean = true	—
	x < x	boolean = false | Null	—
	x >= x	boolean = true | Null	—
	k < k	boolean = false	—
	d <= d	boolean = true | Null	—
	b < b	Null	type_mismatch
	v < v	boolean | Null	—

An operand that has no order (a boolean, a list, a context, a range, a function) is null against anything for the four orderings, and so against a name of type Any (D-196): true < v and true <= v are Null with a type_mismatch warning, and if true < v then 1 else 2 is number = 2 with a decided_condition. null.md has the rows.
The same goes for an operand for which an arithmetic operator has no operation (D-203): a boolean, a list, a context, a range and a function have none of + - * / **, a string only +, a date, a time and a date and time + and -, a duration all but **, and a number all. true + v, [1] - v, s - v and d * v are Null with a type_mismatch warning for every v, and if true + v > 1 then 1 else 2 is number = 2 with a decided_condition; s + v is string | Null, d + v is date | Null and x + v is number | Null, the kinds that their pairs give (D-203), and -v is number | years and months duration | days and time duration | Null, the kinds that a negation has (D-207), as v - v is 0 of a number or a duration, or null. null.md has the rows.
5. And and or
		then	else
	a and b	the facts of both, one after the other	a subject is narrowed only if both sides narrow it, to what either leaves
	a or b	a subject is narrowed only if both sides narrow it, to what either leaves	the facts of both, one after the other

The right operand is read knowing what the left said: the right of a and b is analyzed in the then facts of a, and the right of a or b in its else facts (D-194). So x != null and x > 5 is boolean, never null, and x = null or x > 5 is too.
	Condition	x when true	x when not true
	x > 5 and x < 10	number in (5..10)	number in [-max..5], [10..max] | Null
	x < 0 or x > 10	number in [-max..0), (10..max]	number in [0..10] | Null
	x > 5 and y > 3	number in (5..max]	number | Null
	x > 5 or y > 3	number | Null	number in [-max..5] | Null

	Condition	y when true	y when not true
	x > 5 and y > 3	number in (3..max]	number | Null

A subject that only one side of an "either" narrows is not narrowed: in x > 5 or y > 3 the second may be the one that was true, so x is as it was.
Three outcomes. else is where a condition was not true, which is two cases that not, and and or tell apart: it was false, or it was unknown (null, or a value that is no boolean; not(5) is null, and so is 5 and true). The facts of a condition are asked for each of them (Narrowing.facts/2: :then, :false, :null, and :else for the two together), and a set of facts holds at least every state that has the outcome, so a shape that is not read says nothing for it. not(c) is true where c is false, false where c is true, and unknown where c is; its else is the other two. a and b is false where a is, or b is; unknown where a is and b is not false, or where a is true and b unknown. The right operand was read knowing what the left said (above), so what it says of the names the left narrowed holds only where the left is true, and the unknown cases of the left are all kept for them.
	Condition	x when true	x when not true
	not(x = null)	number	Null
	not(x > 5)	number in [-max..5]	number in (5..max] | Null
	not(x = 5)	number in [-max..5), (5..max] | Null	number = 5
	not(not(x > 5))	number in (5..max]	number in [-max..5] | Null
	not(x = null or y = null)	number	number | Null
	not(x != null and y != null)	number | Null	number
	(x > 5) = true	number in (5..max]	number in [-max..5] | Null
	(x > 5) != true	number in [-max..5] | Null	number in (5..max]
	(x > 5) = false	number in [-max..5]	number in (5..max] | Null

An operand that is never a boolean leaves one outcome out (D-170). The tables of the runtime distinguish true, false and "otherwise" (null, or a value of any other kind): a false decides a conjunction and a true a disjunction, and otherwise the result is null. So b and null is false or null and never true, and b or null is true or null and never false. A name of type Any may be a boolean, and the same holds for it.
	Expression	Type	Warnings
	b and null	boolean = false | Null	—
	b or 1	boolean = true | Null	—
	true and null	Null	—
	v and "a"	boolean = false | Null	—
	v and false	boolean = false	—
	v and true	boolean | Null	—
	if b and null then 1 else 2	number = 2	decided_condition

6. Where facts apply
A fact applies to every read in the part of the expression that it holds for, and the part is:
	the branches of an if, and every condition inside them;
	the right operand of and and of or, and the upper bound of between, and the upper comparison of a range in an in, which are read knowing the first part (D-194);
	the brackets of a filter, for the elements it keeps (D-71);
	the body of a function that is called where it is written or through a key, which is analyzed again with the types of the arguments and the facts that hold at the call (D-193), once for the same ones (D-193);
	the locals: the body of a for, some or every, the entries of a context, the parameters of a function.
	the outputs of a rule of a decision table, for the entries of the rule: the rule matched, so each of its entries was satisfied by the input of its column, and an entry >= 18 of the input age is age >= 18 in its outputs (D-195). A not(...) entry is the outcome false of the tests (D-194), a - is the input values of its column if it has some, and the defaults and output values of the table are not under a rule. A table has no text, so there are no rows of it in the tables of these pages; test/feel/analysis/table_narrowing_test.exs and the sweep of scripts/sweep/tables.exs cover it.

	Expression	Type	Warnings
	if x > 5 then (if x > 8 then x else 0) else 3	number in 0, 3, (8..max]	—
	x = null or x > 5	boolean	—
	x != null and x > 5	boolean	—
	for i in xs return if i > 5 then i else 0	list<number in 0, (5..max]> | Null	—
	{a: x, b: if a > 5 then a else 0}	context<a: number | Null, b: number in 0, (5..max]>	—
	(function(a: number) if a > 5 then a else 0)(x)	number in 0, (5..max]	—
	(function(a) if a > 5 then a else 0)(v)	number in 0, (5..max]	—
	(function(a: number) if x > 5 then a + x else a)(1)	number in 1, [6..max]	—
	xs[item > 2]	list<number in (2..max]> | Null	—
	[{a: 1}, {a: 2}][a >= 2]	non-empty list<context<a: number = 2>>	—
	{ok: x > 5, r: if ok then x else 0}.r	number in 0, (5..max]	—
	{ok: x > 5, r: if not(ok) then x else 0}.r	number in [-max..5]	—
	(function(c) if c then x else 0)(x > 5)	number in 0, (5..max]	—

A name that is bound to a condition remembers it (D-194 in decisions.md). ok above holds the value that x > 5 had, so if ok says of x what if x > 5 does, in each outcome: x is above 5 where ok is true, and ok is false or unknown where x is at most 5 or null. It holds for the entries of a context, for the entries that are names of one ({o: ok}), and for the parameter of a function written in the expression that is called at once, or through a key, with a condition (D-193). It is the facts of the condition as they were made where the name was bound, about the names of the scope and the paths from them; those about a local of the place of the call (for i in xs return f(i > 5)) are not about a local of the function, so they are left out. The nodes of the body of a function are those of its analysis for any argument, so the type of the call is narrower and a node in the body is not.
A name that is bound again shadows the fact. x in if x > 5 then (for x in xs return x) else null is the iterator, not the x the condition read, and a fact is about the one that was read. A fact about a variable is not about a local of the same name, and a local is distinguished from another of the same name by the depth of its context.
	Expression	Type	Warnings
	if x > 5 then (for x in xs return x) else null	list<number | Null> | Null	—
	if x > 5 then (function(x: number) x)(1) else null	number = 1 | Null	—
	if x > 5 then {x: 1, r: x} else null	context<r: number = 1, x: number = 1> | Null	—

Rule-output narrowing and table proofs answer different questions. The former analyzes an output under the assumption that its row matched. Feel.Rules separately asks about coverage, overlap and FIRST reachability using possible-input upper bounds and certain-input lower bounds. DMN keeps named type definitions during proof preparation, but cells reading model/local values or filter fields stay unknown when their enclosing scope cannot be preserved. Wildcards use effective inputValues; explicit entries use their own tests. These queries produce diagnostics, not a license to eliminate a rule's outputs. See the table-proof contract.
7. What it changes
The type of every read in the part the fact holds for. That is most of it, and the pages of the kinds have the details.
The type of the if. Feel.Analysis.Inference.reachable/1 says, from the type of the condition, whether the then branch can be taken (some alternative can be true) and whether the else can (unless the condition is boolean = true for sure). The type of the if is the union of the types of the branches that can be taken, and the warnings of a branch that cannot are not reported.
A branch whose facts leave a name nothing is a branch that cannot be taken either (D-152, D-194). It is found in two ways, and both ask the same Refinement.narrowed/2 of the facts of the conditions around the branch and of its own, for the type that a read gives the name:
	By a read (D-152). The facts are applied where a name is read, and a read that finds they leave the name no value tells the if whose branch it is in (count(v) = 1 and v = [], which nothing makes true, since a list of one element is not [], and which the type of the condition does not say for a v of type Any; an ordering of what has no order, v < true, is Null by its type, D-196, and decided without any help from the facts). The branch is left out of the type of the if and its warnings are not reported, as for a condition that cannot be true, and the if says that the branch never runs (an unreachable_branch warning, below). It costs nothing: the read applies the fact already. Only a branch that reads such a name is found this way.
	By a call (D-194). A condition that compares a call of a rounding function, of exp or of log (floor(x) = 2.5) is the one place where the facts know what the type of the condition does not: the type of the call is a hull of its results, floor(x) = 2.5 is undecided for it, and no number gives such a result. The facts are applied to the name that the call reads, whether or not anything in the branch reads it (if floor(x) = 2.5 then 5 else 7 is number = 7). It is asked for a comparison on either side, through an operation or an abs, sqrt or modulo (floor(x) + 1 = 3.5), for the value of a between and the subject of an in, and for the operands of an and or an or; for the then branch, since the facts of a call are those of its then; and for a name, a local or the element of a filter whose type has no Any and no negation in it. What the fact leaves of the type is kept for the reads of the branch, so a branch that reads the name applies the fact once.

Nothing else is asked of a branch that reads none of the names its facts are about, and it is in the type, with no warning: applying the facts at every if costs 20 to 65 % of preparing a chain of else if on a number at least (a number given, no look-up of the name: one x = 1 is 550 to 850 reductions, and a term of the chain is analyzed in 2,300 to 5,000), 25 to 185 % with the type of the name looked up, and 80 to 470 % applied to Any, which does not find the floor condition at all; a chain of v instance of … that returns constants is twice the cost of preparing it. The sets of the types decide a comparison of a name, of an operation on names or of an abs, sqrt or modulo as the facts do (an image of an interval is an interval), and of 6,702 conditions of those and of the calls against constants, the facts find 196 that the type of the condition does not, every one a rounding function, exp or log (D-194 has the measure). A conditional whose two branches are both found out is not taken in the branch of the one around it.
A decided_condition warning, when a condition that reads a name still has one outcome: always true (the else never runs), or never true (the then never runs). The same for an operand of and or or (it can be left out, or it decides the operation) and for a unary test that no input satisfies. A condition of constants is how a branch is switched off (if true) and is not reported, nor is a branch that cannot run itself.
An unreachable_branch warning (D-173), for a branch that the type of the condition leaves and in which a read found that the facts leave its name no value: the analogue of the redundant clause that Elixir reports. Its span is the branch, its message says which branch and the name that was read, and its details have branch (:then or :else) and name. It is a warning and not an info for the reason a decided_condition is one: a condition that no value of a name satisfies, or that every value satisfies, is most often a mistake, and an :info is for what was done on a value's behalf. It is found when the expression is prepared and changes no result. The facts that the branch has are those of its own condition and of the conditions around it, so the message does not blame the condition of the if it is reported for. It is not reported:
	for a branch that reads none of the names its facts are about, unless the condition compares a call of a rounding function, exp or log (above): if count(v) = 1 and v = [] then 5 else 7 is number in 5, 7, and so is if floor(v) = 2.5 then 5 else 7 for a v of type Any; nor for the facts of a path such as p.age: neither a read of the path nor the call finds that they leave it nothing (if floor(p.age) = 2.5 then p.age else 7 is number | Null);

	for a constant condition (if true then x else 7), nor for a branch that the type of the condition rules out, which a decided_condition has already reported for the condition, so the branch is not reported twice;
	for a conditional both of whose branches are found out, nor for one in a branch that is not taken: the place that cannot be reached is the branch of the conditional around it, which says so once;
	for a conditional in the right operand of an and or an or, or in the upper bound of a between, that has facts of the left one: the operand is read under facts that hold only where it decides the operation, and is run all the same (D-53), so what the facts rule out is run as well. The branch is out of the type as before; it is not reported as unreachable. (A branch that is out because of the condition of its own if alone is not reported either, in these places.)
	for the body of a function that is analyzed again for a call: the facts of the call are not the function's, and the warnings are those of the function as it is written (D-193). (function(n) if floor(n) = 2.5 then n else 7)(x) is number = 7 with no warning, and with n: number in the parameter the function reports it itself.

	Expression	Type	Warnings
	if n > 10 then 1 else 2	number = 2	decided_condition
	if n >= 0 then 1 else 2	number in 1, 2	—
	if x > 5 then (if x > 3 then 1 else 2) else 3	number in 1, 3	decided_condition
	if count(v) = 1 and v = [] then v else 7	number = 7	unreachable_branch
	if count(v) = 1 and v = [] then (if y > 0 then 1 else v) else 7	number in 1, 7	unreachable_branch
	if count(v) = 1 and v = [] then 5 else 7	number in 5, 7	—
	if v < true then 5 else 7	number = 7	type_mismatch, decided_condition
	if v <= true then 5 else 7	number = 7	type_mismatch, decided_condition
	if floor(x) = 2.5 then x else 7	number = 7	unreachable_branch
	if floor(x) = 2.5 then (if y > 0 then 1 else x) else 7	number = 7	unreachable_branch
	if floor(x) = 2.5 then 5 else 7	number = 7	unreachable_branch
	if floor(x) = 2.5 or floor(x) = 3.5 then 5 else 7	number = 7	unreachable_branch
	if exp(x) = 3 then 5 else 7	number = 7	unreachable_branch
	if floor(x) = 2.5 or y > 0 then 5 else 7	number in 5, 7	—
	if floor(x) != 2.5 then 5 else 7	number = 5	unreachable_branch
	if floor(v) = 2.5 then 5 else 7	number in 5, 7	—
	if abs(x) = 2.5 then 5 else 7	number in 5, 7	—
	if floor(p.age) = 2.5 then p.age else 7	number | Null	—
	if true then (if floor(x) = 2.5 then x else 7) else 0	number = 7	unreachable_branch
	floor(x) = 2.5 and (if y > 0 then x else 1) > 0	boolean	decided_condition
	x > 5 and x > 3	boolean | Null	decided_condition
	n >= 0 and n <= 10	boolean = true | Null	decided_condition
	x > 5 and x < 3	boolean = false | Null	decided_condition
	x < 0 or x >= 0	boolean = true | Null	—
	n in [0..10]	boolean = true | Null	—
	n between 0 and 10	boolean = true | Null	—
	n in [20..30]	boolean = false | Null	—

if n >= 0 then 1 else 2 is not decided because n can be null, and then the condition is null. That is the reason a warning is as exact as the types: x < 0 or x >= 0 is true or null, not true.
The optimizer. It reads the types: a check that a type already settles (a conversion of the result, the allowed values of a result) is dropped, and a condition whose type is a constant is folded. A narrowing that was unsound would make it drop a check that was needed, which is why section 10 matters (type-system.md, 5.6 and 6).
8. What gives no fact
The facts are read from a closed set of shapes (section 3). Anything else says nothing about its subjects, and a subject keeps the type it had:
	Built-in functions as conditions on their own: includes(r, x), contains, starts with, matches, with no comparison. (count(xs) compared with a whole number is a fact about xs, D-194, and a call compared with a value says what it does of its arguments, D-170; the else of a call is read where the call cannot be null for the argument: an operation, a number function and string length, not another built-in.) not(c) is read (5).
	A boolean that was computed, where its facts are not kept. A name that is bound to a condition remembers it (section 6), and a name that is bound to anything else (ok: f(x) > 5 with a call that gives no fact, a value that came from a list) does not.
	A comparison of two expressions (x + y > 5 narrows x to a non-null number, but no set: y is unknown).
	A condition on an indexed element (xs[1] > 0), a range held as a value (x in r), or a quantifier (some i in xs satisfies i > 5) does not generally propagate a fact back to xs or the range's endpoints. Selected comparisons of count(xs) with whole numbers do narrow empty versus non-empty lists; they do not encode arbitrary lengths (list).
	An unsupported or indeterminate exclusion from Any. Scalar comparisons can keep the complement of their certainly-true set: v > 5 leaves Any except number in (5..max] | Null when not true. If the other side is unknown, or no useful certainty bound can be constructed, the not-true branch may remain Any | Null (any.md).

	A function value: instance of function<...> removes null, and takes the function types of a function out of the type or leaves them (an overload, D-171), and a call finds what the test says of the arguments it takes (function.md).

9. Limits
The intended policy for possible-value facts is to widen when a representation budget is exhausted. The limits below describe that policy. Negation, function parameters and certain-input rule sets require different directions: nested exclusions are kept, function projection checks variance, and certain numeric/string sets use lower bounds rather than these ordinary upper-bound policies. NumberSet complement and inclusion are exact over their supplied sets. The assessment states the contracts and remaining proof obligations.
	What	Limit	What happens
	the pieces of a set of numbers, of a date or of a duration	16	the one interval that holds them all; the next fact cuts from that
	the strings of a set	64	every string
	a property walk (d.month and d.day; duration hours, minutes and seconds; dt.hour and the finer clock fields)	1,200 months, 2,000 cycles, or 512 pieces	the walk returns :error and the set is left as it was
	a years-and-months duration added to or subtracted from a date	2,000 pieces, or 400 months of the date	one interval from the first date to the last
	the months of a years-and-months duration times or divided by a number, and the dates that give a date in a set	64 months	one interval from the first month to the last
	the facts about the other paths from a name that one read applies	16 (D-154)	the type says less of the name, which is true
	the facts about one subject that cannot be answered from its type, per and / or chain	max_narrowing_facts, 256 (D-154)	an error of kind :limit, code :too_many_facts, when the expression is prepared

A property walk that finishes still stores its amounts in a number set, so more than 16 intervals become the hull in the first row. dds.minutes = 30 does that. The walk limits above are where the walk refuses and the subject stays as it was. Past the date-arithmetic and month limits, the result is one interval that holds every piece the walk would have built, and more.
The 16 pieces are why x != 1 and x != 2 and … narrows a number until the sixteenth hole: with x != 15 as the last, the set is [-max..1), (1..2), …, (15..max], sixteen intervals. One more, and the seventeen intervals become number | Null, and each fact after that cuts the hull again (x != 17 gives [-max..17), (17..max]). For this positive numeric bound, taking the hull keeps possible values and loses precision. The same operation cannot be reused as a lower bound for certainty. Exact complement preserves the meaning of the supplied set, but cannot recover gaps already filled by an earlier hull.
For certain string inputs of decision rules, the 64-point/exclusion check follows bulk union or intersection of the entry list. String intervals do not count toward that cap. Keeping the bulk operations avoids repeatedly rebuilding a growing interval set in positive and negated lists.
max_narrowing_facts counts facts that cannot be answered from the type the subject is read at, and have to be applied to it at each read: the work for a subject grows with the square of their number. A thousand facts that the type answers (x = "a" or x = "b" or …) cost no more than one. The condition that went over is named:
p.age > 1 and 1 / p.age > 0 and p.age > 2 and 1 / p.age > 0 and …        (20 pairs, max_narrowing_facts: 5)
→ {:error, %Feel.Error{kind: :limit, code: :too_many_facts}}
  the conditions say too much about "p.age": 6 facts about it have to be applied to its type, and at most 5 are allowed
With the default of 256 the same 20 pairs are prepared. The example uses a path: the same chain about a plain name (x > 1 and 1 / x > 0 and …) is answered from the type of the name, and was prepared without reaching the limit with 200 pairs.
10. Correctness obligations and checks
The documentation tables themselves are executable checks. From the umbrella root:
mix test apps/feel/test/feel/sweep/docs_test.exs
MIX_ENV=test mix do --app feel cmd mix run scripts/sweep/check_docs.exs

Both compare the recognized tables in this page and narrowing/*.md with current analysis, including warning codes. They do not execute every prose example, compare warning wording, or prove that a bound contains all runtime results. The sweep guide explains the separate generated runtime and tier checks.
A narrowed type must contain every value that its subject can have where it is read, under the stated assumptions. Unknown conditions should contribute no fact; bounded approximations must preserve the required inclusion direction. The optimizer may otherwise remove a check the run needs.
These are obligations, not properties established by the current implementation. The contracts of the assessment show why checking each rule in isolation or widening positive result bounds does not establish correctness of their composition.
What looks for a violation:
	Test	Checks
	narrowing_soundness_test.exs	selected conditions read as names, context entries and function parameters: facts are checked against values reaching the branch on finite binding grids
	condition_narrowing_test.exs	the types of in, instance of, operations, paths and shapes, and the run
	operand_narrowing_test.exs, temporal_operand_narrowing_test.exs	the operands of an operation, for numbers and for dates and durations
	narrowing_filters_test.exs, and_narrowing_test.exs	the elements of a filter; the right operand of and
	narrowing_memo_test.exs	the answers that a chain of conditions keeps equal what the facts would leave
	unreachable_branch_test.exs	selected unreachable branches, Never nodes and warning placement; inference also uses three-outcome facts and selected call preimages (D-173, D-194)

Precision checks also require useful narrowing in selected cases. Neither precision checks nor a finite soundness grid prove the universal obligation; shared membership code can hide a semantic defect.
11. The code
	Module	Does
	analysis/narrowing.ex	the facts of a condition, their meet and join, and narrow/2; the paths (narrow_source/3), the operations and the elements of a filter
	analysis/test_sets.ex	what a comparison leaves of a kind, as sets, for narrowing and for allowed values
	analysis/preimage.ex	the numbers an operand can be when an operation is in a set
	analysis/images/number/preimage.ex	the numbers an argument of a number function can be when its result is in a set
	analysis/moment_tests.ex	a comparison of a time or a date and time, on the lines of their zones
	analysis/date_properties.ex, duration_properties.ex, moment_properties.ex	the sets that a fact about a property leaves
	analysis/filters.ex	the elements a predicate keeps
	analysis/analyzer.ex	where the facts are applied: if, and, or, between, the context of a read
	analysis/inference.ex	reachable/1 and conditional/3: which branch can run

The current decision record groups the relevant choices: D-194 for condition outcomes, D-122 for inverse arithmetic, D-193 for binding summaries, D-173 for unreachable code, and D-154 for budgets.
12. The pages
	Page	Covers
	number	intervals of decimals; comparisons, between, in, operations
	number functions	a comparison of abs, floor, round *, sqrt, exp, log, modulo; an allowed value that is one
	string	strings and intervals of strings, in the order of the run
	boolean	true and false; a boolean as a condition
	date	days; comparisons and the properties of a date
	time	seconds of the day, on the lines of their zones
	date and time	seconds, zones, and their properties
	years and months duration	months
	days and time duration	seconds
	list	the type of the elements; equality; the elements a filter keeps
	range	what a range value allows
	context	paths, and the sources that they narrow; the context functions
	conversions	the type of number, string, date, time, date and time, duration, years and months duration and range
	structure	the allowed values and the type constraint of a member of a value, and of a list as a whole
	function	what a function type allows
	null	the Null alternative: guards, and every operator against every other side
	Any	a name of any type, narrowed kind by kind
	named types	model-defined types
	overloaded functions	functions with several signatures, and function values

13. Does it narrow as far as it can?
Section 10 is about one half of the question: a narrowed type has to hold every value that the subject can have. The other half is that it should hold nothing else, and nothing in the tests of section 10 asks about it. The construct suite (test/feel/construct_suite, test/support/construct_suite) does.
What a case is. A catalog (Feel.ConstructSuite.Catalog.*) is a list of expressions, each an example of a construct, with the IR that the analyzer makes of it as text, one node per line with its type (Feel.ConstructSuite.IRText):
if :: number in 0, (5..max]
  compare gt :: boolean | Null
    var x :: number | Null
    const :: number = 5
  var x :: number in (5..max]
  const :: number = 0
The catalogs cover every kind of node of the syntax tree and every operator (expressions), the nodes that the declarations of the scope put around an expression (declarations), lists of unary tests, a function of an extension, the conditions of section 3 for each kind of subject, in the then and in the else branch (conditions, a case is if C then S else S), and the places of section 6, what shadows a fact, what gives none, and the limits of section 9 (positions). coverage_test.exs reads the tables of Feel.AST and Feel.IR and fails for a kind of node that has no case, so that a new construct cannot be added without one. A test holds each case to its IR and its warnings, so a change of the analysis shows as the diff of the IR. From the umbrella root, MIX_ENV=test mix do --app feel cmd mix run scripts/construct_suite.exs --check reports changed snapshots; omitting --check rewrites them and requires reviewing the diff.
How "as far as it can" is asked. Feel.ConstructSuite.Oracle runs the expression on a grid: the product of the values of its names, each name with the constants of the expression and the edges of its allowed values, and the number below and above each (Pools), the way the sweeps do, and observes the values that reach each node (Feel.Backend.Interpreter.run_monitored/4, the monitor of Feel.Paranoid), each node by itself and not by its text: the two comparisons of the range in n in [20..30] are one span, and so are a node of the verification of a declared value and one of the expression. A node is wider than the runs when its type holds something that no run brings to it:
	Node	Wider than the runs when
	a read of a name, or of an entry of one (x, p.age)	the type holds a value the name was bound to in some run, and that never reached this read: x after x != null that is number | Null
	a condition (compare, logic, between, in, instance_of, a quantifier)	its type has true, false or null, and no run gave it
	any other node	no run reached it, and its type is not the type of no value (D-173); not said of the body of a function (it runs when it is called) or of the right operand of an and or an or (and the upper bound of a between, and the upper comparison of a range in an in) when the types of the left rule out the condition it is told under, as in false and b: such an operand is run (D-53), but the monitor is not told it (D-170)

The grid is not all values, so a witness is a lead and not a proof: a value that the pools lack makes a type look wider than it is. Every gap in the catalogs has been examined, and a case can add values (extra:). The suite does not judge a node that is not a condition or a read, such as the result of an arithmetic operation; a case can say what such a node should be (ideal:) when it is known.
Gaps. A gap is a node that is wider than the runs, with the reason, in the case (gaps:). The test of the case fails for a gap that is not listed and for one that is closed, so the list is always the list that the runs find. Each case that has gaps has a second test, tagged :gap and left out of mix test, that says what the narrowing should do (no node wider than the runs, the nodes of ideal: as they should be):
mix test apps/feel/test/feel/construct_suite --include gap

The current gaps: and ideal: entries in the construct catalogs are the maintained precision backlog. The tagged run above intentionally exposes cases whose ideal bounds are not yet inferred; it is separate from the ordinary passing regression suite. Old inventories included direct-call specialization and impossible floor comparisons that later repairs can handle, so they should not be read as a current list of missing features. A gap on a finite grid still needs semantic review before being treated as a valid optimization opportunity.
This catalog is not an inventory of every precision gap. Repeated-read rules cover selected operators (D-170, D-207), but duration self-addition still combines independent intervals and can admit sums of different possible values. See the month-duration and second-duration limits and the backlog.


  

    Open work

The type-system roadmap and compiler roadmap set priorities and acceptance criteria. This backlog records remaining work, not completed milestones or benchmark results. D-numbers refer to the current decision record. Superseded decisions are kept in Git rather than in a second backlog.
Correctness first
The original signature/result-check, nested-negation, scalar-cap and rule-certainty failures are repaired; union equivalence and the common-supertype contract are corrected too. Follow-ups fix signature stability across tiers and optimization, runtime argument diagnostic differences, exact excluded-set accumulation for range proofs, and DMN wildcard/scope handling (D-219, DD-43). The open obligations separate what is in place from the broader obligations below.
	[ ] Complete the remaining R1–R8 audit and validation work before claiming general soundness. Extend the permanent counterexamples into independent constructor, variance and bound-direction checks across every proof consumer and declaration/projection path. Path and descendant readers now approximate inspected unions locally. The remaining-reader audit repairs filter binding, recursive equality, descendant shapes, context/callback images and generic flattening; its bounded independent oracle covers structural declarations and positive subtype claims. Extend this to functions, recursive names, arbitrary host contexts and the full constructor space.
	[ ] Distinguish exact sets, possible-value upper bounds and certain-input lower bounds throughout analysis. A failed subtype proof must not be treated as proof of non-inclusion.
	[ ] Validate rule witnesses against the original unary tests. Coverage, overlap and dead-rule reports need the correct approximation direction and explicit assumptions.
	[ ] Track observable errors and effects separately from returned values. A non-null or constant result type does not establish that evaluation reports no error or cannot stop in strict mode.
	[ ] Strengthen independent semantic oracles and optimized/unoptimized comparisons on both backends, including strict-mode diagnostics, composite declarations, cap boundaries and higher-order values. Keep a reproducer when a sweep finds a failure; see the sweep workflow.

Type precision and modeling
	[ ] Use the narrowing gap catalog and tagged construct-suite cases to choose precision work. Three-outcome facts and stored-condition origins already exist (D-194); extend their coverage rather than reimplementing them.
	[ ] Preserve more callable summaries across returned aliases, selections, containers and bounded alternatives (D-171, D-193, D-203). Literal signatures already stay fixed in their kind-only written environment (D-219); new call summaries must preserve that distinction and alternatives such as empty-list selection results. Summary exhaustion must lose precision safely, including in negative positions.
	[ ] Extend guarded recursive relations and independent oracle coverage (D-189). Complete finite-data membership is implemented; general recursive subtyping and equivalence are not. Exercise generated mutual graphs before broadening proof rules, and improve call precision lost through graph projection, overlapping runtime signatures and complete-callee bounds without turning call facts into signature proofs.
	[ ] Extend argument-dependent built-in result rules beyond the existing list-function rules; improve certain-mismatch reporting when only nullability or an empty range/list keeps an overload alive (D-56, D-151, D-155). Do not reject valid empty or unbounded values.
	[ ] Represent additional list cardinalities and ranges known to have endpoints before using them to prove indexing or range-call facts. Decide which refinements need public syntax.
	[ ] Complete grain propagation through parameters, paths, filters, conditionals and temporal values (D-161, D-170). Declared grain, inferred grain and runtime rounding need one explicit contract.
	[ ] Extend inverse reasoning for time/date-time arithmetic, duration failure regions and additional predicates. Exercise zones, calendar clamping, fractional seconds and representational boundaries.
	[ ] Improve correlations between repeated compound expressions and related declarations. Independent interval bounds do not keep a relation such as age <= max age when both values vary.
	[ ] Define how a component constraint of a named type refers to its containing value (D-51, D-170). A variable-specific path such as emp.limit does not solve that reusable-type problem.
	[ ] Complete supported inverse facts for boolean built-ins used directly as conditions, range-valued x in r, powers, string prefixes and case conversion (D-194). An explicit fact-table representation remains a separate refactor, not an implemented feature.
	[ ] Preserve repeated-value correlation in string addition. s + s for a string whose allowed values are "a" and "b" is "aa", "ab", "ba" or "bb", where one value gives "aa" or "bb"; the numeric one-value sums have a correlation rule (D-170, D-207). Duration self-addition also needs work: it can still combine independent intervals and admit mixed sums.
	[ ] Add month-duration scaling failure regions with the actual rounding semantics (D-204).
	[ ] Extend table-entry facts to later entries and use earlier rules' failure facts for FIRST outputs. Current narrowing uses only the matching rule's own entries (D-195).

Unresolved interpretation choices
	[ ] Decide whether declared context member names should guide parsing after . and inside filters. D-27 currently uses lexical boundaries; changing this requires an explicit parsing contract.

Declarations and language boundaries
	[ ] Preserve the meaning of composite declarations while compiling reusable membership checks. Current union/negation declarations can rebuild an analysis representation during each check (D-178); optimize only after membership correctness is established.
	[ ] Define allowed-value refinement and conversion rules for unions and negations. Host API support does not imply expression syntax for unions, intersections or arbitrary differences.
	[ ] Test the constraint of a member or an element of the result against the type the expression has for it, and not against the declared one. AllowedValues.result_member/4 gives the tests the declared member type, so {name: "M", age: 200} for a type whose age allows [0..150] gets no :unsatisfiable_allowed_values when it is prepared, whereas the scalar 200 does get it; :value_not_allowed at run time is right in both. The member type of the inferred type is Feel.Analysis.Paths.select/2 along the steps, and the elements of the lists for :each, falling back to the declared member where the inferred type is not a context or a list. The analyzer's unsatisfiable_result/5 speaks only of the result as a whole (steps: []) and says nothing about each: true, so the warning also needs a clause for a member path with its own consequence. Keep the run-time check.
	[ ] Give a member of a declared context type written as a string the key that a value has (D-213). Feel.Type.parse/2 keeps "first name" as it is, while the entry {"first name": 1} is keyed first name, so the member is not found in the value. Decide it with the same predicate.
	[ ] Resolve non-null contracts consistently: function parameter/result metadata, public type projection, and the currently rejected non-null result_type constraint (D-48). Preserve the repaired distinction between nullable runtime result signatures and precise call results, and the variance checks in public function projection, when extending this contract.
	[ ] Specify per-binding declaration policies and the assumptions exposed to callers. :trust, :audit, :report and :ignore do not establish the same facts as :enforce.
	[ ] External function definitions are :not_implemented unless an extension adds the function for their kind; feel_java does this for Java (D-211). Not done there: instance methods and constructors, other kinds (pmml, onnx), a precompiled class instead of the source a start compiles, and parallel calls (calls are serialized per sidecar).
	[ ] Treat B-FEEL semantics as separate work; the existing S-FEEL option restricts syntax. Clarify the intended S-FEEL role restrictions before adding another compatibility mode (D-49).
	[ ] Select further Camunda compatibility features from reproduced cases. Additions belong in extensions with explicit behavior, rather than silently changing core FEEL semantics (D-81).

Resource bounds
	[ ] Further reduce transfers of required large values and DMN diagnostic source metadata without relaxing validation or containment. Prepared FEEL binding projection and compact DMN dependency views are implemented; unknown metadata and uncertain spellings conservatively fall back. Compare protected public APIs separately from the trusted engine benchmark; a constant-time expression can still have input-linear cost when it consumes a large list or context.

The security model describes current limits and caller isolation. Remaining work includes:
	[ ] Reduce repeated body analysis, specialization and type expansion within the existing worker deadline and heap policy. Evaluate preparation-local memoization or optional precision caps on measured expensive shapes; exhausting optional analysis must not skip required semantic checks. No general step quota is planned.
	[ ] Earlier accounting in BEAM emission, including large constants, before allocating all generated forms. The final statement-count check happens after emission.
	[ ] Audit allocation before heap-policy checks: retained backing binaries, value copies and host calls. Per-value limits and a process heap policy do not measure all VM memory use.
	[ ] A bounded hostile-input harness for preparation and evaluation, with external timeout/heap containment and recorded inputs. Avoid running resource-exhaustion probes in the caller's process.

Performance
Measure with scripts/bench.exs; keep the command, revision, toolchain, workload and raw results with any optimization proposal. Fitted scaling exponents over a finite range are evidence, not complexity proofs.
	[ ] Investigate large generated branch chains and compiler cost in :compile.forms; compare flatter emission against current splitting before choosing a representation.
	[ ] Reduce repeated analysis of function bodies and composite declarations with preparation-local caching and bounded specialization. Do not merge analyses with different assumptions or effects.
	[ ] Profile the :full/:core seam and decide whether another analysis tier earns its maintenance cost.
	[ ] Evaluate reuse and BEAM break-even cost on representative decision workloads, not only small scalar expressions. Include preparation, module lifetime and cleanup.

Release and tooling
	[ ] Implement the currently rejected profile: :explain only with bounded traces and a defined event vocabulary. Trace the original execution so diagnostics and host calls are not replayed for explanation.
	[ ] Expand mutation coverage around algebra, caps and proof consumers; periodically run the full sweeps and both backends. A passing slice can miss a small class of counterexamples.
	[ ] Triage generated-mutation survivors: separate safely wider types from missed under-approximations, rerun flaky cases, and sample further seeds (200 of 4,107 sites are done, D-217; the twelve too-small types it left to unit tests are seen by the sweeps since D-218). Left from D-206, D-217 and D-218:	The survivors of the first sample (six undecided, thirty held by unit tests) cannot be run again by name: the site count moved from 2,351 to 2,612 and the names are not those of the notes.
	Sample the analysis files outside D-217's 17 (temporal arithmetic, null reasons, iterations, filters).
	A thin catch is noticed when it is gone, not when it thins; a floor on the count would flag it earlier (date with a year past the calendar is caught by one binding of each of two expressions).
	The mutants job is slow on a hosted runner: 2 cores, 6 to 8 minutes a mutant at --jobs 2, so 90 to 120 minutes for 27 (the 45-minute limit cancelled it with 9 to 13 of 19 done; timeout-minutes is 150 now). A private repository has 3,000 Actions minutes a month for everything, so it is in .github/workflows/weekly.yml, weekly and on request, and not in ci.yml: a change to the sweeps or the analysis needs a manual run of it before the merge. Shards of a matrix would cut the wall time and pay for the copy unchanged in each.
	Exercise numbers past 1E6 without multiplying every ordinary pool: the two overflow mutants are held by unit tests only.


	[ ] Keep fixture provenance, known failures and accepted flag mismatches explicit. Review changes to TCK baselines rather than accepting every change through --update.
	[ ] Document API stability before publishing. The release scope is feel and dmn (the Java packages are not released for now). No version has been released; the assessments distinguish existing behavior from the proposed target design.



  

    The FEEL type system

This document explains the type system in apps/feel, states which of its contracts are established and which are not, and recommends a target design and the work that remains. It complements the type-system guide, which describes usage and implementation conventions.
Stance. The type system is a substantial value analysis whose inferred types change execution: the optimizer removes a check when the inferred type already satisfies it. The contracts it keeps are in chapter 2. There is no general soundness claim; the evidence is tests, sweeps and bounded oracles, and it covers the cases they exercise.
Recommended direction. Retain FEEL's structural types, null semantics, and numeric and temporal precision. Build a small set-theoretic core that preserves declaration meaning, use explicitly bounded analysis around it, and allow execution-changing conclusions only when their assumptions and proof obligations are satisfied. Chapters 6–7 describe a proposed destination and the work needed to reach it; they do not describe guarantees the implementation already provides.
Shared worker deadlines, heap policies and transfer checks confine public preparation and execution; they do not make an inferred type a valid proof. See the security model.
Reading guide
	How the type system works: current architecture and strengths.
	Contracts and evidence: the contracts the analysis keeps, examples of their current behavior, and what the evidence does and does not establish.
	The science behind the design: semantics, approximation, variance, and the Elixir research.
	Hindley–Milner and other typing concepts: distinctions between the relevant ideas.
	Concrete language comparisons: precedents and their relevance to FEEL.
	Recommended target design: architectural choices, guarantees, and feature boundaries.
	Open obligations and extensions: what is in place, what remains, priorities and acceptance criteria.
	Primary references: research and official language documentation.

For a design review, read chapters 2, 6, and 7 first; use chapters 3–5 to examine the reasoning behind the choices. The detailed comparisons are kept together so they can be consulted independently of the delivery plan. Work-item identifiers R1–R8 throughout the document refer to chapter 7.
1 How the type system works
1.1 Types participate in execution
The compiler pipeline is approximately:
FEEL source → parser → analyzer → typed IR → optimizer → interpreter or BEAM
                         ↑
                  scope declarations
Feel.prepare/2 prepares an expression and Feel.run/3 executes it. The analyzer attaches a type to each intermediate representation node. Those types guide diagnostics, condition narrowing, function-call analysis, and optimization. The optimizer can remove a conformance check when the inferred type is already within the required type.
Consequently, an inferred type is a claim about execution, not just information for an editor. A type that includes too many possible results merely loses precision. A type that excludes an actual result can make execution incorrect after optimization. This distinction decides how serious an error in the type system is. See the architecture, analyzer, and optimizer.
1.2 Two related type languages
The implementation has two representations with different purposes:
	Property	Declared types in Feel.Type	Analysis types in Feel.Type.Union
	Main purpose	Declarations, conformance, runtime type tests, public type reporting	Describe possible values at each IR node
	Example	:number	[:number, :null]
	Nullability	Ordinary declarations admit null	:null is an explicit alternative
	No possible values	No ordinary nullable declaration expresses this	[]
	Value detail	Mostly kinds and structural shapes	Literals, intervals, exclusions, structural types, function refinements
	Public access	Feel.type/1	Feel.IR.type/1

The declared language starts with FEEL kinds: numbers, strings, booleans, dates, times, date-times, the two duration families, and parameterized lists, ranges, contexts, and functions. Acyclic named types resolve to structural types. Cycles are rejected by default; recursive: :guarded keeps finite graphs for complete finite-data membership and descendant constraints. The legacy recursive: :any policy instead cuts back references and is explicitly approximate. Non-null types, unions and negation are additional host declaration extensions. See the guarded-type contract for cycle restrictions and analysis limits.
In ordinary declared conformance, number admits both numbers and null. number!, represented as {:non_null, :number}, excludes null. This must be distinguished from instance of:
Feel.Type.value_conforms?(nil, :number) # true
Feel.Type.instance?(nil, :number)       # false
Feel.Type.instance?(nil, :null)         # true
Null is therefore not mathematical bottom in the internal value-set interpretation. It contains one value. Internal bottom is [], often called Never; [:null] is the singleton containing null. Similarly, [:any] describes non-null values, while [:any, :null] is the full internal universe. That universe also accommodates foreign host values.
Union.from_spec/1 translates declarations into analysis types. Union.to_spec/1 projects analysis types back into the less expressive declared representation. These operations are not inverses: projecting a numeric interval back to number, for example, forgets its bounds. Such forgetting needs a variance-aware contract; it is not automatically safe inside every type constructor. See Type, Union, and Composite.
1.3 Structural conformance and conversion
Lists and ranges are covariant: making their element or endpoint type broader makes the whole type broader. Contexts have width and depth subtyping. A context with all the required keys, appropriately typed values, and additional keys conforms to an open context declaration. A nullable field still requires the key to exist.
Functions have contravariant parameter types and covariant result types. A function that accepts more inputs and promises more specific outputs can satisfy a weaker function contract. Parameter names do not affect conformance.
Conversions are a separate relation. At applicable declaration boundaries the runtime can unwrap a singleton list, wrap a value into a singleton list, or convert a date to a date-time. A conversion is considered only when the value does not already conform. An additional TCK-driven conversion can select a type-specific built-in signature, currently used for abs. It produces a new function that enforces that signature's arguments; it does not make the original function an instance of the selected arrow (D-197). Composite declarations have additional restrictions on which conversions are attempted. Conversion and its diagnostics should not be silently equated with subtyping. See Conformance and Conversion.
1.4 Internal sets and refinements
An internal union is a list of alternatives. It can distinguish true from arbitrary booleans, an interval from arbitrary numbers, and a particular string from arbitrary strings. Structural members contain further unions:
[:number, :null]
[{:list, [:number, :string]}]
[{:context, %{"amount" => [:number], "note" => [:string, :null]}}]
[{:function, [[:number]], [:string]}]
These examples omit many refinements but show the recursive representation. There are also closed contexts, symbolic differences of the form {:except, base, exclusions}, and overloaded function descriptions. The latter distinguish required arrows from additional facts useful for analyzing calls.
The empty list has its own representation, {:list, []}. It is a value even though its element type has no values. A nonempty-list refinement excludes this value from a broader list type.
Types derived from values are not generally singleton descriptions of those values. For example, recording that a nonempty list contains elements from {1, 2} does not fix its length, ordering, or multiplicities. Documentation that calls every such result “exact” needs this qualification.
Normalization merges overlapping scalar sets, removes redundant alternatives, and sometimes discards detail. Resource limits include a cap of 16 numeric intervals and a cap of 64 string-set pieces. Larger numeric unions can become their convex hull. Other limits bound structural and function reasoning. These are useful engineering controls, but their correctness depends on where approximation occurs. See Union, NumberSet, StringSet, and Arrows.
1.5 Inference and conditions
Inference combines operator rules with the possible values of operands. It can propagate interval bounds, identify impossible combinations of kinds, and include null where an operation may fail. Full analysis uses value refinements; core analysis keeps less detail. Neither mode is an independent guarantee of soundness.
Conditions supply facts about individual occurrences of variables and paths. Inside the true branch of x instance of number, the analyzer can remove non-numeric alternatives from x. Compound guards combine such facts. Binding identities distinguish variables that happen to share a name, preventing a fact about one binding from being applied to a shadowing binding.
FEEL's treatment of conditions matters: only true selects the then branch. The else branch includes cases where the condition is false or null. Thus the else branch of x > 5 does not, without further assumptions, establish that x is a number at most 5. See Inference and the narrowing guide.
Matching decision-table entries contribute facts to their rule's outputs (D-195). Negative entries use the predicate's false outcome rather than its false-or-null outcome; earlier columns and failed prior FIRST rules do not yet contribute facts to subsequent analysis.
Numeric refinements model the runtime's decimal arithmetic rather than ideal real arithmetic. Directed rounding protects interval bounds, while additional grain information records discrete numeric structure. Temporal refinements map values to numeric coordinates; some temporal values require several related coordinates. These abstractions can preserve useful bounds without capturing every relation between coordinates. See ExactNumber, Grain, Image, and Moment.
1.6 Declaration assumptions and rule analysis
The declaration stance determines which assumptions the analyzer may rely on and what happens to invalid inputs. This table describes full analysis; core analysis does not narrow by allowed values and rejects :trust and :audit:
	Stance	Runtime treatment	Allowed-value refinement
	:enforce	Checks and enforces declarations	Used
	:enforce_wide	Checks and enforces declarations	Not used
	:trust	Relies on host guarantees	Used
	:audit	Reports violations while retaining values	Used
	:report	Reports violations while retaining values	Not used
	:ignore	Does not check declarations	Not used

Declared kinds still inform analysis in the latter modes. Keeping a value that violates an assumed declaration does not make the inferred type contain that value. Soundness must therefore state its assumptions about the host and stance. In particular, reporting a violation is different from enforcing the assumption that justified an optimization. Non-null declarations have special handling: their null alternative is removed only under enforcement. See Declarations.
Decision-rule analysis adds another important distinction. It needs both values a test may accept and values it certainly accepts. Possible sets support conservative exclusion of cases; certain sets support coverage and overlap claims. A single operation that always enlarges sets cannot safely implement both roles. See TestSets and Rules.
1.7 What is already strong
The architecture contains several valuable foundations: explicit nullability internally, separate conversion rules, dedicated numeric and temporal domains, identity-aware narrowing, two execution backends, and a monitor that checks intermediate values against inferred types. Feel.Paranoid also compares optimized execution with the unoptimized interpreter, including diagnostics.
The analysis includes three-outcome facts and stored-condition origins (D-194), rule-output narrowing (D-195), ordered-kind and unknown-arithmetic inference (D-196, D-203), built-in signature conversion (D-197), result-compatibility checks (D-198), date and duration refinements (D-204), unknown negation and repeated-value arithmetic with month-duration self-division failures (D-207), and linked recursion with per-run closure reuse and diagnostic origins (D-200, D-201). Returned nested functions are widened where their written shapes cannot be preserved (D-203).
Verification combines ordinary tests, full sweeps available on demand, checked documentation tables, whole-model chain audits, rejected embedded declarations and generated mutations. These exercise different obligations; none makes the others redundant. Experiments found no failures in 5,000 numeric Boolean-law trials below the cap, 5,000 string-law trials and 5,000 directed-rounding trials. The cap contracts in chapter 2 explain why passing below-cap grids cannot establish the algebra globally.
This is substantial empirical evidence for the exercised cases. It is not evidence that untested combinations are sound. The contracts in chapter 2 show why an independent oracle and boundary-focused generation are necessary.
2 Contracts and evidence
Each section states a contract that the analysis keeps, the reason it matters, an example of its current behavior where one helps, and its limits. The first three contracts matter most, because breaking them removes an executable check or produces a definitive rule-analysis answer that is false. The others fix the meaning of types or of the algebra over them. Elixir snippets can be evaluated in an iex -S mix session at the repository root after the usual dependency setup.
2.1 Function signatures and call refinements
A function literal carries two separate descriptions, and only one of them is observable. Its runtime signature is an arrow, Union.to_spec(IR.plain_type(body)), taken from a kind-only analysis of the written environment and stored in the function node's meta.returns. Its call refinement is the precise result of the body, which holds for calls. Signature predicates (instance of function<...>), function membership and callback acceptance read the arrow only. Both backends build the runtime function's result metadata from meta.returns.
The signature is stable. It does not change with condition facts, call specialization or optimization, because private occurrence keys tell literals apart even when their source spans coincide. Using plain_type is intentional: exclusions (:except) in the body never become promises of the runtime signature. Each analysis pass keeps its own specialization budget and clears its preparation-local memo state afterwards.
With v: Any bound to 5, this predicate is false in core and in full analysis:
(if v instance of number then (function() v) else (function() 1))
  instance of function<> -> number
The consequence is that the observable signature can be broader than the body result, while a justified call result stays precise. For v = true, a sort callback selected from if v instance of boolean then (function(a,b) v) else (function(a,b) a < b) keeps its written Any result signature and is rejected in either tier.
An expression whose function literal returns 1 has the signature result nullable number. It therefore does not satisfy function<number> -> number!:
if (function(x: number) 1) instance of function<number> -> number!
then 1
else "wrong"
The expression selects "wrong", and with result_type: :number every combination below returns {:ok, nil, diagnostics} with a :type_mismatch error diagnostic:
for backend <- [:interpreter, :beam], optimize <- [false, true] do
  {:ok, expression} =
    Feel.prepare(source, backend: backend, optimize: optimize, result_type: :number)

  IO.inspect({backend, optimize, Feel.run(expression)})
end
Preparation warnings for a built-in call may describe inferred types; the executable call uses the ordinary built-in validation of actual values, so its diagnostics and strict failure are the same in every tier.
This says nothing about whether runtime signature inspection is the right FEEL behavior. It says that inference must model the predicate the runtime implements. Behavioral facts about a function's body and facts about its inspectable signature are kept in different representations.
Limits. Arbitrary returned aliases, selections and containers can lose callable precision. A preserved summary must keep the empty-list alternative of a selection such as (function(fs) fs[x])([function(a) a]) when x is null. The metadata is built in two places, one for each backend; a shared construction is a possible refactor.
Coverage: the FEEL correctness suite, the DMN integration suite, the optimizer-signature regressions and the tier regressions. Relevant code: function analysis, interpreter construction, BEAM construction, type-test inference and check removal.
2.2 Variance in projection and erasure
Forgetting detail inside a function type must follow variance. Enlarging a result type weakens a promise and broadens the function type. Enlarging an accepted-input domain strengthens a promise and narrows it. Replacing every nested type by a broader one is therefore wrong for arrows.
In the implementation:
	Normalization keeps nested exclusions and function domains. There is no plain_parts/1.
	Public function projection (Union.to_spec/1) preserves outer non-null parameters and keeps an arrow only if the projected domain is within the original domain. Otherwise it returns Any for the whole function. function(x: number!) 1 exports the parameter domain number!.
	Set erasure applies the same variance check and falls back to the internal :function kind where necessary.
	Function membership compares runtime arrows directly and does not go through the lossy projection.

When no safe parameter approximation can be expressed, a broader whole-function abstraction or Any is used, never a stronger signature than the value has. For example:
scope =
  Feel.Scope.new()
  |> Feel.Scope.put_type("T", {:not, {:list, :number}})

source = "{f: function(x: T) 1}.f instance of function<Any> -> number"
{:ok, expression} = Feel.prepare(source, scope: scope)
The condition is false at run time, so placing it in an if with a numeric then branch and a string else branch keeps the required numeric result check, also when the function sits in a context or a list. See normalization and projection.
Limits. Every remaining projection and bounded fallback through contexts, lists, overloads and higher-order parameters is part of the wider audit (R2).
2.3 Certain and possible sets in rule analysis
A rule's certain input set is a lower bound, and it never grows to fill gaps. TestSets.certain/2 returns values certainly accepted by a test; coverage, overlap and dead-rule answers rest on it. Possible sets are upper bounds and may be enlarged. A single operation that always enlarges cannot serve both roles.
	Numeric certainty unions and intersects with the :inner policy: at most 16 intervals, no gap filling.
	Certain string sets drop information when the 64-point budget is exhausted. They never widen to every string.
	These are lower bounds also for the false outcome that negated tests use.
	Positive entry lists use StringSet.union_all/2 and negated lists use StringSet.intersect_all/1, and the lower-bound budget is checked after the bulk operation. Pairwise folds over disjoint open intervals rebuild a growing range set, and interval ranges do not count toward StringSet.point_count/1, so the bulk operations are what keeps the work bounded.

With 17 isolated numeric points, a hull would claim more than the rule accepts:
alias Feel.Type.NumberSet

columns = [
  {"x", [{:number, NumberSet.interval(Decimal.new(0), Decimal.new(32))}]}
]

points = Enum.map_join(0..16, ", ", &Integer.to_string(2 * &1))

Feel.Rules.coverage(columns, [[points]])
Feel.Rules.overlaps(columns, [[points], ["1"]])
Feel.Rules.dead(columns, [[points], ["1"]])
The first rule accepts only 0, 2, 4, …, 32 and rejects 1. The queries claim neither coverage, nor an overlap at x = 1, nor deadness of the second rule; some verdicts are unknown, because an inner bound deliberately drops accepted values.
Limits. Unknown answers are acceptable. Universal witness validation is not implemented. A DMN table is checked with its prepared tests (DD-43). See certain-set construction, the numeric cap and Rules.
2.4 Nested exclusions and the readers of types
Normalization preserves exclusions inside structural members and inside another exclusion, and each reader interprets the level it inspects. An excluded declaration stays in the type. A reader that needs positive information requests a positive upper approximation at each union it inspects.
Declared membership follows the compositional reading:
type = {:not, {:context, %{"x" => {:not, {:list, :number}}}}}
value = %{"x" => [Decimal.new(1)]}

Feel.Type.value_conforms?(value, type) #=> true
[1] is a list of numbers, so it fails the inner "not a list of numbers" requirement; the context fails the excluded context type and belongs to its complement. Double negation agrees with the original: for S = list<Any except list<number>>, [[1]] is rejected by S and by its double negation.
How the readers treat excluded declarations:
	Reader	Rule
	Path selection and descendants (Paths)	A positive upper approximation of the source, the list elements and the nested entries it traverses. Selecting a context entry keeps its exclusion-bearing union.
	Filter field discovery and narrowing	Approximate the inspected element union for discovery; narrow an excluded alternative's positive base and keep its exclusions. With xs declared list<not context<a: number>>, xs[a = "s"] reads the element's entry.
	Recursive context equality	Approximate each field union at the comparison boundary. context put({}, "a", x) = {a: ["s"]} is true for x excluding list<number> and bound to ["s"].
	Descendant shape summaries	An excluded context may still be a context; its unknown nested shape does not establish zero descendants (some, every, for).
	Runtime callback signatures	Callback acceptance reads runtime arrows only. A call refinement is a fact about calls.
	Excluded callbacks	Classify the positive function base, keeping the possible callback results.
	Context built-ins and openness	Inspect excluded bases. An open context that does not list key or value may still contain both; closed contexts establish absence.
	Generic flattening	The signature-derived fallback traverses excluded list bases, as the standard flatten image does.
	Nullable scalar unary tests	A unary-test expression of ? is decided by its value (D-209). With a null input, -? and if b then -? else [] both stay unsatisfied with :null_operand: the null result of an input-dependent expression is an unknown answer, not an implicit equality with null. A null literal and an explicit ? = null still match null (D-40).

Partial callback signatures. An arrow guarantees a runtime signature but does not exhaust the value's signatures: matches has both a two-argument and a three-argument form. With f declared function<string, string, string> -> boolean and bound to matches, narrowing through f instance of function<string, string> -> boolean leaves the three-argument arrow and a two-argument refinement. The same holds for f declared not function<string> -> boolean and guarded on its three-argument signature. An arity or overload without a qualifying recorded arrow is therefore uncertain for sort and list replace, and their list and null results are kept. A guaranteed two-argument Boolean arrow establishes acceptance; call refinements do not. Excluded functions use the same rule through their positive base. The callback regressions cover both list operations.
These readers can remove a required result check if they get it wrong:
scope = Feel.Scope.new(%{"x" => {:not, {:list, :number}}})
source = ~s|if context put({}, "a", x) = {a: ["s"]} then "wrong" else 1|
{:ok, expression} = Feel.prepare(source, scope: scope, result_type: :number)
Feel.run(expression, %{"x" => ["s"]})
# {:ok, nil, diagnostics}, including :type_mismatch, with and without optimization
Evidence. The reader regressions run both backends, both analysis tiers, optimization settings, strict failures and monitored intermediate types. The structural oracle interprets 120 generated declarations over a bounded value grid without calling Union for its expected answers. It checks declaration translation and positive subtype claims across 14,400 ordered pairs. The fragment has lists, open contexts, ranges, nullable and non-null marks, unions and nested negation; it excludes functions, recursive names and arbitrary host contexts. The bound-direction audit checks possible upper bounds and certain lower bounds against executed positive, negated and nested Boolean tests at 15/16/17/33 numeric alternatives and 63/64/65 string alternatives.
Limits. The composite module defines membership through its translated union, so agreement between runtime and analysis alone cannot validate the compositional meaning of nested declarations: two operations can agree with each other while sharing the wrong interpretation. That is why the oracle does not reuse Union. Iteration domains, list-element, position and flatten readers, context accessors, range relations, conversion and string images, closure summaries and structural narrowing were inspected; some handle excluded bases, others keep the type or return unknown. Broader function variance, temporal and string algebra, declaration and effect assumptions and witness validation remain obligations. Permissive declaration modes assume declared kinds even when violations are retained, so none of this is an unconditional guarantee for such inputs. See composite translation.
2.5 Numeric and string set algebra
Complement and inclusion are exact; union and intersection are bounded and say in which direction. Numeric construction, union and intersection take :outer (fill gaps), :inner (drop pieces) or :exact. Complement uses exact construction. Inclusion is exact intersection with the exact complement. Default union and intersection are :outer, so the bounded API as a whole is not an exact Boolean algebra.
Let set contain the 16 points 0, 2, …, 30:
alias Feel.Type.NumberSet

set =
  0..15
  |> Enum.flat_map(&NumberSet.point(Decimal.new(2 * &1)))
  |> NumberSet.new()

NumberSet.subset?(set, set) #=> true
(set |> NumberSet.complement() |> NumberSet.complement()) == set #=> true
The first complement needs 17 intervals, and exact construction keeps all of them. A hull would be the entire numeric domain, whose complement is empty, and subset? would fail even at reflexivity.
Exact accumulation before complement. Range proofs combine several endpoint unions that are each below the interval cap. Union.difference/2 combines numeric and numeric-image exclusions exactly before complementing; only the remaining possible-value bound may widen. An ordinary outer union of the combined exclusions would fill genuine gaps and falsely establish range subtyping. Exact complement alone cannot repair information lost earlier in accumulation. The range regressions keep gap witnesses and check membership, subtype verdicts and range plans in both exclusion orders.
Limits. Exact interval predicates can often avoid materializing a capped complement; a direct sorted-interval scan for inclusion is an optional improvement. Approximation should stay an explicit operation separate from exact complement and inclusion. The string policy (64 pieces) and the numeric sets of the temporal domains still need the audit of R3. See complement and subset.
2.6 Equivalence and join
Equivalence accepts identical terms or mutual conformance; join is a conservative common supertype, not the least one. Union extensions are not canonical terms:
a = {:union, [:number, :string]}
b = {:union, [:string, :number]}

Feel.Type.Conformance.equivalent?(a, b) #=> true
Conformance.join/2 and the public Feel.Type.join/2 promise a common supertype that contains both operands. Joining function<number> -> number and function<string> -> number returns Any, although function<Null> -> number is a strictly narrower common supertype under the implemented nullable conformance rules. That is a precision limit and an API contract, not an unsafe bound. An exact union or least-upper-bound API would be separate work with a stated supported fragment.
A failed bounded conformance proof does not establish semantic inequality. See equivalence and join.
2.7 Readers of function types
A type alone does not give the complete list of a function's signatures, so readers of function types start from Any | Null and add only what is justified. Several families of readers follow this rule.
	Reader	Rule

| Positional invocation (Arrows.application/2, result/2, Invocations.result/2) | An unrecorded arity, or an unrecorded parameter domain at a recorded arity, starts at Any | Null, and matching call refinements are applied. A recorded arrow bounds the result only if it covers every argument domain. With f: function<string, string, string> -> boolean bound to matches, f("aa", "a") is true and is typed Any | Null. A truthful extension with separate text: string -> string and value: number -> number signatures fits f: function<string> -> string, and f(1) returns a number; the result is not string | Null. Known values still permit actual arity checks. |
| Named invocation through a type (plain arrows, overloads, exclusions) | Any | Null: neither parameter names nor the completeness of the signature list are represented. Known values use their separate binding analysis. |
| Known parameter callees (Analyzer.known_parameter?/3) | Callee identity is retained only when the argument is within the parameter type or the parameter cannot convert the function. An arrow declaration can select a restricted built-in signature: abs passed to a non-null numeric function parameter is restricted to its numeric signature, so a duration call of it is not a call of unrestricted abs. |
| Returned closure signatures (Invocations.declared_closures/2) | Pair only a unique unspecialized written arrow at the top level. Matching argument or entry arrow types are not identity proofs. Without container provenance, nested closure results widen to Any | Null, retaining written parameters. |
| Returned function alternatives (Arrows.narrow/2) | Alternatives stay a union. Call refinements attach only for a unique written and refined pair; ambiguous alternatives establish neither an intersection nor a correlation. |
source = ~s|if (function(x, existing) function(a,b) x)(true, function(a,b) true) instance of function<Any, Any> -> boolean then 1 else "wrong"|
{:ok, expression} = Feel.prepare(source, result_type: :number)
Feel.run(expression)
# {:ok, nil, diagnostics}, including :type_mismatch, with and without optimization
The function written there returns a function whose written result signature is Any; a specialized Boolean arrow that happens to match the unrelated argument's arrow is a coincidence, not an identity.
Limits. Arbitrary higher-order domains, recursive aliases and host functions with untruthful metadata are not covered.
2.8 What the evidence establishes
What they show: no failures in numeric Boolean-law trials below the cap, in string-law trials or in directed-rounding trials. Failures concentrate where broad sweeps need not look: cap boundaries, negative positions, projected function signatures, nested composites, unrecorded arities, and budget boundaries. Many ordinary expressions do not stand in for those dimensions, and passing below-cap grids cannot establish the algebra globally. The cap-boundary and budget-boundary cases have their own generators and regressions.
What they do not show: the monitor and the sweeps share membership machinery with the analyzer, which limits their independence, and Feel.Paranoid cannot independently certify a declared composite's meaning. Function equality ignores implementation closures and compares signature metadata, so returned functions must also be applied to representative inputs to test behavior. An empty violation list shows only that the particular run was not a counterexample. Mutation checks probe selected blind spots, and unchanged precision does not establish a theorem.
This is substantial empirical evidence for the exercised cases. It is not evidence that untested combinations are sound, and it is not a proof of unrestricted soundness. See Paranoid.
3 The science behind the design
3.1 Semantic subtyping gives types a meaning before an algorithm
Choose a universe of values V. A type T denotes a set ⟦T⟧ ⊆ V. Semantic subtyping is inclusion:
A <: B            exactly when  ⟦A⟧ ⊆ ⟦B⟧
⟦A ∪ B⟧          = ⟦A⟧ ∪ ⟦B⟧
⟦A ∩ B⟧          = ⟦A⟧ ∩ ⟦B⟧
⟦¬A⟧             = V \ ⟦A⟧
A <: B            exactly when  ⟦A ∩ ¬B⟧ is empty
The defining idea is that the algorithm should implement these meanings; its implementation does not define inclusion merely by returning true. Function types require a carefully chosen semantic model, rather than an unrestricted powerset construction over all mathematical functions. Frisch, Castagna, and Benzaken develop this approach and distinguish semantic subtyping from the separate task of establishing type safety for a language. Semantic subtyping, 2008.
Applied to this project, there are three obligations. First, specify the universe, including null and host values. Second, define each constructor independently of its normalization code. Third, show that the algorithms preserve that interpretation or expose where they approximate it.
The nullable declaration language needs a translation into this model. Its Any except T keeps null, so it is not simply complement over the entire universe. For an unmarked declaration, the intended reading is:
⟦Any except T⟧ = ((V \ {null}) \ (⟦T⟧ \ {null})) ∪ {null}
That convention is coherent; the nested-negation contract of section 2.4 concerns non-null values and does not depend on it.
Structure also carries correlations. list<number | string> permits mixed lists, while list<number> | list<string> permits only homogeneous lists under the corresponding element interpretation. Widening the latter to the former can be a useful analysis approximation, but cannot be called equality of sets. Likewise, describing list elements does not describe sequence length or order.
3.2 Abstract interpretation explains useful approximation
An analyzer rarely computes the exact set of outcomes of every program. It computes an abstract description that safely includes them. Abstract interpretation supplies the order-theoretic framework for relating concrete computations to such abstract computations, including conservative approximation and iterative analysis. Cousot and Cousot's foundational paper develops this framework. Abstract interpretation, 1977.
For this project, write γ(a) for the concrete values described by an analysis type a. A suitable result-containment obligation is:
If the environment satisfies the analysis assumptions,
and evaluating e returns value v,
then v ∈ γ(infer(e)).
This is conditional on declaration handling, supported host values, and runtime semantics. It does not assert termination. An optimizer needs a further obligation: preserving values, diagnostics, and strict failure behavior. Containing the returned value alone does not justify suppressing an observable diagnostic.
Each abstract transfer operation should satisfy a local inclusion obligation. For a concrete binary operation F and its abstract counterpart F#:
{ F(x, y) | x ∈ γ(a), y ∈ γ(b), F returns a value }
    ⊆ γ(F#(a, b))
This formula must include null results where runtime semantics produce null. Separate reasoning is needed for diagnostics and failures.
A convex hull can satisfy this upper-approximation requirement. It need not be the exact union or the least representable upper bound. Also, a resource cap is not automatically a formal widening operator: widening has additional convergence obligations in iterative analysis. Naming every loss of detail “widening” does not establish those properties.
The useful architectural separation is an exact language for the meanings of declared types, plus bounded abstract domains for program analysis. The analyzer may deliberately forget facts without changing what a user's declaration means.
3.3 Negation and variance determine the direction of approximation
This is the mathematical explanation behind the contracts of sections 2.2–2.5. Suppose a concrete set S has lower and upper approximations:
L ⊆ S ⊆ U
L supports “certainly belongs”; U supports “possibly belongs.” Exact complement reverses inclusion:
V \ U ⊆ V \ S ⊆ V \ L
Thus complementing an upper approximation produces a lower approximation, not another upper approximation. Union and intersection can combine lower bounds with lower bounds and upper bounds with upper bounds, provided their own approximation policy preserves the respective direction.
For function contracts, domain and result positions have opposite variance. Under a fixed arrow semantics, if A_lower ⊆ A ⊆ A_upper and B_lower ⊆ B ⊆ B_upper, then:
(A_upper → B_lower) <: (A → B) <: (A_lower → B_upper)
This explains why “replace every nested type by a broader type” is invalid. A broader parameter domain gives a narrower arrow. Negation introduces the same reversal, and nested arrows or negations can reverse direction repeatedly.
An implementation can track polarity while traversing types, maintain separate lower and upper descriptions, or avoid approximation inside exact type expressions. For rule certainty, dropping accepted pieces is safe; filling gaps is not. For possible results, filling gaps may be safe; dropping actual outcomes is not. These contracts should be visible in APIs rather than inferred from comments.
3.4 Occurrence typing connects conditions to local facts
Occurrence typing refines the type of an expression occurrence using evidence from control flow. Logical formulations attach propositions to predicates and combine them through conditionals and Boolean operators. This supports facts about paths and compound tests, not only direct variable checks. Tobin-Hochstadt and Felleisen's work provides a foundational treatment of this approach. Logical Types for Untyped Languages, 2010.
The project's narrowing machinery follows this general pattern. Its correctness depends on adapting the logic to FEEL's conditions, null propagation, path semantics, and binding identities. It must prove that the fact installed in each branch holds for every execution that reaches that branch. A sound Boolean-domain rule copied from another language can become unsound when false and null are collapsed incorrectly.
Precision can be improved with relations between variables, such as x < y, or between a list's length and an index. Such relational domains are optional extensions. Their absence usually means missed deductions; it is distinct from an incorrect deduction in the existing domain.
3.5 Function behavior and function introspection are different questions
A behavioral arrow constrains what happens when a function is applied to inputs in a domain. A signature predicate inspects a declared or stored description. These can coexist, but the type checker must not substitute one for the other without a proven implication.
For example, under a suitable behavioral interpretation:
(number → number) ∩ (string → string)
    <: (number ∪ string) → (number ∪ string)
The intersection records two correlated guarantees. The broader arrow loses the relationship between the input kind and output kind. The project's overload and call-refinement machinery already addresses some of this distinction, and section 2.1 states how the boundary is kept.
A full specification must say what arrows promise about null, argument conversion, diagnostics, failure, and divergence. One cannot decide arbitrary function behavior by inspecting its implementation or testing finitely many inputs. This limitation does not prevent decidable subtyping for a carefully restricted language of type expressions. Deciding relations between declared descriptions and inferring every true property of arbitrary programs are different problems.
The practical rule is to keep inspectable signature facts separate from behavioral call facts. instance of inference should use the former when that is what runtime inspection observes. Call analysis can use the latter when their assumptions are satisfied.
3.6 Numeric and temporal reasoning needs the runtime's mathematics
Correctness over real numbers does not imply correctness for decimal128 operations. The runtime uses bounded precision and exponent ranges. Rounding, overflow, underflow, and invalid operations affect both values and diagnostics. An interval operation must enclose results after the runtime's rounding and error policy, not merely after ideal arithmetic.
Outward rounding is the standard enclosing construction: round a lower bound downward and an upper bound upward. This still requires checking endpoint openness, monotonicity, discontinuities such as division around zero, and any intermediate operation that can fail. Grain information adds arithmetic structure beyond an interval, but each transfer of that structure needs its own invariant.
Temporal values similarly need a domain-specific interpretation. Local clocks, offsets, calendar dates, and elapsed durations cannot all be reduced to one interchangeable real coordinate. A box of independent bounds can safely include correlated temporal possibilities, yet complementing or intersecting an approximate box does not automatically recover the exact feasible combinations.
The directed-rounding and scalar-law tests are encouraging evidence for these domains. They do not establish the correctness of every composition with normalization, nullability, or temporal conversion.
3.7 How this differs from a complete set-theoretic type system
“Set-theoretic” describes a semantic approach, not a mandatory feature checklist. A system need not have polymorphism or recursive types to interpret its supported types as sets. The central question is whether it faithfully implements the semantics it claims for its supported language.
	Dimension	Current implementation	Requirement for a stronger claim
	Scalar sets	Rich intervals, literals, exclusions	Exact algebra, or explicitly directed approximation
	Structural types	Lists, ranges, open/closed contexts, differences	Compositional meaning preserved under nesting
	Functions	Signatures, arrows, overloads, call refinements	Clear semantic model and correct variance throughout
	Subtyping	Structural and set-based procedures with bounded reasoning	Sound answers; completeness only where established
	Normalization	Simplification mixed with resource-driven forgetting	Separate semantic equivalence from approximation
	Program analysis	Bounded value analysis and narrowing	Transfer rules preserving stated invariants
	Rule verdicts	Possible and certain sets, witnesses	Lower/upper contracts and validated definitive answers
	Evidence	Large suites, sweeps, runtime monitoring	Independent specifications and targeted algebraic obligations

The remaining gaps can be closed without replacing the whole architecture. The scalar domains, narrowing machinery, runtime monitoring, and separation of compiler stages remain useful. The key changes concern semantic boundaries and the contracts of shared operations.
3.8 What the Elixir publications contribute
Two complementary works are especially relevant:
	Work	Authors and version	Purpose
	The Design Principles of the Elixir Type System	Castagna, Duboc, and Valim; The Art, Science, and Engineering of Programming 8(2), article 4, 2024	Published design account; full text, revision 3
	Guard Analysis and Safe Erasure Gradual Typing: a Type System for Elixir	Castagna and Duboc; preprint revision 4, 2 June 2026	Formal companion; full text

The design paper combines semantic subtyping with polymorphism, local inference, guards, and gradual typing. Sections 2–3 explain why intersections preserve input/output correlations, why function arity needs explicit treatment, and how records and dictionaries fit a common framework. Section 5 makes unchanged compilation an integration requirement. Its proposed annotation syntax illustrates the design; it should not be read as a description of syntax already available in a particular release. Design paper, sections 2–5.
The formal companion's section 2 develops strong functions: even outside their intended input domain, they cannot return outside the specified result type, though they may fail or diverge. Theorem 2.3 gives a gradual soundness result using a weak value-typing judgment and explicitly permits runtime-check failure. Section 3 separates possibly accepted inputs from surely accepted inputs. The formal development deliberately omits records/maps and parametric polymorphism. These are guarantees for its calculus, not a verification of an entire production compiler. Formal companion, sections 2–3 and 9.
Research design and released implementation. Elixir 1.20.4 documents best-effort inference across all language constructs; user-facing set-theoretic function signatures remain a roadmap item. It distinguishes term(), the top type, from dynamic(), which represents uncertainty and can be restricted as dynamic(T). Its documented scalar types also differ from this project's refinements: individual integers and binaries are represented by their broad types, whereas atoms have singleton types. Elixir 1.20.4 reference.
The following consequences are this document's assessment of how those ideas apply to FEEL.
Unknown information must not become an optimization proof. The internal [:any, :null] describes the full value universe. It is useful as an upper approximation, but this project does not thereby acquire a gradual type discipline. Likewise, :trust, :audit, and :ignore configure declaration handling; they do not establish a calculus of gradual compatibility. If gradual types are added, compatibility that permits a call to be checked at runtime must be kept separate from the subtype proof required to remove that check.
Safe erasure and check removal require different arguments. This project's optimizer deliberately changes the checks performed by execution. Its relevant obligation is therefore stronger than “the remaining runtime checks protect the type.” Each removal must establish that the removed check could neither reject nor produce an observable diagnostic for any reachable input. Sections 2.1 and 2.2 state how the implementation meets it for function signatures: metadata is separate from call facts and projection respects variance, so the required checks stay. A later implementation could record which proven facts justify each removal, making the dependency testable.
FEEL also needs its own account of failure. If an invalid operation returns null with a diagnostic, null is a returned value that must be included in the inferred result. A proof allowing exceptional termination does not justify a non-null numeric result for that operation. A FEEL analogue of strong functions would have to specify both the returned-value guarantee and what happens to diagnostics under ordinary and strict execution.
Guard analysis gives a concrete repair pattern for rules. The companion subtracts surely accepted inputs of earlier clauses when analyzing later clauses, and uses surely accepted coverage to establish exhaustiveness. Formal companion, section 3.
Applied to this project's rule analysis, let D be the input domain, R_i the actual inputs accepted by rule i, and L_i ⊆ R_i ⊆ U_i its certain and possible approximations. The following are sufficient proof conditions, derived from the inclusion rules in section 3.3:
Full coverage:           D ⊆ ⋃ L_i
Possible reach of i:     (D ∩ U_i) \ ⋃_{j<i} L_j
Dead under first match:  the possible-reach set is empty
Certain overlap i, j:    a witness belongs to D ∩ L_i ∩ L_j
These conditions need not decide every case. A nonempty possible-reach set does not prove a rule is live. Failure to establish certain coverage does not prove a gap. A certain set that fills gaps, as a hull of the 17 points of section 2.3 would, violates the premise L_i ⊆ R_i, and the final verdict logic cannot repair that; the lower-bound construction itself must keep the premise. An exactness flag can help track which pieces are usable as certain information, provided every constructor and resource limit preserves the flag's meaning.
Preserve this project's useful specialization. Numeric intervals, directed decimal rounding, grain facts, and temporal coordinates address FEEL-specific needs. Adopting a better Boolean type representation need not discard these domains. Each can remain an atomic theory with its own membership and inclusion procedures, while a common structural layer handles nesting and polarity. Conversely, adding polymorphism or a richer map language would not repair an incorrect complement or function projection.
This comparison strengthens the proposed direction: keep the project's value analysis, specify its semantic boundaries, and repair the operations that cross them. The literature supplies relevant methods; establishing their assumptions for FEEL and its optimizer remains implementation and proof work.
The scientific obligations established here inform the choices in chapter 6. Their implementation and validation criteria are collected in chapter 7.
4 Comparison with Hindley–Milner and other typing concepts
These concepts answer different questions and can be combined. A type language determines which properties can be expressed; an inference algorithm determines how descriptions are obtained; a soundness theorem relates those descriptions to execution. More expressive notation does not automatically provide better inference or a stronger guarantee.
	Concept	Main concern	Relationship to this implementation
	Hindley–Milner	Inferring reusable polymorphic type schemes	No quantified type-variable language; known calls can instead be specialized
	Semantic subtyping	Relating types by their denoted sets	Central to the internal design, subject to the contracts in chapter 2
	Structural or nominal typing	Whether compatibility depends on shape or declared identity	Contexts and resolved named types are structural
	Algebraic data types	Building values with explicit alternatives and payloads	Set unions describe existing values without adding constructors
	Refinement types	Restricting values with additional properties	Intervals, literals, exclusions, and grain facts supply selected refinements
	Dependent types	Allowing types to depend on term-level values	No general value-indexed type language
	Gradual typing	Combining static knowledge with explicit uncertainty	Declaration stances alone do not implement this discipline
	Success typing	Describing possible successful calls and finding definite clashes	A related analysis purpose with a different implication direction
	Effect typing	Describing observable behavior beyond returned values	Relevant to diagnostics, strict failures, and check removal

The notation below is explanatory; it is not additional FEEL syntax.
4.1 Hindley–Milner and principal type schemes
Classical Hindley–Milner uses type variables, unification, and let-polymorphism. Variables independent of the surrounding environment can be generalized at a let binding and freshly instantiated at each use. For example:
let id = λx. x in (id 1, id true)

id : ∀α. α → α
The two calls instantiate α differently. Algorithm W computes a principal scheme: other valid typings are obtained by instantiation, within the specified calculus. This is a completeness result relative to its typing rules, not a claim to infer every true property of a program. Damas and Milner, 1982.
Here, α is not Any. The scheme connects an argument's type to its result type at every instantiation. Any → Any permits unrelated input and output types, including a function that always returns a fixed string.
The project's declared type language has no universal quantifier or type-variable constructor. A named type resolves to a definition; it is not a variable instantiated separately at calls. Instead, call analysis can reanalyze a known function body using the argument types. This can recover detailed results for particular calls without constructing a reusable polymorphic scheme. Passing the function through a less informative declaration may lose those facts.
Unification solves equality constraints on type expressions. This project's inclusion questions, exclusions, interval bounds, and branch refinements need additional machinery. Conversely, a narrow numeric result type does not supply the generic input/output relationship of a polymorphic scheme. Adding polymorphism could improve reusable function interfaces, but would require generalization, instantiation, and suitable constraint solving alongside the existing analysis. It would not replace the variance and approximation contracts of chapter 2.
4.2 Subtyping, structure, names, and overloading
Subtyping allows a more specific value description where a broader one is expected. Structural typing compares shapes; nominal typing also distinguishes explicitly declared identities. Neither choice determines whether a system is sound. TypeScript, for example, documents structural compatibility together with deliberate unsound compatibility rules. TypeScript compatibility reference.
FEEL's context relation is structural. If two model-defined names resolve to the same context shape, their names do not distinguish the resulting types. Thus naming two otherwise identical declarations CustomerId and InvoiceId does not by itself prevent mixing them. Such a distinction would require a nominal or branded extension, or distinguishable value structure. It is a separate feature from improving set operations.
Overloading is also distinct from parametric polymorphism. An intersection such as (Number → Number) ∩ (String → String) records several guarantees for one function. A type-class system instead expresses requirements on operations and supplies implementations through instances; Haskell's classes are an extension of its underlying polymorphic system. Haskell 2010, section 4.1.
The project's overload members describe arrow contracts and call refinements. They are not evidence of general type-class resolution or quantified polymorphism. Each could be added independently if a concrete use case warrants it.
4.3 Algebraic data types and set unions
An algebraic datatype introduces constructors with payloads. For example, the conceptual type Option(T) = None | Some(T) distinguishes values by constructor. A set union T ∪ Null simply includes the existing values from both sets. Constructor-based datatype declarations are described in the Haskell 2010 report, section 4.2.
The difference matters for nested optionality. Option(Option(Number)) distinguishes None, Some(None), and Some(Some(n)). In contrast, (Number ∪ Null) ∪ Null collapses to Number ∪ Null. The latter cannot identify which layer was absent.
FEEL's nullable declarations use the union interpretation. More elaborate alternatives can be encoded using contexts with distinguishing fields, but naming a union does not create a constructor or a new runtime tag. This is a modeling choice rather than a soundness defect.
4.4 Refinement types and dependent types
A refinement restricts a base type with a predicate, for example {v : Number | 0 ≤ v ≤ 100}. The project's numeric intervals express this particular kind of property directly. A relational predicate such as 1 ≤ i ≤ length(xs) additionally connects two program values; independent intervals for i and xs generally cannot preserve that relationship.
Liquid Types demonstrate how Hindley–Milner inference can be combined with predicate abstraction and decidable logical implication checks. Their inference searches a restricted space of refinements built from logical qualifiers. This is one example of combining polymorphism and value reasoning rather than choosing between them. Rondon, Kawaguchi, and Jhala, 2008.
For this project, richer relational refinements could improve indexing, bounds, and condition analysis. Their solver would need to model FEEL's decimals, nulls, and diagnostics accurately; an implication valid over mathematical integers or reals need not justify an optimization under FEEL arithmetic.
Dependent types allow types to be indexed by values. A length-indexed sequence can support a contract such as:
concat : Vec(m, A) × Vec(n, A) → Vec(m + n, A)
The output type records a relationship between input lengths. Idris uses this example to introduce value-dependent types. Idris tutorial.
Some refinement systems are restricted forms of dependent typing, so these categories overlap. This project's ability to represent a numeric singleton does not give it general dependent functions, indexed datatype families, or proof terms. Adding a useful length relation would be a targeted extension; a general dependent type language would be a substantially larger design change.
4.5 Gradual typing and dynamic typing
Section 3.8 describes Elixir's explicit distinction between a broad static type and dynamic uncertainty. In FEEL, Any is a broad value type. The declaration stances determine which assumptions are enforced or trusted. Those are different roles, even when both allow programs whose precise types are unavailable.
A gradual extension would need explicit rules for compatibility, propagation of uncertainty, and enforcement at dynamic boundaries. It must also state which facts remain usable by the optimizer. Merely accepting an unknown input, adding an Any fallback, or allowing execution after a warning does not establish such rules.
Dynamic typing likewise does not imply an absence of runtime guarantees: a runtime may check operations and reject invalid values. FEEL frequently communicates invalid operations through null and diagnostics instead. Its static analysis must describe that actual behavior, including paths that remain executable after a diagnostic.
4.6 Success typing and the direction of a guarantee
Success typing, developed for Erlang, overapproximates the inputs and outputs of successful function evaluations. For a success signature A → B, its defining implication is:
f(x) returns v  ⇒  x ∈ A and v ∈ B
Membership in A is necessary for successful evaluation; it is not sufficient to establish that the call avoids failure. Being outside A rules out a successful return, which supports detection of definite clashes. An absence of warnings is therefore not a general safety certificate. Lindahl and Sagonas, 2006, section 4.
The distinction matters when using an inferred domain to optimize this project. Knowing that all successful calls satisfy a constraint does not establish that every reachable call satisfies it: the excluded calls might be exactly those where a runtime check must report failure. Removing the check requires the latter argument.
For FEEL, “successful” also needs an explicit definition. Returning null with a diagnostic is still a return in the value semantics used in section 3.2. An analysis restricted to diagnostic-free runs could be useful for bug finding, but its result would not automatically describe all runs that the optimizer must preserve.
4.7 Effect types and observable behavior
Effect systems describe behavior beyond a returned value, such as exceptions, state changes, or divergence. Koka provides a concrete example where function types track such effects alongside result types. Koka language guide, section 3.2.
For FEEL, two expressions can have the same possible values but different diagnostics. One can return null normally; another can return null after reporting a mismatch; strict execution can distinguish them further. Union.t() alone does not express those differences.
An explicit summary of possible diagnostics and failure behavior could therefore complement the value type. Such a summary would support optimization, but a set of possible diagnostic codes would not by itself preserve their order or multiplicity. This is a proposal for strengthening the analysis contract, not a claim that the implementation already has a full effect system.
5 Comparison with TypeScript and other language designs
Chapter 4 compares theoretical concepts. This chapter compares how concrete languages and tools use them, with particular attention to runtime consequences. The comparisons use the official references linked below, consulted on 17 October 2026; TypeScript examples assume strictNullChecks and strictFunctionTypes are enabled. Statements about this project refer to the current implementation. Similar syntax does not imply the same semantics, and a feature comparison is not a soundness ranking.
5.1 Why these comparisons are useful
	Language or tool	Most relevant comparison	Question it raises for FEEL
	TypeScript	Structural compatibility, unions, narrowing, and reusable generic APIs	Which inferred facts are advisory, and which may change execution?
	Python typing	Gradual uncertainty alongside nominal and structural descriptions	Is an unknown type distinct from a type containing every value?
	Kotlin	Explicit nullability and conditions for valid smart casts	When does a branch fact remain valid, including across host boundaries?
	Rust	Tagged alternatives, explicit error results, and unchecked contracts	Which distinctions belong in values, and which guarantees depend on trusted code?
	CUE	Data constraints, numeric bounds, and compositional unification	Can declaration meaning remain exact when analysis has a resource budget?
	Elixir's type-system work	Semantic subtyping and guard analysis	How should possible and certain inputs support sound conclusions?
	Erlang's Dialyzer	Success typing for discrepancy detection	Does an inferred signature justify a warning, or a runtime-check removal?
	Elm	Explicit absence and failure, plus decoding at external boundaries	Which assumptions have actually been established before evaluation?
	OCaml	Polymorphic inference, value restriction, and polymorphic variants	Which generalizations remain sound in the presence of state and effects?
	F#	Generic inference, discriminated unions, and units of measure	Can types distinguish the meaning of a quantity as well as its possible magnitude?
	C#	Nominal data types and separate nullable-reference analysis	Is a distinction enforced by runtime representation, static checking, or only a warning?
	Dafny	Verification against explicit preconditions and postconditions	What would a proof of the type-system implementation actually need to establish?

These systems were chosen for different design questions. Chapter 4 supplies the underlying concepts; the comparisons below focus on concrete language choices and their relevance to FEEL. OCaml and F# are especially useful for the proposed polymorphism work, Elm for boundary validation, and C# for separating nominal identity from nullable annotations. Dafny adds a different perspective: verifying an implementation rather than enriching its type syntax.
5.2 TypeScript: similar surface features, different runtime obligations
Structure and narrowing. TypeScript's object compatibility is primarily structural, so an object can satisfy an interface through its members without explicitly declaring that interface. Its compatibility rules also include exceptions and additional constraints; “structural” is not a complete description of the language. FEEL's context types and resolved aliases provide a useful comparison, although its rules for missing fields, null, and conversion differ. TypeScript compatibility.
TypeScript tracks control flow, recognizes type guards, and uses literal discriminants to narrow unions. A never check can expose an unhandled variant. Those are close practical analogues of FEEL's branch refinements and empty internal union, but TypeScript's exhaustiveness over a declared union does not establish coverage of a FEEL decision table with numeric predicates and three-valued tests. Narrowing and exhaustiveness.
For example, the two representations below express different relationships:
type Decision =
  | { kind: "approved"; limit: number }
  | { kind: "rejected"; reason: string };

type LooseDecision = {
  kind: "approved" | "rejected";
  limit?: number;
  reason?: string;
};
Decision connects a particular tag with a required payload; LooseDecision does not. FEEL's internal representation can keep analogous correlations in a union of separately described context alternatives, subject to the implementation limitations in chapter 2. Its declared type language does not provide TypeScript's literal-property syntax. Merging internal alternatives into one context with independently widened fields may lose the correlation. This is a useful regression scenario for R4 and future precision work.
Type manipulation is not general set algebra. TypeScript supports generics and transformations involving keys, indexed access, mapped types, and conditional types. These are useful for reusable APIs. FEEL currently has neither that general type-level language nor quantified type schemes; specialization of a known function body serves a different purpose. Creating types from types.
In particular, Exclude<T, U> removes members of T that are assignable to U. Applying that rule gives:
type Selected = Exclude<0 | 1 | 2, 0>; // 1 | 2
type NonZeroAttempt = Exclude<number, 0>; // number
The broad type number is not assignable to the singleton 0, so it survives the second exclusion unchanged. Zero therefore remains permitted. This calculation follows the documented utility-type rule; Exclude is not a general complement or subtraction operator over all represented values. Utility types.
FEEL's internal numeric sets can represent an interval with a point removed. That is a different capability from filtering named union alternatives. It gives this project useful domain-specific precision, while also creating the algebraic obligations of its cap and negation contracts. Neither system dominates the other simply by having more type operators.
any, unknown, and null. TypeScript's unknown can describe any value while requiring refinement before operations that need a particular type. any permits operations without that checking. FEEL's full internal universe, [:any, :null], has the broad-value role; its name should not be read as permission to assume a particular operand type. This is an analogy of roles, not an identity between the languages' universes or checking rules. TypeScript's unknown.
With strictNullChecks, TypeScript distinguishes null and undefined from ordinary non-null types. FEEL's ordinary declared number includes null, and number! excludes it. A nullable context field still has to exist in FEEL; this is different from TypeScript's optional-property syntax. Nullability and presence need separate treatment in any cross-language schema translation. Strict null checks, optional properties.
Soundness and execution. TypeScript explicitly documents accepted unsound behavior. strictFunctionTypes catches unsafe parameter assignments in function syntax, but method syntax is still an exception. Enabling strict checking therefore does not turn TypeScript compatibility into a universal semantic-inclusion proof. Compatibility and soundness, strict function checks.
TypeScript type annotations are erased and do not themselves perform runtime validation. An interface describing external data does not make that data conform at runtime. Erased types.
FEEL has a different obligation: declarations can drive runtime checks and conversions, function signatures can be inspected, and inferred types can cause checks to be removed. The contracts of 2.1–2.2 exist because inferred signatures change observable execution. TypeScript's compatibility tradeoffs do not justify importing similarly permissive rules into FEEL's optimization proofs. TypeScript is a useful reference for expressive interfaces and readable narrowing; R1–R6 must establish the stronger contracts needed by this compiler.
5.3 Python typing: unknown information and runtime validation
Python's typing specification distinguishes object, a static type containing all Python objects, from Any, an unknown static type. It also distinguishes static subtyping from gradual assignability. Classes provide nominal relationships, while protocols and typed dictionaries describe structural requirements. These distinctions offer a clearer vocabulary for FEEL's broad types and host assumptions than treating every permissive boundary as Any. Python type-system concepts.
Python does not automatically enforce function and variable annotations at runtime. NewType can introduce a static distinction without wrapping the runtime value; its constructor returns the supplied object. Consequently, a static business-identifier distinction and a runtime data validator are separate facilities. Python typing reference.
The lesson for FEEL is to distinguish three things explicitly: the set a declaration denotes, uncertainty about an input, and the runtime action taken at a boundary. :trust relies on a host promise; it does not validate that promise. :audit observes violations while keeping the values. Neither should silently become the same operation as enforcement. R6 should make these dependencies visible, and any future gradual extension should define its own compatibility relation rather than weakening the optimizer's subtype relation.
5.4 Kotlin: nullability and the lifetime of a fact
Kotlin distinguishes non-null types such as String from nullable types such as String?. Its documentation also identifies ways null-related failures remain possible, including !!, initialization problems, and Java interoperability. The comparison is useful because it makes the boundary assumptions part of the explanation rather than treating a non-null spelling as an unconditional guarantee. Kotlin null safety.
Kotlin smart casts use control-flow information, but only where the checked value is sufficiently stable between the check and its use. Mutable properties and custom getters, for example, restrict the available reasoning. Its compiler also uses internal intersection information that is mostly not directly expressible in source syntax. Type checks and smart casts.
FEEL already distinguishes public declarations from richer internal descriptions, and binding identities prevent refinements from crossing shadowed names. Kotlin suggests a further review question: does a fact still refer to the same value at every use, especially when host functions or external context behavior are involved? This is an audit obligation, not a newly demonstrated FEEL defect. Public function projection checks the variance contract of 2.2; the wider audit must preserve it. FEEL's nullable declarations and null-with-diagnostic behavior also require their own rules rather than a direct translation of Kotlin's null checks.
5.5 Rust: explicit alternatives and explicit trust boundaries
Rust enums associate each alternative with its own payload. Option<T> distinguishes absence from a present value, and exhaustive match checks require the alternatives to be covered. Result<T, E> distinguishes a successful result from an error value. These are concrete examples of preserving distinctions in the value representation. Enums and Option, exhaustive matches, recoverable errors.
For FEEL, missing input, an explicit null, and an invalid operation returning null with diagnostics need not mean the same thing. A tagged context representation could keep distinctions needed by a business model; an effect summary could keep the execution distinctions needed by the optimizer. These address different layers. Replacing FEEL's existing null behavior with a Rust-like result type would change the language contract, so the immediate roadmap should preserve that behavior while describing it accurately.
Rust's unsafe boundary identifies contracts that the compiler cannot check and that programmers must uphold. This helps explain why safety depends on more than a surface type annotation. It does not mean that every type-correct Rust program terminates, avoids panics, or satisfies its business requirements. Safe and unsafe contracts.
The applicable lesson is to identify trusted obligations, such as host-provided values and callable summaries, and limit their consequences. Rust's ownership and borrowing machinery answers memory and aliasing questions; importing it wholesale would not repair FEEL's complement, projection, or rule-certainty bugs. R1 and R6 need explicit contracts, while tagged modeling remains a separate option in section 7.6.
5.6 CUE: constraints as a first-class data model
CUE is especially relevant to a decision-modeling language because its specification places types, constraints, and concrete values in a common lattice. Unification with & takes a greatest lower bound; disjunction with | takes a least upper bound. Bounds describe values satisfying comparisons. A small example is:
amount: number & >=0 & <=100
An incompatible additional constraint produces bottom rather than expanding the accepted range to accommodate it. CUE also distinguishes null from bottom; bottom represents evaluation errors in its semantics. CUE language specification.
This makes CUE a useful comparison for declaration meaning and the algebra promised by an API. FEEL's exact declaration path should not silently fill holes to meet an analysis budget. A separate approximate analysis may do so in a documented direction; the numeric modes implement one part of that R1–R4 separation. Likewise, an operation called a least upper bound should meet that contract. join/2 promises a conservative common supertype (2.6).
CUE's unification is not Algorithm W's unification of type variables: here it combines information by taking a lattice meet. Nor does its treatment of bottom transfer directly to FEEL. FEEL may return an ordinary null value together with an observable diagnostic, and its decimal and temporal computations require their own transfer semantics. CUE supplies a useful algebraic comparison, not a substitute runtime specification or a proof of this implementation.
5.7 Elixir and Erlang: separate the research model from the warning tool
The Elixir research discussed in section 3.8 is the closest comparison for semantic subtyping and guard analysis. Its distinction between possible and certain inputs directly informs R5. The released Elixir reference also distinguishes the broad type term() from uncertainty expressed by dynamic(). Those ideas should remain separate from FEEL's declaration stances and its existing internal top type. Versioned Elixir reference.
Erlang's Dialyzer is a different comparison. It detects discrepancies using success typing; its documented purpose includes finding definite type errors and unreachable code. Dialyzer reference.
As section 4.6 explains, a necessary condition for successful return is not a sufficient condition for a reachable call to avoid failure. FEEL can use conservative discrepancy analysis to produce useful diagnostics, but a check-removal decision must account for executions where that check rejects or emits a diagnostic. A clean analysis report, by itself, does not supply that proof. Neither Elixir's design papers nor Dialyzer's purpose should be presented as a guarantee inherited simply because this project runs on the BEAM.
5.8 Elm: explicit failure and validated input boundaries
Elm uses Maybe a to distinguish absence from a present value and Result error value to attach information to failure. Ordinary values are not implicitly nullable. Its guide also illustrates how a custom type can preserve correlations that a record of independently optional fields loses. These are useful comparisons for decision models where “missing,” “invalid,” and “rejected” have different meanings. Elm's Maybe, Result.
Elm's JSON decoders are particularly relevant: external data is checked while constructing the typed value that the program will use. An annotation alone does not establish that the incoming payload has the expected shape. A decoder establishes only the properties it actually checks; checking that a field is an integer does not establish a business-specific range. Elm JSON decoders.
For FEEL, this suggests treating a successful declaration boundary as evidence with a precise scope. The distinction between :enforce, which checks and may convert, and :trust, which relies on the host, should remain visible to analysis. A decoded or validated value may justify stronger assumptions than an unchecked one. R6 should track that difference rather than infer trust from a type name.
Elm's approach does not require replacing FEEL's observable null-and-diagnostic behavior. It suggests better explicit domain models and stronger boundary contracts. Nor does eliminating implicit null establish termination or prove every business rule correct; the relevant comparison is the particular class of failures the representation excludes.
5.9 OCaml: polymorphic inference with restrictions that matter
OCaml makes the Hindley–Milner comparison concrete: reusable polymorphic functions coexist with mutable state, so generalizing every inferred type variable would be unsound. Its value restriction limits generalization, and its relaxed form recovers some polymorphism using covariance. A weak type variable stands for one type to be fixed, rather than a fresh choice at every use. OCaml 5.5: polymorphism and its limitations.
For example, in an interactive session:
let cell = ref None;;
(* cell has a weak option-element type, not a universally quantified one. *)
If one shared cell could independently instantiate its element type at each use, writing a number could be followed by reading it as a string. The restriction prevents that interpretation. FEEL's polymorphism proposal therefore needs a generalization policy that reflects its actual semantics, including captured host callables and any persistent state they expose. It should not copy OCaml's restriction without determining which effects FEEL admits, but it cannot assume that adding type variables alone completes the design.
OCaml also distinguishes ordinary declared variants from polymorphic variants, whose admissible tags can be inferred and constrained without assigning each tag to a single declared datatype. This is a useful comparison for extensible alternatives and row-like information. It is not general complement over arbitrary values, and tagged alternatives are not interchangeable with FEEL's untagged set unions. Polymorphic variants.
Finally, richer function types do not automatically account for every effect: OCaml 5.5's effect handlers do not statically guarantee that every performed effect is handled; an unhandled effect raises an exception. This makes it a useful counterpoint to Koka in section 4.7. R6 still needs a FEEL-specific account of diagnostics and strict failure, even if the language gains ML-style polymorphism. OCaml effect handlers.
5.10 F#: generic contracts and dimensions of quantities
F# combines automatic generalization with restrictions on which values can be generalized, and its discriminated unions describe alternatives with their associated data. This is a practical reference for reusable inferred contracts and domain models. Sharing the .NET runtime with C# does not make their inference and modeling choices identical. F# generalization, discriminated unions.
Units of measure add a particularly relevant capability for FEEL's business calculations. They can distinguish quantities that have identical numeric ranges but different meanings:
[<Measure>] type USD
[<Measure>] type EUR

let dollars = 10.0M<USD>
let euros = 10.0M<EUR>
// dollars + euros is rejected because the units differ.
F# checks unit combinations statically; the measure annotations are erased at runtime. They do not themselves supply a currency conversion rate or a rounding policy. Units of measure.
This illustrates a gap independent of interval precision. Knowing that both amounts lie between zero and one hundred cannot distinguish dollars from euros. FEEL already distinguishes temporal kinds, but its ordinary named aliases do not establish a general dimensional type system. Units or nominal quantity types could be a useful targeted extension if real models need them. Such an extension would need rules for arithmetic and host boundaries, and would complement the existing interval domain rather than replace it. Erased units would also need a deliberate relationship to FEEL's runtime type inspection; their static distinction cannot simply be assumed observable at runtime.
5.11 C#: nominal identity, nullable warnings, and runtime types
C# supplies a useful contrast to FEEL's structural aliases. Separate record declarations introduce separate types, even when their data fields have the same shape:
record CustomerId(int Value);
record InvoiceId(int Value);
An InvoiceId does not become a CustomerId just because both contain an integer named Value. Record value equality also should not be confused with structural type compatibility. A corresponding FEEL distinction would need more than two names resolving to the same context declaration. C# records.
With nullable-reference analysis enabled, string and string? express different intentions to the compiler, but both have the runtime type System.String. The analysis produces warnings and does not add runtime enforcement of those annotations. This differs from nullable value types: int? is System.Nullable<int>, a distinct constructed value type. Nullable reference types, nullable value types.
That distinction is relevant to the signature and refinement split of 2.1. A static fact, a runtime type representation, and a runtime check may deliberately encode different information. The analyzer must model the operation actually performed; a non-null static claim does not prove that an inspectable runtime descriptor contains a non-null marker. R2 should specify these interfaces explicitly, and R6 should distinguish a warning about violated intent from enforcement of an optimizer assumption.
C# is therefore useful alongside F#, not as a substitute for it. F# contributes generalization and dimensional modeling; C# makes nominal identity and the limits of nullable annotations especially clear. Neither comparison makes the contracts of chapter 2 optional.
5.12 Dafny: a comparison for verification rather than more syntax
Among the further comparisons, Dafny adds a distinctly different perspective. It combines programming with explicit specifications: requires clauses describe preconditions and ensures clauses describe postconditions, with verification obligations connecting callers and implementations. This goes beyond giving an expression a broad result type. Dafny specifications.
For this project, a useful application would be a small verified model of interval inclusion, directed approximation, or polarity-sensitive projection. The objective would be a specific inclusion or preservation theorem, not “the program passed a type checker.” R8 would still need to connect that model to the Elixir implementation, including decimal semantics, null, and diagnostics. A proof about ideal integers or reals cannot silently certify the deployed numeric operations.
This is a stronger next comparison for mathematical correctness than adding more similar mainstream language surveys. It is an optional verification direction after the contracts in R1 are explicit, not a proposal to rewrite the project in Dafny.
6 Recommended target design
Recommendation: a FEEL-compatible structural type system with a small, exact set-theoretic core, bounded abstract interpretation, and explicit contracts for assumptions and observable behavior. Keep the existing numeric and temporal specialization. Make the supported type language reliable before expanding it.
This is a design recommendation derived from the preceding evidence and comparisons. It is not a claim that another language supplies a complete solution or that the current implementation already satisfies these contracts. The main tradeoff is deliberate: accept less inference precision and keep more runtime checks when necessary to make every definitive conclusion trustworthy.
6.1 Decisions to adopt
	Design question	Recommended choice	Reason and precedent
	Meaning of supported types	Sets of supported runtime values, with compositional structural and Boolean constructors	Semantic subtyping and CUE clarify the algebra; a resource budget must not redefine a declaration
	Main inference method	Bounded abstract interpretation with occurrence typing	Fits FEEL's value ranges, conditions, decimal arithmetic, and decision tables
	Null and errors	Preserve FEEL's observable null, diagnostic, conversion, and strict-failure behavior	Elm and Rust suggest useful domain distinctions, but replacing FEEL outcomes with Option or Result would change the language
	Runtime boundaries	Enforcement by default; explicit host trust; conservative treatment of retained invalid values	Elm's decoding model makes established properties visible; warning-only annotations do not establish them
	Functions	Separate inspectable signature descriptions from behavioral call summaries	The C# comparison and sections 2.1–2.2 show why static information and runtime metadata need distinct contracts
	Proof decisions	Proven, refuted, or unknown, with documented assumptions	Elixir's guard analysis supplies a model for directed evidence; warning-oriented success typing is insufficient for check removal
	Reusable functions	Restricted rank-1 polymorphism as a later, separately specified extension	HM, OCaml, and F# supply useful generalization ideas; the existing subtyping and effects require additional rules
	Business distinctions	Structural types by default; optional nominal identifiers or units when models justify them	C# and F# address distinctions that numeric intervals alone cannot express

These choices preserve the project's character: a decision-language implementation with strong value analysis. They do not require adopting the full surface language or inference algorithm of any comparison system.
6.2 The guarantee to aim for
Specify a supported value universe and operational semantics first. Include null, decimal and temporal values, contexts, lists, functions, and the admitted host-value forms. Unsupported host values must be rejected at a defined boundary or represented as opaque values with conservative behavior. Define complement relative to this universe and translate nullable declarations into it explicitly.
The target has five distinct obligations:
	Obligation	Required guarantee
	Declaration meaning	Runtime membership implements an independently specified meaning, including nullability, missing fields, and signature inspection
	Analysis containment	Every returned value belongs to its inferred type when the documented environment assumptions hold
	Proof validity	Every definitive subtype, emptiness, coverage, or reachability answer is valid; lack of sufficient evidence remains unknown
	Optimization	Optimized execution preserves returned values, conversions, observable diagnostics, strict failure, and relevant host effects under the same assumptions
	Counterexamples	Reported rule witnesses satisfy the original input declarations and demonstrate the claimed behavior of the original rules

For example, let U be the inferred upper bound for expression e under assumptions A. If an admitted execution satisfying A returns v, then v ∈ ⟦U⟧. A separate preservation argument must relate optimized and unoptimized execution, including observable effects. The first property does not imply the second.
This is a conditional soundness target with a precisely stated scope. It promises neither termination nor freedom from ordinary FEEL runtime errors. It also does not promise the most precise inferred type, a principal type scheme for every program, or a decision for every subtype query. The verified default path should establish input assumptions through enforcement; the trusted path must expose which assumptions the host supplies.
6.3 Separate exact meaning, bounded analysis, and proof consumption
Use three internal interfaces with different responsibilities:
	Layer	Responsibility	Allowed response to resource limits
	Semantic core	Represent supported declarations and their meaning; exact Boolean construction and meaning-preserving simplification; runtime membership	Preserve a symbolic expression, or report an explicit unsupported/resource condition; never silently change the accepted set
	Abstract analysis	Compute result upper bounds, guard lower/upper bounds, behavioral call facts, and conservative effect summaries	Forget information in a documented direction and record the loss of precision
	Proof queries and consumers	Establish inclusion, emptiness, rule properties, and optimization preconditions using those contracts	Return unknown, retain a check, or decline an optimization

The existing Verdict interface already distinguishes :yes, {:no, witness}, and :unknown. Strengthen the justification behind those outcomes and extend the separation to producers and consumers of approximations. A false result from an incomplete Boolean helper must not be promoted to a mathematical counterexample.
For representation, keep exact scalar interval sets without an implicit hull cap and preserve structural union, intersection, and complement as expressions when flattening would lose meaning. Shared nodes and memoized queries are a sensible eventual representation. Start with the smallest change that restores compositional semantics; choose a decision diagram only if measurements justify it. Boolean sharing does not decide relationships between interval, context, or function atoms by itself.
Keep exact normalization and approximation separate even if they share implementation helpers. Negation reverses approximation direction, and function parameters reverse it again. Prefer distinct constructors or tagged results for exact, lower, and upper descriptions, with contracts checked at their boundaries. A single generic constructor must not silently serve all three roles.
The 17-even-point example makes the policy concrete. Its declaration must keep exactly those points. Analysis may use the hull as an upper bound, but a certain set must keep a subset of the points, possibly the empty set if its budget is exhausted. The filled gaps cannot become accepted inputs merely because a representation limit was reached.
Separate display from semantics too. An explanatory type display may abbreviate a large expression. An exported type advertised as a sound upper bound needs a proven inclusion, including through negative and function-parameter positions. If the public syntax cannot express a sufficiently precise safe projection, export a broader valid type or an explicitly unavailable result; do not print an attractive but false contract.
6.4 Establish assumptions at boundaries
Keep enforcement as the default. A checked boundary establishes properties of the value after conversion and enforcement, not automatically of the original host value. The analysis must include any null result, diagnostic, or terminating failure that the boundary can produce. Only continuations that survive the boundary may use the facts it establishes.
For example, an input age constrained to [0..150] may arrive as 200. Enforcement can reject or replace that value according to the established FEEL contract. If execution continues with null, subsequent analysis must include null. If a non-null declaration terminates that execution, there is no continuing value on that path. Merely reporting the violation while keeping 200 does not establish the range for a non-strict continuation.
Make host trust an explicit, separately identified source of facts. :trust may use a declared range without rechecking it, but all dependent guarantees remain conditional on the host honoring that range. The same rule applies to supplied function summaries and claims about purity. An unverified host annotation must not acquire the status of an enforced fact just because it has the same type syntax.
Recommended policy for permissive execution: when a mode keeps invalid inputs and execution continues, analyze those values conservatively unless the caller separately opts into a host contract. Reporting is an observable effect, not evidence of conformance. A guard that actually checks a property can establish it locally; strict termination can exclude a violating continuation where the operational semantics justify that conclusion.
This differs from the current contract described in section 1.6: all stances assume declared kinds, and :audit also uses allowed-value refinements. Introduce the conservative behavior as an explicit profile or versioned API change, keep a documented compatibility path, and test both. Do not silently reinterpret existing stance names. The long-term goal is that runtime handling and the origin of analysis assumptions are separately represented internally, while the public API offers a small set of coherent policies.
Full and core analysis should differ in precision and cost. They should satisfy the same applicable soundness obligations; neither tier should grant permission to use unsupported assumptions.
6.5 Give functions two connected contracts
Keep runtime function membership as a predicate over inspectable signature metadata for the initial target. Specify the metadata construction once and use it in both backends and signature-test inference. Define arity, nullability, parameter variance, result variance, and the relationship to argument conversion in that contract. Metadata describes what inspection observes; it does not by itself verify a host callable's implementation.
Store behavioral call summaries separately. A summary states that, under given argument and environment preconditions, returning calls produce values in an upper bound and may have specified effects. It may preserve a relationship such as “numeric input produces numeric output; string input produces string output.” Such correlated summaries can be more useful than a single broad result union without becoming runtime signature facts.
For (function(x: number) 1), a valid call summary can establish the result 1 on the relevant call paths. If the runtime result descriptor is nullable number, the signature-based test against function<number> -> number! must still agree with that descriptor. Improving call precision must not change the answer to an introspection operation by assumption.
The same separation applies to functions in contexts and lists, exported approximations, built-ins, and callbacks. Unknown host behavior needs conservative result and effect information unless an explicit contract supplies stronger facts. Arbitrary behavioral membership cannot be decided by inspecting a closure or sampling calls.
A more complete algebra of behavioral arrows can be added later, with a chosen model of failure, null, conversion, and effects. It should not be a prerequisite for specifying signature inspection, and its conclusions must cross into metadata reasoning only through specified, valid implications.
6.6 Make rule and optimization conclusions accountable
Carry possible and certain guard inputs through the whole rule pipeline, including aggregation and subtraction of earlier rules. Track the outcomes relevant to FEEL's true, false, and null behavior; false is not automatically the complement of true. Apply the proof conditions in section 3.8 and validate reported witnesses against the original predicates. The explanation for an unknown verdict should distinguish a resource limit, an unsupported operation, and insufficient facts where practical.
The implementation already provides three-outcome facts, origins for stored conditions, and failure-aware inverse reasoning for selected operations (D-194). Extend and validate them: a stored boolean's facts must remain conditional on the context in which it was computed and the identity of the bindings it describes. Negating a predicate must select its false outcome rather than complement an approximate true set. These semantics use the existing closure representation; changing facts into data does not establish their correctness automatically. General certain-input analysis still needs the lower-bound contract in section 3.8, including through resource caps.
For optimization, begin with small internal effect summaries: whether a computation may emit diagnostics, fail, call an effectful host function, or depend on runtime state. These can conservatively block a transformation. They are not a complete trace semantics: a set of possible diagnostic codes cannot justify changing diagnostic order or multiplicity, and a result type cannot justify eliminating a host call.
Each check removal should identify the fact that makes the check redundant, where that fact came from, and why it still holds at that program point. A small derivation record or a transformation-specific contract is enough initially; a general proof-certificate framework is not required. Preserve the check's conversion behavior as well as its rejection and diagnostic behavior. Keep facts tied to binding identity and invalidate facts whose supporting assumptions can change.
This makes the operational policy simple: proven preconditions permit a specific transformation; uncertainty keeps the original behavior. A larger analysis budget may improve precision, but running out of budget must never create permission to optimize.
6.7 Scope the first release and subsequent extensions
The first stable target is the existing supported type language with the semantics and guarantees of section 6.2. Preserve nullable surface syntax, structural aliases, and FEEL's runtime behavior. Keep explicit null, the empty type, and the full universe distinct internally. Existing unions and negation must compose correctly; an additional public intersection syntax can wait if internal intersection already serves the required analysis.
After that release, use the following priorities:
	Stage	Capability	Boundary of the commitment
	First precision improvements	Preserve context alternatives, field-presence information, and correlated call results through composition	Honor supported distinctions; do not merge alternatives as though an upper approximation were equality
	Next domain extension	List length bounds and a small set of useful length/index or numeric relations	Choose examples from real decision models; prove the transfer rules against FEEL arithmetic and null behavior
	Reusable function contracts	Restricted rank-1 schemes, initially for well-understood language-defined functions and explicit host contracts	Fresh instantiation, effect-aware generalization, variance, and subtyping constraints need a specification; principal inference is not assumed
	Conditional business extension	Nominal identifiers or units of measure	Require actual model needs and a specified boundary/serialization representation; aliases alone do not create identity or dimensions
	Defer pending a compelling use case	General recursive types, first-class gradual uncertainty, unrestricted dependent types, and extensive type-level metaprogramming	Each needs a separate language-design case; none is necessary to establish the initial guarantees

For polymorphism, start with explicit schemes and inference for a restricted class of safe definitions. Do not generalize variables tied to mutable or unknown host state without a valid rule. Specify how schemes relate to runtime signature inspection before exposing them publicly; a quantified static contract is not automatically a decidable runtime predicate. Once subtyping, refinements, and effects are involved, copying Algorithm W or promising universal principal types would overstate the design. Annotations and honest inference limits are acceptable.
The main costs are more explicit internal contracts, some larger exact representations, and occasionally less aggressive optimization. Benchmark those costs against preparation time, memory, runtime, and the rate of unknown answers. The existing decimal and temporal domains should remain specialized components with local invariants. Small formal models of those invariants can strengthen the evidence, provided their connection to the implementation is stated.
Chapter 7 turns this target into staged work. R1–R8 establish the initial guarantees; the later feature backlog is selective. Success means that supported declarations mean what they say and definitive answers are dependable, while precision can improve without changing those promises.
7 Open obligations and extensions
This chapter lists what the guarantees of section 6.2 still need for the supported fragment, and which extensions could follow. The work is grouped as R1–R8; the open parts are the release gate. Restoring valid guarantees has higher impact than enlarging the language.
7.1 Scope and dependency on the target design
The five guarantees in section 6.2 apply to the current supported fragment. R1 makes the contracts explicit; R2–R7 establish them across the affected implementation paths; R8 assembles the validation evidence. New type-language features are outside this gate.
R6 follows the policy in section 6.4: conservative analysis for permissive continuations, with explicitly conditional host-trust behavior kept through a documented migration path. Its API and compatibility work must be estimated separately if it exceeds the assumption audit below. The effort ranges in this chapter do not include every later design extension.
7.2 R1: make approximation direction part of the interface
Write a short semantic specification alongside the existing guide. It defines the value universe, the nullable declaration translation, open and closed contexts, conversion boundaries, function metadata, and the behavior of tests that return null. It distinguishes signature-based membership from behavioral call guarantees, and it establishes these meanings independently of Union.new/1 and Composite.to_union/1.
The numeric approximation modes and the signature and projection distinction are implemented and documented. The remaining inventory extends those contracts to every scalar, structural and proof-producing caller, so that the symmetric approximation of arrows is not reintroduced.
The specification includes the D-209 unary-test contract: a null-producing numeric or duration expression involving ? yields an unknown answer, as dynamic matching specifies. Keep the comparisons between -? and if b then -? else [] with b true, and the analogous ? + 1 forms, on both backends and analysis tiers. Cover further lowering shortcuts against the same runtime contract; a tighter possible-result type alone does not establish equivalence.
Inventory the callers of Union, NumberSet, StringSet and Arrows. Classify each operation as exact, upper-approximating, lower-approximating or a proof query. Choose explicit entry points or tagged representations so that a lower-bound consumer cannot call the ordinary upper-bounding constructor by accident. An exact? flag helps only if every operation propagates it; it cannot recover information already discarded.
The contracts, where S is the intended concrete set and L ⊆ S ⊆ U:
exact_normalize(S) denotes S
lower(S) ⊆ S ⊆ upper(S)
complement bounds:        V \ U ⊆ V \ S ⊆ V \ L
difference bounds:        L_A \ U_B ⊆ A \ B ⊆ U_A \ L_B
arrow bounds:            (U_A → L_B) <: (A → B) <: (L_A → U_B)
The arrow rule applies within the chosen arrow interpretation; it does not equate metadata with behavior. Operations on bounds must preserve the indicated direction. A bounded complement cannot be reused as though it were exact in these formulas.
Verdict distinguishes :yes, a counterexample and :unknown. Its proof-producing paths need an audit as well as its witness validation: a three-way return type cannot make an unsound subtype or emptiness procedure safe. Boolean convenience APIs stay only with a clear contract that false may mean "not proved", and are never used as proof of non-inclusion.
Exit criteria: the function examples of section 2.1 do not bypass a result check on either backend; the 17-point example of section 2.3 reports no false coverage, overlap or deadness; unsupported declared composites are interpreted correctly or rejected explicitly. Each proof consumer has an identified contract and each cap has a documented fallback. Budget exhaustion keeps a check or produces unknown; it never becomes a proof. Runtime declaration checks have an exact supported membership path or an explicit rejection, since treating unknown membership silently as true or false changes the declaration's meaning.
7.3 R2–R4: the shared foundations
R2 — functions. Inspectable arrows are separate from body and call refinements, and runtime signatures decide membership (section 2.1). Open: keep this distinction through higher-order and escaped values, and audit every remaining projection and bounded fallback through contexts, lists, overloads and higher-order parameters. Function parameters reverse polarity, results preserve it, and exclusion reverses it again. The interpreter and the BEAM backend both consume meta.returns (D-219) and use Feel.IR.result_spec/1 to keep an enforced recursive result graph through the surrounding checks; a shared construction would remove the duplication.
R2 acceptance: the examples of sections 2.1 and 2.2 give matching inferred signature predicates and runtime answers; a runtime function conforms to every public type advertised as its sound approximation. Check null and non-null parameters, nested negative positions, built-ins, and both backends. Precise call results stay available where their behavioral justification is valid.
R3 — scalars. Complement and inclusion are exact; union and intersection select :outer, :inner or :exact (section 2.5). Open: audit all callers' approximation directions, the 64-piece string policy and the numeric sets used in temporal domains. Default numeric union and intersection are upper approximations, so the API is not universally exact. When an exact proof query exceeds its budget, keep an exact expression or return unknown. Raising the cap postpones a counterexample and is not a repair. A lower approximation may keep a subset of pieces or become empty, and an upper approximation may fill gaps; the policy has to stay correct when the result is later complemented or subtracted.
R3 acceptance: the 16-point set of section 2.5 is included in itself and exact double complement restores it. Exact Boolean laws hold around 15/16/17 numeric intervals and 63/64/65 string pieces. Approximate operations pass directional containment checks, including compositions with difference and complement. Decimal endpoint openness, domain extrema and temporal image restrictions remain covered.
R4 — structure. Normalization keeps nested exclusions when it builds a declared type, and the nested context and double-negation examples have their specified membership (section 2.4). Guarded recursive data use finite declaration graphs with a separate finite-tree membership oracle (FEEL D-189, DMN DD-22). Open: extend that oracle to generated mutual graphs and broader constructor families; it is not a general recursive inclusion oracle. Generalizing the graph representation to the rest of the set algebra is a separate design question. Audit membership, inclusion and projection so that no path reintroduces a lossy normalization. The FEEL null convention stays explicit when complement laws are applied: ordinary declared negation is not complement over the entire universe. A richer inclusion procedure that cannot decide a supported exact expression may return unknown without changing runtime membership.
R4 acceptance: the examples of section 2.4 have their specified membership. Generated declarations agree with the independent oracle for nulls, absent and present fields, empty and mixed lists, nested negation and resolved names. Function cases use the signature contract of R2. Shrunk failures become permanent regressions.
7.4 R5–R7: consumers and public contracts
R5 — decision rules. DMN adapts wildcards with the prepared table's effective tests and passes scope-dependent cells as :unknown (DD-43). Open: carry lower and upper bounds through TestSets, Refinement, context construction and the union of complete rules in Rules. Fixing only certain/2 is not enough if a later Union.new/1 enlarges its result. Bounds for the true and the false outcome stay separate: FEEL negation does not turn a null outcome into true. The coverage and reachability proof conditions of section 3.8 apply.
Validate uncovered inputs against every original rule, overlap inputs against both claimed rules, and live inputs against the selected rule and all earlier rules under first-match semantics. Validation also checks the original input domain. Unsupported or indeterminate validation yields unknown and never a witness. It does not replace the proof obligations for universal claims such as coverage and deadness.
R5 acceptance: containment may return unknown for the 17-even-point table, but the exact scalar path reports a validated gap, a live second rule with input 1, and disjointness of the two rules. Every definitive verdict on exhaustively evaluated small-domain tables agrees with direct unary-test execution, including null and negated tests. Remaining unknown answers are tracked separately as precision gaps.
R6 — assumptions and effects. Preparation warnings may describe inferred types while the built-in runtime boundary reports actual values; signatures and runtime outcomes are the same across supported tiers (section 2.1). Open: there are no general effect summaries, and the declaration assumptions remain.
Record which facts are guaranteed by enforcement and which depend on the host. Implement the policy of section 6.4: a conservative profile for retained invalid inputs, plus an explicit compatibility path for existing conditional host contracts. The documentation makes declared kinds an assumption even in modes that keep invalid values, and a migration has to preserve that distinction visibly. This is an API decision. For every supported stance and profile, document the guarantee and the behavior when its premises fail.
At each check-removal site, require a value-containment proof under established assumptions and a justification that the check cannot convert a value, emit a diagnostic or terminate a strict run. Start with local summaries that are enough to keep uncertain checks; a full effect language is not needed. Any summary added must describe possible behavior conservatively. A set of diagnostic codes alone does not preserve order, multiplicity, locations or the first strict failure.
R6 acceptance: supported stance and tier combinations have tests with valid bindings, invalid kinds, invalid allowed values and null. Guarantees claimed only under host assumptions are labeled so; guarantees claimed for invalid bindings are tested too. Each optimization has a documented precondition and preserves the observable runtime contract, including conversion.
R7 — equivalence and join. Equal terms are a fast path, and mutual conformance is accepted (section 2.6). Where conformance is bounded, the Boolean contract stays conservative: failure to prove either direction does not establish semantic inequality. Both join/2 entry points document a conservative common supertype. Open: audit callers for reliance on leastness. Offer an exact union or least-upper-bound operation only in a fragment where that guarantee is established. Broader semantic-equivalence validation is part of R8.
R7 acceptance: reordered unions compare equivalent; every returned common supertype contains both operands; any API that claims leastness has an argument and tests for its stated fragment. The arrow example of section 2.6 stays as a documented limit against overstating the contract.
7.5 R8: evidence for optimization and releases
Three validation layers cover different failure modes:
	Layer	Concrete work	Completion criterion
	Independent semantics	A small declaration-membership oracle and finite-domain rule evaluator that do not reuse production normalization	Generated cases agree; every contract of chapter 2 has regression coverage
	Local contracts	Exact algebra laws, lower and upper inclusions, polarity tests, and forced budget exhaustion	Every cap and approximation path has directional tests; unknown never grants permission to optimize
	End-to-end behavior	Both backends, optimized and unoptimized, full and core analysis where supported, ordinary and strict execution, and declaration stances	Equal observable outcomes under the stated assumptions, including conversions and diagnostics

Paranoid compares all diagnostic and error fields recursively. Closure-containing diagnostics compare by FEEL value rules and not by raw closure identity. Its function comparison ignores the implementation closure, so generated returned functions are applied to representative inputs; metadata equality alone does not establish equal behavior. Clocks and entropy stay fixed during differential execution, as the monitor already does. Host effects need controlled test doubles and not repeated uncontrolled execution.
The tier sweep compares core and unoptimized interpreter execution with full and optimized execution, lenient and strict, with full diagnostic equality and paranoid node checks. The focused signature regressions also cross both backends and optimizer settings. The generator extends deliberately, because the corpus does not exhaust declaration stances, result declarations, recursion, extensions or function behavior.
Run the focused suites after each change. At integration, run the repository-wide suite including the sweeps with warnings as errors, inspect the excluded gap cases, and record the exact source revision and exclusions. Boundary generators go into the existing sweep infrastructure, with saved seeds and shrunk failures. Exercise numeric and temporal transfers near zero division, rounding boundaries, overflow and invalid conversions; the exact algebra does not by itself establish the correctness of the transfer functions.
Record proof obligations as well as tests: constructor meaning, exact normalization equivalence, directed approximation, transfer containment, branch facts and each optimization precondition. A proof for a small formal core strengthens the evidence if its relationship to the implementation is stated. Neither a model proof nor a large green suite verifies the whole compiler.
Benchmark preparation time, runtime and peak memory on one corpus before and after a change. Track the frequency of unknown verdicts and retained checks separately from correctness. A precision or performance regression is a reason to improve the algorithm and never a reason to accept an invalid proof.
Release gate: known failure classes are fixed or rejected explicitly; unsupported proof cases stay unknown; no unexplained differences remain in the validation matrix; scope and exclusions are documented. The declarations of section 2.4 are supported, and a newly rejected supported form is unfinished work. Any new proof-dependent optimization needs its own premises and regression evidence. The result is evidence for the stated guarantees and not a proof of unrestricted soundness.
7.6 Closing the remaining expressiveness and precision gaps
The implementation has rule-entry facts for outputs, kind-based arithmetic with unknown operands, unknown negation, repeated-value arithmetic, date-neighbor joins and selected duration failure regions (D-194, D-195, D-196, D-203, D-204, D-207). Month-duration self-division preserves zero and conversion failures. Rejected AST cases, whole-model chain audits and generated mutations are part of the checks (D-199, D-206). These are existing capabilities to preserve. The remaining work extends them:
	Nested functions returned inside containers deliberately lose result precision.
	Recursive relations beyond finite data are not complete: general recursive subtyping and equivalence are not implemented. The DMN backlog tracks broader recursive relations and oracle coverage.
	Repeated duration addition still combines independent intervals; preserving correlation for gapped month- or second-duration sets is precision work, not a known under-approximation.

After the existing feature set meets the gate, extensions are prioritized by actual FEEL models that lose useful information. The estimates are initial implementation or prototype ranges, not estimates for complete language designs. Their dependencies include a stable R1–R8 foundation.
	Recommended order	Gap and bounded next step	Impact and effort	Acceptance criterion
	1	Improve exact Boolean storage and proof queries where measurements show unknown or expansion costs	Broad precision benefit; 2–4 weeks for a selected structural fragment	Preserve nested meaning, reduce unknowns on a fixed corpus, and keep explicit resource limits; a Boolean graph still needs scalar and structural theory procedures
	2	Preserve more input/output correlation in behavioral call summaries	High value for overloaded and higher-order functions; 2–4 weeks	Selected calls retain correlated results through containers and argument passing; signature-based instance of behavior stays consistent
	3	Add list length bounds and selected relations between lengths, indices, and numeric variables	Useful for bounds and decision rules; 2–4 weeks for one small domain	Prove a chosen set of missed properties, with sound handling of decimal operations, null, and diagnostics
	4	Prototype explicit polymorphic schemes for reusable functions	Useful where body specialization loses generic relationships; 3–6 weeks for a restricted prototype, broader integration substantially longer	Fresh instantiation works across distinct calls and higher-order passage; generalization and interactions with subtyping have specified rules
	Conditional	Add nominal business identifiers or tagged option encodings	Modeling benefit if requested; 1–3 weeks for a restricted design and prototype	Distinctions survive serialization and host boundaries through a specified representation or validated boundary contract; aliases alone do not count
	Research/design first	Recursive types, explicit gradual types, or a general dependent type language	Large semantic and implementation changes; 1–2 weeks each to scope, with implementation estimated afterward	A concrete use case, chosen calculus, enforcement rules, and resource strategy precede implementation

These are independent options, not requirements to imitate every feature of Elixir, Hindley–Milner, or a proof assistant. Recursive types need restrictions and algorithms appropriate to recursion; polymorphism needs schemes and constraint solving; gradual typing needs an uncertainty relation distinct from optimization proofs. General dependent typing would be a separate language-design project.
"Closing the gaps" has two realistic meanings: fully honor the existing supported constructors, and add selected missing capabilities with explicit guarantees. Universal completeness of bounded inference over arbitrary programs is not a deliverable. A precise supported fragment with honest unknown answers is.
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    The type systems of feel

feel has two type languages that look alike and do different jobs. One is the type system of the DMN specification, a small lattice that says which values an operation is defined for. The other is an internal type that the analyzer infers with, and it is much richer: it makes null an explicit alternative, and it carries sets of values (intervals of numbers, sets of strings, the dates a date can be). The internal type is what lets x > 5 and x < 3 be shown never to be true, what lets the optimizer drop checks, and what supports explanations for selected possible null results. This is a value analysis with bounded approximations, rather than only a check of declared kinds.
This document is the implementation guide: it explains both type languages, their representations, and how the analyzer uses them. The type-system assessment contains the correctness contracts, scientific foundations, language comparisons, recommended design, and open obligations. The original examples were recorded on 2026-10-16 with Elixir 1.20.4 on OTP 29 after D-173; later updates cover callable summaries, three-outcome facts, D-207's unknown negation and repeated-value arithmetic, the initial correctness repairs of 18 October 2026, and the signature, range and DMN proof contracts described in the assessment. They are recorded examples rather than a fresh run of the whole guide, and may drift as the analysis improves. architecture.md says where the type modules sit in the pipeline; decisions.md says why (D-39, D-109 and the rest, cited below).
Correctness status. The reproduced function-result check bypasses, nested-negation errors, false rule proofs, numeric complement/inclusion failures and order-dependent equivalence answers are repaired. Function signatures and call refinements now have separate roles, and certainty bounds use a different approximation direction from possible results. join/2 promises a conservative common supertype, not a least one. The assessment states each contract and the remaining audit work; these regressions do not establish a general soundness or completeness guarantee.
Contents: 1 The two languages · 2 The lattice · 3 The internal type · 4 Internal type against lattice · 5 Using the types (inference, why a result is null, narrowing, declarations, calls, uses, limits) · 6 Soundness · 7 Reading list
1. The two type languages
		Feel.Type	Feel.Type.Union
	Source	DMN 1.6, section 10.3.2.9	this library (D-39)
	Shape	an atom or a small tuple: :number, {:list, :string}	a list of alternatives: [:number, :null]
	null	under every type: number means "a number or null"	an alternative of its own, present only when the value may be null
	Unions	none	the point of it
	Values	which kind a value is	which values: number in [0..150], string except "a", boolean = true
	Lives in	declarations, instance of, conformance, the implicit conversions, Feel.type/1	meta.type of every IR node, inference, narrowing, the optimizer
	Seen by the caller	yes	IR metadata and explicit Feel.Type.Union / Feel.Rules APIs

They are connected by two functions that are not inverses. Union.from_spec/1 reads a type of the specification and adds :null at every level. Union.to_spec/1 goes back, drops :null, and joins what is left with the lattice's join, so it loses information:
type expression  --Feel.Type.parse-->  Feel.Type  --from_spec-->  Union
(list<number>)                         (declared)                    |
                                                                     |  Analyzer: infers a Union for every node,
                                                                     |  narrows it by conditions, checks calls
                                                                     v
Feel.type/1  <------ to_spec -------------------------------   meta.type of the IR
(spec type)                                                          |
                                                                     |  Optimizer drops checks the type settles;
                                                                     v  diagnostics warn of certain mismatches
Feel.type/1, the type a caller sees, uses the declaration type language. The union stays internal. For guarded recursion, from_spec/1 produces a bounded upper approximation rather than an exact translation. Runtime membership keeps the original declaration graph; see guarded types.
2. The specification's lattice (Feel.Type)
The specification (section 10.3.2.9, Figure 10-26) gives FEEL a lattice with Any on top and Null at the bottom. Apart from the parameterised families the lattice is flat: the primitive types are siblings.
Any                     the top: every value, null included
 |-- number, string, boolean
 |-- date, time, date and time
 |-- years and months duration, days and time duration      (no common supertype)
 |-- list<T>, range<T>, context<k: T, ...>, function<T, ...> -> R
Null                    the bottom: the value null, which is under every type
All the children of Any are siblings, with no edge between them. Only the parameterised families, on the last child line, are ordered inside themselves, by the rules below.
The rules, as Feel.Type.Conformance implements them (T <: S means "T can be used where S is expected"):
	Rule	Consequence
	Null <: T <: Any for every T	null is a valid value of every type
	a primitive conforms only to itself	date does not conform to date and time; the two durations have no common supertype (the notes call this A25)
	list<T> <: list<S> and range<T> <: range<S> when T <: S	covariant
	context<M> <: context<N> when every member of N is in M with a conforming type	open records: a context with more entries conforms to one with fewer
	function<P> -> R <: function<Q> -> S when each Q conforms to its P, and R <: S	contravariant parameters, covariant result; parameter names are not part of the type

The specification lattice has no union constructor. Feel.Type.join/2 computes a common supertype, which is why a list literal of mixed things is list<Any>. The API promises a conservative common supertype; it need not be the least expressible one for functions or composite declarations. Equivalence accepts equal terms or conformance in both directions, so reordered union declarations can compare equivalent. For bounded relations, failure to prove equivalence does not prove semantic inequality. See section 2.6.
Feel.Type.join(:number, :string)                       #=> :any
Feel.Type.join({:list, :number}, {:list, :string})     #=> {:list, :any}
Feel.Type.join(:number, :null)                         #=> :number          (null is absorbed)
Feel.Type.conforms?(:date, :date_and_time)             #=> false
small = {:context, %{"id" => :number, "name" => :string}}
large = {:context, %{"id" => :number, "name" => :string, "age" => :number}}
Feel.Type.conforms?(large, small)                      #=> true (more entries conform to fewer)
Feel.Type.conforms?(small, large)                      #=> false
Feel.Type.of([1, "a", true])                           #=> {:list, :any}
Three more pieces belong to the lattice and not to the union:
	instance of (Table 62): null is an instance of Null only, so Feel.Type.instance?(nil, :number) is false, while Feel.Type.value_conforms?(nil, :number) is true. The two questions differ, and both are needed.
	Implicit conversions (section 10.3.2.9.4, D-24): where a value is bound to a parameter of a declared type it may be converted. The three are from a singleton list (["foobar"] to "foobar"), to a singleton list (3 to [3]), and from a date to a date and time at midnight UTC. They are tried only when the value does not already fit, in that order, and at most one applies. One more is not in the specification, but the TCK needs it (D-197): a built-in function with several signatures that differ only in their types (abs), where a function type is declared that the function is not an instance of but one of its signatures is (function<number> -> number), becomes the function of that signature, which takes what the type says and returns null for the rest.
	T!, an extension (D-48): a declaration that the name is never null. It is the only way to say "not null", and it exists because the lattice has none. A type in an expression may have it too (D-48).

Two more extensions go past the lattice, for what a host declares (D-178), as T! does: the lattice has no union and no negation, and the internal type has both, so a declaration may say that a name is anything but a number, or a number or a string.
	Declared as	Written (Feel.Type.parse/2, format/1)	The values	Feel.IR.type/1 of the name
	{:not, :number}	Any except number	every value that is not a number, and null	Any except number | Null
	{:union, [:number, :string]}	number | string	a number or a string, and null	number | string | Null
	{:not, {:union, [:number, :string]}}	Any except number | string	neither a number nor a string, and null	Any except number, string | Null
	{:non_null, {:union, [:number, :string]}}	(number | string)!	a number or a string	number | string

Runtime membership evaluates a composite's union or negation directly against the exact component declarations (Feel.Type.Composite). This also covers recursion in a value's function signature when the target itself has none. The analysis projection can be wider, especially for recursive negation, and cannot replace that runtime check. Non-recursive composite conformance asks Union.subtype?/2; composite conformance with recursive descriptors accepts identical terms conservatively. null is in them as it is in every declared type, since the run exempts null (D-138), and only a mark on the whole takes it out. They nest in a list, a range, a context and a function type. Any except takes the rest of the union (Any except number | string is neither), a type may be put in parentheses, and a ! on a member is refused ((Any except number)! is how to mark the whole). The conversions are the lattice's, asked of the union: a singleton list is unwrapped when its element is in the type and the list is not, and nothing is wrapped in a list and no date is converted to a date and time in order to reach a member. Feel.type/1 is a type of the specification, so for such a name it is wider (Any, list<Any>).
Feel.Type.parse("Any except number | string")      #=> {:ok, {:not, {:union, [:number, :string]}}}
Feel.Type.parse("list<number | string>")           #=> {:ok, {:list, {:union, [:number, :string]}}}
Feel.Type.parse("Any except number!")              #=> {:error, …}   a ! on a member is not read; mark the whole: (Any except number)!
Feel.Type.format({:union, [:number, {:not, :string}]})   #=> "number | (Any except string)"
These are for the declarations of a scope, the result type and the input of unary tests, and for a type of the scope that an expression names (v instance of tId, function(a: tId) a, where tId is number | string). The types written in an expression are those of the specification and T!: x instance of Any except number is Any followed by a word that is not part of the type.
Because null is under every type, the lattice cannot say that 1 < 2 is never null or that 1 < null is always null. Both are just boolean. That is what the second type language is for.
2.1 Model-defined and guarded recursive types
Feel.ItemDefinitions resolves acyclic model definitions into ordinary structural types. Recursion is a caller-selected extension with three modes:
	Feel.ItemDefinitions.new/2 option	Behavior
	recursive: :error (default)	Recursive references leave the definition unread, with a :recursive problem.
	recursive: :guarded	Retain a finite graph and validate every finite descendant and its inherited/component constraints.
	recursive: :any	Legacy approximation: replace a reference closing a loop with Any, accepting data the full declaration could reject.

In guarded mode, every cycle must cross a context member or list element. Alias-only cycles and cycles through function signatures remain errors. A finite function item may accept or return recursive data. Build graphs through Feel.ItemDefinitions; a plain cyclic map of unresolved {:named, name} types still fails Feel.Type.resolve/2.
definitions = Feel.ItemDefinitions.new([
  %{name: "Node", components: [%{name: "next", type_ref: "Node"}]}
], recursive: :guarded)
type = Feel.ItemDefinitions.types(definitions)["Node"]
Feel.Type.value_conforms?(%{"next" => %{"next" => nil}}, type) #=> true
Feel.Type.value_conforms?(%{"next" => %{}}, type)              #=> false: missing next
Runtime membership checks the full finite value. A present null member keeps the normal null exemption; a missing member does not conform. Allowed values and type constraints are separate: instance of and Feel.Type.value_conforms?/2 check structure only. Declarations carrying those constraints enforce them at every recursive occurrence through graph paths. Constraint traversal is incremental: a rejected occurrence stops the walk immediately. Successful checks share reversed paths; only a failing diagnostic constructs its complete forward path, avoiding quadratic path materialization on deep chains. During contained FEEL execution, shared worker deadlines and heap policies bound structural membership and recursive selector traversal, including shared-subtree expansion. Constraint tests retain their call and iteration counters even when diagnostics are isolated. Direct host membership queries have no worker, so containing them is the caller's responsibility. Ordinary conversions apply at binding, parameter and result boundaries, including singleton wrapping for a recursive collection or alias, and unwrapping for a recursive context. They do not convert fields inside a context. A collection's allowed values apply to its elements; its type constraint applies to the whole list.
To enforce constraints, build the variable's scope from the definitions. Supplying only types(definitions)["Node"] to a plain scope, or calling value_conforms?/2, does not carry them:
definitions = Feel.ItemDefinitions.new([
  %{name: "Node", components: [
    %{name: "value", type_ref: "number", allowed_values: "[0..9]"},
    %{name: "next", type_ref: "Node"}
  ]}
], recursive: :guarded)
{scope, unread} = Feel.ItemDefinitions.scope(definitions, %{"node" => "Node"})
# unread == %{}; inspect ItemDefinitions.problems/1 and unread before using model declarations
{:ok, expression} = Feel.prepare("node", scope: scope)
bad = %{"value" => Decimal.new(1), "next" => %{"value" => Decimal.new(20), "next" => nil}}
{:ok, nil, [diagnostic]} = Feel.run(expression, %{"node" => bad})
{diagnostic.code, diagnostic.details.path} #=> {:value_not_allowed, ["next", "value"]}
This uses the default declarations: :enforce: a failing descendant makes the whole variable null, and strict execution ends with an error. Declaration stances such as :report, :trust and :ignore keep their existing behavior; selecting guarded mode does not override them. Diagnostic paths use member names and one-based list indexes. For a result boundary, obtain {:ok, type, constraints} from Feel.ItemDefinitions.variable(definitions, "Node"), then pass result_type: type, result_allowed_values: constraints to Feel.prepare/2.
Analysis unfolds repeated names conservatively and shares a 256-node projection budget. Exhaustion widens the analysis, with no corresponding cutoff in runtime membership. Inclusion in the projection proves neither recursive membership nor that conversion preserves the operand: parameter and result bounds describe the converted value, and specialization discards pre-conversion shapes, callees and origins. Recursive result checks and reachable negative branches remain.
Recursive conformance accepts identical reachable graphs under consistent one-to-one renaming, including import prefixes, while ignoring unrelated graph entries. Constructors, constraints and reference sharing must agree. It also accepts graphs related by ordinary lattice rules but does not provide general recursive subtyping or equivalence. Even a structural upper projection need not be accepted as a recursive function's result signature. Runtime closures keep an enforced recursive result declaration through result and binding checks (Feel.IR.result_spec/1). The analyzer selects the runtime result signature before optimization and stores it in the function's meta.returns; both backends keep it when a conditional body folds to a declaration. Observable analysis arrows use Any | Null for that result and keep structural bounds only as call refinements. Recursive parameter domains use an empty lower bound in upper arrows. Graph projection and overlapping runtime signatures can lose call precision too. These are analysis limits, not weaker finite-data validation (D-189).
3. The internal type: Feel.Type.Union
3.1 The shape
A union is a list of the alternatives a value may have, and :null is one of them when the value may be null:
	Union	The values
	[:number]	a number, never null
	[:number, :null]	a number or null (the specification's number)
	[:null]	null only
	[:boolean, :string]	a boolean or a string, never null
	[:any, :null]	any value (the specification's Any)

:any inside a union means any value that is not null, and it is the union of the kinds of value (D-39): the eight primitive kinds, a list, a range, a context and a function of any shape, and foreign, a term that is not a value of FEEL (the host binds what it likes, and the run treats it as a value of an unknown kind). A union that has all of them is Any, and one that lacks some is written by what it lacks: Any except number. The parts of a list, a range, a context or a function are unions in turn, so list<number> and list<number | null> are different members.
The members a union can have (Feel.Type.Union, the type member), and how Union.format/2 writes them:
	Member	It is	Written
	:null	the value null	Null
	:boolean, :number, :string, :date, :time, :date_and_time, :years_and_months_duration, :days_and_time_duration	every value of the kind	number
	{:number, set} and the same for the other kinds, {:string, strings}, {:boolean, true}	some of the values (3.3)	number in [0..150], string = "a", boolean = true
	{:list, u}, {:range, u}	a list or a range whose parts are the union u	list<number | Null>
	{:context, entries}, {:closed_context, entries}	an open context (a declared type) or a closed one (a literal), each entry a union	context<age: number> for both (closed context<…> inside an except)
	{:function, parameters, result}	the values that are an instance of one function type, an arrow	function<number> -> number
	{:overload, arrows, refinements}	observable function arrows with separate call refinements (3.5)	overload<…>
	{:except, base, negations}	a list, a range, a context or a function less some of it (3.5)	list<Any | Null> except list<number | Null>, and non-empty list<number> for a list less the empty one
	{:list, []}	the empty list: a list with no element it could have (D-152)	empty list
	{:named, name}	a type of a model that is not looked into	the name
	:any	any value that is not null: the union of the kinds	Any; a union that lacks some kinds is written by what it lacks, Any except number
	:function, :foreign	a function of any shape (also the fallback for unsafe arrow erasure), and a term that is not a value of FEEL	function; :foreign is not written, it shows only as what Any except … leaves

A union has a normal form, built by Union.new/1, so that two unions of the same alternatives are equal: no repeats, a fixed order with :null last, :any absorbs everything else, and at most one alternative per kind of number, string, boolean, date and duration (the sets of several are joined).
Union.new([:null, :number, :number])    #=> [:number, :null]
Union.new([:number, :any])              #=> [:any]
Union.new([:any, :null, :boolean])      #=> [:any, :null]
A union that is built has at least one alternative: Union.new/1 raises for none. The least type of an expression that runs is [:null], because a failure is a null and not the lack of a value, so a type with no alternative is not the type of anything that has a value. But there is one, the empty union, Union.never(), [], written Never (D-173). It is the never of TypeScript and the none() of Elixir:
	It is the type of code that cannot run, and it is not [:null]. [:null] is code that runs and gives null; Never is code that gives nothing because it is not run. The analyzer gives it to every node of a branch of an if that cannot be taken (5.3).
	It is the bottom of the order: subtype?([], u) is true for every u, nothing but itself is within it, contains?([], v) is false for every value, and Union.new/1 leaves it out of what it joins. Where the lattice has Null at the bottom because null is under every type, the union has Never, because [:null] is not under [:number].
	Union.intersect/2 and Union.difference/2 return it when two unions share nothing, or when nothing is left (the two cannot be the same value), and it is the element type of the empty list ({:list, []}, below).

A node of this type that a run reaches means that the type was wrong, and Feel.Paranoid says so (section 6).
3.2 null made explicit
This is the first of the two things that the union adds to the lattice (D-39). The analyzer can now say that a result is, or is not, null:
	Expression	Feel.type/1	Feel.IR.type/1
	1 < 2	boolean	boolean = true
	1 < null	Null	Null
	1 / 0	Null	Null
	1 = null	boolean	boolean = false
	age (a name of type number)	number	number | Null
	[1, "a", true]	list<Any>	non-empty list<boolean = true | number = 1 | string = "a">
	{a: 1, b: "x"}	context<a: number, b: string>	context<a: number = 1, b: string = "x">
	an unknown name v	Any	Any | Null

A number that is bound from outside may be null, so age is number | Null. A constant never is. Note the two rows of structure: the type of a list is the union of its elements (the specification's list<Any> forgets that the elements are a boolean, a number and a string), and a context literal has a closed type, the entries it has and no others, where a declared context type is open (D-65). A closed context is a subtype of the open one with the same entries, so it knows more, for instance that an entry it does not list is not there.
3.3 Value sets
Numeric set endpoints and runtime numbers are related but not interchangeable. NumberSet can hold decimal bounds that do not themselves fit the runtime's 34-digit format; month-duration images can also contain integers of arbitrary size. Rounding images cut their endpoints outward to representable FEEL numbers (D-220), preserving upper bounds instead of using a huge exact integer step as a runtime operand. Power inference remains conservative for unsupported corners; root, logarithm and exponential images can fall back to signature bounds. See the numeric endpoint rules.
This is the second addition (D-39, D-109). An alternative can say which values it has. The bare kind (:number) is every value of the kind and contains any set of it.
	Kind	The set	Written	Module
	number	intervals of decimals, within decimal128, ends open or closed	number in [0..150], (5..max]	Feel.Type.NumberSet
	string	single strings (up to 64), or intervals of strings, with strings left out	string = "a", string except "a"	Feel.Type.StringSet (D-39)
	boolean	true or false	boolean = true	built in
	date, years and months duration, days and time duration	the image of a value as a number (days, months, seconds), as a NumberSet	days and time duration = PT2H	Feel.Type.Image (D-109)
	time, date and time	the second it falls in, on three lines (the clock, the instant, the zoned clock), plus the fraction of the second	date and time = 2021-01-31T10:30:00	Feel.Type.Moment (D-109, D-118)

The image trick is worth a sentence. A date, a duration, a time and a date and time are ordered, and for the durations also added and scaled. If each value is mapped to a number, one-to-one and order-preserving, then the interval algebra written for numbers works for them too: the seconds of PT1H + PT2H are 3600 + 7200. A time and a date and time cannot use one number, because the order of two of them depends on their zones, so Moment keeps three lines of numbers far apart on the number line and a value is in a set when its numbers are on the right lines.
Numeric construction, union and intersection take an approximation policy: :outer (the default) replaces more than 16 merged intervals by their hull; :inner keeps at most 16 intervals as a subset; :exact keeps all intervals. Possible-result analysis uses upper bounds, while TestSets.certain/2 uses inner numeric bounds. NumberSet.complement/1 and subset?/2 are exact over their supplied sets, including when the complement of 16 intervals needs 17. Exact complement cannot recover values lost by an earlier approximation; callers must still choose the correct bound direction. In particular, numeric and numeric-image exclusions are combined exactly before complementing in Union.difference/2. Range-subtyping proofs can combine several individually small endpoint sets past the cap; using an outer hull there would erase genuine gaps and could prove false range coverage. The remaining positive result can still be widened safely. This does not turn every union operation into exact algebra.
Ordinary union normalization also widens string sets with more than 64 points or exclusions to the whole string kind. Certain string sets instead discard information before that widening can establish a false proof. The boundary cases are in sections 2.3 and 2.5. The ordinary upper-bound simplifications include:
[0..5) and [5..9]      become   [0..9]              touching intervals merge
[0..5) and (5..9]      stay     [0..5), (5..9]      5 is in neither, so there is a gap
[0..1], [10..11], ... [190..191]   (20 intervals)
                       become   [0..191]            over 16 intervals: the one that holds them all
a string set with more than 64 points or exclusions becomes every string in Union normalization
A set is not a type in the sense of a name for a class of values. It is a value domain with a union, an intersection, a complement, a subset test and a membership test. NumberSet.complement([0..150]) is [-max..0), (150..max], and StringSet.complement(["a"]) is (..) except "a". That is the complement of a set of values. The negation of a type with parts, which has no set to cut, is a member of its own (3.5).
3.4 The operations
	Operation	Intended role	Current limitation
	Union.new/1	Combine alternatives in normal form	Retains nested exclusions and function domains; scalar caps and structural merging can still widen alternatives
	Union.intersect/2	Keep values common to both descriptions	Depends on scalar and structural representations; a named type is not looked into
	Union.difference/2	Remove described values, by kind (D-39, D-152)	Structural search and representation limits can retain extra values; it is not unrestricted exact subtraction
	Union.subtype?/2	Establish inclusion	false can mean not proved; numeric inclusion uses exact complement/intersection, but the wider procedure remains bounded
	Union.restrict/3	Cut a scalar kind to a set	Must respect the set's approximation direction and resource policy
	Union.contains?/2	Check membership in the represented union	Agreement with this predicate does not establish the intended meaning of an incorrectly translated declaration
	Union.of_value/1	Describe a value, including list element alternatives	A description of elements does not necessarily denote only that concrete list
	from_spec/1, to_spec/1	Translate between the two languages	Projection can lose precision; a function projects to Any if the public language cannot express a safe parameter domain

Existing tests compare subtype?/2 with Feel.Type.conforms?/2 on selected specification types. An alternative that no alternative of the other union holds by itself may be held by several together (D-152): subtype?/2 then asks whether anything of it is left when the others are taken out (difference/2). So a case that a comparison alternative by alternative cannot see is detected, as in the set interpretation, for lists, ranges and contexts:
# the unions are written in shorthand here (Union.format/1 prints a closed context as `context<…>`); `|` is the union
a = closed context<k: "a" | 1>
b = closed context<k: "a"> | closed context<k: 1>
Union.subtype?(a, b)            #=> true      (every value of `a` is in `b`; it was `false` before D-152)
Union.subtype?(b, a)            #=> true
The procedures use resource bounds: a range search stops above 6 negations, and a context search above 4,096 parts or 256 for one entry (D-158). Functions use the signature model in section 3.5. A built-in with several signatures is an overload. A negative Boolean answer may mean only "not proved". A positive answer still needs a valid underlying inclusion argument; the current boundaries and projections prevent a blanket soundness claim.
Normalization keeps exclusions inside lists, ranges, contexts, functions and excluded types. Readers request a positive approximation explicitly at the level they inspect. Widening an excluded part or a function parameter during normalization would change the meaning in the wrong direction. For paths, that includes list elements and nested entries traversed by descendant selection, as well as the source union. Paths approximates those inspected unions locally; a selected context entry keeps its original exclusion-bearing type. The path-result check regression is described in section 2.4.
This obligation also applies to filter name discovery, recursive equality of context fields, context construction/merge, callback classification and generic signature-derived flattening. An excluded context can supply filter entries and unknown descendants; it cannot be treated as absent when deciding bindings or domain emptiness. Open context types do not establish that an unlisted key or value is missing. A callback's runtime acceptance follows its observable arrows, not a specialized Boolean call result. Recorded arrows are guarantees, not an exhaustive signature list: a three-argument function can also support a two-argument Boolean callback. Without a qualifying guaranteed arrow, list images keep both success and rejection, including after narrowing or exclusion. Section 2.4 states the reader rules, the result-check regressions and the bounded independent oracle.
A list has two more types that the union of the kinds does not give (D-152): the empty list, [], a list with no element it could have, and a list that has an element, a list type less it (non-empty list<number>). list<T> is the two, and the meet of two lists with no element in common is the empty list. These examples illustrate the supported list operations:
Union.intersect([list<number = 7>], [list<string>])        #=> [empty list]
Union.difference([list<number | Null>], [empty list])      #=> [non-empty list<number | Null>]
Union.new(non_empty ++ [empty list])                       #=> [list<number | Null>]
3.5 A kind less some of it, overloads, and functions
A list, a range, a context and a function have no set of values to cut, so what is left of Any when some of one is taken out is a member of its own, {:except, base, negations} (Feel.Type.Except, D-152): the values of base that are in none of the negations. It is how v instance of list<number> leaves its else branch:
if v instance of list<number> then 1 else v     #=> Any except list<number | Null> | Null      (v is Any)
Whether such a member has any value is queried kind by kind, subject to the representation and search limits. A list less lists of N1, N2, … is treated as empty when its base is within one of them (a list avoids each with an element of its own); a range has two ends that each avoid some of the negations (a range with more than 6 negations is taken to have values); a context is a box of the types of its entries and the question is whether the boxes of the negations cover it (at most 4,096 parts are visited, and 256 for one entry), and an entry that an open context does not list is there or not. Past a bound, or where the answer is not shown, the member is kept: the type holds more than it has to. Two members are also in normal form when no negation is within another and each shares values with the base.
A function has no values to list either. The only thing the run says of one is the function types it was declared with, so a function is a finite set of arrows, and it is an instance of a function type when one of its arrows is within it (Feel.Type.Arrows, D-171). That is what instance of answers, so it is the meaning of the type: the else of a test is taken out when the run takes it. An arrow A is within B when B's parameters are within A's and A's result is within B's (the rule of the specification), and a type of arrows less arrows has a function unless some arrow of the first is within some arrow taken out. It is one comparison and not a search.
A built-in function with several signatures is all of them. before is four function types, a point or a range for each of its two parameters; abs is declared with one parameter for the three kinds it takes. Its type is {:overload, arrows, refinements}: the arrows are what the algebra sees, and the refinements are what a call does for arguments within the parameters of a signature (abs of a duration is a duration), which types a call and nothing else:
before instance of function<number, number> -> boolean       #=> boolean = true
abs instance of function<number> -> number                   #=> boolean      (not true: abs takes the three kinds in one parameter)
The algebra stops short of the semantic subtyping of Frisch and Castagna, where (A → B) ∧ (C → D) is within (A ∪ C) → (B ∪ D). The run does not say that, and a type that said more than the run would put a value in an else branch that the type excluded. A union holds at most four overloads; past that each is its arrows.
A function literal also uses an overload when its body gives a more precise call result than its observable signature. For function(x: number) 1, the arrow returns nullable number, matching runtime metadata; the call refinement returns exactly 1. Only the arrow participates in instance of. Calling the function can use the refinement without claiming that the value has a non-null result signature. Literal closures keep this distinction when stored in a list or context. The observable signature comes from kind-only analysis in the written environment and stays fixed across analysis tiers, call specialization and optimization (D-219). Full analysis makes this additional bounded pass only when the expression contains function literals. Each pass retains the callable reanalysis budgets described in section 5.5. Private AST occurrence keys distinguish functions independently of their spans, so embedded trees with coincident spans do not share signatures.
For v: Any bound to 5, (if v instance of number then (function() v) else (function() 1)) instance of function<> -> number is false in both tiers: the selected closure's written result signature is Any. Calling that closure still returns 5; full analysis can keep its numeric call result. Runtime signature inspection, callback acceptance and result-check removal must not substitute that call fact for the observable arrow.
The guarded-recursion contract also applies to scope-declared functions and function values. Structural recursive call bounds are not observable signature proofs. When runtime signatures overlap, their possible results remain alternatives; projection does not turn each signature's result into a simultaneous call guarantee.
Public projection preserves a parameter's outer non-null mark and checks that the projected domain is within the original domain. If that check cannot be established, the whole function projects to Any. Union.erase_sets/1 follows the same variance rule: a parameter that would become broader makes the arrow fall back to the internal :function kind; result refinements can be widened normally.
4. The internal type against the lattice
		The lattice	The union
	Question it answers	may this operation be applied? what does instance of say?	what can this expression's value be, exactly enough to act on?
	null	in every type	explicit, absent unless possible
	Join	conservative common supertype: number ⊔ string = Any; no general leastness promise	combined alternatives: number | string, subject to normalization
	Meet	always Null for two different kinds	Union.intersect/2: the values in common, set by set; Never if there are none
	Bottom	Null, under every type	Never, []: the type of code that cannot run (3.1); [:null] is not under [:number]
	Difference	none	Union.difference/2: what is left, kind by kind (Any except number), and a kind with parts less some of it (Any except list<number | Null>)
	Information about values	none	intervals, string sets, booleans, images of temporal values
	Records	open, structural	open for declarations, closed for literals
	Functions	one arrow, contravariant in the parameters	observable signature bounds plus call refinements; built-ins, literal closures and recursively declared results can use overloads (3.5)
	Why a result is null	not asked	an info that names a pair of values that cause it (5.2)
	Relations	conforms?, mutual-conformance equivalent?, conservative common-supertype join	subtype?, intersect, difference, restrict, contains?; each needs its own approximation contract
	Reaches the caller	yes, Feel.type/1	no
	Correctness obligation	implement the specified declaration meaning	results need upper bounds; certain inputs need lower bounds; proofs need valid premises (section 6)

The conversion loses information in both directions, which is why the union is for inference and the specification's type for everything else. Going out, to_spec([:number, :string]) is :any, and to_spec([:number]) is :number, which in the lattice also includes null. Going in, from_spec(:number) is [:number, :null], a null that may not be there.
A declaration has a specified meaning independent of the code translating it. Analysis facts may approximate that meaning, but their direction depends on the consumer. Neither the declaration implementation nor the inferred union is correct merely because its own membership and normalization procedures agree.
5. What the analyzer does with the types
5.1 Inference
Feel.Analysis.Inference types each operation by typing every pair of alternatives, one from each operand, and joining the results. [:number, :null] + [:number] is the pair number + number (number, or null on overflow) and the pair null + number (null). For numbers the operation runs on the sets: Feel.Analysis.Intervals gives the interval of what + - * / can produce, and says whether null is possible for lack of range (overflow past decimal128, a zero divisor, a result too small to write). The ends of a result are computed by the runtime's own arithmetic, so the rounding to 34 digits is the run's, and the ends are always included, which can only make a set larger.
The same expressions for names that are plain numbers, and for names whose scope declares allowed values (age in [0..150], d in [1..10]):
	Expression	no allowed values	with the allowed values above
	age	number | Null	number in [0..150] | Null
	age + 1	number | Null	number in [1..151] | Null
	age * 2	number | Null	number in [0..300] | Null
	age > 200	boolean | Null	boolean = false | Null
	age < 200	boolean | Null	boolean = true | Null
	100 / d	number in [-max..-1E-6143], [1E-6143..max] | Null	number in [10..100] | Null

The last row shows the hole at zero that the divisor's set leaves (the bounds are abbreviated here: they are -max, 1.000…E-6143 with 34 digits, and max), and that a divisor whose set does not contain zero adds no Null of its own. The \| Null that remains is the name's: a bound d may be null.
An operand that has no order (a boolean, a list, a range, a context, a function, or a term that is no value of FEEL) is null for the four orderings whatever the other operand is, and so against Any, Any | Null and a named type (D-196): the run takes a pair of one such kind as an error, a pair of kinds that differ as a mismatch, and a null as null, so true < v and true <= v are Null (a mismatch, with a warning) for every v. The pairs are typed one by one, as ever, so a union is Null only if every pair of its alternatives is (number | boolean against Any is boolean | Null: the number can be above or below). OrderingKindsTest checks this against the runtime's table for every pair of kinds. The supported interpretation follows the domain table rather than using the alternative formula a <= b as a < b or a = b outside the ordered kinds. That formula would make true <= true true; both runtime and inference instead give null (D-196).
An operand of a kind that an arithmetic operator has no operation for is null whatever the other operand is, Any, Any | Null and a named type included (D-203), for the same reason: the run takes a pair with it as a type mismatch (and a null as null), so true + v, {a: 1} * v and [1] - v are Null (a mismatch, with a warning) for every v. A boolean, a list, a range, a context, a function and a term that is no value of FEEL have no operation at all; a string has + and no other ("a" - v is Null, "a" + v is string | Null: the v that is a string); a date, a time and a date and time have + and - (d * v is Null); a duration has all but **; only a number has **. The kinds are what the runtime's table says, and ArithmeticKindsTest checks the types against it for every pair of kinds. A union is Null only if every pair of its alternatives is.
A kind that has an operation against one that is not known (D-203) is a value of the kinds that its pairs give with a kind of the unknown one, and null: the unknown one is a value of every kind, and the run gives a value for the pairs of kinds that the tables name only. So x + v is number | Null (a number is added to a number only), s + v is string | Null, d + v is date | Null, ym + v is date | date and time | years and months duration | Null (a years and months duration is added to a date, a date and time and a years and months duration), dd / v is number | days and time duration | Null, x * v is number | years and months duration | days and time duration | Null, and v + w is the seven kinds that have a +, and Null (v - w has six of them, v * w and v / w three, v ** w one). The type is the union over the kinds of the unknown one of what the pair of the two kinds gives, so it is never narrower than the run, and no wider than the kinds say; the set of values of the known operand does not cut it (x in [0..10] makes x + v the same number | Null).
A negation has one operand, so no other to say what v is, and the run negates a number and the two durations only (D-207): -v is number | years and months duration | days and time duration | Null, the kinds of a negation (a string, a date, a time and a date and time have none: -s is Null, as ever). One v read twice (below) is one value of one kind, and the run gives for a value against itself v + v a number, a string, a years and months duration or a days and time duration (two dates are not added), v - v a 0 of a number, of a years and months duration or of a days and time duration (a date, a time and a date and time minus themselves are a days and time duration), v * v a number (a duration times itself is not defined), v / v a number (a duration over itself is one), and v ** v a number, and null: it is the union over the kinds of the pair of that kind with itself, and not of the pairs of two kinds (v - w has the six kinds, for a date and a duration are a pair).
In full analysis, the pairs are of two values unless the operands are one value (D-170): a name read twice, a member of one, a local. age - age is 0, not the difference of two numbers of [0..150], d / d is 1 (and null for a d that is 0), age * age is not below 0, and age + age is 2 * age (a set with a gap in it does not add its intervals to each other):
	Expression	the two reads as two values	as one value
	age - age	number in [-150..150] | Null	number = 0 | Null
	d / d	number in [0.1..10] | Null	number = 1 | Null
	age < age	boolean | Null	boolean = false | Null
	age >= age	boolean | Null	boolean = true | Null
	p = p	boolean | Null	boolean = true
	v - v (v of type Any)	number | date | time | date and time | years and months duration | days and time duration | Null	number = 0 | years and months duration = P0M | days and time duration = PT0S | Null
	v + v (v of type Any)	the seven kinds that have a + and Null	number | string | years and months duration | days and time duration | Null
	ym / ym (a duration of years and months)	number in [-9999999999999999999999999999999999..9999999999999999999999999999999999] | Null	number = 1 | Null

For ym / ym, a non-null duration gives one only when its month count is nonzero and has magnitude less than 10^34. Larger magnitudes fail the runtime's numeric conversion, even though the formal quotient would be one. Inference keeps null for that failure and for zero; if every possible month count fails, the result type is Null. A non-null declaration alone does not eliminate those failures.
A duration with a set of values added to itself is twice a value of the set, as x + x is for a number: a duration that can be either one or six months gives two or twelve months for ym + ym, not also seven, and the seconds are the same (D-207). The core analysis tier keeps independent-operand types for repeated reads.
Unary-test lowering uses inferred kinds only when that preserves dynamic matching's meaning. A nullable scalar expression that reads ? keeps a null result as an unknown answer, so -? and if b then -? else [], with b true, both remain unsatisfied on null input with the original arithmetic diagnostic. A null literal and explicit ? = null keep ordinary equality (D-40, D-209). Inferred precision must not change which null rule applies.
The same holds for the orderings and for a declared context (D-170): a number, a string, a date, a time, a date and time or a duration is neither less than itself nor greater, and is less or equal and greater or equal, and an ordering with a null is null, so age < age is false or null, and k < k for a number! is false. A context is equal to itself whatever its entries are, an open one (a declared type) included, since the run answers true for a context that is the same term before it looks at an entry (D-168). A boolean, a list or a range has no order (b < b is a mismatch, as ever), and Any is not known to be a value of FEEL (v < v is boolean | Null).
A relation between two names is held by the bounds only: age that allows <= max age is cut by the highest max age there is, where the test reads max age as it is verified, so that the type of max age is true of what the test sees (D-170).
5.2 Why a result can be null
The analysis tries to explain a possible Null by finding operands that cause it (D-161). This search is bounded and incomplete; a remaining Null need not have a discovered witness. Take three names declared number!: a price p of at most two decimals in [0..1000] (? >= 0 and ? <= 1000 and round half up(?, 2) = ?), a whole quantity q in [1..99] (floor(?) = ?), and an r in [0..1000] with any number of decimals. p * q is number in [0..99000], with no Null, and p * r is not:
p * q    number in [0..99000]
p * r    number in [0..1000000] | Null
  info operand_near_zero: the result can be null: a result too small to write when p = 0.5 and r = 1E-6176
  hint: allowed values that keep p and r away from zero rule that out, for example a lower bound of 0.001
The info is given for an operation whose operands cannot be null themselves (a name that may be null has the Null of its own, and says nothing more), and its code says what would rule the null out (D-161): :operand_near_zero, :operand_too_large, :operand_unbounded, or :null_possible for the rest. The reasons are found by running the operation. Feel.Analysis.NullReasons takes the values at which an operation fails (Feel.Type.Witness.edges/2: zero, the smallest numbers there are, the ends of the sets, the largest number, the first and last day of the calendar), runs it on every pair, and keeps the first pair the run turns down for each cause:
	Cause	The run's code
	a division by zero	:division_by_zero
	a result too large to write	:overflow
	a result too small to write (a digit below 1E-6176, D-59)	:overflow
	no value for a power (a negative base to an exponent that is not whole)	:argument_out_of_domain
	an amount of 34 digits or more	:argument_out_of_domain
	a year out of the calendar	:date_out_of_range
	a zone on one operand only	:offset_mismatch

So a reason is a fact and not a guess: the pair is in the types of the operands and the run says null for it. A call of a built-in is searched in the same way (NullReasons.find_call/3, the code :null_possible, the function in details.function): the function is run on up to 256 combinations of edge values for a call, and 20,000 in an analysis. The search is sound and not complete (a cause whose values are not at an edge is missed); it also tests the sets from the other side, since a set that says null where no pair of edges does it is not exact there.
What takes the Null of a product away in the example is the grain of a number (D-161, step D): every number of a node is a multiple of 10^-d. A literal has its decimals, a name has the grain its allowed values say (round half up(?, 2) = ? is 2, floor(?) = ? is 0, modulo(?, 5) = 0, even(?)), a sum has the larger of its operands' grains, a product their sum, and floor, ceiling, round *, decimal, count and string length give theirs. A number of a grain is zero or at a distance of 10^-d from it at least, so a product of two with grains that add up to 6176 or less is never too small to write. The grain is a fact of the node and not a part of the type, as the length of a list is (D-193): a set of the multiples of a step is not an interval.
5.3 Narrowing
To inspect a bound, read the typed IR, rather than projecting it through the public FEEL type:
scope = Feel.Scope.new(%{"x" => :number})
{:ok, expression} = Feel.prepare("if x > 5 then x else 0", scope: scope)
Feel.type(expression) #=> :number
expression |> Feel.Expression.unoptimized_ir() |> Feel.IR.type() |> Feel.Type.Union.format()
#=> "number in 0, (5..max]"
The tables in the narrowing catalog use full analysis and enforcing declarations. Core analysis keeps broader bounds; runtime outcomes still follow the same contract. Preparation warnings describe inferred types and need not be identical between tiers. Runtime diagnostics and observable function signatures are covered by the separate tier-stability contract (D-219).
Feel.Analysis.Narrowing reads what a condition says about the names in it (D-194); narrowing.md has the rules, and a page for each kind of value. A fact is a function from the type of a name to the alternatives that are left, and it only ever takes alternatives away or makes a set smaller. After x > 5 is true, x is a number above 5 and not null; after y != 0, y is not 0. Facts come from comparisons, between, in, instance of, a name that is a whole condition, and and / or, which meet and join the facts as the logic does. They hold in the branches of an if, in the right operand of an and or an or, and for a path (p.age) and for a local (D-65, D-193).
x > 5 and x < 3                            boolean = false | Null          x < 3 is read with x above 5
if x > 5 then x else 0                     number in 0, (5..max]           the then-branch above 5, the else a point
if x != 0 then x else null                 number in [-max..0), (0..max] | Null
if s != "a" then s else null               string except "a" | Null
if n != 5 then n else null                 number in [0..5), (5..10] | Null          n allowed in [0..10]
if v instance of number then v else 0      number                          v is Any; a null is not a number
if x != null then x + 1 else 0             number                          never null: x + 1 cannot overflow
if x between 1 and 10 then x else null     number in [1..10] | Null
if p.age > 18 then p else null             context<age: number in (18..max], name: string | Null> | Null
The last line is the narrowing of a path: the fact is about p.age, and it shows up in the type of the context p. A comparison of an operation is read backwards by Feel.Analysis.Preimage (D-122): x + 1 > 5 leaves x above 4, and n + m > 150 for m in [0..100] leaves n above 50.
A comparison of a call of a built-in leaves, for an argument of type Any, the kinds for which the rule of the call gives a value of the kind the other side has, taken kind by kind with a function and a term that is not a value of FEEL among them (D-155): a list function makes a list of any value, so append(v) != null leaves Any, a function too, and a type that left it out was a check the optimizer then took away.
A condition that is decided removes a branch. A branch in which a read finds that the facts leave its name no value is out of the type of the if (D-152), and gets an unreachable_branch warning with the span of the branch (D-173; if floor(x) = 2.5 then x else 7 is number = 7); a condition whose own type is decided gets a decided_condition warning, which says it for the condition, so the two never say the same branch. Neither is said for a constant condition (if true), which is how a branch is switched off. A branch that is taken out cannot run, so every node in it is Never (D-173), and not the type it was given under facts that no run has. The body of a for, some or every over a list that is known to have no element never runs either, and its nodes are Never (D-170, every i in [] satisfies i > 2), and so are the domains after a domain that has none, which a loop does not read (D-170, for i in [], j in null return j is the empty list):
if x < 4 then (if x > 5 then x + 1 else 0) else 1        number in 0, 1
  if x > 5 then x + 1 else 0                              number = 0
    x > 5                                                 boolean = false      x is number in [-max..4) here
    x + 1                                                 Never                and so are x and 1 in it
    0                                                     number = 0
The branches:
if n > 10 then 1 else 2            number = 2        warning: the condition is never true; the then branch never runs     (n in [0..10])
if v instance of list<number> then 1 else v     Any except list<number | Null> | Null          (v is Any; the else is a kind less some of it, 3.5)
A branch that reads none of the names its facts are about stays in the type, unless its condition compares a call of a rounding function, exp or log (if floor(x) = 2.5 then 5 else 7 is number = 7, D-194): applying the facts at every if costs 20 to 65 per cent at the least, and the comparisons that the facts say more of than the types are those of such a call.
The shape of the algorithm is the shape of abstract interpretation: sets of numbers are an interval domain, the arithmetic of Intervals is its transfer function, the cap of 16 intervals is a widening, and Preimage is the backward transfer function used to refine a condition. One place does it by the book. In for i in 0..4 return if i = 0 then 1 else i * partial[-1], the type of partial (the results so far) depends on the type of the body, which depends on partial, so the analyzer iterates to a fixpoint: it starts from a list of nothing, types the body, takes what the body can be into partial, and types again until the body is within it. From the second round on the sets of values are given up, because i * partial[-1] never stops growing, and after the third round the results are Any (partial_fixpoint and widen in analyzer.ex).
5.4 Declarations: what a scope says
A Feel.Scope gives the names their types and says what a bound value has to satisfy. An allowed value is the source of a list of unary tests, as in the allowedValues of a DMN item definition, and a type constraint the same for the value as a whole (for a list, count(?) > 0 is for the list, where allowed values are for each element, D-51). A unary test is a condition of ?, so a constraint narrows by the rules of the narrowing pages (D-161, step A): ? * 2 < 100 as an allowed value narrows as x * 2 < 100 does in a condition. Both can be given for a member of a value by a subject {name, steps}, where a step is a key of a context or :each for the elements of a list (D-161, step E), and a source may be a list of texts that all hold:
scope = Feel.Scope.new(
  %{"person" => {:context, %{"age" => :number, "name" => :string}},
    "orders" => {:list, {:context, %{"total" => :number}}},
    "grid" => {:list, {:list, :number}}, "xs" => {:list, :number}},
  allowed_values: %{
    {"person", ["age"]} => "[0..150]",
    {"orders", [:each, "total"]} => "[0..1000]",
    {"grid", [:each]} => "> 0"},
  type_constraints: %{"xs" => "count(?) > 0"})
	Expression	Type
	person	context<age: number in [0..150] | Null, name: string | Null> | Null
	person.age + 1	number in [1..151] | Null
	orders.total	list<number in [0..1000] | Null> | Null
	grid[1][1]	number in (0..max] | Null
	xs	non-empty list<number | Null> | Null
	count(xs)	number in [1..max] | Null

The run makes the types true (D-138): when it starts it checks the bound value of each name the expression reads, and a value that a test does not accept is null with a :value_not_allowed error, null itself being exempt. For a member the first one that is not allowed makes the whole value null, and the error says which: the value of "orders[3].total" is not one of its allowed values. A name declared ! ends the run instead. What a run does with a value that does not fit, and whether the constraints narrow the types, is the stance (:declarations, D-138; section 6). Feel.ItemDefinitions.scope/2 makes a scope from the item definitions of a model, with the constraints of each definition, of its components and of a collection's elements.
The declared type of a name may be a negation or a union (section 2, D-178). The stances treat it as any other: :enforce and :enforce_wide convert the bound value or make it null with a :type_mismatch, :audit and :report leave it and report it, :trust and :ignore rely on the host. With x declared Any except number, x + 1 is Null with a type_mismatch warning, where Any gave Any | Null, and if x instance of string then x else null is string | Null; with u declared number | string, u + 1 is number | Null and if u instance of number then u + 1 else 0 is number. The allowed values of such a name are enforced and do not narrow it (5.7).
5.5 Calls: built-in functions and functions of FEEL
A call of a built-in function starts with the type its signatures give (result kinds and Null), refined by a result rule (D-161, step C): Feel.Analysis.Images has a module for each family (booleans, contexts, conversions, lists, numbers, ranges, strings, temporal values), each registered built-in has a rule, and each rule is held to the run on the values at the edges of the types of its arguments (Feel.ImageCheck). These tests check containment and selected null witnesses on the exercised inputs; they do not establish exact result sets for every argument combination.
string length(s)                       number in 3, 4, 5 | Null          s allows "red", "green", "blue"
upper case(s)                          string in {"BLUE", "GREEN", "RED"} | Null
not(b)                                 boolean                            b is boolean!
abs(k)                                 number in [0..5]                   k is number! in [-5..3]
date("2024-05-01") + duration("P1D")   date = 2024-05-02
A comparison of a call narrows its arguments by their kinds, for every built-in with a rule: string length(s) > 0 leaves the strings but "" (if string length(s) > 0 then s else null is string except "" | Null for a s that has no allowed values, and for a v of Any the same with the lists: string except "" | list<Any | Null> | Null).
A function of FEEL has a type: function(a: number, b: number) a + b is function<number | Null, number | Null> -> number | Null. A call of one written in the expression, called at once or through the key of a context, is typed by analyzing its body again with the types of the arguments (D-193), so (function(a: number, b: number) a + b)(n, 1) for n in [0..10] is number in [1..11] | Null. That goes no deeper than three calls, and a call that repeats an earlier one has its type. A name declared with a function type is typed by its arrow, which knows nothing of the sets (f(n) for f: function<number> -> number is number | Null). A call with another number of arguments is Null with an arity_mismatch warning when the actual function values are known from syntax or the built-in registry; through a function or overload type alone it starts at Any | Null, since recorded arrows may omit signatures (ceiling takes a scale, D-171). The same applies when recorded arrows have the right arity but do not cover every argument's domain: another same-arity signature can succeed. Applicable call refinements can still narrow the result. Linked recursion carries separate single-signature callee evidence. Members are prepared again with their original settings before link signatures are probed; only the peer bindings constructed by Feel.Recursion receive this evidence, and local shadowing does not inherit it. Thus a self-call with an Any argument can keep its declared numeric result without treating a host extension's partial signature list as complete. Completeness is a fallback beside closure identities: discovery through contexts, list indexes, conditionals and iterator domains still specializes known literal bodies for their arguments. Forwarded containers prefer their retained shapes over compact completeness. Named calls of complete peers keep the written result or Null when they supply at most the parameter count; more names give Null. Omitted parameters can be null, while unknown or duplicate names still fail runtime binding. Names are not inferred from the arrow type. Context-entry containers retain completeness before aliases are bound, even when their detailed shapes exceed the 32-entry limit. If a known literal cannot be specialized because the three-call depth or source budget is exhausted, its marked complete signature still bounds the call. This uses its written result and possible null, without further specialization or treating an ordinary host declaration as complete. Descendant selection preserves this evidence when every function contained in the source is known complete: ({g: f}...g)[1](n - 1, v) retains a linked peer's result bound just as an ordinary path does. Partial host functions and unknown containers do not acquire completeness from their declared arrow types. A function that a call gives and that its body writes is the overload of the arrow as it was written, with the arrow typed for the arguments of the call as a refinement (D-171). Literal functions use this signature/refinement separation from their first analysis; the check-bypass example is kept as a regression. A built-in function with several observable signatures, used as a value, is an overload (3.5; not, count and upper case are plain function types). abs does not itself satisfy function<number> -> number, but declaration conversion can select its numeric signature and produce a function enforcing that contract (D-197). For a call without that conversion: (function(h: function<Any> -> Any, ys: list<number>) for x in ys return h(x))(abs, xs) is list<number in [0..max] | Null> | Null, since abs has a refinement for numbers (the other overloads, such as floor, give list<Any | Null> | Null there). Returned containers can still lose built-in call summaries, so {fs: (function() [abs, floor])(), r: fs[1](n)}.r is Any | Null. This is separate from keeping literal FEEL closures' signature/call distinction inside their types. A written list or context bound to a name also keeps known functions beside its type (D-193). There are no type variables, and a function written in FEEL has no declared result type.
A returned list or context still does not preserve every nested callable shape. For a newly created function inside such a container, call analysis restores the written parameters and an Any | Null result. Matching an arrow in an argument or unrelated entry is not proof of identity. It must not export a specialized body arrow as observable metadata (D-203). Nested overload arrows participate in this fallback too. Callable precision beyond the retained shapes remains open work.
Named calls through function types are Any | Null, since parameter names and the complete signature list are absent. Known function values still use their own binding rules. Callee identities passed to a parameter are retained only when conversion cannot replace the function: restricting abs to its numeric signature changes which calls it accepts. Specialized closure arrows are call facts; equality with an argument's arrow does not prove that the same function was returned. Alternative returned function signatures remain a union; combining them into an overload would incorrectly require every signature. Ambiguous alternatives keep their broader written types. Section 2.7 states the reader rules and the conservative precision tradeoffs.
A callee that says which function it is is not typed by its type but by the functions (D-193). The node of the callee is a key of a context literal, an item of a list literal or a branch of an if, and it is read (Feel.Analysis.Callees): each function literal in it is analyzed again for the arguments as one written at the call is (D-193), each built-in function is typed as its call by name would be (the rule of its family, above), and the call is any of them, null too where the callee or an argument may not fit. So {g: function(a) a * 2}.g(x) and [abs, floor][1](x) are number | Null (they were Any | Null), (if b then abs else ceiling)(age) is number in [0..150] | Null for an age in [0..150] (it was number | Null), and (if b then function(a) a * 2 else function(a) a + 1)(3) is number in 4, 6. At most 4 alternatives are read, and 64 KiB of function source are analyzed again for them in one analysis; past either the call is typed by the type of its callee.
A name keeps the functions too (D-193). The analysis keeps what it knows of a list or a context that a name is bound to beside its type, in the shapes of its structure (D-193: the shape of each item and of each entry), and the shape has the functions that the node of the item or entry says (callees). So {fs: [abs, floor], r: fs[1](x)}.r, {c: {g: function(a) a * 2}, r: c.g(x)}.r and fs[1].g(3) for a list of contexts are read from the name as they are at the call, four deep; the iterator of a for, some or every over a list of functions is any of them (for f in [abs, floor] return f(x) is list<number | Null>), and a parameter that a call gives an if, an item or a key of functions is any of them ((function(f: function<Any> -> Any, y) f(y))(if b then abs else ceiling, x) is number | Null; it was Any | Null). The shape is not part of a type, so the functions are not lost to D-152.
A call that gives a function says which (D-193): the body of a function that is analyzed again for a call says what it gives when it is a function written in it, an if of them, a name that has them or a call that gives them, and the node of the call keeps it beside its type (callees). So {g: function(a) function(c) a + c}.g(1)(2) is number = 3 through a key, a list item, an if, a name or a parameter, as (function(a) function(c) a + c)(1)(2) was, and a call that gives a value that may not be a function is typed by its type. A list or a context literal that is selected from more than once ({fs: [abs, floor]}.fs[1](x)) and a parameter that is given a list or a context of functions ((function(fs) fs[1](x))([abs, floor])) are read as a name that holds the value is.
5.6 What the types are used for
Diagnostics, for what is certain. An operation is a :type_mismatch warning at prepare/2 only when every pair of alternatives without a null operand is a mismatch. A null operand excuses a pair, and a mismatch that only some pairs have is not reported.
	Source (x a number, v any, b a boolean)	Type	Warnings
	1 + "a"	Null	type_mismatch
	x + "a"	Null	type_mismatch
	b + v	Null	type_mismatch: a boolean has no +, whatever v is (D-203)
	v + 1	number | Null	none: v is a number or not, and a number is added to a number only (D-203)
	(if b then 1 else "a") + 1	number = 2 | Null	none: only one pair is a mismatch

Preparation warnings and runtime diagnostics serve different purposes. A statically impossible built-in call is typed as Null and may warn using the inferred argument types. It keeps ordinary runtime validation, whose error message and details describe the actual values. They agree across analysis tiers, including in strict mode. Structural call errors such as invalid arity instead carry a fixed diagnostic in the IR. Preparation warnings themselves are allowed to differ across tiers.
The optimizer (D-45) removes a runtime check when the type has already settled it. The scope's declarations become wrapper nodes around the expression (allowed, conform, ...); after optimizing, the ones that the types prove are gone:
	age in [0..150], expression age + 1	Analyzer's root	Optimized root
	result allowed [1..151]	allowed	the allowed check is dropped
	result allowed [0..100]	allowed	kept (age + 1 can be 151)
	result type number	conform	the conversion is dropped
	result type string	conform	kept
	1 + 2, result type number	conform	a constant: 3

Folding. A pure operation on constants is evaluated, and full analysis can keep its exact value (number = 3), so most constant sub-expressions fold away before a backend sees them.
Decision tables. Feel.Rules asks of a table whose entries are unary tests whether the rules cover the inputs, overlap, or are dead, and the interface distinguishes proved, refuted with an input, and unknown (Feel.Type.Verdict, D-158). A rule is bounded from outside by the inputs it may match and from inside by the inputs it certainly matches, both as types, and a column has the type of its input (one narrowed by its allowed values, for instance). Numeric certainty keeps bounded subsets instead of filling gaps; string certainty drops information at its point budget. The former 17-point false coverage, overlap and deadness claims are now regression tests. Unsupported proofs may remain unknown; witnesses are not yet universally checked against the original unary tests. DMN adapts prepared wildcard entries to their effective inputValues, and keeps cells depending on model/local bindings, filter fields, aliases, dynamic lookup, extensions or indirect calls unknown. The original unit's named types are preserved through the queries' optional types: map, including resolved or folded instance of tests. Standalone Feel.Rules callers must supply those type definitions and effective tests or explicit :unknown cells; that API cannot reconstruct a DMN or lexical scope from text. See DMN's table-checking contract.
For a standalone proof using a named type, supply its definitions explicitly:
columns = [{"x", Feel.Type.Union.of_value(Decimal.new(1))}]
rules = [["if 1 instance of N then 1 else 2"]]
Feel.Rules.coverage(columns, rules, types: %{"N" => :number}) #=> :covered
These diagnostics concern the supplied abstract column domains, not reachability through upstream model decisions. Silence is not a coverage or disjointness proof: a query can be unknown, skipped for table size, or contained by its time/memory guard. Rule-output narrowing is a separate consumer that analyzes an output assuming its entry matched; unknown table proofs do not justify eliminating that output or its runtime checks.
String alternatives are combined with bulk union, and negated lists with bulk intersection, before applying the lower-bound point/exclusion budget. Intervals do not count toward that budget; a fold over a growing interval set would repeat sorting and intersection work without reaching the cap. Scaling regressions measure process reductions on positive and negated lists of disjoint intervals.
The audit. Feel.Paranoid.run/3 (D-159) runs the IR as the analyzer made it, with nothing taken out, and checks for every node that its value is in its type with Union.contains?/2; it also compares optimized execution. Result and error comparisons include every diagnostic field, in order, using recursive value equality for embedded decimals, contexts and functions. FEEL functions compare by signature metadata with their implementation closures ignored; equal metadata does not establish equal behavior. A shared membership bug can still escape the monitor.
The types therefore change what runs. An unsound type in this library is not a missed warning: it is a check that was removed and should not have been. This is why the correctness assessment distinguishes precision losses from invalid proofs and execution changes.
5.7 Current limits
The assessment distinguishes the contracts that are kept from remaining precision and verification work. Nested normalization, observable signatures, parameter projection and certainty construction now preserve the contracts described above. This does not complete the audit of every proof consumer, aggregation path, declaration assumption or observable effect.
The analysis also deliberately loses information: it has no general polymorphic type schemes or relational solver; cardinality, grain, temporal inverse rules and callable summaries are partial and bounded. Host declarations can express unions and negations that expression syntax cannot write. Non-null result constraints are rejected. Recursive item definitions default to rejection. The explicit recursive: :guarded mode keeps a finite graph and validates every finite descendant and component constraint. Cycles must consume a context member or list element and cannot cross a function signature. Analysis uses a structural upper approximation with a shared 256-node projection budget, which cannot justify recursive check removal or subtraction from a negative branch. Complete recursive subtyping and inference remain unsupported. The legacy recursive: :any mode is still explicitly approximate and does not validate the full recursive structure.
Use the narrowing catalog for concrete precision cases and the maintained backlog for open work. The decision record explains current choices; Git keeps earlier limits and implementation stages.
6. Keeping it sound
Under valid assumptions, an inferred possible-result type must contain every returned value. Making such a positive bound larger sacrifices precision. The same direction does not apply unchanged to certain rule inputs, negative positions or observable effects. The assessment states the obligations and lists the remaining audit work.
Representation budgets bound selected work: numeric/temporal intervals, finite strings, structural exclusions, overloads and callable reanalysis all have caps. Replacing a positive bound by its hull can be safe locally while complementing that hull is unsafe. Shrinking a fact alone does not prove it valid, and failure of subtype? can mean the algorithm could not establish inclusion.
The test evidence comes from complementary checks:
	Evidence	What it exercises
	Operator, image and narrowing tests	Runtime values against inferred bounds on selected operands and bindings
	Construct suite and documentation tables	Recorded precision examples and identified gaps
	Type algebra tests	Selected subtype, conformance, arrow, exclusion and composite laws
	Feel.Paranoid and generated sweeps	Membership at monitored IR nodes and prepared-result agreement on finite grids
	DMN audit and rejected-declaration sweeps	Monitored units, chained optimized results and values rejected by embedded constraints
	Mutation checks	Handwritten wrong rules and generated changes, with survivors requiring review
	Backend, tier and optimizer comparisons	Complete returned outcomes and diagnostics; the tier sweep compares core/unoptimized with full/optimized interpreter execution in strict and lenient modes, complemented by focused tests on both backends
	Specification, decimal128 and TCK fixtures	External examples and references with explicit provenance and accepted deviations

The sweeps share membership code with the analyzer; that limits their independence. Mutation checks probe selected blind spots, but neither passing tests nor unchanged precision establishes a theorem. The open obligations gives stronger acceptance criteria, including independent oracles and cap/variance boundary tests.
Declaration assumptions also matter. With :enforce, the runtime checks declarations and converts or rejects invalid bindings through the declared conformance/conversion boundary. :trust and :audit narrow without enforcing, so the host must supply valid values for those inferences to hold. :enforce_wide checks without allowed-value narrowing; :report and :ignore do not narrow by allowed values, but still assume declared kinds. An optimization justified by an unchecked assumption inherits that assumption.
7. Where to read more
	Topic	Where
	The lattice	type.ex, type/conformance.ex, type/instance.ex, type/conversion.ex
	The union	type/union.ex
	The sets	type/number_set.ex, type/string_set.ex, type/image.ex, type/moment.ex
	Inference	analysis/inference.ex, analysis/refinement/operations.ex, analysis/intervals.ex
	A kind less some of it, functions	type/except.ex, type/arrows.ex
	Why a result is null, and the grain	analysis/null_reasons.ex, type/witness.ex, analysis/grain.ex
	The result of a built-in	analysis/images.ex and the modules under analysis/images/ (one for each family), held to the run by test/support/image_check.ex
	Calls of functions	analysis/calls.ex, analysis/invocations.ex
	Declarations	scope.ex, analysis/allowed_values.ex, analysis/declarations.ex, runtime/allowed_values.ex, item_definitions.ex
	Decision tables, and the audit	rules.ex, type/verdict.ex, paranoid.ex
	Narrowing	analysis/narrowing.ex, analysis/preimage.ex, analysis/test_sets.ex
	The optimizer	optimizer.ex
	Decisions	Current choices and rationale, organized by values, syntax, runtime behavior, declarations, analysis and compiler boundaries



  

    Narrowing a name of any type

Narrowing › Any. The names in the examples are those of section 2.
A name whose type is not known (a name of type Any, or one that the scope does not have, which is looked up when the expression runs) has the type Any | Null. Any in a union is every value that is not null, so the type is "any value" and a condition is the only way to say more. Any is the union of the kinds of value (Feel.Type.Union.tops/0, D-39): a boolean, a number, a string, a date, a time, a date and time, the two durations, a list, a range, a context, a function, and what is not a value of FEEL at all (a term that the host binds, which the run treats as a value of an unknown kind). A condition takes kinds out of it, and what is left is written Any except number.
A fact narrows Any kind by kind: to the kinds that the condition can be true for, each with the set the condition leaves of it (Feel.Analysis.TestSets, D-194). A comparison of v with a value of a known kind is true or false only for a value of that kind: v > 5 is true for a number, and null for a string or a boolean, so the then branch of v > 5 is number in (5..max].
Comparisons and tests
	Condition	v when true	v when not true
	v > 5	number in (5..max]	Any except number in (5..max] | Null
	v >= 5	number in [5..max]	Any except number in [5..max] | Null
	v < "m"	string in (.."m")	Any except string in (.."m") | Null
	v = 5	number = 5	Any except number = 5 | Null
	v != 5	number in [-max..5), (5..max] | Null	Any except number in [-max..5), (5..max]
	v = "a"	string = "a"	Any except string = "a" | Null
	v > "a"	string in ("a"..)	Any except string in ("a"..) | Null
	v between 1 and 10	number in [1..10]	Any except number in [1..10] | Null
	v in [1..10]	number in [1..10]	Any except number in [1..10] | Null
	v in ("a", "b")	string in {"a", "b"}	Any except string in {"a", "b"} | Null
	v > 5 or v = "a"	number in (5..max] | string = "a"	Any except number in (5..max], string = "a" | Null
	v > 5 and v < 3	—	Any | Null

	The then branch is exact for the kind the other side is. v != 5 is true for a number other than 5, and for null (null != 5 is true); not for a string, which gives null (a different kind).
	An or is the union of the kinds. v > 5 or v = "a" is a number above 5, or the string "a".
	The else branch of a comparison is Any minus what the comparison is certainly true of (D-194). v > 5 is certainly true of the numbers above 5 and of no value of another kind (it is null for them), so what is left is every kind except those numbers, the numbers that are not above 5, and null: Any except number in (5..max] | Null. v != 5 is certainly true of a number other than 5, so Any except number in [-max..5), (5..max] is left (the 5, and every other kind). A comparison with something that is not one value of a kind (a name, a range) is certainly true of nothing, and leaves Any | Null.


null
	Condition	v when true	v when not true
	v = null	Null	Any
	v != null	Any	Null
	v instance of Null	Null	Any

Booleans, lists, contexts
	Condition	v when true	v when not true
	v	boolean = true	Any | Null
	v = true	boolean = true	Any except boolean = true | Null
	v = false	boolean = false	Any except boolean = false | Null
	v = [1, 2]	non-empty list<number in 1, 2>	Any | Null
	v = {a: 1}	context<a: number = 1>	Any | Null
	v.age > 5	context<age: number in (5..max]>	Any | Null

An equality with a list or a context is true only for one of the shape of the other side, part by part (list, context). A path v.age makes v the kinds that have an entry (context).
instance of
v instance of T is the meet of Any and T in then (Union.intersect/2, D-194), and never null unless T is Null. In else it is Any minus T (Union.difference/2, D-39): Any is taken apart into its kinds and each loses the part that T covers, so a chain of instance of ends in the kinds that are left, not in Any:
	Condition	v when true	v when not true
	v instance of number	number	Any except number | Null
	v instance of string	string	Any except string | Null
	v instance of boolean	boolean	Any except boolean | Null
	v instance of list<number>	list<number | Null>	Any except list<number | Null> | Null
	v instance of context<a: number>	context<a: number | Null>	Any except context<a: number | Null> | Null
	v instance of range<number>	range<number | Null>	Any except range<number | Null> | Null
	v instance of function<number> -> number	function<number | Null> -> number | Null	Any except function<number | Null> -> number | Null | Null

A kind that has no value set (a list, a range, a context, a function) is taken out in part when T is not the top of the kind: list<number> is not the lists, and what is left of Any is the lists that are not lists of numbers, written Any except list<number | Null> (a kind minus part of it, Feel.Type.Except, D-152). The kind that T is the top of is taken out whole: v instance of list<Any> leaves Any except list. A repeated test is then decided: once v instance of list<number> is false, v instance of list<number> is false (a decided_condition), and a second test takes a second piece out (Any except list<number | Null>, list<string | Null>).
	Expression	Type	Warnings
	if v instance of number then 0 else v	Any except number in [-max..0), (0..max] | Null	—
	if v instance of number then null else if v instance of string then null else v	Any except number, string | Null	—
	if v instance of number then null else v + 1	Null	type_mismatch
	if v instance of number then null else v = 1	boolean = false | Null	type_mismatch
	if v instance of number or v instance of string then null else v	Any except number, string | Null	—

The last kind that is left is a value that is not a value of FEEL, and the kinds that take part in an operation are the ones that it is defined for: v + 1 for a v that is not a number is a mismatch whichever kind it is, which the analysis now sees, where Any kept every pair open. A union that has every kind is Any again (Any except number and a number are Any), so the types of the two branches of an if join into the one that holds both.
The other side of an operation is Any too, and the kind of the operand that is known can decide it alone (D-203): true + v, [1] - v, s - v and d * v are Null for every v, where x + v is number | Null and s + v is string | Null, the kinds that their pairs give (D-203), and -v is a number, a duration or null (D-207); null has the rows.
Where a function may be accepted
A function of any parameters is a kind of its own in the union (:function, D-39), and the then of a comparison keeps it where the comparison could be true for a function: = against something that may be a function, and != against that or against something that may be null. A term that is not a value of FEEL (:foreign) stays only where the other side is not known, or for != where it may be null; next to a value of FEEL it is a type mismatch, which is null.
	Condition	v when true	v when not true
	v = f	function | Null	Any | Null

An ordering never accepts a function, so v > 5 leaves the numbers. (Until D-152 the then of v = f was Any \| Null, because there was no type for every function.)
The other side is not known
If the other side's type is not known, there is nothing to cut with: x > v leaves x a non-null number and no more (null). A comparison with a name whose kind is known cuts, as with a constant.
Used in a call
A narrowed Any is what makes a call's arguments checkable: if v instance of string then abs(v) else 0 types v as string in the call, and abs takes no string (overloaded functions).
A call in a comparison
A comparison of a call of a built-in with a value is not true of a call that is null (D-194), so in then an argument of type Any is limited to the kinds for which the call gives a value of a kind that the other side has (D-170). Any is taken kind by kind, and a function and a term that is not a value of FEEL are two of the kinds (D-155): the rule of the call (Feel.Analysis.Images) says what it gives for each. A parameter that is a list takes any value as the list of it (section 10.3.2.9.4), so a list function is a value for a function as it is for a number, and append(v) != null leaves all of Any; upper case(v) = "A" is true of a string and of a list of one string, and of no function; string(v) = "a" is true of every kind that has a text, except a function and a term that is not a value of FEEL, for which string is null.
	Condition	v when true	v when not true
	append(v) != null	Any	Any | Null
	index of(v, 1) != null	Any	Any | Null
	sum(v) > 5	number | list<Any | Null>	Any | Null
	upper case(v) = "A"	string | list<Any | Null>	Any | Null
	string(v) = "a"	boolean | number | string | date | time | date and time | years and months duration | days and time duration | list<Any | Null> | range<Any | Null> | context<>	Any | Null
	sort(xs, v) != null	function	Any | Null

The function is left only where the call takes it: sort(xs, v) takes a function of two parameters in place of v, and leaves function (of any parameters, which a type has no other way to write); v as the list of a call that makes a list of it is Any. The operations and the number functions (abs(v) > 0, v + 1 > 5, number functions) take numbers and lists of one number, and leave neither a function nor a term that is not a value of FEEL.
See also: null, number, string.


  

    Narrowing a boolean

Narrowing › boolean. The names in the examples are those of section 2.
A boolean alternative is the bare kind, true or false, or a single value: boolean = true, boolean = false. There is no interval and no order, so a boolean has the smallest sets of any kind, and the narrowing is mostly about which of the two values a branch leaves and whether null stays.
A boolean also has a role that the other kinds do not have: it can be the whole condition. if b then … is a fact about b: it is true in then, and anything else in else (false or null, since if takes the else branch for every value except true).
A boolean as the condition, and compared
	Condition	b when true	b when not true
	not(b)	boolean = false	boolean = true | Null
	b	boolean = true	boolean = false | Null
	b = true	boolean = true	boolean = false | Null
	b = false	boolean = false	boolean = true | Null
	b != true	boolean = false | Null	boolean = true
	b != false	boolean = true | Null	boolean = false
	b = b2	boolean | Null	boolean | Null
	b < true	—	boolean | Null
	b > false	—	boolean | Null
	true < b	—	boolean | Null
	b <= true	—	boolean | Null
	b instance of boolean	boolean	Null

	b alone is the same as b = true: true in then; in else the value is false or null.
	b != true and b != false are true for null as well (null != true is true), so Null stays in then and is removed from else, where the comparison is certainly false.
	b = b2 says little: b2 can be null, and two nulls are equal.
	Booleans have no order. Table 55 of the specification lists no boolean, and what is outside the domain of an operation is null, so b < true is a type mismatch: null for every value, and never true. The then branch cannot be taken, and the else branch is taken for true and false as much as for null, so b is as it was there. (An earlier version left only Null, and if b < true then 1 else b was typed Null where the run gives true.)
	<= and >= follow the same ordered-kind restriction (D-196). The specification also gives the formula e1 < e2 or e1 = e2, which would make true <= true true. The supported interpretation follows the domain table: all four operators are typed Null with a type_mismatch warning, including when the other operand is Any (true <= v). The then branch of b <= true is unreachable.
	Booleans have no arithmetic either: + - * / ** and a negation are not defined for one, so b + 1 is a type mismatch, and b + v and v ** b are Null with a type_mismatch warning for every v, a name of type Any included (D-203; see null). A condition that contains one, b + v > 1, is never true.

With and and or
b and b2 is true only when both are, so each is true in then. It is not true when either is not, so in else neither is narrowed. b or b2 is the other way round: when it is not true, both are false or null.
	Condition	b when true	b when not true
	b and b2	boolean = true	boolean | Null
	b or b2	boolean | Null	boolean = false | Null

	Condition	b2 when true	b2 when not true
	b and b2	boolean = true	boolean | Null

A boolean of any other type
A name of type Any, used as a condition or compared with a boolean, is narrowed to the booleans:
	Condition	v when true	v when not true
	v	boolean = true	Any | Null
	v = true	boolean = true	Any except boolean = true | Null
	v = false	boolean = false	Any except boolean = false | Null

Explicit comparisons keep exclusions such as Any except boolean = true | Null. A bare v used as a condition currently leaves Any | Null in the not-true branch; that is a precision limit of this fact, not an absence of complement types (Any).
What the condition's own type does
	Expression	Type	Warnings
	if b then b else true	boolean = true	—
	if not(b) then b else true	boolean	—
	if b < true then 1 else 2	number = 2	type_mismatch, decided_condition
	if b < true then 1 else b	boolean | Null	type_mismatch, decided_condition
	if b <= true then 1 else 2	number = 2	type_mismatch, decided_condition
	{ok: x > 5, r: if ok then x else 0}.r	number in 0, (5..max]	—

not(b) is true where b is false, so in then b is boolean = false, and in else it is true or null (narrowing.md, the three outcomes). A boolean that was computed from a comparison (ok) is the value of the comparison, and a read of it as a condition says what the comparison says of x (narrowing.md).
Limits
There are none to speak of: the sets have two members. The cost of a long chain of and and or is that of the chain (limits).
See also: null, Any.


  

    Narrowing a context

Narrowing › context. The names in the examples are those of section 2.
A context type is {:context, entries}, open, or {:closed_context, entries}, closed (D-65): a declared type is open (context<a: number> is every context that has an entry a that is a number, and may have others), and a context literal has a closed type (the entries it has and no others). A context has no value set, but its entries are unions, so a fact can narrow an entry. And a fact about a path is a fact about the source of the path as well.
Exclusions stay inside those entry and list-element unions. Path and descendant readers request a positive upper approximation where they inspect one, rather than treating :except as a kind with no properties. For a list whose elements exclude context<a: number>, an element can still be {a: "s"} and selecting .a can return ["s"]. The inferred path type must contain that result; declaring list<Null> must still reject it, with or without optimization. Selecting a context entry itself keeps its exclusion-bearing type for the next reader.
Filter entry lookup follows the same rule: xs[a = "s"] must see an a supplied by an excluded context before falling back to an outer name. This includes entries named item or like a built-in. Narrowing an implicit entry works on the positive context base and keeps the exclusions; failure of the outer fallback does not discard a matching context. Structural summaries used by descendant iteration also treat an excluded context as a possible context, never as proof of an empty domain.
A fact about a path narrows the source
p.age > 18 is a condition about the subject p.age (a path that starts at a variable, a local or the element of a filter). Where p is read in the branch, it has to be a value for which p.age can be what the fact leaves (Narrowing.narrow_source/3, D-194):
	an alternative of p stays if selecting from it can be what the fact leaves, and goes if it cannot. A null and a number select null, so p.age > 18 leaves neither;
	a context type that lists the entry has it narrowed (age: number in (18..max]);
	one that does not list it gets it listed, when what the fact leaves is not null: then the entry is there, since an entry that is not there is selected as null;
	a closed context that does not list the entry selects null, so it stays only if the fact can hold for null;
	Any is taken kind by kind where the fact leaves no null (a function has no entries);
	a path of several keys narrows the entries in turn.

	Condition	p when true	p when not true
	p.age > 18	context<age: number in (18..max], name: string | Null>	context<age: number in [-max..18] | Null, name: string | Null> | Null
	p.age < 0	context<age: number in [-max..0), name: string | Null>	context<age: number in [0..max] | Null, name: string | Null> | Null
	p.age >= 18 and p.name = "a"	context<age: number in [18..max], name: string = "a">	context<age: number | Null, name: string | Null> | Null
	p.age > 18 or p.name = "a"	context<age: number | Null, name: string | Null> | Null	context<age: number in [-max..18] | Null, name: string except "a" | Null> | Null
	p.age + 1 > 18	context<age: number in (17..max], name: string | Null>	context<age: number in [-max..17] | Null, name: string | Null> | Null
	p.age = x	context<age: number | Null, name: string | Null> | Null	context<age: number | Null, name: string | Null> | Null

The then of the second-last row is the preimage of the sum (number); the last row has nothing to say because x can be null, and then p.age = x can be true for a null age and a null p. The or row shows the rule of the logic: in then neither side narrows alone, and in else both do.
The path itself, and the other side, are subjects as well:
	Condition	p.age when true	p.age when not true
	p.age > 18	number in (18..max]	number in [-max..18] | Null

	Condition	p.name when true	p.name when not true
	p.name = "a"	string = "a"	string except "a" | Null

	Condition	x when true	x when not true
	p.age > x	number in [-max..max)	number | Null

null, shape, and an entry the type does not list
	Condition	p when true	p when not true
	p = null	Null	context<age: number | Null, name: string | Null>
	p != null	context<age: number | Null, name: string | Null>	Null
	p.age = null	context<age: Null, name: string | Null> | Null	context<age: number, name: string | Null>
	p.age != null	context<age: number, name: string | Null>	context<age: Null, name: string | Null> | Null
	p.age instance of number	context<age: number, name: string | Null>	context<age: Null, name: string | Null> | Null
	p = {age: 1, name: "a"}	context<age: number = 1, name: string = "a">	context<age: number | Null, name: string | Null> | Null
	p instance of context<age: number>	context<age: number | Null, name: string | Null>	Null
	p instance of context<age: string>	context<age: Null, name: string | Null>	context<age: number | Null, name: string | Null> except context<age: string | Null> | Null
	p instance of context<zip: string>	context<age: number | Null, name: string | Null, zip: string | Null>	context<age: number | Null, name: string | Null> except context<zip: string | Null> | Null
	p.zip = "x"	context<age: number | Null, name: string | Null, zip: string = "x">	context<age: number | Null, name: string | Null> | Null
	p.zip != null	context<age: number | Null, name: string | Null, zip: Any>	context<age: number | Null, name: string | Null> | Null

	p.age = null is true for a p whose age is null, or for a p that is null itself (selecting from null gives null); when it is not true p is not null and has an age.
	p = {age: 1, name: "a"} is true only for a context of that shape, part by part, and leaves the closed context<age: number = 1, name: string = "a">. Contexts of other keys are unequal.
	p instance of context<age: string> leaves age: Null: the context types are open and a null conforms to every type, so the only p that is both is one whose age is null.
	p.zip = "x" lists an entry the type does not have. p.zip != null lists it as Any; p.zip = null would list nothing, since it is true of an entry that is missing too.

A name of type Any
Any is taken kind by kind where the fact leaves no null. A path selects from a context, and from a list too (a list of the entries):
	Condition	v when true	v when not true
	v.age > 5	context<age: number in (5..max]>	Any | Null
	v.name = "a"	context<name: string = "a">	Any | Null
	v.a.b > 1	context<a: context<b: number in (1..max]>>	Any | Null
	v.age != null	list<Any | Null> | context<age: Any>	Any | Null
	v instance of context<a: number>	context<a: number | Null>	Any except context<a: number | Null> | Null
	v = {a: 1}	context<a: number = 1>	Any | Null

	Condition	v.a when true	v.a when not true
	v.a.b > 1	context<b: number in (1..max]>	Any | Null

v.age != null is true of a context with an age, and of a list (the path from a list is a list, which is not null), and of nothing else: a date has no age, and null.age is null.
Locals, aliases and closed contexts
A path starting at a local is a subject too, identified by the depth of the context that binds it (D-193). So a local that is an alias of a name or a path is narrowed by what the condition says of its own entries, and a context literal has the closed type of its entries:
	Expression	Type	Warnings
	{c: {a: x}, r: if c.a > 5 then c else null}.r	context<a: number in (5..max]> | Null	—
	{q: p, r: if q.age > 5 then q else null}.r	context<age: number in (5..max], name: string | Null> | Null	—
	{c: {a: 1}, r: if c.a > 5 then 1 else 2}.r	number = 2	—
	{a: x, r: if a > 5 then a else null}.r	number in (5..max] | Null	—

The third row: c.a is the constant 1, so c.a > 5 is never true.
The functions of a context
get value, get entries, context put, context merge and context are typed by the entries of the context they are given (Feel.Analysis.Images.Context, D-170): the entry of get value is the type of the entry, null for a key that a closed context does not list and Any or null for one that an open context does not, and context put is the context with the entry set (a closed context stays closed). A list of one context is that context, so a list is null where it does not have one. A merge of several contexts is any context, and null only where an item can be no context.
	Expression	Type	Warnings
	get value(q, "age")	number in [0..150] | Null	—
	get value(p, "name")	string | Null	—
	get value(q, "zz")	Any | Null	—
	get entries(p)	non-empty list<context<key: string, value: Any | Null>> | Null	—
	context put(q, "x", 1)	context<age: number in [0..150] | Null, name: string | Null, x: number = 1> | Null	—
	get value(context put(q, "x", 1), "x")	number = 1 | Null	—
	context merge([p, q])	context<> | Null	null_possible
	context([{key: "a", value: 1}])	context<a: number = 1>	—

Which paths have a subject
A fact is kept for a path that starts at a variable, a local, or the element of a filter. A path that starts at anything else ({p: 1}.p, a call) has none, because what it selects could be shadowed, and a fact about it would be about another value (D-26). The path is read by its keys as written, so p.address.city is the subject {:path, "p", ["address", "city"]}.
Limits
	16 facts about the other paths from a name are applied by one read (@max_path_facts, D-154); a name with more is read as if it had 16, and its type says less. The facts about the paths a read follows are always applied.
	A fact about an element of a filter over an open context type is lost (list).
	max_narrowing_facts counts the facts about one path, which in a chain of p.age > 1 and 1 / p.age > 0 and … cannot be answered from its type (limits).

See also: list, Any, date (a fact about a property narrows the date); type-system.md, 3.2.


  

    The type of a conversion

Narrowing › conversions. The names in the examples are those of section 2.
number, string, date, time, date and time, duration, years and months duration and range make a value of one kind from a value of another, mostly from text (Feel.Builtin.Conversion). Their signatures say the kind of the result and that the call can be null; the rules of Feel.Analysis.Images.Conversion (D-170) say when, and which values: they are held to the run as the other families are (Feel.ImageCheck). A rule gives the whole type of the result, in one of two ways.
	The function is run on the values of a finite set (at most 64 combinations of them). The strings of a list, and the booleans, are the values; so are the numbers that are single, for the functions whose result is a function of the value: number(s) for "1" and "2.5" is number in 1, 2.5, and for "1" and "x" is number = 1 | Null. The text of a number (string(n)) is not: it is how the number is written (1 and 1.0), which a set of numbers does not say, so it is a string.

	The kind, and what the types say of the rest. A number is itself for number, a date for date; the date of a date and time is a date and its time a time; a string is a value of the kind or null, since a string that is not of that kind can exist; and a number outside what a date or a time takes (a month 13, a second 60, a day past the month) is null.

Null is among the alternatives only if some arguments give it: a null, an argument of another kind, a list that does not have exactly one item (a list of one is its item, section 10.3.2.9.4), a string that is not of the kind, and arguments of the right kinds that the function rejects.
	Expression	Type	Warnings
	number(k)	number	—
	number(s)	number | Null	—
	string(k)	string	—
	string(b)	string in {"false", "true"} | Null	—
	date(dt)	date | Null	—
	time(dtr)	time | Null	—
	date(s)	date | Null	—
	duration(s)	years and months duration | days and time duration | Null	—
	years and months duration(d, dr)	years and months duration | Null	—
	if n != null then date(2021, 1, n) else null	date | Null	null_possible
	if s != null then number(s) else 0	number | Null	null_possible

Where the name cannot be null the Null that is left is the conversion's own: date(dt) for a date and time that is never null is a date, and years and months duration(d, dt) for two dates is a duration; date(s) for a string is a date or null. A day, a month, a year, an hour, a minute, a second or an offset is read for its fraction and its range: the fraction of a year, a month, a day and an hour is cut off (date(2021, 1, 0.5) is the day 0), a second is not, and an offset is whole seconds within 14 hours.
Limits
	The text of a date or a time is not read: a set of dates is not run through string, and a string that is not a finite list is date | Null.

	A day past the 28th is null for a month that does not have it. The sets of the months and the years may have no such month, and the type is then a superset (date(2021, 12, 31) is a date, and the rule says it can be null when the month is a range).
	The date or the time that a conversion gives has no set of values, except the one that is the argument.

See also: string, number, date, time; type-system.md, 3.3.


  

    Narrowing a date and time

Narrowing › date and time. The names in the examples are those of section 2.
A date and time alternative is the bare kind or {:date_and_time, set}: a set of the second a value falls in, on the lines of Feel.Type.Moment (D-109, D-118). The page for time explains the lines: the clock of the values with no zone, and the instant and the zoned clock of those with one, which is needed because the order of two of them depends on their zones. any zone means the set has the clock and the instants of every zone. A date and time is not a date: they are of different kinds, so each is left only by its own.
Comparisons
With a value that has no zone the comparison is on the clock, and the set is a plain interval (any zone). With one that has a zone the values with no zone are compared by their clock, and the values with a zone by their instant, so the set has the lines:
	Condition	dt when true	dt when not true
	dt < @"2024-01-01T00:00:00"	date and time in [-999999999-01-01T00:00:00..2024-01-01T00:00:00) any zone	date and time in [2024-01-01T00:00:00..999999999-12-31T23:59:59] any zone | Null
	dt >= @"2024-01-01T00:00:00Z"	date and time in [2024-01-01T00:00:00..999999999-12-31T23:59:59], instants [2024-01-01T00:00:00Z..1000000000-01-01T17:59:59Z]	date and time in [-999999999-01-01T00:00:00..2024-01-01T00:00:00), instants [-1000000000-12-31T06:00:00Z..2024-01-01T00:00:00Z) | Null
	dt < d	—	date and time | Null
	dt instance of date and time	date and time	Null

The instants reach past the end of the calendar (1000000000-01-01T17:59:59Z) because the last clock in an offset of −18 hours is that many hours later in UTC.
	Condition	dtr when true	dtr when not true
	dtr < @"2024-01-15T12:00:00"	date and time in [2024-01-01T00:00:00..2024-01-15T12:00:00) any zone	date and time in [2024-01-15T12:00:00..2024-01-31T23:59:59] any zone | Null
	dtr = @"2024-01-15T12:00:00"	date and time = 2024-01-15T12:00:00 any zone	date and time in [2024-01-01T00:00:00..2024-01-15T12:00:00), (2024-01-15T12:00:00..2024-01-31T23:59:59] any zone | Null
	dtr >= @"2024-01-15T12:00:00Z"	date and time in [2024-01-15T12:00:00..2024-01-31T23:59:59], zoned clock [2024-01-14T18:00:00..2024-01-31T23:59:59], instants [2024-01-15T12:00:00Z..2024-02-01T17:59:59Z]	date and time in [2024-01-01T00:00:00..2024-01-15T12:00:00), zoned clock [2024-01-01T00:00:00..2024-01-16T06:00:00], instants [2023-12-31T06:00:00Z..2024-01-15T12:00:00Z) | Null

(dtr is a date and time in [2024-01-01T00:00:00..2024-01-31T23:59:59]; dt is any.) The last row has all three lines: a value with no zone is on the clock line; one with a zone has both its zoned clock and its instant in the set. The zoned clock of a value whose instant is at noon UTC is between 18:00 the day before (an offset of −18 hours) and 06:00 the day after.
Properties
A fact about year, month, day, weekday, hour, minute or second is a fact about the value: the seconds of the set that have it, on each line of clocks, the instants cut to match (D-109). It narrows only as far as the set is bounded, as for a date: the days are exact, the hours, minutes and seconds are counted from one end to the other of each interval up to a number of pieces, and beyond that number the set is left as it was.
	Condition	dt when true	dt when not true
	dt.year = 2024	date and time in [2024-01-01T00:00:00..2024-12-31T23:59:59] any zone	date and time in [-999999999-01-01T00:00:00..2023-12-31T23:59:59], [2025-01-01T00:00:00..999999999-12-31T23:59:59] any zone | Null
	dt.hour >= 18	date and time	date and time | Null

	Condition	dtr when true	dtr when not true
	dtr.day = 15	date and time in [2024-01-15T00:00:00..2024-01-15T23:59:59] any zone	date and time in [2024-01-01T00:00:00..2024-01-14T23:59:59], [2024-01-16T00:00:00..2024-01-31T23:59:59] any zone | Null
	dtr.hour >= 18	date and time in [2024-01-01T18:00:00..2024-01-31T23:59:59] any zone	date and time in [2024-01-01T00:00:00..2024-01-31T23:59:59] any zone | Null
	dtr.day = 15 and dtr.hour >= 18	date and time in [2024-01-15T00:00:00..2024-01-15T23:59:59] any zone	date and time in [2024-01-01T00:00:00..2024-01-31T23:59:59] any zone | Null
	dtr.weekday = 1	date and time in [2024-01-01T00:00:00..2024-01-29T23:59:59] any zone	date and time in [2024-01-02T00:00:00..2024-01-31T23:59:59] any zone | Null
	dtr.year = 2024	date and time in [2024-01-01T00:00:00..2024-01-31T23:59:59] any zone	Null
	dtr.month = 2	—	date and time in [2024-01-01T00:00:00..2024-01-31T23:59:59] any zone | Null

	dt.hour >= 18 on an unbounded value narrows nothing: the hours come back every day.
	dtr.hour >= 18 is the hull, from six in the evening of the first day to the end of the last: a superset, and the best that one interval can say. dtr.day = 15 and dtr.hour >= 18 is no narrower than the day, because the hour would make a piece for each day.
	dtr.year = 2024 is true for every value of the set, so only null is left when it is not.
	dtr.month = 2 cannot be true for a value in January.

The properties of the zone
time offset, timezone and value exist only for a value that has a zone. A true fact about one therefore leaves the instants only:
	Condition	dt when true	dt when not true
	dt.timezone = "Z"	date and time in instants [-1000000000-12-31T06:00:00Z..1000000000-01-01T17:59:59Z]	date and time | Null
	dt.time offset = @"PT0S"	date and time in instants [-999999999-01-01T00:00:00Z..999999999-12-31T23:59:59Z]	date and time | Null

dt.value > 0 (the seconds since 1970 of the instant) leaves the instants from 1969-12-31T23:59:59Z on. They are worked out by Feel.Analysis.MomentZones (D-109).
Limits
	The lines of the instants and the zoned clock are each within 18 hours of the other, and are cut to that.
	A set of more than the pieces a property can keep is left as it was.
	The fraction of the second is a line of its own, [0..1) when nothing is known. A condition on second (dtr.second < 30) narrows nothing: a second comes back in every minute.

See also: time, date, days and time duration.


  

    Narrowing a date

Narrowing › date. The names in the examples are those of section 2.
A date alternative is the bare kind, every date from -999999999-01-01 to 999999999-12-31, or {:date, set}: a Feel.Type.NumberSet of the image of the dates, their number of days in the proleptic Gregorian calendar (Feel.Type.Image, D-109). A date is ordered as that number is, so a comparison is read exactly as a number's is, with the image of the other side (D-109). Days are whole numbers, so two sets of dates that follow one another are one ([2020-01-01..2020-01-05] and [2020-01-06..2020-01-09] are [2020-01-01..2020-01-09], Feel.Type.NumberSet.join_whole_neighbours/1): the join of the two branches of an if that split the calendar at a day is date, not the pieces. A date is not a date and time: they are of different kinds, so each is left only by its own.
Comparisons
	Condition	d when true	d when not true
	d < @"2024-01-01"	date in [-999999999-01-01..2024-01-01)	date in [2024-01-01..999999999-12-31] | Null
	d >= @"2024-01-01"	date in [2024-01-01..999999999-12-31]	date in [-999999999-01-01..2024-01-01) | Null
	d = @"2024-01-31"	date = 2024-01-31	date in [-999999999-01-01..2024-01-31), (2024-01-31..999999999-12-31] | Null
	d != @"2024-01-31"	date in [-999999999-01-01..2024-01-31), (2024-01-31..999999999-12-31] | Null	date = 2024-01-31
	d between @"2024-01-01" and @"2024-12-31"	date in [2024-01-01..2024-12-31]	date in [-999999999-01-01..2024-01-01), (2024-12-31..999999999-12-31] | Null
	d in [@"2024-01-01"..@"2024-03-31"]	date in [2024-01-01..2024-03-31]	date in [-999999999-01-01..2024-01-01), (2024-03-31..999999999-12-31] | Null
	d < dt	—	date | Null
	d = dt	Null	date | Null
	d instance of date	date	Null
	d instance of date and time	—	date | Null

The null rules are those of every kind (the rule). d < dt compares kinds that have no order between them, so it is never true; d = dt is only true when both are null.
Properties of a date
A fact about d.year, d.month, d.day or d.weekday (Table 67) is a fact about d too: the days of its set whose property is what the fact leaves (D-194). The year does not decrease with the day, so it leaves one interval; the month, the day and the weekday come back every year or week, so they leave a piece for each.
A set of days is kept in at most 16 pieces, and the properties are applied in the order that leaves the fewest: the year (and value), then the month, then the day of the month, then the weekday, each on what the one before left.
So a property narrows the date only as far as the date's set is bounded. A bare date has the whole calendar, and d.month > 6 would need a piece for each of two billion years, so it narrows nothing:
	Condition	d when true	d when not true
	d.year = 2024	date in [2024-01-01..2024-12-31]	date in [-999999999-01-01..2023-12-31], [2025-01-01..999999999-12-31] | Null
	d.year >= 2020 and d.year <= 2022	date in [2020-01-01..2022-12-31]	date in [-999999999-01-01..2019-12-31], [2023-01-01..999999999-12-31] | Null
	d.year = 2024 and d.month = 2	date in [2024-02-01..2024-02-29]	date | Null
	d.year = 2024 and d < @"2024-03-01"	date in [2024-01-01..2024-02-29]	date | Null
	d.month > 6	date	date | Null
	d.month = 2 and d.day = 29	date	date | Null
	d.month > 12	—	date | Null

The last row: there is no such month, and the condition cannot be true.
When the date is bounded, by allowed values or by a condition before, the months and days have pieces to keep (dr is a date in [2020-01-01..2022-12-31]):
	Condition	dr when true	dr when not true
	dr.month > 6	date in [2020-07-01..2020-12-31], [2021-07-01..2021-12-31], [2022-07-01..2022-12-31]	date in [2020-01-01..2020-06-30], [2021-01-01..2021-06-30], [2022-01-01..2022-06-30] | Null
	dr.month = 2 and dr.day = 29	date = 2020-02-29	date in [2020-01-01..2022-12-31] | Null
	dr.year = 2021	date in [2021-01-01..2021-12-31]	date in [2020-01-01..2020-12-31], [2022-01-01..2022-12-31] | Null
	dr.year = 2021 and dr.month >= 11	date in [2021-11-01..2021-12-31]	date in [2020-01-01..2022-12-31] | Null
	dr.weekday = 7	date in [2020-01-05..2022-12-25]	date in [2020-01-01..2022-12-31] | Null
	dr.month > 12	—	date in [2020-01-01..2022-12-31] | Null
	dr < @"2021-01-01"	date in [2020-01-01..2021-01-01)	date in [2021-01-01..2022-12-31] | Null

	dr.month = 2 and dr.day = 29 is the one day of the leap years in the set: February first (three pieces of the months in range), then the 29th of those. Taking the day first would make a piece for each month.
	dr.weekday = 7 has more than 16 Sundays in the set, so the pieces are replaced by the one interval from the first to the last: a superset, and the best a set of 16 can say.
	The else of an and narrows nothing unless both sides do (and and or), which is why the not-true column of a conjunction is mostly the whole set.

The property itself is a subject too (d.year > 2000 is about d.year, a number):
	Condition	d.year when true	d.year when not true
	d.year > 2000	number in [2001..999999999]	number in [-999999999..2000] | Null

The sets of the properties are exact for year, month, day and weekday while the pieces fit (Feel.Analysis.DateProperties): each number in them is the property of some day of the set. value, the seconds since 1970 of midnight UTC, is a larger set than the days give.
A function of the date (D-170)
day of week(d) = "Monday" is not true of a null, so d is a date (or a date and time, the day of the clock of which it reads). The days of the week are not a set of days, so nothing more is said.
	Condition	d when true	d when not true
	day of week(d) = "Monday"	date	date | Null
	month of year(d) != "May"	date | Null	date | Null
	day of year(d) > 100	date	date | Null

Date arithmetic in a comparison
A date plus or minus a duration, or the difference of two dates, in a comparison, narrows the operands as an arithmetic operation does (number): the date is not null, and is one of those that give such a result. The day of the month is clamped (2024-01-31 + P1M is 2024-02-29), so the sets come from Feel.Analysis.DateArithmetic and not from adding images. A duration that is not a constant gives no set.
	Condition	d when true	d when not true
	d + @"P1D" > @"2024-01-01"	date in [2024-01-01..999999999-12-30]	date in [-999999999-01-01..2023-12-31], 999999999-12-31 | Null
	d - @"P1D" < @"2024-01-01"	date in [-999999999-01-02..2024-01-01]	date in -999999999-01-01, [2024-01-02..999999999-12-31] | Null
	d + @"P1M" > @"2024-02-29"	date in [2024-02-01..999999999-11-30]	date in [-999999999-01-01..2024-01-31], [999999999-01-01..999999999-12-31] | Null
	d - @"2024-01-01" > @"P10D"	date in [2024-01-12..999999999-12-31]	date in [-999999999-01-01..2024-01-11] | Null
	d + dd > @"2024-01-01"	date	date | Null

The ends at the edge of the calendar (999999999-12-30, -999999999-01-02) are where adding or subtracting the duration would leave the calendar, and the result would be null. As for numbers, the else branch is the dates the comparison is false for and the dates for which the operation is null (number): the difference of two dates is a duration that can be written, and the sum of a date and a duration can leave the calendar, which Feel.Analysis.Failure gives:
	A duration of days and time moves a date by the whole days of its seconds, rounded down, so the dates in the set are those within the days of the duration from its end (d + @"P1D" for the last day, d - @"P1D" for the first).
	A duration of years and months moves the year by the months over twelve, rounded up, so the dates in the set are those of the years that the greatest number of months can leave past the calendar: the year of d + @"P1M" that is the last, all of it, where only December leaves (the set is wider than the dates the run gives null for).
	A duration that is not a constant has as many days or months as the type of it says, and a type that has no bound gives every date, so the else says nothing (d + dd).

Limits
	16 pieces of days; past it a property leaves the set as it was (a longer interval has every month, every day of a month and every weekday).
	A property of an interval with no whole day in it ((2020-01-01..2020-01-02)) says nothing.

See also: time, date and time, years and months duration, days and time duration; type-system.md, 3.3.


  

    Narrowing a days and time duration

Narrowing › days and time duration. The names in the examples are those of section 2.
A days and time duration alternative is the bare kind or {:days_and_time_duration, set}: a Feel.Type.NumberSet of the image of the values, their number of seconds, with a fraction (Feel.Type.Image, D-109). The image is one-to-one and keeps the order, and for a duration it keeps the operations too: the image of a + b is the sum of the images, and of a * n the image of a times n. A days and time duration is a different kind from a years and months duration, and they are never compared.
Comparisons
	Condition	dd when true	dd when not true
	dd < @"PT1H"	days and time duration in [-max..PT1H)	days and time duration in [PT1H..max] | Null
	dd >= @"P1D"	days and time duration in [P1D..max]	days and time duration in [-max..P1D) | Null
	dd > @"PT0S"	days and time duration in (PT0S..max]	days and time duration in [-max..PT0S] | Null
	dd = @"PT0S"	days and time duration = PT0S	days and time duration in [-max..PT0S), (PT0S..max] | Null
	dd between @"PT1H" and @"PT2H"	days and time duration in [PT1H..PT2H]	days and time duration in [-max..PT1H), (PT2H..max] | Null
	dd < ym	—	days and time duration | Null
	dd instance of days and time duration	days and time duration	Null
	dd instance of years and months duration	—	days and time duration | Null

The null rules are those of every kind (the rule). dd < ym is never true: the kinds have no order between them.
Properties
The components (Table 67) are worked out from the magnitude of the amount and take its sign, as Feel.Runtime.Path does:
	Property	Of a magnitude m seconds
	days	the whole days: w div 86400, where w is the whole seconds of m
	hours	the whole hours of what is left in a day: (w rem 86400) div 3600
	minutes	the whole minutes of what is left in an hour: (w rem 3600) div 60
	seconds	m modulo 60, with the fraction
	value	the amount itself

A fact about a property is a fact about the duration (D-194): the amounts whose component is what the fact leaves. The days and the value are in a row and leave one interval; the hours, minutes and seconds come back every day, hour or minute, and leave a piece for each. So days and value are exact on any set, and the others need a bounded one:
	Condition	dd when true	dd when not true
	dd.days = 0	days and time duration in (-P1D..P1D)	days and time duration in [-max..-P1D], [P1D..max] | Null
	dd.days > 1	days and time duration in [P2D..max]	days and time duration in [-max..P2D) | Null
	dd.days < 0	days and time duration in [-max..-P1D]	days and time duration in (-P1D..max] | Null
	dd.value > 3600	days and time duration in (PT1H..max]	days and time duration in [-max..PT1H] | Null
	dd.days >= 1 and dd.hours = 0	days and time duration in [P1D..max]	days and time duration | Null
	dd.hours >= 18	days and time duration	days and time duration | Null
	dd.seconds = 30	days and time duration	days and time duration | Null

dd.days = 0 is symmetric around zero because the sign is put back. dd.days >= 1 and dd.hours = 0 keeps the days and drops the hours: the hours would need a piece for each day of an unbounded set.
With allowed values the set is bounded and the components have pieces to keep (dds is in [PT0S..P3D]):
	Condition	dds when true	dds when not true
	dds > @"PT1H"	days and time duration in (PT1H..P3D]	days and time duration in [PT0S..PT1H] | Null
	dds >= @"P1D" and dds < @"P2D"	days and time duration in [P1D..P2D)	days and time duration in [PT0S..P1D), [P2D..P3D] | Null
	dds.days = 1	days and time duration in [P1D..P2D)	days and time duration in [PT0S..P1D), [P2D..P3D] | Null
	dds.hours >= 18	days and time duration in [PT18H..P1D), [P1DT18H..P2D), [P2DT18H..P3D)	days and time duration in [PT0S..PT18H), [P1D..P1DT18H), [P2D..P2DT18H), P3D | Null
	dds.hours = 5	days and time duration in [PT5H..PT6H), [P1DT5H..P1DT6H), [P2DT5H..P2DT6H)	days and time duration in [PT0S..PT5H), [PT6H..P1DT5H), [P1DT6H..P2DT5H), [P2DT6H..P3D] | Null
	dds.days >= 1 and dds.hours < 6	days and time duration in [P1D..P1DT6H), [P2D..P2DT6H), P3D	days and time duration in [PT0S..P3D] | Null
	dds.minutes = 30	days and time duration in [PT30M..P3D]	days and time duration in [PT0S..P3D] | Null

	A piece for each day is what dds.hours >= 18 leaves, and the exact set is a union of three intervals. P3D on its own is the one amount of the last day that is not below the end.
	dds.minutes = 30 has a piece for each hour, which is more than 16 for three days: the set is the hull, from the first half hour to the end, a superset.
	The second row of the table is the and of two comparisons of the value, which meet exactly.

Arithmetic in a comparison
A days and time duration is added, subtracted, multiplied and divided by a number as a number is, so an operation in a comparison narrows the operand by the preimage (number):
	Condition	dd when true	dd when not true
	dd + @"PT1H" > @"PT3H"	days and time duration in (PT2H..max]	days and time duration in [-max..PT2H0.000000000000000000000000000005S] | Null
	dd + @"PT1H" = @"PT2H"	days and time duration = PT1H	days and time duration in [-max..PT1H), (PT1H..max] | Null
	dd - @"PT1H" >= @"PT0S"	days and time duration in [PT1H..max]	days and time duration in [-max..PT1H) | Null
	@"P1D" - dd > @"PT1H"	days and time duration in [-max..PT23H)	days and time duration in [PT23H..max] | Null
	dd * 2 < @"PT1H"	days and time duration in [-max..PT30M)	days and time duration in [-max..-PT4.999999999999999999999999999999999E+6144S], [PT30M..max] | Null
	dd / 2 > @"PT1H"	days and time duration in (PT2H..max]	days and time duration in [-max..PT2H0.000000000000000000000000000001S] | Null
	-dd < @"PT1H"	days and time duration in (-PT1H..max]	days and time duration in [-max..-PT1H] | Null
	dd * x > @"PT1H"	days and time duration in [-max..PT0S), (PT0S..max]	days and time duration | Null

	Condition	x when true	x when not true
	@"PT1H" * x > @"PT2H"	number in (2..max]	number in [-max..2], [2.777777777777777777777777777777777E+6141..max] | Null
	dd * x > @"PT1H"	number in [-max..0), (0..max]	number | Null

The number that multiplies is narrowed too (@"PT1H" * x > @"PT2H" needs x above 2). dd * x > @"PT1H" cannot be true for a zero in either operand, so both lose it.
The else is read as it is for numbers (number): the durations the comparison is false for, and those for which the operation is null (Feel.Analysis.Failure, the seconds being a number). A sum with a constant cannot be (dd + @"PT1H" > … has no more than the first), a product or a quotient can: dd * 2 < @"PT1H" is not true of a duration of more than half of the largest number of seconds, for which the product is null. A duration of 10^30 seconds or more is written as its seconds, in scientific notation (PT4.999999999999999999999999999999999E+6144S), and not as thousands of digits of days. A duration next to a duration or a number that is not known is null for some (and every) duration, and the else says nothing of it.
The types of the arithmetic itself are Feel.Analysis.Inference's:
	Expression	Type	Warnings
	dd + @"PT1H"	days and time duration | Null	—
	dds + @"PT1H"	days and time duration in [PT1H..P3DT1H] | Null	—
	dds * 2	days and time duration in [PT0S..P6D] | Null	—
	dd - dd	days and time duration = PT0S | Null	—
	dd / dd	number = 1 | Null	—

Full analysis recognizes the repeated read in the last two rows (D-170, D-207). A non-null duration subtracts from itself to zero; it divides by itself to one unless it is zero, which gives null. The core tier keeps independent-operand types for repeated reads.
Limits
	A set of more than 16 pieces is replaced by the one interval that holds them all.
	A property of an unbounded set (dd.hours, dd.minutes, dd.seconds) says nothing: every value of the remainder is in a long enough interval (hours in a day, minutes in an hour).
	The amounts are as fine as a number goes, so the ends of a duration have up to 34 digits.
	Repeated addition still sums independent intervals. If a duration is either one or six seconds, dd + dd has a type containing seven seconds, although only two or twelve seconds can be returned.

See also: years and months duration, date and time, number.


  

    Narrowing a function

Narrowing › function. The names in the examples are those of section 2.
A function type is {:function, parameters, result}: function<number> -> number is a function of one number that gives a number or null. Parameter names are not part of the type, and a function has no value set. A fact about a function can say only whether it is null, and which function types it is an instance of: a function is the function types it was declared with, and f instance of T asks whether one of them is within T (Feel.Type.Arrows, D-171). The internal :function kind holds every function regardless of its parameters. It appears in remainders of Any and as a fallback when erasing an arrow would strengthen its domain; it has no declared FEEL syntax. A function type minus another is a type (D-152), and is empty when a function type of the function is within the other; a built-in function with several signatures is all of them, an overload (overloaded functions).
A function is written function<A> -> R | Null below, the last | Null being the function's own: a name of a function type can be null like any other.
Recorded arrows guarantee signatures without excluding others, including signatures with the same arity and different parameter domains. A positional call outside every recorded domain starts at Any | Null, then applicable call refinements narrow it. A declaration alone cannot prove that the call fails. Known literal functions carry their syntax separately. Feel.Recursion similarly prepares linked members with internal single-signature evidence for their peers, keeping result bounds for recursive calls with an argument of Any. This evidence does not apply to ordinary host bindings or a local parameter that shadows a peer's name. It supplements closure discovery: literal bodies reached through contexts, list indexes, conditionals or iterators still specialize for the actual arguments. Complete peers also bound named calls by their written result projection or Null when the argument count permits binding, without claiming that the names match. Unknown and duplicate names stay runtime errors; excessive named arguments give only Null. The marker survives context-entry binding when a container exceeds the 32-entry shape limit. When body specialization reaches its depth or source budget, the analyzer uses the marked complete written signature even if closure discovery still succeeds. Discovery keeps its precedence while specialization is available. Descendant selection carries completeness from its source, including the functions inside the resulting lists. A source containing partial host functions or unknown values does not establish that evidence merely because the selected values have function types. Those calls keep conservative result bounds and checks.
Function literals distinguish their observable arrow from what their body returns on a call. For function(x: number) 1, the runtime result signature is nullable number, while the call refinement returns exactly 1. instance of reads the arrow, not that refinement. Lists and contexts preserve literal closures' call refinements; normalization does not widen their parameter domains. The signature comes from kind-only analysis of the written environment, before condition facts or call specialization; full analysis performs that pass before refining the body (D-219). Optimization preserves the captured signature too. For example, when v is declared Any, a function() v written under if v instance of number still has an observable Any result, even though a call in that branch can be known to return a number. This keeps instance of, callback acceptance and required result checks consistent across tiers and backends. Public projection keeps outer non-null parameters and falls back to Any if a safe domain cannot be written in the public type language. See the signature contract.
For guarded recursive data results, an enforced result declaration stays the exact runtime signature on both backends. Its observable analysis result is Any | Null; the structural projection is a call refinement, not proof of a structural signature. This also applies to functions declared in scopes and supplied as values. Recursive parameter domains use an empty lower bound in upper arrows. Functions inside recursive graph projections, overlapping runtime signatures and complete peers may keep broader call bounds. These approximations must keep reachable else branches and uncertain runtime checks.
Specialization also sees recursive parameters after conversion. It discards argument shape, callee and origin evidence that singleton conversion may invalidate, including in returned closures.
	Expression	Type	Warnings
	function(a: number) 1	overload<function<number | Null> -> number | Null with function<number | Null> -> number = 1>	—
	(function(a: number) 1)(2)	number = 1	—
	(function(a: number) 1) instance of function<number> -> number!	boolean	—

null, and instance of
	Condition	f when true	f when not true
	f = null	Null	function<number | Null> -> number | Null
	f != null	function<number | Null> -> number | Null	Null
	f instance of function<number> -> number	function<number | Null> -> number | Null	Null
	f instance of function<string> -> number	overload<function<number | Null> -> number | Null with function<string | Null> -> number | Null>	function<number | Null> -> number | Null except function<string | Null> -> number | Null | Null
	f instance of function<Any> -> number	function<Any | Null> -> number | Null	function<number | Null> -> number | Null except function<Any | Null> -> number | Null | Null

The last column of the last two rows is the function type followed by | Null: the alternative Null stays, and so does the function. The then of the second row is an overload: the function of a number, which behaves as the test says (gives a number or null) for a string.
	f instance of T removes null from then for a function target T, since null is an instance of Null only.
	The meeting of two function types (Feel.Type.Union.intersect/2, Feel.Type.Arrows.meet/2, D-171) is the one that is within the other (function<Any> -> number is within function<number> -> number: a function of anything is a function of a number, so then has the test's type), and if neither is, the function's own type together with the test's type, which describes what a call does for the arguments it takes. For the narrowing, and for a reader that does not call it, the result is the function's own type, which holds every function the name can be; a call finds the other (overloaded functions).
	In else the function is removed if its type is wholly within T (Union.subtype?/2), as in f instance of function<number> -> number; if it is not, what is left is the function type less T (function<...> -> ... except function<...> -> ..., D-152), a type that holds the functions of the name that are not instances of T.
	Parameters are contravariant and the result covariant in that test, as the conformance rules of the lattice have it (type-system.md, 2): a function<Any> -> number is wherever a function<number> -> number is expected.

What a function does not narrow
	Expression	Type	Warnings
	f(x)	number | Null	—
	if f != null then f(1) else 0	number | Null	—
	f(x, y)	Any | Null	—

Removing null from the callee does not remove null from its declared result: f(1) stays number | Null after f != null. An instance of fact can additionally refine what a call returns for arguments in the tested domain; it does not establish a function's implementation. A call with a different number of arguments is Any | Null: the type says that the function has this arrow, not that it has no other (ceiling is a function<number> -> number and takes a scale too, D-171); a function value known from its syntax or registry can establish a real arity error, but an overload type alone cannot. A named call through a type alone is Any | Null, since names can select an unrecorded signature. How a call of a value is typed, and the choice between several function types, are covered in overloaded functions.
Any and functions
A name of type Any is taken kind by kind by a comparison, and the function is the one kind that has no value set: where a function may be accepted, the then has function, a function of any parameters (:function, D-39, D-152):
	Condition	v when true	v when not true
	v instance of function<number> -> number	function<number | Null> -> number | Null	Any except function<number | Null> -> number | Null | Null
	v = f	function | Null	Any | Null

v = f can be true when v is a function (two functions are equal when they are the same value), and the narrowing does not say which, so v is function; and null is included when f may be null. An ordering never accepts a function, so v > 5 leaves the numbers (Any). instance of is the one condition that takes functions out of Any in else: v instance of function<number> -> number leaves Any, since a function of other parameters may be there, and the other conditions of Any take the other kinds out and leave the function in. The allowed values of a name of type Any are read in the same way: = f leaves function | Null.
Limits
	No finite set of function values. Exclusions operate on signature descriptions (D-171), subject to bounded representation and projection. The signature/projection contracts are stated in the assessment and kept as regressions. These bounds do not provide a complete semantic decision procedure or establish equal behavior for two functions with matching metadata.
	A call by name does not look at the names of the parameters: the type has none, and it cannot be known which ones the call supplies.
	A function that is written in the expression and called there is analyzed again with the types of its arguments, so the facts that hold at the call narrow its body (where facts apply, D-193). The same holds for one that the callee node identifies: a key of a context literal, an item of a list literal, a branch of an if (D-193, overloaded functions), and the call has the values that are also in what the type of the callee gives, which a condition narrows (f instance of function<number> -> number before f(1)). The same holds for one that a name holds in a list or a context that is written out, one that a parameter is given as an if, an item or a key, and the iterator of a for over a list of them (D-193): the shapes of the structure of a name keep which functions its items and entries are. The same holds for a function that a call returns (g(1)(2), D-193), one that is read through a list or a context literal that is selected from more than once ({fs: [abs, floor]}.fs[1](x)), and one that a parameter is given in a list or a context.
	A function that reaches the call through a call that returns a list or a context, through a call that may give a value that is not a function, or in more than 4 alternatives is typed by the type: the type of a function says its arrows and nothing of the body.

See also: overloaded functions, Any, null.


  

    Narrowing a list

Narrowing › list. The names in the examples are those of section 2.
A list alternative is {:list, element}, where element is a union: list<number> and list<number | Null> are different members, and the elements of a list literal have the union of their types ([1, "a"] is list<number = 1 | string = "a">; a list that has an element is non-empty list<...>, which is the list type less the empty list, and [] is empty list, D-152). A list has no value set of its own for its length: there is no "a list of three" (D-193: a length is a fact about the node the analyzer holds while it types a comparison, and not about a type), only whether it has an element. So a fact about a list can say four things: whether it is null, what its elements are, whether it has one, and what shape it has when it is compared with another list.
Whether it is null, and its type
	Condition	xs when true	xs when not true
	xs = null	Null	list<number | Null>
	xs != null	list<number | Null>	Null
	xs instance of list<number>	list<number | Null>	Null
	xs instance of list<string>	list<Null>	list<number | Null> except list<string | Null> | Null
	xs instance of number	—	list<number | Null> | Null

	instance of list<T> is true when every element conforms to T, and a null conforms to every type ([1, null] instance of list<number> is true, and so is [] instance of list<string>). In then the list is cut to what is in both; in else the alternative is removed if it is wholly within T; otherwise it becomes the list type less T (list<number | Null> except list<string | Null>, D-152): the lists of the type that are not lists of T.

	xs instance of list<string> leaves list<Null> for a list<number>: the only lists that are both are the empty list and the lists of nulls. It is not —, because the list of nothing is a list of strings too.

For a name of type Any:
	Condition	v when true	v when not true
	v instance of list<number>	list<number | Null>	Any except list<number | Null> | Null
	v instance of list<string>	list<string | Null>	Any except list<string | Null> | Null
	v instance of list<Any>	list<Any | Null>	Any except list | Null
	v = [1, 2]	non-empty list<number in 1, 2>	Any | Null

Equality with a list
x = other is true only for an x of the shape of the other side's values of the kind, part by part (D-194): xs = [1, 2] leaves a list of the numbers 1 and 2 (that has two, so it has an element), and xs = [] the empty list. Against something whose type is not known it leaves the list as it is. When the shapes have nothing in common the fact leaves nothing, and the branch cannot be taken.
	Condition	xs when true	xs when not true
	xs = [1, 2]	non-empty list<number in 1, 2>	list<number | Null> | Null
	xs = []	empty list	non-empty list<number | Null> | Null
	xs = ys	list<Null> | Null	list<number | Null> | Null

xs = ys can only be true for a list of numbers and a list of strings if both are empty or hold nulls, or are both null. The lengths are not in the type, so [1, 2] and [1, 2, 3] are told apart only when both are literals or constants: Feel.Analysis.Inference.shapes_equal/3 (D-193) types [1, 2] = [1, 2, 3] as false.
The empty list (D-152)
A list is equal to [] if and only if it is empty ([1] = [] is false, [null] = [] is false), null = [] is false, and a value that is not a list is a mismatch, so the result is null. xs = [] leaves the empty list; what is not true has an element or is null.
	Condition	xs when true	xs when not true
	xs = []	empty list	non-empty list<number | Null> | Null
	xs != []	non-empty list<number | Null> | Null	empty list
	[] = xs	empty list	non-empty list<number | Null> | Null

For a name of type Any:
	Condition	v when true	v when not true
	v = []	empty list	Any except empty list | Null
	v != []	non-empty list<Any | Null> | Null	Any except non-empty list<Any | Null>

The comparison itself is true or false and never null against [] (D-170), for a list of any elements and for null: equal_lists/2 of the run is false for lists of other lengths, whatever is in them, and there is no pair to compare for two empty ones. The same for a list of nothing but nulls ([null], which the type reads as list<Null>, as it does []), since a pair with a null is true or false, not an error. Against a list of other elements, or a value that may not be a list, it can be null.
	Expression	Type	Warnings
	xs = []	boolean	—
	xs != []	boolean	—
	xs = [null]	boolean	—
	xs = ys	boolean | Null	—
	v = []	boolean | Null	—

null != [] is true, so null stays in the then of != and is removed from its else. A list that is known to have an element, by xs != [] or because it is the result of append, cannot be []: if xs != [] then (if xs = [] then 1 else 2) else 3 is 2 or 3. What it buys is null: if xs != [] then max(xs) else 0 is number | Null when the elements may be null, and for a list of numbers that are never null it is number (overloaded functions).
The count of a list (D-194)
count(xs) compared with a whole number is a fact about xs. The count of a list is its length, that of a value that is not a list is 1 (it is the list of itself, section 10.3.2.9.4), and that of null is null; so a comparison can be true of the empty list, of values that are not lists, or of lists that have an element, depending on whether it can be true of a count of 0, of 1, or of one or more.
	Condition	xs when true	xs when not true
	count(xs) > 0	non-empty list<number | Null>	empty list | Null
	count(xs) = 0	empty list	non-empty list<number | Null> | Null
	count(xs) >= 2	non-empty list<number | Null>	list<number | Null> | Null
	count(xs) != 0	non-empty list<number | Null> | Null	empty list

count(xs) != 0 is true of null (null != 0 is true), and count(xs) = 0 is not. A comparison with a number that is not one whole number (count(xs) > n) says nothing. For Any, count(v) > 0 leaves Any except empty list in then, and in else the empty list (and null, and a function, which has no known count).
A function of the list (D-170)
A comparison of a call of a function of lists with a value is not true of a null, so in then the list is not null, and is a list or a list of one value (section 10.3.2.9.4). sum(xs) > 5 is not true of the empty list, which sum rejects, but a type has no list of an element in list<number> to say it.
	Condition	xs when true	xs when not true
	sum(xs) > 5	list<number | Null>	list<number | Null> | Null
	max(xs) = 5	list<number | Null>	list<number | Null> | Null
	sum(xs) != 5	list<number | Null> | Null	list<number | Null> | Null

For a name of type Any the list functions that make a list of a value (append, concatenate, distinct values, flatten, reverse, union, remove, sublist, insert before, list replace, sort) give a value for any kind of argument, a function and a term that is not a value of FEEL included, and so do index of, list contains and is: append(v) != null leaves Any (any, D-155). sum(v) > 5 leaves a number and a list, since a function in a list is not a number.
Conditions that give no fact about a list
	Condition	xs when true	xs when not true
	xs[1] > 0	list<number | Null> | Null	list<number | Null> | Null
	some i in xs satisfies i > 5	list<number | Null> | Null	list<number | Null> | Null

An element or a quantifier is not one of the shapes that give facts (what gives none). Apart from the equality with [] and the count, nothing makes a list non-empty.
The type of some and every (D-170)
The test of a quantifier is typed for an iterator that is any element of the domain. A domain that is a list written out (or a name bound to one) is tested one item at a time, as the run does: each item is a value that is tested, and the result is the three-valued or (some) or and (every) of the outcomes, folded from false or true. i > 2 for i in 1, 2, 3 is boolean, but it is true for the 3, so some is true. Several domains that are lists written out are tested for each combination of their items. This is done for at most 64 combinations and 4096 nodes of the test (the combinations times its size), and for lists of up to 32 items, which is what a type keeps of a list (D-193); a list that is not written out, a longer one, and more combinations than that are tested as the type of their elements. The test of a quantifier over a list that has no element never runs, so its nodes are of no value (Never, D-173) and its warnings are not reported.
	Expression	Type	Warnings
	some i in [1, 2, 3] satisfies i > 2	boolean = true	—
	every i in [1, 2, 3] satisfies i > 2	boolean = false	—
	every i in [3, 4] satisfies i > 2	boolean = true	—
	some i in [1, null] satisfies i > 0	boolean = true	—
	every i in [1, null] satisfies i > 0	Null	—
	some i in xs satisfies i > 2	boolean | Null	—
	every i in [] satisfies i > 2	boolean = true	—
	some i in [1, 2], j in [3, 4] satisfies i > j	boolean = false	—
	every i in [1, 2], j in [3, 4] satisfies i < j	boolean = true	—

The domains of a loop (D-170)
A domain is read for each element of the one before it, so a loop reads it only if the domains before it have an element, and one that cannot be iterated (null, a range) ends the loop where it is read. A for over a list that has no element is the empty list, and so is one whose first domain has none, regardless of what comes after (for i in [], j in null return j). A domain that cannot be iterated makes the loop null for sure only where it is read for sure, because every domain before it has an element (for i in [1], j in null return j is Null, with the warning); where the domains before it may have none, the loop is null or the value of an empty product. The domains that are not read are of no value.
	Expression	Type	Warnings
	for i in [] return i	empty list	—
	for i in [], j in null return j	empty list	—
	for i in xs, j in null return j	empty list | Null	—
	for i in [1], j in null return j	Null	type_mismatch
	some i in [], j in null satisfies true	boolean = false	—

The elements a filter keeps
A filter source[brackets] has a mode decided from the type of the brackets (D-71): a predicate (no number can come out of them: keep the elements for which they are true), an index (only a number can: take that element), or dynamic (it cannot be known: the evaluator decides from the value, and the type is that of both readings). A predicate narrows the elements it keeps, by the facts of the brackets about the element item or its entries; an index takes one element and narrows nothing. A predicate that is never true keeps nothing, and the result is the empty list.
	Expression	Type	Warnings
	xs[item > 2]	list<number in (2..max]> | Null	—
	xs[item >= 2 and item < 5]	list<number in [2..5)> | Null	—
	ys[item = "a"]	list<string = "a"> | Null	—
	xs[item > 2][1]	number in (2..max] | Null	—
	[k, 1][1]	number	—
	[k, 1][-1]	number	—
	[k, 1][2]	number | Null	—
	k[1]	number	—
	[1, 2, 3][item > 1]	non-empty list<number in 2, 3>	—
	[1, 2, 3][item > 5]	empty list	—
	[{a: 1}, {a: 2}][a >= 2]	non-empty list<context<a: number = 2>>	—
	[{abs: 2}][abs instance of number]	non-empty list<context<abs: number = 2>>	—
	[{abs: 2}][count([{}][abs instance of number]) > 0]	non-empty list<context<abs: number = 2>>	—

An index takes one element, and the element is null for a position that is not there. The first and the last element of a list that has one are there (D-152), so [k, 1][1] and [k, 1][-1] are the element type, which is not null for a k that is not null (an element that is null, xs[1] of a list<number>, is still null). The inferred number | Null for [k, 1][2] is conservative: that position exists and the runtime returns 1, but this index-result bound does not keep that positional precision. It does not mean the written list can have fewer than two elements. A value that is not a list is treated as the list of itself, so its position 1 is the value: k[1] is k. This holds when the brackets are one of those numbers by their type ([k, 1][2 - 1], a name that allowed values make 1), and not when they may be null or anything else. There is no position 0 (D-170): xs[0] is null for every source, a list, a value that is not one, and null (the run has no element at 0, Feel.Runtime.Filter.index/2).
	Expression	Type	Warnings
	xs[1]	number | Null	—
	xs[0]	Null	—
	xs[1 - 1]	Null	—
	if xs != [] then xs[0] else 0	number = 0 | Null	—

The entries of an element are names in the brackets (a >= 2). For a context in the list, an alternative of the element type is kept with the entry narrowed, and is dropped if nothing is left of the entry: the contexts with a equal to 1 are dropped. An element that is null or a scalar is selected as null, so it is dropped if the fact cannot hold for null.
Field names in a filter can shadow ordinary scope names and builtins. In [{abs: 2}][abs instance of number], abs reads the current item's field. A nested filter can read a field from an outer filter frame when the inner item does not supply it. Resolution distinguishes a definite field (:item_field), the item itself, and dynamic fallback across frames; facts must keep that binding identity. Repreparing just the predicate without its filter scope can change its meaning. DMN's table checker therefore treats field-dependent cells as unknown rather than proving facts about a standalone builtin with the same spelling (DD-43).
Over a declared context type
An element whose type is a declared context (ps is list<context<age: number, name: string>>) is an open type: it may have an entry called item. So item.age in the brackets cannot be trusted to be the entry, and narrows nothing:
	Expression	Type	Warnings
	ps[item.age > 18]	list<context<age: number | Null, name: string | Null> | Null> | Null	—

Writing the entry as a bare name (ps[age > 18]) is read as the entry of the first element that has it, and narrows it, but it warns unknown_name unless a name of that kind is in scope, because the type does not say that every element has it. A list of context literals has closed types and has neither problem.
Limits
	No length: a list type says whether it has an element, but not how many (D-193, D-152). A list literal and a constant have one ([1, 2] is non-empty list<number in 1, 2>), the result of a filter does not.
	A literal of more than 32 elements keeps only its length for the comparison of lists, not the types of the elements by position (D-193).
	A fact about item over an open context type is lost (see above).
	The elements of a declared list are narrowed by the allowed values of the name, which apply to each element (D-51, Feel.Analysis.TestSets.restrict_elements/2), and not by conditions on the list.

See also: context, range, Any; type-system.md, 3.1.


  

    Narrowing a model-defined type

Narrowing › named types. The names in the examples are those of section 2.
A model-defined type is a structural alias, not a nominal tag. A scope can declare m as Person, where Person resolves to context<age: number, name: string>. Feel.Type.resolve/2 resolves aliases recursively against scope.types; narrowing then uses the resulting context type and context rules. The value does not need to have been constructed by that model.
	Expression	Type	Warnings
	m	context<age: number | Null, name: string | Null> | Null	—
	m.age	number | Null	—
	if m.age > 5 then m else null	context<age: number in (5..max], name: string | Null> | Null	—
	if m != null then m else null	context<age: number | Null, name: string | Null> | Null	—
	m instance of Person	boolean	—
	{age: 1, name: "a"} instance of Person	boolean = true	—
	if v instance of Person then v else null	context<age: number | Null, name: string | Null> | Null	—

instance of checks the resolved structural type. Item-definition allowed values and type constraints are separate checks, not part of that type test. They can narrow a bound variable when its declaration policy permits it (structural constraints). With a valid target type, instance of returns a boolean; null is an instance of Null only.
Missing and recursive definitions
An unresolved type in a variable declaration is an analysis error when that declaration is read. An invalid target of instance of is different: preparation keeps a warning. Runtime reports an error and yields null in lenient mode, which can select the else branch of a surrounding if; strict execution stops at the error.
	Expression	Type	Warnings
	1 instance of Missing	Null	invalid_type_expression
	if 1 instance of Missing then 1 else 2	number = 2	invalid_type_expression

Feel.Type.resolve/2 returns {:error, {:cyclic_type, name}} for a cycle of unresolved named references. Feel.ItemDefinitions.new/2 rejects recursive definitions by default, but recursive: :guarded produces finite graph descriptors that the resolver keeps. Runtime membership checks full finite values; declaration boundaries also enforce their descendant constraints. Analysis sees a bounded structural upper approximation. DMN selects guarded mode with its :recursion feature. FEEL's legacy recursive: :any instead cuts back references and does not provide complete descendant validation.
An upper projection cannot prove an instance of test true, remove its check, or exclude the projection from the negative branch. Conversion can change a value even if it fits the projection, so recursive parameter/result boundaries use post-conversion bounds. Collection heads and aliases are unfolded for singleton wrapping and element allowed values. See the guarded-type contract for supported cycles, function signatures and conservative type relations.
Preserve the type scope when reusing source
Resolution erases a type's name from the IR, and folding can erase the predicate altogether. The original source still needs its type definitions when it is prepared again. With N defined as number, if 1 instance of N then 1 else 2 returns 1; without N, its invalid test returns null and the expression returns 2 with an error in lenient mode. Even parsing can change: a known type named number and false must be read as one name, not a built-in type followed by a boolean operator.
DMN preserves each unit's named types, including imported names, in the types: map option to Feel.Rules queries. This applies to explicit entries and wildcard inputValues, even when the prepared IR no longer records the original reference. Value bindings, filter fields and extension calls have a different contract: unsupported dependencies stay unknown rather than being reinterpreted outside their scope. See the table-proof contract.
Unresolved internal alternatives
Feel.Type.Union.from_spec/1 can represent an unresolved {:named, name} alternative. Readers that encounter it must stay conservative: facts do not inspect an unavailable definition and operations can fall back to Any | Null. Ordinary prepared variable declarations resolve names before those facts are used; this fallback is not a substitute for supplying a valid scope.
See also: context, structure; Feel.ItemDefinitions reads model item definitions into a scope (D-99).


  

    Narrowing and null

Narrowing › null. The names in the examples are those of section 2.
In the specification's lattice Null is below every type, so number means "a number or null". In the analyzer's union (Feel.Type.Union) Null is an alternative of its own, present only when the value may be null (type-system.md, 3.2). A fact therefore has two jobs for every subject: to cut the alternatives of its kind, which the pages of the kinds describe, and to keep or remove Null. This page covers the second.
null determines how the two branches differ (section 4):
	an ordering (< <= > >=) with a null operand is null, and null is not true;
	= is true for two nulls, and false for a null and a value;
	!= is true for a null and a value (null != 5 is true) and false for two nulls (Table 50, D-04);
	an operation with a null operand is null.

When Null stays
	The condition	Null stays in then when	Null stays in else
	an ordering	never	always
	x = other	other can be null, or its type is not known	unless other is only null
	x != other	other is not only null: it has a kind, or is not known	when other can be null, or is not known

And else can use the values for which the comparison is false only when the comparison cannot be null, that is, when the other side is of one kind and never null. That is the only difference between the rows below.
Every operator against every other side
The four sides: null alone, a constant of the same kind (never null), a name of the same kind that can be null (y), and a name of type Any (v).
	Condition	x when true	x when not true
	x = null	Null	number
	x = 5	number = 5	number in [-max..5), (5..max] | Null
	x = y	number | Null	number | Null
	x = v	number | Null	number | Null
	x != null	number	Null
	x != 5	number in [-max..5), (5..max] | Null	number = 5
	x != y	number | Null	number | Null
	x != v	number | Null	number | Null
	x > null	—	number | Null
	x > 5	number in (5..max]	number in [-max..5] | Null
	x > y	number in (-max..max]	number | Null
	x > v	number	number | Null

	x = null is the guard. When it is not true, x is not null.
	x = 5: when true, x is 5; when not true, x can still be null, because null = 5 is false.
	x != 5: true for null, so Null stays in then; when not true, x is 5.
	x = y and x != y learn nothing: y can be null, and then both are decided by two nulls.
	x > null is null for every x, so the then branch cannot be taken.
	x > y: true means neither is null, and x is above the lowest possible y.
	x > v: true means x is not null and v is a number; x's set learns nothing.

A condition with null on the left is the same: null = x is x = null, and null < x is x > null.
	Condition	x when true	x when not true
	null = x	Null	number
	null < x	—	number | Null

An operand that has no order, against Any
A boolean, a list, a context, a range and a function have no order (Table 55 lists none of them), so an ordering with one of them is null whatever the other operand is: at run time the result is null for a value of the same kind, for a value of another kind (a type mismatch) and for a null, and the type of x > v above is open only because a number has an order. The type says so for a name of type Any as for a known kind (D-193, D-196), and for <= and >= as for < and >: true < v and true <= v are Null with a type_mismatch warning for every v, and a condition made of them is never true, so the then branch cannot be taken. A union is typed pair by pair: it is Null only when every pair of its alternatives is, so Any minus all the kinds that have an order is Null against Any, and Any minus just one of those kinds is not.
	Expression	Type	Warnings
	true < v	Null	type_mismatch
	v >= {age: 20}	Null	type_mismatch
	[1, 2] <= v	Null	type_mismatch
	(function(a: number) a) < v	Null	type_mismatch
	v < null	Null	—
	x < v	boolean | Null	—
	v < v	boolean | Null	—

	Condition	v when true	v when not true
	true < v	—	Any | Null
	v > {age: 20}	—	Any | Null
	v <= true	—	Any | Null
	v >= []	—	Any | Null

<= and >= follow the ordered-kind domain table, like < and > (D-196). The specification's alternative formula a < b or a = b would make true <= true true; the supported interpretation instead gives null. The runtime and inference use that same restriction, including against Any.
An operand that has no operation, against Any
The same holds for + - * / **: a boolean, a list, a context, a range and a function have no arithmetic (Tables 57 to 61 and 63 list none of them), a string has + and no other operation, a date, a time and a date and time have + and -, a duration has all but **, and only a number has **. An operation with an operand of a kind that its operator does not support is null whatever the other operand is; at run time this holds for a value of any kind (a type mismatch) and for a null, so the type says so for a name of type Any as for a known kind (D-203): true + v is Null with a type_mismatch warning for every v, and a condition that contains it is never true. "a" + v, d + v and x + v are not Null, since for each of them there is a v that gives a value, and their types are the kinds that the pairs give, plus Null (D-203): the run adds a string to a string only, so s + v is string | Null; d + v is date | Null (a date and a duration); x + v is number | Null; x * v is a number, or a duration that a number multiplies, or null; and v + w is one of the seven kinds that have a +, or null. A negation has only one operand, so there is no other operand that could make it Null, and at run time only a number or a duration can be negated (D-207): -v is number | years and months duration | days and time duration | Null, as it is for a v that is a number, a years and months duration, a days and time duration or null (-b and -s are Null, as always). One v read twice is not two values (D-170, D-207): for a value combined with itself, the run gives a number, a string or a duration for v + v (two dates are not added), 0 of a number, a years and months duration or a days and time duration for v - v (a date, a time and a date and time minus themselves are a days and time duration of 0), a number for v * v, v / v and v ** v (a duration times itself is not defined, and a duration over itself is a number), and null for a v that is null; that is, the kinds of v + w (a second name of type Any) without the pairs of two different kinds (a date and a duration). A union is typed pair by pair, so it is Null only when every pair of its alternatives is.
	Expression	Type	Warnings
	true + v	Null	type_mismatch
	v + b	Null	type_mismatch
	{a: 1} * v	Null	type_mismatch
	[1] - v	Null	type_mismatch
	v / b	Null	type_mismatch
	s - v	Null	type_mismatch
	d * v	Null	type_mismatch
	v ** dd	Null	type_mismatch
	s + v	string | Null	—
	d + v	date | Null	—
	x + v	number | Null	—
	x * v	number | years and months duration | days and time duration | Null	—
	ym + v	date | date and time | years and months duration | Null	—
	dd / v	number | days and time duration | Null	—
	v + v	number | string | years and months duration | days and time duration | Null	—
	v - v	number = 0 | years and months duration = P0M | days and time duration = PT0S | Null	—
	v * v	number in [0..max] | Null	—
	v / v	number = 1 | Null	—
	v ** v	number | Null	—
	-v	number | years and months duration | days and time duration | Null	—
	-(-v)	number | years and months duration | days and time duration | Null	—
	(v - v) + 1	number = 1 | Null	—
	(v / v) * 2	number = 2 | Null	—
	v + null	Null	—

	Condition	v when true	v when not true
	true + v > 1	—	Any | Null
	s - v > 1	—	Any | Null
	s + v > 1	—	Any | Null
	d + v = 5	—	Any | Null
	-v = "a"	—	Any | Null
	-v > 1	number in [-max..-1)	Any | Null
	-v = 5	number = -5	Any | Null
	v - v = 0	number	Any | Null
	v + v = "aa"	string	Any | Null
	v * v = 4	number	Any | Null
	v / v = 1	number | years and months duration | days and time duration	Any | Null

A condition that contains an operation that is null for every v has the type Null, so it is never true and the then branch cannot be taken (if true + v > 1 then 1 else 2 is number = 2 with a decided_condition). The same holds for s + v > 1: s + v is string | Null (D-203), which is never above a number, so the comparison is a mismatch and Null; it used to be Any | Null, with the comparison typed boolean | Null, where the run gives null.
A negation and one value read twice work the same way: the kinds of -v, v - v, v + v and the rest are the kinds that the run gives, so a comparison with a value of another kind is never true (-v = "a" leaves no v), and the kinds of v for which the comparison can be true are those in the rows above (v / v = 1 can be true for a number and for a duration, since a duration divided by itself gives 1, but not for a date).
instance of
null is an instance of Null only, so x instance of T is never true for a null unless T is Null, and is false for it, never null itself (D-23, D-194).
	Condition	x when true	x when not true
	x instance of Null	Null	number
	x instance of Any	number	Null
	x instance of number	number	Null

	Condition	v when true	v when not true
	v instance of Null	Null	Any
	v != null	Any	Null
	v = null	Null	Any

Any inside a union means any value that is not null; the specification's Any is Any | Null. That is why v = null leaves non-null Any where it is not true. Other comparisons and type tests can also keep more specific exclusions, such as Any except number = 5 | Null (Any).
Tests with null in them
In an in, a null among the tests is the comparison with null. Joined in then, met in else:
	Condition	x when true	x when not true
	x in (null, 5)	number = 5 | Null	number in [-max..5), (5..max]
	x in (null)	Null	number

	Condition	s when true	s when not true
	s = null or s = "a"	string = "a" | Null	string except "a"

x in (null, 5) is true for null and for 5; when it is not true, x is neither, which removes Null from the other branch as well.
A declared non-null name (T!)
Under :enforce or :enforce_wide, a name declared number! (D-48) has no Null to keep or remove: a bound null ends the run with an input error. Other stances keep null in the inferred input type. The expression type grammar also accepts this extension in parameters and instance of targets; this is not the same as marking the overall result type, which is not supported.
	Expression	Type	Warnings
	k	number	—
	k = null	boolean = false	—
	null instance of number!	boolean = false	—
	if k > 5 then k else 0	number in 0, (5..max]	—

The guard in use
	Expression	Type	Warnings
	if x = null then 0 else x + 1	number	—
	if null = x then 0 else x	number	—
	x != null and x > 5	boolean	—
	x = null or x > 5	boolean	—
	if x > null then x else 0	number = 0	decided_condition

	x + 1 is a number, never null, once x is known not to be null: it does not overflow, since the run rounds max + 1 to max (D-39).
	x != null and x > 5 is boolean, never null: the right operand is read knowing the left is true, so x is not null there. The same for x = null or x > 5, read knowing the left is not true.
	x > null is null, never true, so the then branch cannot be taken and the warning says so.

See also: number, Any, boolean.


  

    Narrowing by a call of a number function

Narrowing › number functions. The names in the examples are those of section 2.
A comparison of a call of abs, floor, ceiling, round up, round down, round half up, round half down, decimal, sqrt, log, exp or modulo with a value says what the argument is, as the comparison of an arithmetic operation does (number, D-122): when abs(x) < 100 is true the call is a number, so x is too, and it is a number for which the call gives a result below 100, which is (-100..100). The else must also include failures: a null argument, a negative number for sqrt, or an invalid scale. Selected inverse rules keep those failure regions and can narrow both branches; unsupported cases leave the else broad (D-194). An allowed value is a condition on ? (D-161), so abs(?) < 100 as an allowed value narrows the name in the same way, and so does an in (abs(x) in [1..5]).
The rules use these principles, within the common budgets and correctness limits:
	The call is not null. An argument that is null, or of a kind the function does not take, is excluded (abs(s) < 100 leaves no string), and a list of one number is the number it holds, so a name that may be a list keeps the lists: floor(v) = 3 leaves number in [3..4) | list<Any | Null> for an Any.

	Inverse rules aim to keep exactly the inputs that give the result, within their budgets. Roots, logarithms and exponentials need additional approximation because the run rounds to 34 digits (below). Where nothing gives the result (floor(x) = 2.5), the fact leaves nothing. Selected call-preimage checks can detect this even if the branch never reads x: if floor(x) = 2.5 then 5 else 7 is number = 7 with unreachable_branch (D-194). Other impossible facts are detected when their subject is read. A condition whose own type already rules out true instead gets decided_condition.
	An argument that is an operation or a call is read in turn: abs(x + 1) < 5 leaves x in (-6..4), and floor(abs(x)) = 3 leaves (-4..-3], [3..4).

	Expression	Type	Warnings
	if floor(x) = 2.5 then 5 else 7	number = 7	unreachable_branch

abs
The results and their negatives. A duration is the same, on its seconds or months.
	Condition	x when true	x when not true
	abs(x) < 100	number in (-100..100)	number in [-max..-100], [100..max] | Null
	abs(x) <= 100	number in [-100..100]	number in [-max..-100), (100..max] | Null
	abs(x) > 3	number in [-max..-3), (3..max]	number in [-3..3] | Null
	abs(x) >= 3	number in [-max..-3], [3..max]	number in (-3..3) | Null
	abs(x) = 3	number in -3, 3	number in [-max..-3), (-3..3), (3..max] | Null
	abs(x) = 0	number = 0	number in [-max..0), (0..max] | Null
	3 > abs(x)	number in (-3..3)	number in [-max..-3], [3..max] | Null
	abs(x) < 0	—	number | Null
	abs(x + 1) < 5	number in (-6..4)	number | Null
	abs(x) in [1..5]	number in [-5..-1], [1..5]	number | Null

	Condition	dd when true	dd when not true
	abs(dd) < @"PT1H"	days and time duration in (-PT1H..PT1H)	days and time duration in [-max..-PT1H], [PT1H..max] | Null
	abs(dd) = @"PT1H"	days and time duration in -PT1H, PT1H	days and time duration in [-max..-PT1H), (-PT1H..PT1H), (PT1H..max] | Null

	Condition	v when true	v when not true
	abs(v) < 100	number in (-100..100) | list<Any | Null>	Any | Null

floor, ceiling, round * and decimal
A call rounds a number to a scale, the number of digits after the point (0 if none is given), and the scale is cut to a whole number in -6111..6176. The result is a multiple of the step 10^-scale, so the numbers that give a set of results are those between the step before the first and the step after the last: floor(x) = 3 is [3..4), round half up(x) = 3 is [2.5..3.5) (a tie goes away from zero), round half down(x) = 3 is (2.5..3.5], decimal(x, 0) = 2 is [1.5..2.5] (a tie goes to the even number), round up(x) = 3 is (2..3] (away from zero) and round down(x) = 3 is [3..4) (toward it). The set is exact. The scale has to be one number (a literal, or a name that has only one); with a name that has many, the call says only that the argument is a number.
	Condition	x when true	x when not true
	floor(x) = 3	number in [3..4)	number in [-max..3), [4..max] | Null
	floor(x) < 3	number in [-max..3)	number in [3..max] | Null
	floor(x) <= 3	number in [-max..4)	number in [4..max] | Null
	floor(x) > 3	number in [4..max]	number in [-max..4) | Null
	floor(x) >= 3	number in [3..max]	number in [-max..3) | Null
	ceiling(x) = 3	number in (2..3]	number in [-max..2], (3..max] | Null
	ceiling(x) >= 3	number in (2..max]	number in [-max..2] | Null
	round up(x) = 3	number in (2..3]	number in [-max..2], (3..max] | Null
	round up(x) = -3	number in [-3..-2)	number in [-max..-3), [-2..max] | Null
	round down(x) = 3	number in [3..4)	number in [-max..3), [4..max] | Null
	round down(x) = 0	number in (-1..1)	number in [-max..-1], [1..max] | Null
	round half up(x) = 3	number in [2.5..3.5)	number in [-max..2.5), [3.5..max] | Null
	round half down(x) = 3	number in (2.5..3.5]	number in [-max..2.5], (3.5..max] | Null
	decimal(x, 0) = 2	number in [1.5..2.5]	number in [-max..1.5), (2.5..max] | Null
	decimal(x, 0) = 3	number in (2.5..3.5)	number in [-max..2.5], [3.5..max] | Null

	Condition	x when true	x when not true
	round half up(x, 1) = 2.5	number in [2.45..2.55)	number in [-max..2.45), [2.55..max] | Null
	floor(x, 2) = 3.14	number in [3.14..3.15)	number in [-max..3.14), [3.15..max] | Null
	floor(x, -1) = 30	number in [30..40)	number in [-max..30), [40..max] | Null
	decimal(x, 2) > 1.5	number in (1.505..max]	number in [-max..1.505] | Null
	floor(x, y) = 3	number	number | Null
	floor(x) = 2.5	—	number | Null
	floor(abs(x)) = 3	number in (-4..-3], [3..4)	number | Null

	Condition	n when true	n when not true
	floor(n) = 3	number in [3..4)	number in [0..3), [4..10] | Null
	ceiling(n) = 12	—	number in [0..10] | Null
	round half up(n) >= 5	number in [4.5..10]	number in [0..4.5) | Null

floor(x) = 2.5 leaves nothing of x (no number has that floor), so the branch where it is true cannot be taken (D-152); ceiling(n) = 12 is decided by the types, since the call is in [0..10].
sqrt, log and exp
The run rounds each to 34 digits, to the nearest, and the end of the argument has to allow for that:
	An end of the results that is not included (sqrt(x) < 10, sqrt(x) > 3) is exact: the rounding keeps the order, and a bound of 34 digits is not changed by it, so a number that gives a result below 10 has a root below 10. This gives x < 100 and x > 9.
	An end that is included (<=, >=, =) is one that the value can be half a unit of its last digit short of, and still be rounded to. The search moves inward from there, using the run itself, to the first number that gives a result in the set (a few numbers; the inverse is ln and exp, one unit of the last digit either way): sqrt(x) >= 10 is [100..max], where the root of the number just below 100 is 9.999…9; sqrt(x) <= 10 is [0..100.0000000000000000000000000000001], since that is a number whose root rounds to 10. sqrt(x) >= 3 is [8.999999999999999999999999999999998..max], the first number with the root 3. If the search finds none within 24 numbers, the number from the inverse is kept, which gives a larger set.
	Where the run has no result, the argument stops: exp(x) is a number for x up to 14149.38539644841072829055748903541 (found with the run, and held to it by the tests), so exp(x) > 1 is (0..14149.38…]; below -14221 the result is below the smallest number, and the numbers between that and -14144.78… give a representable result only when the digits of the result happen to be zeros.

	Condition	x when true	x when not true
	sqrt(x) < 10	number in [0..100)	number in [-max..0), [100..max] | Null
	sqrt(x) > 3	number in (9..max]	number in [-max..9.000000000000000000000000000000003] | Null
	sqrt(x) <= 10	number in [0..100.0000000000000000000000000000001]	number in [-max..0), (100..max] | Null
	sqrt(x) >= 10	number in [100..max]	number in [-max..100) | Null
	sqrt(x) = 10	number in [100..100.0000000000000000000000000000001]	number in [-max..100), (100..max] | Null
	sqrt(x) >= 3	number in [8.999999999999999999999999999999998..max]	number in [-max..9) | Null
	sqrt(x) < 0	—	number | Null
	sqrt(x) >= 0	number in [0..max]	number in [-max..0) | Null
	exp(x) > 1	number in (0..14149.38539644841072829055748903541]	number in [-max..0.0000000000000000000000000000000009999999999999999999999999999999996], (14149.38539644841072829055748903541..max] | Null
	exp(x) < 3	number in (-14221..1.098612288668109691395245236922527)	number in [-max..-14144.78022626242263692252150612604), [1.098612288668109691395245236922526..max] | Null
	log(x) < 0	number in (0..1)	number in [-max..0], [1..max] | Null
	log(x) >= 0	number in [1..max]	number in [-max..1) | Null
	log(x) = 1	number = 2.718281828459045235360287471352663	number | Null
	log(x) < 3	number in (0..20.08553692318766774092852965458173)	number in [-max..0], [20.08553692318766774092852965458171..max] | Null

log(x) = 1 is one number: the one just above e (2.718281828459045235360287471352662|4977…) is the only one of 34 digits whose logarithm the run rounds to 1.
Numeric endpoints and conservative fallback
A result interval is a hull, not an enumeration of the steps a rounding function can return. Rounding images cut their endpoints outward to representable 34-digit FEEL numbers (D-220). Near max, an exact integer step such as max - 1 need not itself be representable, so the bound can widen to max. Power inference stays total for an unsupported endpoint; root, logarithm and exponential images fall back to signature bounds if they cannot read an endpoint. Preparing such an expression must not raise or infer a smaller set by dropping the corner. The edge-bound regressions exercise these compositions at the range limits.
modulo by one number
modulo(x, m) is x - m * floor(x / m), which is in [0..m) for a positive m and in (m..0] for a negative one, and is exact. The numbers that give a remainder in a set are the remainders and the multiples of m added to them, as many as the multiples there are, so the fact is about the set of the name that it is applied to: it keeps the part of the set that is a remainder away from a multiple, if that is 16 intervals or fewer, and leaves the set as it was otherwise. A name without allowed values has all the numbers, so it is left as it is.
	Condition	n when true	n when not true
	modulo(n, 7) = 3	number in 3, 10	number in [0..10] | Null
	modulo(n, 7) < 2	number in [0..2), [7..9)	number in [0..10] | Null
	modulo(n, 4) = 1	number in 1, 5, 9	number in [0..10] | Null
	modulo(n, -7) = -3	number = 4	number in [0..10] | Null
	modulo(n, 2.5) = 0	number in 0, 2.5, 5, 7.5, 10	number in [0..10] | Null
	modulo(n, 20) = 3	number = 3	number in [0..10] | Null

	Condition	age when true	age when not true
	modulo(age, 50) = 10	number in 10, 60, 110	number in [0..150] | Null
	modulo(age, 1000) = 10	number = 10	number in [0..150] | Null

	Condition	x when true	x when not true
	modulo(x, 7) = 3	number	number | Null

With and and or
The facts are those of the comparisons, met and joined (5).
	Condition	x when true	x when not true
	abs(x) < 100 and x > 0	number in (0..100)	number in [-max..0], [100..max] | Null
	abs(x) < 100 and abs(x) > 10	number in (-100..-10), (10..100)	number in [-max..-100], [-10..10], [100..max] | Null
	abs(x) < 1 or floor(x) = 5	number in (-1..1), [5..6)	number in [-max..-1], [1..5), [6..max] | Null
	floor(x) < 3 and floor(x) > 1	number in [2..3)	number in [-max..2), [3..max] | Null

	Condition	v when true	v when not true
	floor(v) = 3	number in [3..4) | list<Any | Null>	Any | Null
	sqrt(v) < 10	number in [0..100) | list<Any | Null>	Any | Null

	Expression	Type	Warnings
	if abs(x) < 100 then x else null	number in (-100..100) | Null	—
	if abs(k) < 100 then abs(k) else null	number in [0..100) | Null	—
	if floor(x) = 3 then x + 1 else null	number in [4..5] | Null	—
	if sqrt(x) < 10 then sqrt(x) else null	number in [0..10] | Null	—
	if modulo(n, 7) = 3 then n else null	number in 3, 10 | Null	—
	if floor(x, 6177) = 3 then x else null	Null	decided_condition

The last row is a scale outside the range: the call is null, so the condition is never true.
What is left
	The else branch holds the arguments for which the comparison is false and those for which the call is null. abs, floor, ceiling, round * and decimal of a number are numbers that can be written, so abs(x) < 100 is not true for the numbers from 100 on, nor for null. sqrt, log and exp can be null, and Feel.Analysis.Failure says for which arguments: sqrt for the negative numbers, log for those and zero, exp for those above 14149.38… and below -14144.78… (past that the result is always written, see above). So sqrt(x) < 10 is not true for an x below 0 or from 100 on. The preimage of the results that make the comparison false is a hull for these three, as it is for the then (a unit of the last digit either way), which is an outer approximation and is what the else needs; @unread_else in Feel.Analysis.Narrowing is the list of names to leave unread, if a case turns up where it is not enough. If the other side may be null, the comparison may be unknown for any argument, so the not-true branch may have to keep them all.
	A call is not read as a set of the values it gives beyond the hull of its ends: floor(x) for x in [0.5..3.7] is [0..3], and not the whole numbers 0, 1, 2, 3 (the granularity of D-161, step D), so floor(x) = 2.5 is not decided.
	even and odd give a boolean that says the argument is whole, which a set cannot express.
	A scale or a divisor that is not one number (floor(x, k), modulo(x, m)) says that the argument is a number, and no more.

Tests: number_function_narrowing_test.exs has the types, the branches against the run for many values, and the numbers of each function against the run at the ends of the sets and the numbers next to them; the code is analysis/images/number/preimage.ex.


  

    Narrowing a number

Narrowing › number. The names in the examples are those of section 2.
A number alternative of a union is the bare kind, every number, or {:number, set}: a Feel.Type.NumberSet, a list of intervals of decimals within decimal128 (-max to max, where max is 9.999…E+6144), each end open or closed. The comparisons below illustrate the intended sets within the representation budget. Caps and composition have known limitations. Null is a member of the union in its own right (null.md).
Comparisons with a value
The six comparisons, on either side of the subject. 5 < x is x > 5. The then branch is where the comparison can be true; the else branch is where it can be false, and Null, since an ordering of null is not true (the rule).
	Condition	x when true	x when not true
	x > 5	number in (5..max]	number in [-max..5] | Null
	x >= 5	number in [5..max]	number in [-max..5) | Null
	x < 5	number in [-max..5)	number in [5..max] | Null
	x <= 5	number in [-max..5]	number in (5..max] | Null
	5 < x	number in (5..max]	number in [-max..5] | Null
	x = 5	number = 5	number in [-max..5), (5..max] | Null
	x != 5	number in [-max..5), (5..max] | Null	number = 5

x != 5 keeps Null when it is true because null != 5 is true, and leaves exactly 5 when it is not.
between and in
x between a and b is x >= a and x <= b (D-69). x in tests is true when one of its tests is true, so the facts of the tests are joined, as or does; it is not true when none is, so they are met, as and does (D-194). A test that is a plain value rather than a comparison, such as a range held in a name, says nothing.
	Condition	x when true	x when not true
	x between 1 and 10	number in [1..10]	number in [-max..1), (10..max] | Null
	x in [1..10]	number in [1..10]	number in [-max..1), (10..max] | Null
	x in (1..10)	number in (1..10)	number in [-max..1], [10..max] | Null
	x in (< 5, > 10)	number in [-max..5), (10..max]	number in [5..10] | Null
	x in (1, 2, 3)	number in 1, 2, 3	number in [-max..1), (1..2), (2..3), (3..max] | Null
	x in [1..5] or x in [8..9]	number in [1..5], [8..9]	number in [-max..1), (5..8), (9..max] | Null
	x in r	number | Null	number | Null

The last row is a range held in a name: it is a value, and the test cannot be read until run time.
The type of between is that of the same range in an in (D-170): the upper comparison is typed for the case where the lower one is true, with the value as the facts of that comparison leave it, and for the case where it is not (the value null, or below the lower bound), as the range of an in is (D-194). An n in [0..10] that may be null is true or null in both. A between reads its value once and has one upper bound; an upper bound that reads a name that the lower comparison narrows (n between 0 and n + 20) is read again in the case where the lower comparison is not true, if it is small (D-170).
An and is typed once, from the facts of its left operand (D-194), since a general right operand is not cheap to type twice. Its first link is typed for each case of the left operand as well (D-170) when the right operand is small, reads a name that the left one narrows, and the left one is not an and or or: the right operand is read again in the case where the left one is not true. A chain a and b and c is typed from the facts of the left operands only after its first link, since reading the right operand again under all of them at each link would make the chain quadratic (D-194).
	Expression	Type	Warnings
	n between 0 and 10	boolean = true | Null	—
	n in [0..10]	boolean = true | Null	—
	n between 11 and 20	boolean = false | Null	—
	x between 1 and 10	boolean | Null	—
	k between 0 and 10	boolean	—
	n >= 0 and n <= 10	boolean = true | Null	decided_condition
	n >= 0 and n <= 10 and n != 5	boolean | Null	decided_condition
	n between 0 and n + 20	boolean = true | Null	—

An in of a list (x in [1, 2, 3]) is list contains, which is true or false for every input, null included (UnaryTests.member/3), so it is never null (D-170). A range held in a name, or a value of another kind, is equality or containment with the input, which can be null.
	Expression	Type	Warnings
	x in [1, 2, 3]	boolean	—
	x in xs	boolean	—
	x in []	boolean = false	—
	x in r	boolean | Null	—
	x in v	boolean | Null	—

A number with allowed values
A name with allowed values starts from its set (n is number in [0..10] | Null), so a comparison cuts it, and a branch that the set rules out cannot be taken. The warning for such a condition is in section 7.
	Condition	n when true	n when not true
	n > 3	number in (3..10]	number in [0..3] | Null
	n = 5	number = 5	number in [0..5), (5..10] | Null
	n != 5	number in [0..5), (5..10] | Null	number = 5
	n > 10	—	number in [0..10] | Null
	n < 0	—	number in [0..10] | Null
	n >= 0	number in [0..10]	Null

n >= 0 is true for every number of the set, so only null is left when it is not true.
The other side is not a constant
The other side is read as the set of numbers it can be, and the subject is cut by its bounds. Where it can be null or its kind is not known, the else branch learns nothing, because the comparison may have been null.
	Condition	x when true	x when not true
	x > n	number in (0..max]	number | Null
	x > y	number in (-max..max]	number | Null
	x = y	number | Null	number | Null
	x > v	number	number | Null

x > n leaves everything above the lowest possible n. x = y is true when both are null. v is Any: the comparison is true only for a number, so x is not null, and nothing else is known.
	Condition	y when true	y when not true
	x > y	number in [-max..max)	number | Null

Operations in the comparison
An arithmetic operation, or a negation, is null when an operand is null or of a kind it does not take. So when x + 1 > 5 is true, x is not null and is a number. And the result is in the set that the comparison allows, so the operands are the numbers that give such a result with some value of the other operand: the preimage (Feel.Analysis.Preimage, D-122). An operand that is itself an operation is read in turn.
	Condition	x when true	x when not true
	x + 1 > 5	number in (4..max]	number in [-max..4] | Null
	x + 1 >= 5	number in [4..max]	number in [-max..4) | Null
	x * 2 = 5	number = 2.5	number in [-max..2.5), (2.5..max] | Null
	-x > 3	number in [-max..-3)	number in [-3..max] | Null
	x - 1 <= 0	number in [-max..1]	number in (1..max] | Null
	x / 2 >= 1	number in [2..max]	number in [-max..2) | Null
	x * 2 > 10	number in (5..max]	number in [-max..5.000000000000000000000000000000002], [4.999999999999999999999999999999999E+6144..max] | Null
	x * 2 < 10	number in [-max..5)	number in [-max..-4.999999999999999999999999999999999E+6144], [5..max] | Null
	x / 2 < 1	number in [-max..2)	number in [-2E-6143..-1E-6176], [1E-6176..2E-6143], [2..max] | Null
	x + y > 5	number	number | Null
	x ** 2 < 4	number	number | Null

	Condition	y when true	y when not true
	1 / y > 0	number in (0..max]	number in [-max..0], [1E-6176..1.0000000000000000000000000000001E-6145], [1E+6143..max] | Null

	Condition	n when true	n when not true
	n * 2 > 10	number in (5..10]	number in [0..5.000000000000000000000000000000002] | Null
	n + 1 = 5	number = 4	number in [0..4), (4..10] | Null
	n + 1 != 5	number in [0..10] | Null	number = 4

	The else branch holds the operands that make the comparison false and those that make the operation null. The branch where the comparison is not true is taken when it is false and when the operation is null. An operand is in it if the result can be one for which the comparison is false (the preimage of those results: x + 1 > 5 is false for a sum up to 5, so x up to 4), or if the operation can be null for it. For the second case the analysis asks whether the operation can be null for the operand at all (x + 1 and -x cannot: the sum rounds back to the largest number), and if it can, which numbers make it so (Feel.Analysis.Failure): a result too large to represent (x * 2 for an x from half the largest number on), a result too small to represent (x / 2 for an x below 2E-6143, where the quotient needs digits below the smallest unit), a divisor of zero or near it (1 / y), and for a date, the end of the calendar. The set is an outer approximation: it contains those numbers and some others. An operand with allowed values that the operation cannot leave is cut to the results that make it false and no more (the table below), and where the other operand can be null or is not known, the operation can be null for every x, so the else says nothing of it (x * y > 10). null is in else unless a comparison of null is true (null != 5 is), and so are the numbers that make the operation null: x * 2 != 10 is true for them, and they are not in its else.
	A set needs a set on the other side. x + y > 5 has an unknown y, so x is a number and no more.
	The result is rounded to 34 digits, so a bound the result may be (>= 5, = 5) is widened by half a unit of the last digit before the preimage is taken, and then brought back in to the first number of 34 digits. x + 1 > 5 has an open bound that the rounding keeps in order, and is exact.
	`is not inverted.**x ** 2 < 4only saysx` is a non-null number.
	The same subject cannot be answered from its type when it is read in an operation (1 / x > 0 leaves a set as a whole), which is what max_narrowing_facts counts (limits).

One value read twice
A name that is read twice is one value, not two numbers of its type (D-170). x - x is 0 for every x, and Null where x can be: the pair x = 3, y = -5 of x - y is not one of the values of x - x. The same holds for a member of a name (p.age - p.age) and for a local (for i in 1..3 return i - i); two reads that are not the same read are two values (x - (x + 0), p.age - ps[1].age). Here k is number!, n is in [0..10], and age in [0..150].
	Expression	Type	Warnings
	k - k	number = 0	—
	age - age	number = 0 | Null	—
	age / age	number = 1 | Null	—
	k / k	number = 1 | Null	operand_near_zero
	n * n	number in [0..100] | Null	—
	age * age	number in [0..22500] | Null	—
	n + n	number in [0..20] | Null	—
	k - k = 0	boolean = true	—
	age - age = 0	boolean	—
	age - 1 - age	number in [-151..149] | Null	—

	x - x has the Null of x and no Null of its own: k - k is 0.
	x / x is 1 for every x that is not 0, and null for 0. The Null of k / k comes from the zero, and that is the reason it gives (operand_near_zero: allowed values that keep k away from zero rule it out); a large k is not a reason, and neither is a quotient that is too small to represent. The Null of age / age is that of age, which can be null.
	x * x is never below 0, and the squares of the intervals of a set are not mixed: x in [-4..-2], [2..4] has the squares [4..16], where two numbers of it have [-16..-4], [4..16]. It can be null for a number as near zero as 1E-6176 (the square is too small to represent), unless the name has a grain (D-161).
	x + x is 2x: the numbers of a set that has a gap in it are not added to each other.
	Durations and dates: a non-null dd - dd, d - d, tm - tm or dt - dt is PT0S. dd / dd is 1 for a nonzero non-null duration, and null for zero or null. Month-duration self-division also has numeric-conversion limits (years and months duration).
	age - 1 - age is not one value: the first age is read in age - 1.
	The core tier (analysis: :core) keeps the kinds and does not use it.

instance of
	Condition	x when true	x when not true
	x instance of number	number	Null
	x instance of string	—	number | Null

x instance of T is false for null, and never null. In then the type is what lies in both; in else the alternatives wholly within T are removed, and Null stays. For a number, instance of number leaves only Null in else.
Limits
	A set of more than 16 intervals is replaced by the one interval that holds them all, and the next fact cuts from that.
	Intervals that touch merge ([0..5) and [5..9] are [0..9]); [0..5) and (5..9] do not, since 5 is in neither.
	The ends of a result are always included, which can only make a set larger.
	A number outside decimal128 is not a FEEL number: a bound beyond it is taken as the end of the range.

See also: string, null, Any; type-system.md, 3.3.


  

    Overloaded functions and narrowing

Narrowing › overloaded functions. The names in the examples are those of section 2.
FEEL has no user-defined overloading: a name has one value. "Overloaded, with separate types" happens in three places, and this page goes through what narrowing does in each:
	A built-in with several signatures: before(point, point), before(point, range), before(range, point) and before(range, range) are four signatures of one function; abs(number), abs(days and time duration) and abs(years and months duration) are three of another.
	A built-in with one signature whose parameter takes several types: day of week takes a date or a date and time, and gives a string.
	A function value whose type is a union of separate function types: an if that picks one of two functions, or a built-in used as a value.

Three facts hold for all of them, and the rest of the page is their consequences:
	The number of arguments, or their names, selects the signatures that fit. The types of the arguments rule out the ones they are certainly not for.
	The type of the result is the union of the results of the signatures that the arguments may be for, with Null unless the function is never null. Many overloaded functions give the same result kind from every signature. abs has signatures with different result kinds, so a narrowed argument can make its result narrower.
	A call that no signature takes is null with an argument_out_of_domain warning, when the arguments are certainly not for any. Narrowing is what lets that check say "certain". The warning may mention inferred types; the executable call validates actual values and builds its runtime diagnostic from them, independently of the analysis tier.

1. A signature
A built-in is a Feel.Builtin.Function (D-56): a name, its signatures, the function that runs, and flags. A signature is a list of parameters and the types that the result can be:
	Part	Is
	a parameter	a name, the types it accepts, and whether it is optional, variadic or quiet (is defined, D-100)
	the result	a list of types: what the call can give, null aside
	extension: true	the signature was added by an extension (D-81), section 9
	never_null? (of the function)	the result is never null for an argument of a signature (is)
	check_arguments? (of the function)	an argument no signature takes is null with an error before the function is called; false for not, whose own error for a wrong kind is another

The names of the parameters are what puts a call with named arguments in order; the types describe the function and are what the analyzer types a call by. The function itself decides, when it runs, whether a value is one of them.
2. Which built-ins are overloaded
	Pattern	Functions	A call
	a point or a range, on either side (9)	after, before, coincides, during, finished by, finishes, includes, started by, starts	before(1, [5..10]), includes(r, x)
	a list, or the values (10)	all, any, max, mean, median, min, mode, product, stddev, sum	sum(xs), sum(x, y)
	a key, or a list of keys (1)	context put	context put(c, "b", 2), context put(c, ["b", "c"], 2)
	a position, or a function that matches (1)	list replace	list replace(xs, 1, 5), list replace(xs, function(a, b) …, 5)
	a kind of number or of duration, with a result of that kind (1)	abs	abs(x), abs(dd), abs(ym)
	arity only (13)	ceiling, floor, round up, round down, round half up, round half down (a scale is optional); date, time, date and time, number; string join, sublist, substring	date("2024-01-31"), date(2024, 1, 31)
	one signature, a parameter of several types (5)	day of week, day of year, month of year, week of year (a date or a date and time); years and months duration	day of week(d)

The first five rows have signatures that differ in the types of a parameter at one arity; the sixth in the number of parameters; the last has a single signature. In 34 of the 35 functions with several signatures, every signature has the same result type, and so does the single signature of the last row; which signature a call is for does not change its type. abs is the one that does: its three signatures take a number, a days and time duration and a years and months duration, and give that kind. So the registry says which result goes with which argument, and the type of a call (section 4) follows that.
3. Which signatures a call fits
By position. The signatures that accept this many arguments (Feel.Builtin.Function.with_arity/2): a variadic parameter takes any number from its place on, and an optional one may be left out. A call with a number of arguments that no signature takes is null, with an arity_mismatch warning when it is prepared and the error when it runs.
By name. The first signature that has a parameter of each name; a parameter the call leaves out is null. Where two signatures have the same names, the order they are written in decides: before(point: x, range: r) is the point-and-range signature, before(range: r, point: x) the range-and-point one. An argument given twice, and a name no signature has, are also an arity_mismatch. Signatures that differ only in types are one choice (Feel.Builtin.Function.merge_variants/1): the names do not say of what kind the arguments are, so abs(n: dd) is for the three signatures of abs, each of which has an n, and not for the first one only.
	Expression	Type	Warnings
	date("2024-01-31")	date = 2024-01-31	—
	date(2024, 1, 31)	date = 2024-01-31	—
	date(x, 1, 31)	date | Null	—
	date()	Null	arity_mismatch
	substring("abc", 2)	string = "bc"	—
	substring("abc")	Null	arity_mismatch
	sum()	Null	arity_mismatch
	sum(n1: x)	number | Null	—
	abs(n: dd)	days and time duration in [PT0S..max] | Null	—
	abs(n: x)	number in [0..max] | Null	—
	before(point: x, range: r)	boolean | Null	—
	before(range: r, point: x)	boolean | Null	—
	before(range1: r, range2: r)	boolean | Null	—

4. The type of the result
The result is Feel.Analysis.Calls.result_type/3: the union of the result of every signature that the arguments may be for, and Null unless the function is never null. A signature is left out when an argument is certainly not for it, which is the test of section 5 applied to each signature alone, with one difference: a null that an argument may be does not take it for every signature. A null gives null, which the type has anyway, and the rest of the argument says which signature gives the other results (a parameter that takes null among its types does take it). If the arguments are certainly not for any signature the call is null with its error, and the type is the union of all of them, since the call is Null whatever the type says. A call with constant arguments of a pure function is evaluated (folded), and then has the exact type of its value.
Of the 35 functions with several signatures, 34 give one type from every signature, so the arguments change nothing for them. abs is the case this is for.
	Expression	Type	Warnings
	abs(x)	number in [0..max] | Null	—
	abs(dd)	days and time duration in [PT0S..max] | Null	—
	abs(ym)	years and months duration in [P0M..max] | Null	—
	abs(dd + dd)	days and time duration in [PT0S..max] | Null	—
	abs(if b then dd else ym)	years and months duration in [P0M..max] | days and time duration in [PT0S..max] | Null	—
	abs(v)	number in [0..max] | years and months duration in [P0M..max] | days and time duration in [PT0S..max] | Null	—
	abs(s)	Null	—
	if v instance of number then abs(v) else 0	number in [0..max]	—
	abs(-3)	number = 3	—
	abs(@"PT1H")	days and time duration = PT1H	—
	max(xs)	number | Null	—
	max(1, 2)	number = 2	—
	sum(xs)	number | Null	—
	sum(1, 2, 3)	number = 6	—
	before(x, r)	boolean | Null	—
	list replace(xs, 1, 5)	non-empty list<number | Null> | Null	—
	context put(context: p, key: "zip", value: "x")	context<age: number | Null, name: string | Null, zip: string = "x"> | Null	—
	context put({a: 1}, "b", 2)	context<a: number = 1, b: number = 2>	—

	abs(dd) is a days and time duration, and abs(ym) a years and months duration; previously the type said all three kinds. The argument is the type of an expression, so abs(dd + dd) is as precise as the sum is.
	An argument of two kinds gives both: abs(if b then dd else ym) is either duration, not a number.
	abs(v) gives all three. v is Any, which every signature takes. Narrowing v to a number makes abs(v) a number, as the if shows: a narrowed argument makes the result narrower.
	abs(s) is Null. No signature takes a string, so the call is null whatever s is; the signatures alone would list all three kinds, since a null that is only possible does not make a certain mismatch (abs("a") does, and is Null), and the rule of abs (Feel.Analysis.Images.Number, D-161) says so. The rule also gives the numbers, from the sets of the argument: abs(x) is number in [0..max], and a duration is in [PT0S..max].
	max and list replace follow the elements of the list (D-151): a signature can say how its result is made from the types of the arguments (result_from), and max(xs) is the type of the elements of xs, and list replace(xs, 1, 5) a list of the elements and of the new item. This applies to 13 functions (below).

A constant gives an exact value: the function runs at prepare time, and the result is number = 3, days and time duration = PT1H, or the closed context that context put made.
A result that follows the types of the arguments (D-151)
A function whose result depends on the elements of an argument, rather than on its kind, says so in its signature (Feel.Builtin.Function.signature/3, result_from), and Calls.result_type/3 makes the type from the types of the arguments:
	Function	The result
	reverse, sort, distinct values, remove, sublist	a list of the elements of the first argument
	append, insert before, list replace	a list of the elements of the first argument and the items that are put in
	concatenate, union	a list of the elements of every argument
	flatten	a list of the elements, the lists among them taken apart
	max, min of a list	one of the elements, or null
	max, min of several arguments	one of the arguments, or null

	Expression	Type	Warnings
	reverse(xs)	list<number | Null> | Null	—
	append(xs, s)	non-empty list<number | string | Null> | Null	—
	concatenate(xs, ys)	list<number | string | Null> | Null	—
	flatten([[1], [2, [3]]])	non-empty list<number in 1, 2, 3>	—
	max(xs)	number | Null	—
	max(x, s)	Null	—
	reverse(v)	list<Any | Null> | Null	—
	append(xs, k)	non-empty list<number | Null> | Null	—
	append([], k)	non-empty list<number>	—
	max(append([], k))	number	—
	max(append(xs, k))	number | Null	—
	max(k, 3)	number	—
	if xs != [] then max(xs) else 0	number | Null	—

A value that is not a list is treated as a list of itself, so reverse(x) is a list of numbers; a null argument is not a list and the call is null, so the elements of x (a number that may be null) are numbers, not null. An argument of type Any gives Any elements.
A result is a list that has an element (non-empty list<...>, D-152) when the call puts an item in (append with an item, insert before), or keeps the length of a list that has one (reverse, sort, distinct values, list replace, concatenate and union with one that has), and it is null only for a null that it is given when the function fails for nothing else (append, concatenate, union, reverse, distinct values, flatten; not those that take a position or a function). max and min of a list that has an element, of items of one ordered kind (numbers, strings, dates, durations) and no null, are not null: max(append([], k)) is number, where max(xs) is number | Null for the xs of the tables, which may be empty and may hold a null.
5. Narrowed arguments and the certain mismatch
The type of an argument is used for one thing only, Feel.Analysis.Calls.mismatch/3: whether the arguments are ones that none of the signatures that fit takes (D-56). If so, the call is null with an argument_out_of_domain error, and the analyzer says so as a warning.
It must be certain:
	An argument is taken by a signature if some alternative of its type is compatible with some type of the parameter. A Null, an Any and a name of a model type are compatible with every parameter: null excuses the pair.
	The implicit conversions are allowed (section 10.3.2.9.4): a list of one element is its element where a value is wanted, and a value is a list of itself where a list is wanted; a date is a date and time where one is wanted (D-56). The length of a list is known for a list literal or a constant, and unknown otherwise.
	A parameter whose registry type is any takes every argument. When several signatures fit the call, it is a mismatch only if every one of them rejects an argument.
	A call that an extension may answer is not looked at (the extension takes the arguments it takes), and a function with check_arguments?: false is not checked.

That is why a declared name is not flagged and a narrowed one is: s is string | Null, and null excuses it, but the condition s != null (or s = "a", or s instance of string) removes the Null, and the call becomes certain.
	Expression	Type	Warnings
	abs(s)	Null	—
	abs("a")	Null	argument_out_of_domain
	if s != null then abs(s) else 0	number = 0 | Null	argument_out_of_domain
	if s = "a" then abs(s) else 0	number = 0 | Null	argument_out_of_domain
	if v instance of string then abs(v) else 0	number = 0 | Null	argument_out_of_domain
	if v instance of number then abs(v) else 0	number in [0..max]	—
	if v > 5 then string length(v) else 0	number = 0 | Null	argument_out_of_domain
	if p.age > 5 then abs(p.name) else 0	number = 0 | Null	—
	{k: if b then 1 else "a", r: abs(k)}.r	number = 1 | Null	null_possible (an info)
	{k: if b then 1 else "a", r: if k instance of string then abs(k) else 0}.r	number = 0 | Null	argument_out_of_domain

	abs(s) is not flagged: s may be null. abs("a") is flagged, because the constant "a" cannot be null.
	A condition on a name (s != null, s = "a", v instance of string, v > 5) narrows the argument, and narrowing can make a call certain that was only possible before. v > 5 makes v a number in the call, and string length takes no number.
	A condition about another thing does not help: p.age > 5 narrows p.age, and p.name is still a string or null.
	A union of alternatives is excused if any of them is taken: k is a number or a string and abs(k) takes the number (and is a number, or null for the string). A local narrowed by instance of (k instance of string) has the string only, and the call is certain.
	The result of a call that is certainly null is Null. In if … then abs(v) else 0 the then is Null and the else is number = 0, so the if is number = 0 | Null.


A narrowed argument also selects the signature for the result (section 4): if v instance of number then abs(v) else 0 types abs(v) as a number.
Arguments that have to be of one kind (D-155)
A parameter says what one argument may be, and a point is a number, a string, a date, a time, a date and time or a duration, so each of the two points of before(point1, point2) is taken. They are also compared with each other, and a string and a number cannot be: the run gives null with the same error. A signature says which of its arguments have to agree (same_kind, Feel.Builtin.Function), and Calls.mismatch/3 flags the arguments of a call that cannot agree, as it flags one that no parameter takes: null, with the warning.
	Signature	Arguments that agree
	before, after, coincides of two points	the two points (a list of one element is the point it holds)
	min(list), max(list)	the elements of the list: those that are written out or a constant are each looked at, those of a list that is only typed are when it has an element
	min(c1, ..., cn), max(c1, ..., cn)	the arguments, as items; a list alone is the list of the items

The kinds that an argument may be of are those of the members of its type that have an order. The same excuses hold as above: null, Any and the name of a model type are of every kind, so one argument of them agrees with everything. before(s, x) is not flagged for a string | Null and a number | Null, and is flagged for an s and an x that are not null.
	Expression	Type	Warnings
	before(s, x)	Null	—
	before("a", 2)	Null	argument_out_of_domain
	if s != null and x != null then before(s, x) else 0	number = 0 | Null	argument_out_of_domain
	if d != null and dt != null then coincides(d, dt) else 0	number = 0 | Null	argument_out_of_domain
	if s != null then max(s, k) else 0	number = 0 | Null	argument_out_of_domain
	if s != null and s2 != null then max(s, s2) else 0	number = 0 | string	—
	max(k, 2)	number	—
	max(["a", 1])	Null	argument_out_of_domain
	if s != null then min([s, k]) else 0	number = 0 | Null	argument_out_of_domain
	max(true, false)	Null	argument_out_of_domain
	max([])	Null	—
	if s != null and r != null then before(s, r) else 0	boolean | number = 0 | Null	null_possible (an info)

	A date is not a date and time, and a years and months duration is not a days and time duration: coincides(d, dt) and after(ym, dd) are out of the domain, as d = dt is a mismatch. A time and a time with a zone are of one kind: whether they can be compared is decided at run time.
	An item that has no order agrees with nothing, a single one included: max(true) and max([[1]]) are out of the domain, and the elements of a list that may be empty are not looked at (max([]) is null with no error).
	A range is not looked at. The type of a range holds the range that has no endpoint ((null..null)), which can be related to a point of any kind, so before(s, r) is not a certain mismatch for a range of numbers. A range that is a constant is not looked at either.
	The result of the call is Null for a call that is certainly out of the domain, as for any other, and the type of a call that is not is unchanged: max(s, s2) of two strings that are not null is still a string.

6. A built-in as a value
A built-in is a value where its name stands alone and nothing in the scope or in a context has that name (sort(xs, before), {f: abs, r: f(-1)}.r). A function type has a fixed number of parameters, so a built-in has a function type for each number of arguments that a signature takes, with the types of the parameters from that signature; a parameter that takes several types is Any (D-82). A function with a variadic parameter has no list of types, and is Any.
The value is all of them, and its type is an overload (D-171, Feel.Type.Arrows): before is a function of two points and a function of a point and a range, and so on, as before instance of function<number, range<number>> -> boolean says in the run (true: one of its signatures conforms). A reader that does not ask for the overload sees the function types as alternatives, which is the type a built-in had; the questions that compare function types (is it within, is it taken by a parameter, what is left of it after a test) are asked of all of them.
	Expression	Type	Warnings
	abs	overload<function<Any | Null> -> Any | Null with function<number | Null> -> number | Null, function<days and time duration | Null> -> days and time duration | Null, function<years and months duration | Null> -> years and months duration | Null>	—
	substring	overload<function<string | Null, number | Null> -> string | Null, function<string | Null, number | Null, number | Null> -> string | Null>	—
	before	overload<function<Any | Null, Any | Null> -> boolean | Null, function<Any | Null, range<Any | Null> | Null> -> boolean | Null, function<range<Any | Null> | Null, Any | Null> -> boolean | Null, function<range<Any | Null> | Null, range<Any | Null> | Null> -> boolean | Null>	—
	string length	function<string | Null> -> number | Null	—
	sum	Any	—
	{f: abs, r: f(-1)}.r	number = 1	—
	{f: abs, r: f(dd)}.r	days and time duration in [PT0S..max] | Null	—
	sort(xs, before)	list<number | Null> | Null	—
	before instance of function<number, number> -> boolean	boolean = true	—
	substring instance of function<string, number> -> string	boolean = true	—
	substring instance of function<string> -> string	boolean	—
	abs instance of function<Any> -> Any	boolean = true	—
	abs instance of function<number> -> number	boolean	—

substring has two function types, one for each arity; before four, one for each signature, which all have two parameters and differ in their types. They are the arrows of the overload, and the value is each of them. abs has a signature for each kind, but the specification gives it one parameter that takes all three, and they differ only in types, so as a value they are one: function<Any> -> Any, and that is the one function type of abs (abs instance of function<number> -> number is false in the run, and a name or a parameter declared with that type is given the function of the signature that fits, a conversion, D-197). What a call of abs does with a number or a duration is what the signatures it was made of say: they are the refinements of the overload (after with), true of a call for the arguments in their parameters and silent about the others, and they are not function types of the value. sum is Any: its parameter is variadic.
A call of a key or a parameter that is known to be bound to a built-in ({f: abs, r: f(-1)}.r) is typed and folded as the call of the built-in: the type is number = 1, and the signature rules above apply, so {f: abs, r: f(dd)}.r is a days and time duration where abs as a value says Any. A callee that is an if, an item of a list or a key of a context literal says which functions it can be (D-193, section 8), and the call is the call of each of the built-in functions in it, with the rule of its family. A function that is not read (it came through a call, or an if nested more than four deep, or there are more than 4 of them) is typed by the overload, the arrows that take as many arguments and the refinements:
	Expression	Type	Warnings
	(if b then abs else ceiling)(x)	number | Null	—
	(if b then abs else ceiling)(dd)	days and time duration in [PT0S..max] | Null	—
	(if b then abs else ceiling)(v)	number | years and months duration in [P0M..max] | days and time duration in [PT0S..max] | Null	—
	for x in xs return (if b then abs else ceiling)(x)	list<number | Null> | Null	—
	(function(f: function<Any> -> Any, ys: list<number>) for x in ys return f(x))(abs, xs)	list<number in [0..max] | Null> | Null	—
	(function(f: function<Any> -> Any, ys: list<number>) for x in ys return f(x))(if b then abs else ceiling, xs)	list<Any | Null> | Null	—
	(if b then substring else before)("a", 1)	string = "a" | Null	—
	(if b then substring else before)(1)	Null	arity_mismatch
	(function(f: function<Any, Any> -> boolean) f(1, 2))(before)	boolean = true	—
	(function(f: function<number, range<number>> -> boolean, y: number) f(y, [1..5]))(before, k)	boolean	—
	(function(f: function<number> -> number, y: number) f(y))(abs, k)	number | Null	—
	(function(f: function<number> -> number, y) f(y))(abs, dd)	Any | Null	—
	(function(f: function<days and time duration> -> days and time duration, y) f(y))(abs, dd)	days and time duration | Null	—

The recorded arrows that take as many arguments and whose domains cover every argument bound the result; each applicable call refinement then narrows it. If no recorded arrow covers the call, its starting result is Any | Null, including at a recorded arity: an unrecorded same-arity signature may accept another domain. Arrows may have been omitted by a meet or a cap, so absence does not establish an arity error. A parameter of a function type takes a built-in if one of its signatures is within the type, as the run takes it, and the function is then known: the row with before and f(1, 2) is before(1, 2), a constant. The last three rows are a parameter of function<number> -> number (or of the duration) that abs is not an instance of, and is not passed as it is: the run converts it to the function of the one signature of it that fits (D-197), which takes a number and is null for a duration. The type-only reader cannot establish this conversion's complete signature, so the duration call conservatively has Any | Null. Recursion links and literal functions carry separate callee evidence; ordinary function declarations do not. The rows with a loop show the use of a function that is passed on: the first is a function that is abs or ceiling called for each item; in the second abs is known to the parameter, and in the third the parameter is abs or ceiling, which the node of the argument says (D-193), and the call is each of them. ceiling is a function of a number and not of anything, so the run does not take it for function<Any> -> Any and the call is null then; the body that runs has abs, and the type, which has both, is wider than that.
7. Function values with separate types
A name, a key or an if can hold one of several functions, and then the callee has a union of function types. The call of a value (Feel.Analysis.Invocations, D-82) is typed from what the callee can be: each alternative gives a result, and the call is the union. (Where the node of the callee says which functions they are, the call is each of them called with the arguments, section 8; the types below are what a call has of the type of its callee, and the call has the values that are in both.)
	The alternative	Gives
	function<T1, …, Tn> -> R	R when the arity matches and a recorded arrow covers every argument domain; otherwise start at Any | Null and apply valid call refinements. An arrow declaration does not exclude other signatures, even at the same arity (D-171).
	Any, or a name of a model type	Any | Null
	null	null
	anything else (a number, a list, …)	null, and a not_a_function warning when the callee cannot be a function

	Expression	Type	Warnings
	(if b then function(a: number) a * 2 else function(a: string) a + "!")	function<number | Null> -> number | Null | function<string | Null> -> string | Null	—
	(if b then function(a: number) a * 2 else function(a: string) a + "!")(1)	number = 2 | string | Null	—
	(if b then function(a: number) a * 2 else function(a: string) a + "!")("x")	number | string = "x!" | Null	—
	(if b then function(a: number) a * 2 else function(a: string) a + "!")(v)	number | string | Null	—
	(if b then function(a: number) a * 2 else function(a: string) a + "!")(1, 2)	Null	arity_mismatch
	{g: if b then function(a: number) a * 2 else function(a: string) a + "!", r: g(1)}.r	number = 2 | string | Null	—
	{g: if b then function(a: number) a * 2 else function(a: string) a + "!", r: if g instance of function<number> -> number then g(1) else null}.r	number = 2 | Null	—
	f(x)	number | Null	—
	f(x, y)	Any | Null	—
	v(1)	Any | Null	—
	x(1)	Null	not_a_function

	The two functions are separate types, and a call is the union of both, whatever the argument is. The number function given a string, and the string function given a number, are null; so the result has Null, and both number and string.
	A condition separates them for the arguments it is about. g instance of function<number> -> number removes null, and what a function that passes it is known to do is the test's type for a number (D-171, function): the string function is a function of a number only by returning null, so the call with 1 after it is number | Null, where the call of both without the test is number | string | Null. For an argument that the test does not take the function is what its own type says.

	The arity is checked for a function that is known to have the arrows it has: a function written in the expression and called at once or through a key (section 8), a callee whose node says which functions it is (D-193), and a built-in value whose registry signatures are known. A call of one with two arguments, when it takes one, is null with a warning. An overload type alone is not an exhaustive signature list. A function that is known only by its type (a name declared function<number> -> number, a parameter of that type, the alternatives of an if) has an arrow within the type and may have others, so the call is Any | Null with no warning (D-171).

	A named call through a type alone is Any | Null: function types have no parameter names. The names can select an unrecorded signature of another arity and result kind, even when fewer names are supplied than the recorded arity. Known function values keep their separate argument-binding analysis.


8. A function that is known
For guarded recursive parameters, specialization uses post-conversion bounds and discards operand shape, callee and origin evidence that conversion may invalidate. Recursive result projections can refine calls but cannot establish runtime signature membership; overlapping runtime signatures' possible results stay alternatives. See function narrowing and the guarded-type contract.
When the function is known (written in the expression and called at once, or through a key of a context, or said by the node of the callee, below), the call is not typed from the function's type but from its arguments (D-193): the body is analyzed again, with each parameter at the type of its argument and the facts that hold at the call. So the facts of the call narrow the body, and the body's own conditions narrow its parameters:
	Expression	Type	Warnings
	(function(a: number) if a > 5 then a else 0)(7)	number = 7	—
	(function(a) if a > 5 then a else 0)(3)	number = 0	—
	(function(a) if a > 5 then a else 0)(v)	number in 0, (5..max]	—
	(function(a: number) if a > 5 then a else 0)(x)	number in 0, (5..max]	—
	{f: function(a: number) if a > 5 then a else 0, r: f(x)}.r	number in 0, (5..max]	—
	(function(a: number) if x > 5 then a + x else a)(1)	number in 1, [6..max]	—

The first two are constants: the call is evaluated. The third has a as Any in the body, and the condition a > 5 narrows it to a number above 5 in the then. The last two read an outer name x, whose fact holds in the body too. How deep a call is specialized is limited to three calls (@specializations, D-193). Reanalysis also has an aggregate 64 KiB source budget and reads at most four callee alternatives. Once a budget is spent the call uses conservative type information. Full analysis has a separate bounded kind-only signature pass; the two passes keep their own reanalysis budgets (D-219). The shared worker additionally contains the complete public preparation call; reducing repeated analysis within that boundary is still open performance work.
From its first analysis, a literal function keeps its observable runtime arrow separate from its more precise call result. The arrow is captured by kind-only analysis of its written environment, so neither condition facts, call specialization nor optimization can strengthen it (D-219). function(a: number) 1 has a nullable number result signature and a call refinement returning 1; a non-null body result does not make instance of function<number> -> number! true. Calling it still benefits from that precise body result. Non-null parameters remain non-null in public projection; a domain that cannot be projected safely makes the whole function Any.
A function that the body writes is analyzed for the arguments too, but that reanalysis changes its call summary, not its inspectable signature. The runtime signature of function(a) h comes from kind-only analysis in its written environment (h is Any), and that is what instance of and a declared type ask about. So a call that gives a function gives the overload of the arrow as it was written, which is what the algebra sees, with the arrow of this analysis as a refinement, which types a call and nothing else (D-171):
	Expression	Type	Warnings
	(function(h) function(a) h)(x)	overload<function<Any | Null> -> Any | Null with function<Any | Null> -> number | Null>	—
	(function(h) function(a) h)(x) instance of function<Any> -> Any	boolean = true	—
	(function(h) function(a) h)(x) instance of function<Any> -> number	boolean	—
	(function(h) function(a) h)(x)(1)	number | Null	—
	(function(x) function(y) x + y)(1)(2)	number = 3	—
	(function(x) function(y) x + y)(1) instance of function<number> -> number	boolean	—

The third row was boolean = true to the analysis and false to the run; the refinement is why the fourth and the fifth are still exact.
A callee that says which function it is (D-193)
A function reaches a call through a key of a context literal, an item of a list literal or a branch of an if as a type. A literal FEEL closure keeps its runtime arrow and call refinements inside the container; nested exclusions and function domains are not rewritten by normalization (D-152, D-171). Known-callee metadata can keep additional detail beyond that type, so it is read (Feel.Analysis.Callees): an if is its two branches, list[index] of a list literal is its items, context.key of a context literal is the entry, and a name of a key of a context is its value. A name that is bound to a list or a context keeps the functions in the shapes of its structure (D-193), so fs[1], c.g and a chain of them (c.d.g, fs[1].g) are read from the name, and so is a parameter that a call gives such a node and the iterator of a for, some or every over a list of them. A function literal in it is analyzed again for the arguments, in the place it was written, as one written at the call is, and a built-in function is typed as its call by name would be, with the rule of its family. The call is any of them, and null too where the callee or an argument may not fit, and it has the values that are also in what the type of the callee gives (a condition about the callee, such as g instance of function<number> -> number, narrows its type).
	Expression	Type	Warnings
	{g: function(a) a * 2}.g(x)	number | Null	—
	[abs, floor][1](x)	number | Null	—
	(if b then function(a) a * 2 else function(a) a + 1)(3)	number in 4, 6	—
	(if b then abs else ceiling)(age)	number in [0..150] | Null	—
	{f: if b then abs else ceiling, r: f(age)}.r	number in [0..150] | Null	—
	(if b then function(a, c) a else function(a, c) c)(1)	Null	arity_mismatch
	[function(a) a, 5][1](3)	Any | Null	—
	{fs: [abs, floor], r: fs[1](x)}.r	number | Null	—
	{c: {g: function(a) a * 2}, r: c.g(x)}.r	number | Null	—
	{fs: [{g: function(a) a}, {g: function(a) a + 1}], r: fs[1].g(3)}.r	number in 3, 4	—
	for f in [abs, floor] return f(x)	list<number | Null>	—
	(function(f: function<Any> -> Any, y) f(y))(if b then abs else ceiling, x)	Any | Null	—
	(function(f) f(3))(if b then function(a) a else function(a) a + 1)	number in 3, 4	—
	(function(f: list<Any>) f(3))(if b then abs else ceiling)	Null	not_a_function
	{fs: (function() [abs])(), r: fs[1](x)}.r	Any | Null	—
	{g: function(a) function(c) a + c}.g(1)(2)	number = 3	—
	(if b then function(a) function(c) a + c else function(a) function(c) a - c)(1)(2)	number in -1, 3	—
	{fs: [abs, floor]}.fs[1](x)	number | Null	—
	[[abs, floor]][1][1](x)	number | Null	—
	(function(fs) fs[1](x))([abs, floor])	number | Null	—
	(function(c) c.g(3))({g: function(a) a * 2, h: 5})	number = 6	—
	{g: function(a) {h: function(c) a + c}}.g(1).h(2)	Any | Null	—

The function in the rows that are Any | Null is not read: an item that is a number, a list or a context that a call gives (a name has the shape of a list that is written, D-193), and a call that gives a context of functions. A parameter is the function that it is given when the run does not convert the argument: a declared type that is an Any takes it as it is. A declared arrow can convert a built-in to a restricted signature (D-197), so callee identity is kept only when the argument type conforms without conversion. A declared list can wrap it as a list of one; that parameter is typed by its type. There are at most 4 alternatives, and 64 KiB of function source is analyzed again for them in one analysis (the body of each, again for the body of a function in it); a call past either is typed by the type of its callee.
A call that gives a function (D-193). The body of a function that is analyzed again for a call says which functions it gives when its value is a function written in it, an if of them, a name that has them, or a call that gives them (Callees.alternatives/2 of the node of the body); the node of the call keeps them (callees in its metadata, answered to a call that repeats this one with the body's type, D-193), and a call of that call reads them as it reads any callee: g(1)(2) for a g that a key, a list item, an if, a name or a parameter holds. The function is written in the place of the body, with its parameters at the types of the arguments of the first call, so the second call is typed from both. A body that may give a value that is not a function (function(a) if a > 1 then abs else 1) says nothing, and a call that is null for sure gives none. The type of a function that a call of a refinement gives is the arrow as it was written with the arrow of the refinement as a refinement, at every depth (function(a) function(c) function(d) a + c + d called with null and 5 is not a function of null, which the run's function is not an instance of).
A literal that is selected from more than once, and a parameter that is given a list or a context (D-193). A list or a context literal is a container as the shape of a name is: {fs: [abs, floor]}.fs[1], [[abs, floor]][1][1] and (if b then {g: f} else {g: h}).g read the items and the entries of the literals that the node can be, four deep. A parameter that a call gives a list or a context literal, or a name that has the structure of one, with functions in it, has the structure of the argument (D-193), when the run does not convert the argument (it is within the declared type), and so fs[1], c.g and the iterator of a loop over it are read as they are for a name that is bound to the value, and a comparison of it with a list of another length is decided ((function(p) p = [abs, abs])([abs]) is boolean = false). A parameter that is given a list or a context with no function in it has no structure, as it had none.
9. Overloads of an extension
An extension adds signatures to a function DMN 1.6 has (overloads/0, D-81): the :camunda extension gives six functions another signature (D-81). They are marked extension: true. The function of DMN 1.6 runs first; an overload gets its turn only if that reports an error, and may answer :next for arguments that are not for it. A call that an extension may answer is marked in its metadata and:
	is not checked for a certain mismatch (the extension takes the arguments it takes);
	is folded with the extensions of the expression, as a call of DMN 1.6 is (D-45);
	has the types of the extension's signature in its result, not the registry's.

	Expression	Without :camunda	With :camunda
	number("1,000.5", ",")	Null	number = 1000.5
	string join(["a", "b"], ", ", "[", "]")	Null	string = "[a, b]"
	substring("abc", 2, 10)	Null	string = "bc"
	get value({a: {b: 1}}, ["a", "b"])	Null	number = 1
	context put({a: 1}, ["b", "c"], 2)	Null	context<a: number = 1, b: context<c: number = 2>>

Without the extension the first two calls are an arity_mismatch (the signatures do not exist) and the third gives null at run time; with it the overload answers. The overloads: number(from, grouping separator), date and time(date and time, timezone), string join with a prefix and a suffix, get value with a list of keys, context put that makes the path, and substring with a length past the end.
10. What is not done
	No generics. A result that follows the elements of an argument (max(xs)) is a rule of the registry (D-151), not an arrow; a function type with a type variable is not in the language.
	A refinement has the result of its signature, not the rule of its family (D-161), where the callee is not read: a built-in function that reaches the call through a call that gives it, an if nested more than four deep or more than 4 functions has the overload of abs and ceiling, and its call for an age of [0..150] is number | Null (a refinement says number) and not number in [0..150] | Null, which abs(age) by name is. A callee whose node says which functions it is has the rule (section 8), and so does a name, a parameter and an iterator that hold them (D-193).

	Returned containers do not preserve every callable summary (D-152, D-193): {fs: (function() [abs])(), r: fs[1](dd)}.r is Any | Null. Literal FEEL closures keep their signature/call distinction inside a container; that does not make all built-in family rules or known-callee metadata survive a returned container. Nested closures fall back to their written parameters and Any | Null; equal arrow types in another entry or argument do not establish closure identity. A top-level closure uses a unique unspecialized written arrow when one can be paired, otherwise it keeps the broader unspecialized function alternatives.

	No agreement check between the endpoints of a range and a point (before(s, r), includes(r, s), meets(r, r2)): a range type has the range with no endpoint (section 5), so the kinds of its endpoints are not the kinds it can be related to. todo.md describes what it would take.
	No signature has a different result from another signature of its function: in all 34 they share one. If one ever does, the result type will be the union, as it is now for abs.

See also: function, Any, null, range; Feel.Analysis.Calls, Feel.Analysis.Invocations and Feel.Builtin.Function. The decision record explains the call boundary (D-82), signature contracts (D-171), and propagated summaries (D-193).


  

    Narrowing a range

Narrowing › range. The names in the examples are those of section 2.
A range alternative is {:range, endpoint}, where endpoint is a union: range<number>. A range value is a Feel.Value.Range (D-61), made by a literal such as [1..10) or a prefix test used as a value such as (< 10). It has no value set of its own: the type does not say which endpoints a range has. So a fact about a range can say only whether it is null, what its endpoint type is, and what shape it has when it is compared with another range.
A range value in a name
	Condition	r when true	r when not true
	r = null	Null	range<number | Null>
	r != null	range<number | Null>	Null
	r instance of range<number>	range<number | Null>	Null
	r instance of range<string>	range<Null>	range<number | Null> except range<string | Null> | Null

range<number> is a range whose endpoints are numbers or null; range<Null> is a range of nothing but null endpoints, which is also a range<string>. Equality of two ranges is read as the equality of two lists is: part by part (D-194), against a type that is known.
	Condition	v when true	v when not true
	v instance of range<number>	range<number | Null>	Any except range<number | Null> | Null

A range in an in is not a range value
x in [1..10] is not a test against a range value. A range written in an in, or in a list of unary tests, is the two comparisons it says: x >= 1 and x <= 10, with the open and closed ends as written (D-61, D-194). That is why it narrows x exactly (number), while a range held in a name does not: the test cannot be read until run time, and a test that is a value rather than a comparison says nothing.
	Condition	x when true	x when not true
	x in [1..10]	number in [1..10]	number in [-max..1), (10..max] | Null
	x in r	number | Null	number | Null

The built-ins that relate a point and a range (includes(r, x), before(x, r), …) are functions, and give no fact:
	Expression	Type	Warnings
	if includes(r, x) then x else null	number | Null	—

The functions of points and ranges
before, after, coincides, during, finished by, finishes, includes, meets, met by, overlaps, overlaps after, overlaps before, started by and starts give true or false, and null for an argument that is out of the domain (D-79). The type says which of the three a call is (Feel.Analysis.Images.Range, D-170):
	Two points of one kind are compared by their sets. before(a, b) is a < b, after is a > b and coincides is a = b: before(n, 100) is true for an n in [0..10]. Two points of kinds that cannot be compared (a number and a string, a date and a date and time) are null for sure, and two times, or two dates and times, can be null.
	A range is not looked into. Its type has the kinds of its endpoints and not the endpoints, and has the range with no endpoint, which is related to anything: the call is a boolean, and null where an endpoint of one can be of a kind that cannot be compared with one of the other (before(s, r) for a string and a range<number>).
	null is among the alternatives only for a null argument, a list that does not have exactly one item, a value that is neither a point nor a range, and a combination that is not a signature (meets(1, 2)).

	Expression	Type	Warnings
	before(k, k)	boolean	—
	before(x, k)	boolean | Null	—
	before(k, s)	Null	—
	if n != null then before(n, 100) else null	boolean = true | Null	—
	if r != null then includes(r, k) else true	boolean	—
	if r != null then before(s, r) else true	boolean | Null	—
	meets(k, k)	Null	argument_out_of_domain

Limits
	No value set: a range's endpoints are not in its type.
	An endpoint that can be null is the comparison with null that the run makes (D-61), so it is read as the run does.

See also: number, list, overloaded functions (the point and range relations).


  

    Narrowing a string

Narrowing › string. The names in the examples are those of section 2.
A string alternative is the bare kind, every string, or {:string, set}: a Feel.Type.StringSet (D-39). A set is one of three things, and the analyzer keeps the simplest:
	Written	Is
	string = "a", string in {"a", "b"}	exactly those strings (up to 64)
	string in ["a".."m"], string in (.."m"), string in ("m"..)	an interval of strings, in the order of the run; .. is "no bound"
	string except "a", string in (.."a"], ["m"..) except "a", "m"	every string (or those of the intervals) but the ones left out

Within the representation budget, string comparisons can keep intervals and excluded points, including ties. Oversized finite sets lose precision. See the common correctness obligations before treating composed facts as proofs.
Comparisons with a string
	Condition	s when true	s when not true
	s = "a"	string = "a"	string except "a" | Null
	s != "a"	string except "a" | Null	string = "a"
	s < "m"	string in (.."m")	string in ["m"..) | Null
	s <= "m"	string in (.."m"]	string in ["m"..) except "m" | Null
	s > "m"	string in ("m"..)	string in (.."m"] | Null
	s >= "m"	string in ["m"..)	string in (.."m"] except "m" | Null

The null rules are those of the other kinds: an ordering of null is null, so a true ordering excludes it and a not-true one keeps Null; s != "a" is true for null (null.md).
Why <= and >= have an except
The order of the run (Feel.Runtime.Compare) is by code point, a prefix first, with a trailing U+0000 left out of the comparison. That order is not total: "m" and "m\u0000" are neither below nor above one another, and they are not equal. The strings with the same key, "m", "m\u0000", "m\u0000\u0000", are a class, and an interval consists of whole classes. So s <= "m" is true for the strings below the class of "m", and for "m" itself, but not for the other strings of its class. When it is not true, the values left are the whole class and above, without "m": string in ["m"..) except "m". The same holds, mirrored, for >=. For almost every use you can read an interval as an interval and an except as "and not that one".
in, and and or
A list of values or ranges is joined in then and met in else, as for numbers (number).
	Condition	s when true	s when not true
	s in ("a", "b")	string in {"a", "b"}	string except "a", "b" | Null
	s in ["a".."m"]	string in ["a".."m"]	string in (.."a"], ["m"..) except "a", "m" | Null
	s = "a" or s = "b"	string in {"a", "b"}	string except "a", "b" | Null
	s in ("a", "b", "c") and s != "b"	string in {"a", "c"}	string except "a", "c" | Null
	s > "a" and s < "m"	string in ("a".."m")	string in (.."a"], ["m"..) | Null

The other side is not a constant
The other side is read as the set of strings it can be. A name, whose set is not known, gives nothing for equality and little for an ordering. As for numbers, when the other side can be null or its kind is not known, else learns nothing.
	Condition	s when true	s when not true
	s = s2	string | Null	string | Null
	s < s2	string	string | Null
	s = v	string | Null	string | Null

s = s2 can be true when both are null. s < s2 is not true for a null, so s is a string.
A function of the string
A comparison of a call of a function of strings with a value is not true of a null, so in then the arguments are of the kinds for which the call gives a value of the kind the other side has (D-170; Feel.Analysis.Images says what a call gives). string length(s) > 3 is not true of a null, so s is a string. For the length of a string the comparison says more: it is true of the empty string (a length of 0) or of the others, and the others are one set (StringSet has no set of the strings of a length), so string length(s) > 0 leaves every string except "", and string length(s) = 0 leaves "".
	Condition	s when true	s when not true
	string length(s) > 0	string except ""	string = "" | Null
	string length(s) >= 1	string except ""	string = "" | Null
	string length(s) != 0	string except "" | Null	string = ""
	string length(s) = 0	string = ""	string except "" | Null
	string length(s) < 1	string = ""	string except "" | Null
	string length(s) > 3	string except ""	string | Null
	string length(s) < 3	string	string except "" | Null
	upper case(s) = "ABC"	string	string | Null
	contains(s, "a") = true	string	string | Null
	string length(s) > -1	string	string | Null

The function gives a value for the strings and for a list of one string. s here is a string: for a name that is Any, string length(v) > 0 leaves the strings except "", and the lists.
	Condition	v when true	v when not true
	string length(v) > 0	string except "" | list<Any | Null>	Any | Null
	string length(v) = 0	string = "" | list<Any | Null>	Any | Null

instance of
	Condition	s when true	s when not true
	s instance of string	string	Null
	s instance of number	—	string | Null

Limits
	A set of more than 64 strings is every string: s = "a1" or s = "a2" or … or s = "a64" keeps the 64, and a 65th makes it string.
	A set of strings with intervals keeps its single strings next to the intervals and the ones left out of them; there is no cap on those.
	A concatenation of sets that have intervals or exceptions (s + "!") is not kept: the result is the bare kind. todo.md lists it as still open.

See also: number, null, Any; Feel.Type.StringSet has the algebra (type-system.md, 3.3).


  

    Narrowing by the constraints of a structure

Narrowing › structure. The names in the examples are those of section 2.
A constraint of a model applies to a subject: a variable, or a member of it. The member is named by the steps down to it, the key of a component of a context and :each for the elements of a list, so {"q", ["age"]} is the age of q and {"qs", [:each, "age"]} the age of each person of qs. A constraint is one of two kinds, both unary tests (D-161, step E):
	the allowed values apply to the value, and for a list to each of its elements (the allowedValues of an item definition, D-51);
	the type constraint applies to the value as a whole, so for a list it applies to the list and not to the elements (the typeConstraint): count(?) > 0 says that the list has an element.

A subject can have several constraints, and all of them hold. A member that is missing or null is exempt, as a variable that is null is, and a value with a member that is not allowed is null as a whole, with an error that says which member (the value of "qs[3].age" is not one of its allowed values). The type of a read of the name reflects all of them, at the member they apply to: they are conditions of ?, and narrow as the number and the other pages say.
	Expression	Type	Warnings
	q	context<age: number in [0..150] | Null, name: string | Null> | Null	—
	q.age	number in [0..150] | Null	—
	q.age + 1	number in [1..151] | Null	—
	q.age * 2 - 1	number in [-1..299] | Null	—
	q.name	string | Null	—
	q.age > 150	boolean = false | Null	—

The elements of a list are narrowed in the same way, whether the list is read as a whole, by an index, by a path over the list (qs.age) or by a loop:
	Expression	Type	Warnings
	qs.age	list<number in [0..150] | Null> | Null	—
	qs[1].age	number in [0..150] | Null	—
	for e in qs return e.age + 1	list<number in [1..151] | Null> | Null	—
	sum(qs.age)	number | Null	—

A list of lists has :each twice for its elements' elements, and a constraint for the inner lists as values is one for [:each]. Here ls allows > 0 for the numbers in its lists, and ws has the type constraint count(?) > 0:
	Expression	Type	Warnings
	ls	list<list<number in (0..max] | Null> | Null> | Null	—
	ls[1][1]	number in (0..max] | Null	—
	ls[1][1] + 1	number in [1..max] | Null	—
	ws	non-empty list<number | Null> | Null	—
	count(ws)	number in [1..max] | Null	—
	ws[1]	number | Null	—
	count(ws) > 0	boolean = true | Null	—

A constraint that mentions another name
A test reads the names of the scope as the expression does: converted to their declared types and verified against their own allowed values (D-170). So capped, which allows <= top, sees a top that is null when top is not in [18..65], and the type of top is a type that the test can rely on. The type of capped is cut by the bounds of it: capped <= top is true for a number up to the highest possible top, and for no other.
	Expression	Type	Warnings
	top	number in [18..65] | Null	—
	capped	number in [-max..65] | Null	—
	capped + 1	number in [-max..66] | Null	—
	capped < 100	boolean = true | Null	—
	capped > 65	boolean = false | Null	—

A member sees the other members of its value by the name of the variable: the age of emp allows <= emp.limit, and the limit of emp is a constraint of its own, which holds for the emp that the age sees. The age is cut by it.
	Expression	Type	Warnings
	emp.limit	number in [0..65] | Null	—
	emp.age	number in [-max..65] | Null	—
	emp.age <= 65	boolean = true | Null	—

Only an allowed value is a relation that the type can use, and only through the bounds of the other name: capped is not top or below for a given top, it is at most the largest. What the run does, and why the test has to see a verified name:
	The value that a test sees. top bound to 100 is not allowed, so it is null for capped, and capped <= null is null: capped is not allowed either, whatever its value is. Were the test to see the 100, capped = 90 would be allowed, and top would be null in the expression: capped would be a number above 65, outside its type.
	Where it stops. The constraint that is being compiled, and the ones whose tests read it, are not applied to the name that is read: sr allows <= sr, and ca and cb that allow <= cb and <= ca, read the value that was bound, as they did, and so does anything that is more than four constraints deep, and every name that the tests of a name mention when they reach more than 64 compiles of other names (a name decides that by what its tests reach, and not by what else the expression reads). The other constraints of the same name are applied (that is how emp.age sees the limit).
	The stances. :enforce and :enforce_wide run it, and :enforce types it. The stances that leave a value as it is (:report, :audit, :trust, :ignore) read every name as it was bound, and capped is number | Null in them.

	A name that has no allowed values is converted to its declared type, and its type is the declared one: x <= y as an allowed value of x narrows nothing for a y that is any number.

What it does not say
	The tests of a member see its siblings only by the name of the variable (emp.limit). A constraint of a named type, which is for every variable of the type, has no name to read the value by: how to refer to the value that a member is a member of is open ([A19], D-170).
	A list that is not empty is not kept inside another list: the parts of a list type are plain (D-152), so count(?) > 1 for the inner lists does not narrow count(ls[1]).
	Feel.Scope member-constraint maps attach to scope variables, not arbitrary FEEL locals. Result allowed values have a separate option. DMN can also embed declared-value checks carrying an item definition's constraints inside boxed expressions, including parameters and internal values; those are separate from attaching a scope constraint to a FEEL loop variable.

The decisions: D-138 (allowed values), D-51 (collections), D-161 in decisions.md.


  

    Narrowing a time

Narrowing › time. The names in the examples are those of section 2.
A time alternative is the bare kind, every time of day, or {:time, set}: a set of the second of the day a value falls in (Feel.Type.Moment, D-109, D-118). A time is not ordered as a number is, because the order of two times depends on their zones (Feel.Runtime.Temporal.compare/3):
	when either has no zone, their local clocks are compared;
	when both have a zone, their instants are compared, at the second.

So a set has several lines of numbers, far apart on the number line, and a value is in it when its numbers are on the right lines:
	Line	Of	Written
	the clock	the values with no zone	[08:00:00..18:00:00]
	the zoned clock	the values with a zone: their local clock	zoned clock [08:00:00..18:00:00]
	the instants	the values with a zone: the instant, as the seconds of the day less the offset (not wrapped, so it can be negative or past 24:00)	instants [-10:00:00Z..12:00:00Z)

A set that has the clock and the instants of every zone is written any zone: time in [08:00:00..18:00:00] any zone is a time between eight and six, whatever its zone. A fourth line, the fraction of the second, is the same for every zone (D-118): comparisons look at the second, and only sums, differences and the second property look at the fraction.
Comparing with a time without a zone
The other side has a clock and no zone, so the comparison is on the clock whatever the subject's zone is: the subject's own clock for a value with a zone as well.
	Condition	tm when true	tm when not true
	tm < @"12:00:00"	time in [00:00:00..12:00:00) any zone	time in [12:00:00..23:59:59] any zone | Null
	tm = @"12:00:00"	time = 12:00:00 any zone	time in [00:00:00..12:00:00), (12:00:00..23:59:59] any zone | Null
	tm instance of time	time	Null

	Condition	tmr when true	tmr when not true
	tmr < @"12:00:00"	time in [08:00:00..12:00:00) any zone	time in [12:00:00..18:00:00] any zone | Null
	tmr between @"09:00:00" and @"10:00:00"	time in [09:00:00..10:00:00] any zone	time in [08:00:00..09:00:00), (10:00:00..18:00:00] any zone | Null

(tmr is a time in [08:00:00..18:00:00]; tm is any time.)
Comparing with a time that has a zone
Now the values with no zone are compared by their clock with the other side's, and the values with a zone by their instant. The sets for which a comparison can be true and for which it can be false are no longer each other's complement: two times ten hours apart can be either, since the other side may or may not have a zone. So the lines overlap, within the largest offset, which is 18 hours (a fixed offset is within 14, and the zones of the time zone database had a local mean time of up to 15 hours 56 minutes).
	Condition	tm when true	tm when not true
	tm < @"12:00:00Z"	time in [00:00:00..12:00:00), instants [-18:00:00Z..12:00:00Z)	time in [12:00:00..23:59:59], instants [12:00:00Z..41:59:59Z] | Null
	tm < @"12:00:00+01:00"	time in [00:00:00..12:00:00), instants [-18:00:00Z..11:00:00Z)	time in [12:00:00..23:59:59], instants [11:00:00Z..41:59:59Z] | Null

	Condition	tmr when true	tmr when not true
	tmr >= @"12:00:00Z"	time in [12:00:00..18:00:00], zoned clock [08:00:00..18:00:00], instants [12:00:00Z..36:00:00Z]	time in [08:00:00..12:00:00), zoned clock [08:00:00..18:00:00], instants [-10:00:00Z..12:00:00Z) | Null

Read the first row as: a time below noon UTC is either one without a zone whose clock is before twelve, or one with a zone whose instant is before 12:00:00Z. The instants can reach -18:00:00Z (a clock at midnight in an offset of +18 hours) and past 24:00 (41:59:59Z is 23:59:59 in an offset of −18 hours).
Properties of a time
A fact about tm.hour, tm.minute or tm.second is a fact about tm too: the seconds of the set that have it, on each line of clocks, and the instants cut to match (Feel.Analysis.MomentProperties). The seconds of the days are exact. Those of an hour, a minute or a second are the seconds of each hour, minute or day of the interval up to a number of pieces, and beyond that number the set is left as it was.
	Condition	tmr when true	tmr when not true
	tmr.hour >= 12	time in [12:00:00..18:00:00] any zone	time in [08:00:00..11:59:59] any zone | Null
	tmr.hour = 9 and tmr.minute < 30	time in [09:00:00..09:29:59] any zone	time in [08:00:00..18:00:00] any zone | Null

	Condition	tm when true	tm when not true
	tm.hour >= 12	time in [12:00:00..23:59:59] any zone	time in [00:00:00..11:59:59] any zone | Null

A time has no year, month, day or weekday (tm.year is null, with an invalid_property warning).
time offset, timezone and value depend on the zone, so a time without one has none of them, and a true fact about one leaves only the line of the instants: the values that have a zone (Feel.Analysis.MomentZones works out their sets).
	Condition	tm when true	tm when not true
	tm.time offset = @"PT0S"	time in instants [00:00:00Z..23:59:59Z]	time | Null

Limits
	The line of the instants and the line of the zoned clock are each within 18 hours of the other, and normalize/2 cuts both to that.
	A set of seconds that is too fragmented (tm.second = 0 is a second in every minute of the day) is left as it was, with the lines of the clock and the instants whole.
	The fraction line has every fraction when nothing is known.

See also: date and time, date; Feel.Type.Moment and Feel.Analysis.MomentTests have the algebra.


  

    Narrowing a years and months duration

Narrowing › years and months duration. The names in the examples are those of section 2.
A years and months duration alternative is the bare kind or {:years_and_months_duration, set}: a Feel.Type.NumberSet of the image of the values, their number of months (Feel.Type.Image, D-109). The image is one-to-one and keeps the order, so a comparison is read as a number's is. A years and months duration is a different kind from a days and time duration: they are never compared, and there is no duration that holds both.
Comparisons
	Condition	ym when true	ym when not true
	ym < @"P1Y"	years and months duration in [-max..P1Y)	years and months duration in [P1Y..max] | Null
	ym > @"P0M"	years and months duration in (P0M..max]	years and months duration in [-max..P0M] | Null
	ym = @"P6M"	years and months duration = P6M	years and months duration in [-max..P6M), (P6M..max] | Null
	ym < dd	—	years and months duration | Null
	ym = dd	Null	years and months duration | Null
	ym instance of years and months duration	years and months duration	Null
	ym instance of days and time duration	—	years and months duration | Null

ym < dd compares kinds with no order between them, so it is never true; ym = dd is true only when both are null. The null rules are those of every kind (the rule).
Properties
years and months (Table 67) are worked out from the magnitude of the amount, m months, and take its sign: years is m div 12 and months is m rem 12. value is the amount itself. A fact about a property is a fact about the duration: the amounts whose property is what the fact leaves (D-194).
The years leave one interval, in a row; the months come back every year and leave a piece for each. So a fact about years or value is exact, and one about months narrows only a bounded set:
	Condition	ym when true	ym when not true
	ym.years >= 2	years and months duration in [P2Y..max]	years and months duration in [-max..P1Y11M] | Null
	ym.years = 0	years and months duration in [-P11M..P11M]	years and months duration in [-max..-P1Y], [P1Y..max] | Null
	ym.years < 0	years and months duration in [-max..-P1Y]	years and months duration in [-P11M..max] | Null
	ym.value > 12	years and months duration in (P1Y..max]	years and months duration in [-max..P1Y] | Null
	ym.months = 3	years and months duration	years and months duration | Null
	ym.years = 1 and ym.months = 6	years and months duration = P1Y6M	years and months duration | Null

ym.years = 0 is symmetric because the sign is put back: eleven months either way. ym.months = 3 on an unbounded value would need a piece for every year.
With allowed values the set is bounded, and the months have pieces to keep (yms is in [P0M..P5Y]):
	Condition	yms when true	yms when not true
	yms > @"P1Y"	years and months duration in (P1Y..P5Y]	years and months duration in [P0M..P1Y] | Null
	yms.years >= 2	years and months duration in [P2Y..P5Y]	years and months duration in [P0M..P1Y11M] | Null
	yms.value >= 24	years and months duration in [P2Y..P5Y]	years and months duration in [P0M..P2Y) | Null
	yms.months = 3	years and months duration in P3M, P1Y3M, P2Y3M, P3Y3M, P4Y3M	years and months duration in [P0M..P2M], [P4M..P1Y2M], [P1Y4M..P2Y2M], [P2Y4M..P3Y2M], [P3Y4M..P4Y2M], [P4Y4M..P5Y] | Null
	yms.years = 1 and yms.months = 6	years and months duration = P1Y6M	years and months duration in [P0M..P5Y] | Null

yms.months = 3 is five single months, one in each year of the set. The else of a conjunction is the whole set, since only one side's facts are certain there (and and or).
Arithmetic in a comparison
Two years and months durations add and subtract exactly, and the months do not overflow, so a sum or a difference in a comparison narrows the operand by the preimage of the images, as for numbers (number). A years and months duration multiplied or divided by a number is rounded (D-54), so its months are not a product of images: Feel.Analysis.MonthScaling (D-109) works out the set as the run rounds it.
	Condition	ym when true	ym when not true
	ym + @"P1M" > @"P1Y"	years and months duration in [P1Y..max]	years and months duration in [-max..P11M] | Null
	ym - @"P1M" <= @"P2Y"	years and months duration in [-max..P2Y1M]	years and months duration in [P2Y2M..max] | Null
	@"P5Y" - ym < @"P1Y"	years and months duration in [P4Y1M..max]	years and months duration in [-max..P4Y] | Null
	-ym > @"P1Y"	years and months duration in [-max..-P1Y)	years and months duration in [-P1Y..max] | Null

As everywhere, the else branch of an operation is read where the operation cannot be null for the operand.
One value read twice
Full analysis recognizes repeated reads of a name or supported member (D-170, D-207). Subtraction gives zero months. Self-division gives one when the month count is nonzero and its magnitude is less than 10^34; zero and larger magnitudes give null, the latter because runtime numeric conversion fails. Null input also gives null. These failures are still possible even for a non-null duration.
	Expression	Type	Warnings
	ym - ym	years and months duration = P0M | Null	—
	ym / ym	number = 1 | Null	—
	yms / yms	number = 1 | Null	—

The core analysis tier keeps independent-operand types for repeated reads.
Limits
	A set of more than 16 pieces is replaced by the one interval that holds them (months of a range of 12 months or more has every value of a remainder).
	A bound of more than 34 digits is the end of the range of numbers.
	A multiplication or division by a number gives sets with large ends, because the amounts are as large as a number goes.
	Repeated addition still sums independent intervals. If a duration is either one or six months, ym + ym has a type containing seven months, although only two or twelve months can be returned.

See also: days and time duration, date, number.


  

    
Feel 
    



      
FEEL, the Friendly Enough Expression Language of DMN 1.6.
Work in progress
parse/2 reads the whole grammar (see Feel.Syntax.Parser). prepare/2, run/3, and
eval/3 handle most of it: literals, names, + - * / **, the comparisons, and, or and
if, lists and contexts, paths, filters, in, between, ranges, instance of, dates, times
and durations, unary tests, function definitions and the call of a function value (D-82), and all
86 built-in functions (D-56, D-73, D-79, D-87), and for, some and every (D-86). A function that
is defined outside the expression is an :analysis error with the code :not_implemented, found when
the expression is prepared. The README says where it stands.
Two ways to run an expression
eval/3 takes source text and runs it once. For repeated use, prepare/2
does the work that does not depend on the data (parsing, name resolution,
checks), and run/3 or test/4 then runs the prepared expression:
{:ok, expression} = Feel.prepare("price * quantity")
{:ok, total, diagnostics} = Feel.run(expression, %{"price" => ..., "quantity" => ...})
Results and errors
Evaluation follows the DMN error model. A semantic error, such as a type
mismatch, makes the affected result null and produces a Feel.Diagnostic.t/0.
In :lenient mode (the default) evaluation continues and the diagnostics are
returned with the value. In :strict mode evaluation halts at the first
diagnostic, and the result is {:error, error}. A null operand of an arithmetic operator and of <=
and >= is such a diagnostic (:null_operand, D-103), so a strict run ends at one; <, >, and, or
and not give null and report nothing.
{:error, error} is also returned when the source cannot be parsed or
analyzed, and when a resource limit is hit. The ! variants raise the returned
Feel.Error.t/0. Argument errors raised inside a worker become input errors.
Invalid API argument shapes can still raise before a worker starts.
Containment
Public preparation, parsing and evaluation calls use Feel.Worker by default.
guard: configures deadlines, process heap policy and input/result transfer caps.
sandbox: false skips this boundary for trusted input, while keeping Feel.Limits.
This flag applies to each call and cannot escape an enclosing worker. BEAM
preparation and execution require the explicit trusted opt-out. Host callables
remain trusted capabilities; see the security model.
Entry points and dialects
prepare/2 accepts three independent options. :entry selects the grammar
entry point: a full expression, or a list of unary tests (as used by decision
table input entries). :dialect selects FEEL, S-FEEL, or B-FEEL (Feel.Dialect). :scope
supplies the names the expression may refer to. A type such as list<number>
is not an entry point; Feel.Type.parse/2 reads those.
S-FEEL is a restriction of the syntax: an expression that is outside it is a syntax error
(Feel.Syntax.SFeel), and one that is inside it runs as FEEL. B-FEEL has the grammar of FEEL
and will have other semantics; it is not written yet and runs as FEEL. The dialect goes with the
prepared expression into every run of it; a run cannot choose one (D-49).
Extensions
:extensions switches on additions to FEEL that DMN 1.6 does not have, such as the functions of an
engine (Feel.Extension, D-81). There are none by default, and an extension only adds: what is valid
FEEL runs as it does without. Like the dialect, they go with the prepared expression into every run.
Errors are chosen per run through :mode; they are not a property of the
prepared expression.
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        eval(source, bindings \\ %{}, options \\ [])

      


        Parses and runs source once.



    


    
      
        eval!(source, bindings \\ %{}, options \\ [])

      


        Like eval/3, but returns the value alone and raises Feel.Error.t/0 on
{:error, error}. Diagnostics are discarded.
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        Returns the names that a prepared expression reads from its bindings.
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        Parses source and returns its syntax tree without analyzing or running it.
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        Prepares source for repeated use.



    


    
      
        prepare_ast(ast, source, options \\ [])

      


        Prepares a syntax tree that was not parsed from source, for a caller that builds one.



    


    
      
        run(expression, bindings \\ %{}, options \\ [])

      


        Runs a prepared expression.



    


    
      
        test(expression, input, bindings \\ %{}, options \\ [])

      


        Tests input against a prepared list of unary tests.



    


    
      
        type(expression)

      


        Returns the inferred result type of a prepared expression, or :any when it
cannot be determined without running it.



    


    
      
        warnings(expression)

      


        Returns the diagnostics that prepare/2 produced without failing.
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          @type bindings() :: %{optional(String.t()) => Feel.Value.t()}


      


Values for the names an expression refers to, keyed by name.

  



  
    
      
    
    
      prepare_option()



        
          
        

    

  


  

      

          @type prepare_option() ::
  {:scope, Feel.Scope.t()}
  | {:scope_index, Feel.Syntax.ScopeIndex.t() | nil}
  | {:entry, :expression | :unary_tests}
  | {:dialect, Feel.Dialect.t()}
  | {:extensions, [atom()] | Feel.Extensions.t()}
  | {:s_feel_grammar, :practical | :literal}
  | {:unknown_names, :warn | :null | :error}
  | {:result_allowed_values, String.t()}
  | {:result_type, Feel.Type.t()}
  | {:input, Feel.Type.t()}
  | {:declarations, Feel.Analysis.Declarations.stance()}
  | {:analysis, Feel.Analysis.Refinement.tier()}
  | {:limits, Feel.Limits.t()}
  | {:backend, :interpreter | :beam}
  | {:optimize, boolean()}
  | {:sandbox, boolean()}
  | {:guard, keyword()}


      


Options that prepare/2 understands.
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          @type result(value) :: {:ok, value, [Feel.Diagnostic.t()]} | {:error, Feel.Error.t()}


      


The result of running an expression.
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          @type run_option() ::
  {:mode, :lenient | :strict}
  | {:clock, DateTime.t() | (-> DateTime.t())}
  | {:entropy, (non_neg_integer() -> binary())}
  | {:limits, Feel.Limits.t()}
  | {:origin, term()}
  | {:contexts, :map | :ordered}
  | {:budget, Feel.Runtime.Budget.t()}
  | {:sandbox, boolean()}
  | {:guard, keyword()}


      


Options that run/3, test/4, and eval/3 understand at run time.
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          @type source() :: String.t()


      


FEEL source text.
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      eval(source, bindings \\ %{}, options \\ [])



        
          
        

    

  


  

      

          @spec eval(source(), bindings(), [prepare_option() | run_option()]) ::
  result(Feel.Value.t())


      


Parses and runs source once.
Takes the options of prepare/2 and of run/3; :limits applies to both. When no
:scope is given, the scope is made from bindings: each name with the type of its
value, so a name that is not bound is null, with a warning, and an error with unknown_names: :error (D-37).
A non-string binding key is an input error. With sandbox: false, building the
implicit scope raises ArgumentError for it.
The diagnostics are those of the run and those of prepare/2 (warnings/1). Where the run
reports what prepare/2 had warned of, at the same span and with the same code, it is
reported once, as the run has it, with the hint of the warning if the run has none.
iex> {:ok, three, []} = Feel.eval("1 + 2")
iex> Decimal.equal?(three, 3)
true
iex> Feel.eval("age >= 18", %{"age" => Decimal.new(21)})
{:ok, true, []}
iex> {:ok, nil, [warning, null_operand]} = Feel.eval("agee >= 18", %{"age" => Decimal.new(21)})
iex> {warning.code, warning.severity, warning.hint}
{:unknown_name, :warning, ~s(did you mean "age"?)}
iex> {null_operand.code, null_operand.severity}
{:null_operand, :error}
iex> {:error, error} =
...>   Feel.eval("agee >= 18", %{"age" => Decimal.new(21)}, unknown_names: :error)
iex> {error.code, hd(error.diagnostics).hint}
{:unknown_name, ~s(did you mean "age"?)}
iex> {:ok, nil, [diagnostic]} = Feel.eval("1 / 0")
iex> {diagnostic.code, diagnostic.span}
{:division_by_zero, {0, 5}}
iex> {:error, error} = Feel.eval("1 / 0", %{}, mode: :strict)
iex> error.kind
:strict

  



    

    

  
    
      
    
    
      eval!(source, bindings \\ %{}, options \\ [])



        
          
        

    

  


  

      

          @spec eval!(source(), bindings(), [prepare_option() | run_option()]) :: Feel.Value.t()


      


Like eval/3, but returns the value alone and raises Feel.Error.t/0 on
{:error, error}. Diagnostics are discarded.
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          @spec free_names(Feel.Expression.t()) :: MapSet.t(String.t())


      


Returns the names that a prepared expression reads from its bindings.
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          @spec parse(source(), [prepare_option()]) ::
  {:ok, Feel.AST.t()} | {:error, Feel.Error.t()}


      


Parses source and returns its syntax tree without analyzing or running it.
Takes the :entry and :dialect options of prepare/2, plus :scope,
because names that contain spaces or operators can only be recognized with
the scope in hand. A caller that parses many texts against one scope, and adds names to it as it goes, makes a
Feel.Syntax.ScopeIndex once and gives it as :scope_index: the names are then read from it, and the cost of the scope
is not paid for each text.
Syntax errors have kind :syntax; source and nesting limits have kind :limit.
The shared sandbox can also return deadline/transfer limits or worker failures.
Argument errors in parsing become :input errors with code :invalid_options
by default; direct calls with sandbox: false raise ArgumentError instead.
entry: :unary_tests reads a list of unary tests, with - for any input and
not(...) for a negated list; see Feel.Syntax.Parser.parse_unary_tests/2. Any
unsupported :entry is an argument error (:expression is the default).
The parser reads FEEL. With dialect: :s_feel
the tree is then checked against S-FEEL (Feel.Syntax.SFeel), and anything outside it is a
:syntax error with the code :outside_s_feel; :s_feel_grammar is explained at prepare/2.
A dialect outside :feel, :s_feel and :b_feel is an argument error.
iex> {:ok, {:binary, _meta, :add, _left, _right}} = Feel.parse("1 + 2")
iex> {:error, error} = Feel.parse("1 +")
iex> {error.kind, error.span}
{:syntax, {3, 3}}
iex> {:ok, {:unary_tests, _meta, :positive, [_, _]}} = Feel.parse("< 5, 10", entry: :unary_tests)
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          @spec prepare(source(), [prepare_option()]) ::
  {:ok, Feel.Expression.t()} | {:error, Feel.Error.t()}


      


Prepares source for repeated use.
Parses the source, resolves names against the :scope, checks calls and
types where it can, and builds the form that run/3 executes.
Argument errors raised during preparation become :input errors with code
:invalid_options under the default sandbox. The ArgumentError descriptions
below apply to direct calls with sandbox: false.
Options
	:scope - a Feel.Scope.t/0 with the names and types the expression
may refer to, and the allowed values of some of them: a bound value that is not
allowed is null with an error (D-138). Without it, any name is accepted and resolved at run time.

	:entry - :expression (default) or :unary_tests.

	:dialect - :feel (default), :s_feel, or :b_feel. Raises ArgumentError for any
other. With :s_feel, an expression that is not in S-FEEL is a :syntax error with the code
:outside_s_feel; one that is runs as FEEL (D-49).

	:extensions - a list of the extensions to switch on: names (Feel.Extension.registry/0) or modules that
implement Feel.Extension. [] by default. They add functions, more signatures for functions, and
the like, and change nothing that is valid FEEL (D-81). Raises ArgumentError for one that is
neither. They go with the prepared expression into every run, and run/3 raises for the option.

	:s_feel_grammar - :practical (default) or :literal. Read only with dialect: :s_feel:
the printed grammar of S-FEEL has no parentheses for grouping and no null, which
:practical accepts and :literal reports (D-49).

	:unknown_names - what a name that is not in the :scope is: :warn (the default), a
variable that is looked up in the bindings when the expression runs, with a warning, since a
scope need not have every name; :null, which makes it null with a warning; or :error.

	:result_type - the type of the result, as a Feel.Type.t/0. The result is
converted to it as a decision's is to its variable's, and is null with an error
when it cannot be (D-138). The result_type of the scope, by default.

	:result_allowed_values - the allowed values of the result: the source text of a list
of unary tests, such as "[0..100]". A result that none of them accepts is null,
with a :value_not_allowed error; a result that is null is exempt (D-138). The
result_allowed_values of the scope, by default.

	:input - the type of the input ? of unary tests (entry: :unary_tests), as a Feel.Type.t/0: Any by
default. It is the type of a name declared in a scope: the input of test/4 is converted to it, or is null with an
error, as the value of a name is (D-138), and a ! after the type makes a null input end the run with an :input error
(D-48). What :declarations says of the names it says of the input. The tests are analyzed for an input of this type, so
? > 5 is a comparison of a number, and ? instance of number is true for a number!.

	:declarations - the stance on the declarations of the :scope: what a run does with a bound value that does not fit
the declared type or the allowed values of its name (D-138), and whether the allowed values narrow the types, so
that age with [0..150] is number in [0..150] and age + 1 is number in [1..151] (D-138). One of
Feel.Analysis.Declarations.stance/0, :enforce by default:
	Stance	A bound value that does not fit	The allowed values
	:enforce (default)	is converted, or is null with an error	narrow the types
	:enforce_wide	the same	do not narrow the types
	:trust	is not looked at: the host guarantees the values	narrow the types
	:audit	stays, and is reported as an error	narrow the types
	:report	stays, and is reported: an error for a declared type, a warning for allowed values	do not narrow
	:ignore	is not looked at	do not narrow

Narrowing lets the analysis prove things and the optimizer take out checks. It is sound when the run makes the values
what the types say (:enforce), and the host's word when it does not (:trust, :audit): if a value is not allowed
after all, the types are wrong, and so is what the optimizer removed because of them. :report and :ignore rely on
no allowed value. Feel.Analysis.Declarations has the rest. Raises ArgumentError for any other value, and for
:trust and :audit with analysis: :core, which has no sets of values to narrow by. The options :verify and
:narrow, which this one replaces, raise ArgumentError that names the stance to use.

	:analysis - the precision of inferred bounds (Feel.Analysis.Refinement, D-133). :full
(the default) refines possible values and condition facts within representation and work budgets.
:core keeps kinds and nullability, such as number instead of number in [6..max], with no
condition facts. Under the same declaration assumptions, both must preserve runtime values,
ordered diagnostics and strict failures. Preparation warnings, optimizer proofs and preparation
cost can differ. declarations: :enforce still verifies allowed values in core analysis without
using them to narrow; :trust and :audit require full analysis.
Literal function signatures come from kind-only analysis in their written environment and stay
the same in both tiers (D-219). Full analysis makes an additional bounded core pass when the
syntax contains functions; call refinements can retain a more precise body result. Runtime
built-in argument diagnostics describe actual values; preparation warnings may describe
different inferred bounds in each tier.

	:limits - a Feel.Limits.t/0 capping the size of results, and the work of preparing the expression: an error of the kind
:limit for a source that is too large, a name that is too long, nesting that is too deep, conditions that say too much about
one subject (:max_narrowing_facts, D-154), or, with backend: :beam, an expression that would make more than
:max_generated_statements statements of code (code :too_large_to_compile, D-154; the interpreter makes none).

	:backend - :interpreter (default) or :beam; the latter requires sandbox: false. See Feel.Backend.

	:sandbox - true (default) contains the complete operation; false runs trusted input directly.

	:guard - options of Feel.Worker.run/2, used when containment is enabled.

	:optimize - whether Feel.Optimizer removes from the IR what the analysis has settled
before the backend compiles it. true by default; the result of a run is the same
either way (D-45). Feel.Expression.unoptimized_ir/1 is the IR as the analyzer made it.
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          @spec prepare_ast(Feel.AST.t(), source(), [prepare_option()]) ::
  {:ok, Feel.Expression.t()} | {:error, Feel.Error.t()}


      


Prepares a syntax tree that was not parsed from source, for a caller that builds one.
A layer above FEEL that has its own notation, as DMN has boxed expressions, can map it to a Feel.AST.t/0 and have it analyzed,
typed, optimized and compiled as an expression is. The tree is made of the nodes of Feel.AST (the table there is the whole
contract) and is trusted to be well formed: a node that is not one, or a name that is not a list of tokens, raises. What it
is not trusted for is meaning, which the analyzer checks as it does for a parsed tree.
source is the text that the :spans of the nodes are byte ranges of. It is not read; it is kept in the expression, and a
diagnostic points into it. A caller that builds a tree from several texts gives it their concatenation and moves the spans of
each to where it is (Feel.AST.shift/2).
Takes the options of prepare/2, except :entry and :dialect, which are those of a tree (an expression, and :feel).
Argument errors inside the default worker become input errors; sandbox: false
exposes them directly as exceptions.
iex> {:ok, tree} = Feel.parse("a + 1")
iex> {:ok, expression} = Feel.prepare_ast(tree, "a + 1", scope: Feel.Scope.new(%{"a" => :number}))
iex> Feel.run(expression, %{"a" => Decimal.new(1)})
{:ok, Decimal.new(2), []}
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          @spec run(Feel.Expression.t(), bindings(), [run_option()]) :: result(Feel.Value.t())


      


Runs a prepared expression.
Options
	:mode - :lenient (default) or :strict.
	:clock - a DateTime, or a zero-arity function returning one, used by
now() and today(). The clock is read once per run, so repeated calls
within one run agree.
	:entropy - a function from a number of bytes to that many bytes, where the random functions of an
extension get them (D-81): :crypto.strong_rand_bytes/1 by default.
	:limits - a Feel.Limits.t/0.
	:budget - a process-owned Feel.Runtime.Budget handle for cumulative iteration, call and diagnostic limits.
Share it with sandbox: false, or create and use it inside one enclosing worker.
	:sandbox - true (default) contains the complete run; false executes trusted input in the caller.
	:guard - options of Feel.Worker.run/2, used when containment is enabled.
	:origin - which text this run is of, a term of the host's (D-201). The diagnostics of the run have it as their
:origin, and so do those of a function written in the expression, wherever that function is called later, so that
a host that runs several texts can find the span of a diagnostic in the one it is a range of. nil by default.
	:contexts - what a context in the result is (D-135). :map (default) is a plain map with string keys, as the
specification and the TCK have a context: the entries by name, with no order, so two contexts are equal as = says
when their maps are. :ordered is a Feel.Value.Context.t/0, which keeps the order of the entries, and is what
get entries, context put and string(...) of the same run saw.

A context in bindings is either: a plain map is a context in the order of its keys, and Feel.Value.Context.new/1
gives one in another order.
The dialect and the extensions are those of the prepared expression, and a :dialect or :extensions
option is an input error, or raises ArgumentError with sandbox: false (D-49, D-81).
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          @spec test(Feel.Expression.t(), Feel.Value.t(), bindings(), [run_option()]) ::
  result(boolean())


      


Tests input against a prepared list of unary tests.
The expression must have been prepared with entry: :unary_tests, and any other raises
ArgumentError. input is the value of ? while the tests run. The result is true
when the tests are satisfied, and false otherwise; it is never null.
The tests are alternatives, so the input is satisfied by any one of them. - is
satisfied by every input, null included, and not(...) by an input that none of its
tests matches. A test that gives null is not satisfied, not(...) included: a null
input is not < 5, nor is it not(< 5). A test is read as follows:
	< 5, >= x, = 3: the input compared with the value.
	[1..5], (1..5]: the input within the interval.
	1, "a", null: the input equal to the value.
	An expression of ?, such as ? > 5: satisfied when it is true. One that is not a boolean, such as ? + 1,
is equal to the input when it has a value, and is null, so not satisfied, when it has none (D-209): a
null input is not ? + 1, whatever type the input is declared to be.

The other options and the bindings are those of run/3.
iex> {:ok, tests} = Feel.prepare("< 5", entry: :unary_tests)
iex> Feel.test(tests, Decimal.new(2))
{:ok, true, []}
iex> Feel.test(tests, Decimal.new(7))
{:ok, false, []}
iex> Feel.test(tests, nil)
{:ok, false, []}
iex> {:ok, tests} = Feel.prepare("not(1, [5..9])", entry: :unary_tests)
iex> Feel.test(tests, Decimal.new(3))
{:ok, true, []}
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          @spec type(Feel.Expression.t()) :: Feel.Type.t()


      


Returns the inferred result type of a prepared expression, or :any when it
cannot be determined without running it.
It is a type of the specification, where every type includes null, so
Feel.type/1 of 1 < 2 is :boolean whether or not the result can be null. The
type with the null explicit is the type of the node of expression.ir, a
Feel.Type.Union (D-39).
iex> {:ok, expression} = Feel.prepare("1 + 2")
iex> Feel.type(expression)
:number
iex> Feel.Type.Union.format(Feel.IR.type(expression.ir))
"number = 3"
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          @spec warnings(Feel.Expression.t()) :: [Feel.Diagnostic.t()]


      


Returns the diagnostics that prepare/2 produced without failing.

  


        

      


  

    
Feel.AST 
    



      
The syntax tree that Feel.parse/2 returns.
Every node is a tuple {kind, meta, ...}. meta is a map with the node's
:span, the byte range of its source text. The tree describes the source as
written; it does not resolve names or decode dates, and it keeps no
parentheses, since the tree already shows the grouping.
Names
A name is a list of tokens, kept exactly as lexed (["first", "name"],
["a", "-", "b"]). Which tokens form a name depends on the names in scope, so
the parser decides, and later stages derive the canonical string with
Feel.Name. A name written in backticks (`first name`, D-81) is the same list of tokens, and its
node (or the path that ends in it) has quoted: span in its meta, the span of what was in backticks; the analyzer reports it once
(Feel.Analysis.QuotedNames). A qualified name such as import.Type is also a token list, with
the "." as a token.
A node that a layer above builds from a boxed expression can have boxed: true in its meta: an {:if, …}, {:filter, …} or
{:quantified, …} that is null with an error for a condition that is a value other than a boolean and null (D-212,
Feel.Runtime.Boxed). The parser never makes it.
Expression nodes
	Node	FEEL
	{:literal, meta, value}	number, string, true, false, null
	{:at_literal, meta, text}	@"2020-01-01" (text not yet decoded)
	{:name, meta, tokens}	a name
	{:negate, meta, expr}	-expr
	{:binary, meta, operator, left, right}	+ - * / ** = != < <= > >= and or
	{:between, meta, value, low, high}	value between low and high
	{:in, meta, value, tests}	value in test, value in (a, b)
	{:prefix_test, meta, operator, endpoint}	< 5, >= x, = 3, != 3
	{:range, meta, start_included, from, to, end_included}	[1..5), ]1..5[
	{:instance_of, meta, expr, type}	expr instance of type
	{:if, meta, condition, then, otherwise}	if … then … else …
	{:for, meta, iterators, body}	for x in xs return body
	{:quantified, meta, :some | :every, bindings, test}	some x in xs satisfies test
	{:filter, meta, source, predicate}	source[predicate]
	{:path, meta, source, tokens}	source.name
	{:descendant, meta, source, tokens}	source...name
	{:call, meta, callee, arguments}	callee(…)
	{:function, meta, parameters, external, body}	function(a, b) body
	{:list, meta, items}	[a, b]
	{:context, meta, entries}	{a: 1, "b": 2}
	{:decision_table, meta, policy, aggregation, inputs, rules, outputs}	a decision table: no text, see below
	{:declared, meta, expression, type, allowed_values}	expression converted to the Feel.Type.t() type (nil for none) and verified against the unary tests allowed_values, source text, or every constraint of a declared type (nil for none): no text, see below

not(x) is an ordinary call. A unary test such as < 5 inside an expression is
a :prefix_test.
Decision tables
A decision table (DMN 1.6, clause 8) is a node that has no text: a layer above FEEL that reads a model builds it and gives it to
Feel.prepare_ast/3, and the parser never makes one. It is in the tree because its meaning is FEEL's: the entries of a rule are
unary tests of the input of their column, the outputs are expressions, and what the analysis knows of them gives the type of the
table (Feel.Analysis.Tables). The outputs of a rule are analyzed knowing its entries: the rule matched, so what its entries say of the
inputs holds in them (D-195). The run is Feel.Runtime.DecisionTable.
{:decision_table, meta, policy, aggregation, inputs, rules, outputs}
	policy is :unique, :first, :any, :priority, :output_order, :rule_order or :collect, and aggregation is
nil, or :sum, :count, :min or :max for a :collect table of one output.
	inputs are the columns: {expression, input_values}, the input expression and the unary tests that its values are expected
to satisfy (nil for none), which a - entry has to satisfy.
	rules are {id, entries, results}: the id for the messages, one entry for each input (a {:unary_tests, …} node, or nil
for -), and one output entry, an expression, for each output.
	outputs are {name, order, default}: the name of the output (nil for the one output of a table that has one; a table of
several has a context for each hit, with the name for the key), the output values as an expression that is a list, whose
order is the priority of the policies :priority and :output_order (nil for none), and the default output entry (nil
for none).

Declared values
{:declared, meta, expression, type, allowed_values} is the value of an expression that something declares a type and allowed values
for, as a decision declares them for its result: a layer above FEEL builds it where it knows the declaration (the entry of a boxed
context, the decision in a decision service, the body of a function) and gives the tree to Feel.prepare_ast/3. The value is converted to the
type (a list of one element is its element for a type that is not a list, a value is a list of itself for a list type) and is
null with an error when it does not conform or does not satisfy the allowed values (DMN 1.6, 10.3.2.9; D-138), the same code
that does it for the :result_type and :result_allowed_values of the whole expression. type is a Feel.Type.t/0 whose names
are those of the scope, and allowed_values the source of a list of unary tests, as for a scope, or the constraints of a declared
type, a list of what Feel.ItemDefinitions.variable/2 gives: %{steps: steps, kind: :allowed_values | :type_constraint, source: text}, each for the value or, down its steps (a key of a context, :each for the elements of a list), for a member of it. All
of them have to hold, each is the :allowed node of the IR around the one before (with meta.path when it is for a member), and
the first member that a constraint turns down makes the value null with the error that says where it is. A value that is
null, and a member that is not there or is null, is exempt.
Unary tests
{:unary_tests, meta, kind, tests} is the result of parsing with
entry: :unary_tests. kind is :any for - (and tests is empty),
:positive for a list of tests, or :negated for not(tests).
Type expressions
A type expression appears inside other nodes, after instance of and in the
parameters of a function definition: {:type_name, meta, tokens},
{:list_type, meta, element}, {:range_type, meta, endpoint},
{:context_type, meta, members}, {:function_type, meta, parameters, result},
or {:non_null_type, meta, type} for a trailing ! (D-48). Feel.Type.parse/2 reads a type on its own, and reads two more
that a host declares (D-178): {:union_type, meta, types} for T | U and {:not_type, meta, type} for Any except T.
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          @type arguments() ::
  {:positional, [expression()]} | {:named, [{tokens(), expression()}]}


      


The arguments of a call: all positional or all named, never mixed.
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          @type comparison_operator() :: :eq | :neq | :lt | :lte | :gt | :gte
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          @type decision_aggregation() :: :sum | :count | :min | :max | nil
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          @type decision_policy() ::
  :unique | :first | :any | :priority | :output_order | :rule_order | :collect
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          @type domain() :: expression() | {:through, expression(), expression()}


      


What a for iterator ranges over: a list, or from..to.
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          @type expression() ::
  {:literal, meta(),
   Feel.Value.Number.t()
   | Feel.Value.String.t()
   | Feel.Value.Boolean.t()
   | Feel.Value.Null.t()}
  | {:at_literal, meta(), String.t()}
  | {:name, meta(), tokens()}
  | {:negate, meta(), expression()}
  | {:binary, meta(), operator(), expression(), expression()}
  | {:between, meta(), expression(), expression(), expression()}
  | {:in, meta(), expression(), [expression()]}
  | {:prefix_test, meta(), comparison_operator(), expression()}
  | {:range, meta(), boolean(), expression(), expression(), boolean()}
  | {:instance_of, meta(), expression(), type_expression()}
  | {:if, meta(), expression(), expression(), expression()}
  | {:for, meta(), [iterator(), ...], expression()}
  | {:quantified, meta(), :some | :every, [{tokens(), expression()}, ...],
     expression()}
  | {:filter, meta(), expression(), expression()}
  | {:path, meta(), expression(), tokens()}
  | {:descendant, meta(), expression(), tokens()}
  | {:call, meta(), expression(), arguments()}
  | {:function, meta(), [parameter()], boolean(), expression()}
  | {:list, meta(), [expression()]}
  | {:context, meta(), [{key(), expression()}]}
  | {:declared, meta(), expression(), Feel.Type.t() | nil,
     String.t() | [Feel.ItemDefinitions.constraint()] | nil}
  | {:decision_table, meta(), decision_policy(), decision_aggregation(),
     [{expression(), unary_tests() | nil}],
     [{String.t(), [unary_tests() | nil], [expression()]}],
     [{String.t() | nil, expression() | nil, expression() | nil}]}
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          @type iterator() :: {tokens(), domain()}
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          @type key() :: {:name, tokens()} | {:string, String.t()}


      


A context key: a name, or a string literal.
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          @type meta() :: %{span: span()}
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          @type operator() ::
  :add
  | :subtract
  | :multiply
  | :divide
  | :power
  | :eq
  | :neq
  | :lt
  | :lte
  | :gt
  | :gte
  | :and
  | :or


      



  



  
    
      
    
    
      parameter()



        
          
        

    

  


  

      

          @type parameter() :: {tokens(), type_expression() | nil}


      


A formal parameter with an optional declared type.
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          @type span() :: Feel.Diagnostic.span()


      


A byte range in the source: from inclusive, to exclusive.
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          @type t() :: expression() | type_expression() | unary_tests()


      


A node of any entry point.
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          @type tokens() :: [String.t(), ...]


      


The tokens of a name, as lexed, including symbols such as the hyphen and the period.
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          @type type_expression() ::
  {:type_name, meta(), tokens()}
  | {:list_type, meta(), type_expression()}
  | {:range_type, meta(), type_expression()}
  | {:context_type, meta(), [{key(), type_expression()}, ...]}
  | {:function_type, meta(), [type_expression()], type_expression()}
  | {:non_null_type, meta(), type_expression()}
  | {:union_type, meta(), [type_expression(), ...]}
  | {:not_type, meta(), type_expression()}
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          @type unary_tests() ::
  {:unary_tests, meta(), :any | :positive | :negated, [expression()]}
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          @spec kind(t()) :: atom()


      


Returns the kind of a node, the first element of its tuple.
iex> Feel.AST.kind({:name, %{span: {0, 1}}, ["x"]})
:name
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          @spec shift(t(), non_neg_integer()) :: t()


      


Moves every span of a tree by offset bytes: the :span of every node, and the :quoted span of a name in backticks.
A tree that was parsed from one text and is to be used as a part of a tree for a longer one (Feel.prepare_ast/3) needs its spans
to be byte ranges of the longer text. The offset is where the first text starts in it.
iex> {:ok, tree} = Feel.parse("x + 1")
iex> {:binary, %{span: span}, :add, {:name, %{span: left}, ["x"]}, _right} = Feel.AST.shift(tree, 10)
iex> {span, left}
{{10, 15}, {10, 11}}

  



  
    
      
    
    
      span(node)



        
          
        

    

  


  

      

          @spec span(t()) :: span()


      


Returns the byte range of a node's source text.
iex> Feel.AST.span({:name, %{span: {0, 1}}, ["x"]})
{0, 1}

  


        

      


  

    
Feel.Analysis.AllowedValues 
    



      
Compiles allowed values: those of a variable of a Feel.Scope, and those of the result of
an expression (D-138).
Allowed values are the source text of a list of unary tests, as in the allowedValues of a
DMN item definition. A variable can have more than these for its value: a type constraint (for the value as a whole), and
allowed values and type constraints for its members (D-161, step E); compile_all/3 compiles all of them. compile/3 reads the text of a variable, with the other names of the
scope in view, and analyzes the tests with ? typed as the variable, so that [0..150] for a
number is ? >= 0 and ? <= 150. For a variable declared as a list, the tests are for its
elements, as the allowedValues of a DMN item definition with isCollection are (notes 03,
section 4.3): ? is typed as an element, and each is true in what compile/3 returns.
compile_result/4 does the same for the text given for the
result of an expression, with ? typed as the expression. The result is the IR of the tests,
which Feel.Analysis.Analyzer puts in a :verify_bindings node (for a variable) or an
:allowed node (for the result), and what a later step reads ranges and sets of values from.
The tests of a constraint read the names of the scope as the expression does (D-170): converted to their declared types,
and verified against their allowed values, so that a name that the run turns down is null in a test, and a name that is
allowed has the type its allowed values give it (age with <= max age is cut by the type of max age, which is a type
that holds only if the value a test sees is one that is allowed). The constraints that are being compiled, and the ones whose
tests read them, are not applied to a name that is read, and it is read as it was bound as far as they go: a test that reads
the name it belongs to, or a cycle of two, does not loop, and the tests of person.age that read person.limit see a
person that the other constraints of it (those of limit) hold. The stances that leave a value as it is (:report,
:audit, :trust, :ignore) read every name as it was bound, as they did.
The tests are read and analyzed with the extensions of the expression (:extensions, D-81), so a test may call a function
that an extension adds, as the expression may.
A test that cannot be read or analyzed is an error with the code :invalid_allowed_values
at the span of the name that was read, or of the expression for its result. The warnings of a test that can are given the same
span, since the text of the tests is not the source of the expression.

      


      
        Summary


  
    Types
  


    
      
        compile_option()

      


        An option of compile/3 and compile_result/4. :reads is how the tests read the names of the scope: nil as they were
bound, or {stance, unverified}, the stance (:enforce or :enforce_wide) the expression is analyzed with and the
constraints that are not applied to a name that is read (D-170).



    


    
      
        compiled()

      


        What compile/3 returns: the IR of the tests, the names they read, their diagnostics, and whether the
tests are for each element of a list (each) and not for the value.



    


    
      
        constraint()

      


        A constraint of a name, as Feel.Scope.constraints/2 has it: the name, the steps down to the member, the kind and the index.



    





  
    Functions
  


    
      
        accepts_nothing?(type, tests)

      


        Whether the tests accept no value of the type, null apart. A type that the tests do not narrow (one with several kinds
besides null, a list, a context) is never taken for one that nothing satisfies.



    


    
      
        at(arg1, span)

      


        What compile/3 gave, for a read of the variable at another span: the diagnostics are given that span. The tests are
read once and put at the span of each read, and are those that reading them there would give.



    


    
      
        compile(scope, name, options \\ [])

      


        Compiles the allowed values of a variable.



    


    
      
        compile_all(scope, name, options \\ [])

      


        Compiles everything that a variable has constrained (D-161, step E): its allowed values, its type constraint, and those of its
members, each as compile/3 does, with the steps down to the member and the kind. The tests of a member are tested
against the member (? is typed as it), and the allowed values of a list are for its elements, where a type constraint is
for the list.



    


    
      
        compile_result(scope, source, type, options \\ [])

      


        Compiles the allowed values of the result of an expression, given as source text.



    


    
      
        compile_result_constraint(scope, constraint, type, options \\ [])

      


        Compiles one constraint of the result of an expression: what a declared type has the value, or a member of it, satisfy (the
constraints of Feel.ItemDefinitions.variable/2), in the order of compile_all/3 for a variable.



    


    
      
        tests(unary_tests)

      


        The unary tests of what compile/3 and compile_all/3 gave, without the conversion and the verification of the names they
read (D-170): the tests are ir itself where they read no name with a declared type, and are inside the nodes of those
names where they do. It is what the sets of the narrowing and the proofs read.



    


    
      
        unsatisfiable?(scope, name, tests, steps \\ [], kind \\ :allowed_values)

      


        Whether the tests of a variable, as compile/3 gave them, accept no value of its declared type (or of the type of its
elements, for a list), null apart: every value that is not null is then not allowed (D-138).



    





      


      
        Types


        


  
    
      
    
    
      compile_option()



        
          
        

    

  


  

      

          @type compile_option() ::
  {:span, Feel.Diagnostic.span() | nil}
  | {:limits, Feel.Limits.t()}
  | {:extensions, Feel.Extensions.t() | [atom()]}
  | {:reads, {Feel.Analysis.Declarations.stance(), [constraint()]} | nil}


      


An option of compile/3 and compile_result/4. :reads is how the tests read the names of the scope: nil as they were
bound, or {stance, unverified}, the stance (:enforce or :enforce_wide) the expression is analyzed with and the
constraints that are not applied to a name that is read (D-170).

  



  
    
      
    
    
      compiled()



        
          
        

    

  


  

      

          @type compiled() :: %{
  ir: Feel.IR.t(),
  free_names: MapSet.t(Feel.Name.t()),
  diagnostics: [Feel.Diagnostic.t()],
  each: boolean(),
  grain: Feel.Analysis.Grain.t(),
  steps: [Feel.Scope.step()],
  kind: Feel.Scope.kind(),
  index: non_neg_integer()
}


      


What compile/3 returns: the IR of the tests, the names they read, their diagnostics, and whether the
tests are for each element of a list (each) and not for the value.

  



  
    
      
    
    
      constraint()



        
          
        

    

  


  

      

          @type constraint() ::
  {Feel.Name.t(), [Feel.Scope.step()], Feel.Scope.kind(), non_neg_integer()}


      


A constraint of a name, as Feel.Scope.constraints/2 has it: the name, the steps down to the member, the kind and the index.

  


        

      

      
        Functions


        


  
    
      
    
    
      accepts_nothing?(type, tests)



        
          
        

    

  


  

      

          @spec accepts_nothing?(Feel.Type.t() | Feel.Type.Union.t(), Feel.IR.t()) :: boolean()


      


Whether the tests accept no value of the type, null apart. A type that the tests do not narrow (one with several kinds
besides null, a list, a context) is never taken for one that nothing satisfies.
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile_result(nil, ~s("a"), :number)
iex> Feel.Analysis.AllowedValues.accepts_nothing?(:number, compiled.ir)
true
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile_result(nil, "[0..10]", :number)
iex> Feel.Analysis.AllowedValues.accepts_nothing?(:number, compiled.ir)
false

  



  
    
      
    
    
      at(arg1, span)



        
          
        

    

  


  

      

          @spec at(
  {:ok, compiled()} | :none | {:error, [Feel.Diagnostic.t(), ...]},
  Feel.Diagnostic.span() | nil
) ::
  {:ok, compiled()} | :none | {:error, [Feel.Diagnostic.t(), ...]}


      


What compile/3 gave, for a read of the variable at another span: the diagnostics are given that span. The tests are
read once and put at the span of each read, and are those that reading them there would give.
iex> scope = Feel.Scope.new(%{"age" => :number}, allowed_values: %{"age" => ~s(<= "x")})
iex> compiled = Feel.Analysis.AllowedValues.compile(scope, "age")
iex> {:ok, at} = Feel.Analysis.AllowedValues.at(compiled, {4, 7})
iex> {:ok, ^at} = Feel.Analysis.AllowedValues.compile(scope, "age", span: {4, 7})
iex> Enum.map(at.diagnostics, & &1.span)
[{4, 7}]

  



    

  
    
      
    
    
      compile(scope, name, options \\ [])



        
          
        

    

  


  

      

          @spec compile(Feel.Scope.t(), Feel.Name.t(), [compile_option()]) ::
  {:ok, compiled()} | :none | {:error, [Feel.Diagnostic.t(), ...]}


      


Compiles the allowed values of a variable.
Returns :none when the variable has none. The name must be canonical.
Options
	:span - the span of the name in the expression that reads it, which goes on the
diagnostics. nil by default.
	:limits - a Feel.Limits.t/0.
	:extensions - the extensions that are on (Feel.Extensions, D-81), a list or a resolved set: the tests
are read and analyzed with them, as the expression is, so a test may call a function that an extension adds.

Examples
iex> scope = Feel.Scope.new(%{"age" => :number}, allowed_values: %{"age" => "[0..150]"})
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile(scope, "age")
iex> {Feel.IR.kind(compiled.ir), compiled.free_names, compiled.each}
{:unary_tests, MapSet.new([]), false}
iex> scope = Feel.Scope.new(%{"ages" => {:list, :number}}, allowed_values: %{"ages" => "[0..150]"})
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile(scope, "ages")
iex> compiled.each
true
iex> Feel.Analysis.AllowedValues.compile(Feel.Scope.new(%{"age" => :number}), "age")
:none

  



    

  
    
      
    
    
      compile_all(scope, name, options \\ [])



        
          
        

    

  


  

      

          @spec compile_all(Feel.Scope.t(), Feel.Name.t(), [compile_option()]) ::
  {:ok, [compiled(), ...]} | :none | {:error, [Feel.Diagnostic.t(), ...]}


      


Compiles everything that a variable has constrained (D-161, step E): its allowed values, its type constraint, and those of its
members, each as compile/3 does, with the steps down to the member and the kind. The tests of a member are tested
against the member (? is typed as it), and the allowed values of a list are for its elements, where a type constraint is
for the list.
Returns :none when the variable has no constraint, and the first error otherwise: a constraint that cannot be read, or
a member the declared type does not have.
iex> scope = Feel.Scope.new(%{"xs" => {:list, :number}}, allowed_values: %{"xs" => "[0..10]"}, type_constraints: %{"xs" => "count(?) > 0"})
iex> {:ok, [allowed, constraint]} = Feel.Analysis.AllowedValues.compile_all(scope, "xs")
iex> {allowed.kind, allowed.each, constraint.kind, constraint.each}
{:allowed_values, true, :type_constraint, false}
iex> scope = Feel.Scope.new(%{"p" => {:context, %{"age" => :number}}}, allowed_values: %{{"p", ["age"]} => "[0..150]"})
iex> {:ok, [age]} = Feel.Analysis.AllowedValues.compile_all(scope, "p")
iex> age.steps
["age"]
iex> scope = Feel.Scope.new(%{"p" => {:context, %{"age" => :number}}}, allowed_values: %{{"p", ["height"]} => "> 0"})
iex> {:error, [diagnostic]} = Feel.Analysis.AllowedValues.compile_all(scope, "p")
iex> diagnostic.code
:invalid_allowed_values

  



    

  
    
      
    
    
      compile_result(scope, source, type, options \\ [])



        
          
        

    

  


  

      

          @spec compile_result(
  Feel.Scope.t() | nil,
  String.t(),
  Feel.Type.t() | Feel.Type.Union.t(),
  [
    compile_option() | {:declared, Feel.Type.t()}
  ]
) :: {:ok, compiled()} | {:error, [Feel.Diagnostic.t(), ...]}


      


Compiles the allowed values of the result of an expression, given as source text.
type is the type of the result, a Feel.Type.t/0 or a Feel.Type.Union.t/0. The tests
run only for a result that is not null, so ? has that type without the null. The scope
is the one the expression is analyzed in, or nil when it has none. The options are those
of compile/3, and :declared, the declared type of the result as a Feel.Type.t/0 with its names resolved: when
it is a list (possibly marked !) the tests are for its elements, as those of a variable declared as a list are (D-51):
? has the type of the elements of type, and each is true in what is returned.
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile_result(nil, "[0..100]", :number)
iex> Feel.IR.kind(compiled.ir)
:unary_tests
iex> {:error, [diagnostic]} = Feel.Analysis.AllowedValues.compile_result(nil, "[0..)", :number)
iex> diagnostic.code
:invalid_allowed_values
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile_result(nil, "[0..100]", [{:list, [:number]}], declared: {:list, :number})
iex> compiled.each
true

  



    

  
    
      
    
    
      compile_result_constraint(scope, constraint, type, options \\ [])



        
          
        

    

  


  

      

          @spec compile_result_constraint(
  Feel.Scope.t() | nil,
  Feel.ItemDefinitions.constraint(),
  Feel.Type.t() | Feel.Type.Union.t(),
  [compile_option() | {:declared, Feel.Type.t() | nil}]
) :: {:ok, compiled()} | {:error, [Feel.Diagnostic.t(), ...]}


      


Compiles one constraint of the result of an expression: what a declared type has the value, or a member of it, satisfy (the
constraints of Feel.ItemDefinitions.variable/2), in the order of compile_all/3 for a variable.
constraint is %{steps: steps, kind: :allowed_values | :type_constraint, source: text}: the unary tests of source are for the
member of the result at the end of steps (a key of a context, :each for the elements of a list), or for the result itself
with none. The allowed values of a list are for its elements, and a type constraint is for the list. type is the type of the
result, and :declared the declared type with its names resolved, which the steps go down; a member it does not have is an error
(:invalid_allowed_values), and so is any step when nothing is declared. The result has steps and kind of the constraint
(and each as for compile_result/4), which the :allowed node of the analyzer puts in its meta.
iex> type = {:context, %{"age" => :number}}
iex> constraint = %{steps: ["age"], kind: :allowed_values, source: "[0..150]"}
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile_result_constraint(nil, constraint, type, declared: type)
iex> {compiled.steps, compiled.kind, compiled.each}
{["age"], :allowed_values, false}
iex> constraint = %{steps: ["height"], kind: :allowed_values, source: "> 0"}
iex> {:error, [diagnostic]} = Feel.Analysis.AllowedValues.compile_result_constraint(nil, constraint, type, declared: type)
iex> diagnostic.code
:invalid_allowed_values
iex> constraint = %{steps: [], kind: :type_constraint, source: "count(?) > 0"}
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile_result_constraint(nil, constraint, {:list, :number}, declared: {:list, :number})
iex> {compiled.kind, compiled.each}
{:type_constraint, false}

  



  
    
      
    
    
      tests(unary_tests)



        
          
        

    

  


  

      

          @spec tests(Feel.IR.t()) :: Feel.IR.t()


      


The unary tests of what compile/3 and compile_all/3 gave, without the conversion and the verification of the names they
read (D-170): the tests are ir itself where they read no name with a declared type, and are inside the nodes of those
names where they do. It is what the sets of the narrowing and the proofs read.
iex> scope = Feel.Scope.new(%{"age" => :number, "max" => :number}, allowed_values: %{"age" => "<= max", "max" => "[18..65]"})
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile(scope, "age", reads: {:enforce, ["age"]})
iex> Feel.IR.kind(compiled.ir)
:conform_bindings
iex> Feel.IR.kind(Feel.Analysis.AllowedValues.tests(compiled.ir))
:unary_tests

  



    

    

  
    
      
    
    
      unsatisfiable?(scope, name, tests, steps \\ [], kind \\ :allowed_values)



        
          
        

    

  


  

      

          @spec unsatisfiable?(
  Feel.Scope.t(),
  Feel.Name.t(),
  Feel.IR.t(),
  [Feel.Scope.step()],
  Feel.Scope.kind()
) ::
  boolean()


      


Whether the tests of a variable, as compile/3 gave them, accept no value of its declared type (or of the type of its
elements, for a list), null apart: every value that is not null is then not allowed (D-138).
iex> scope = Feel.Scope.new(%{"age" => :number}, allowed_values: %{"age" => ~s("a")})
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile(scope, "age")
iex> Feel.Analysis.AllowedValues.unsatisfiable?(scope, "age", compiled.ir)
true
iex> scope = Feel.Scope.new(%{"age" => :number}, allowed_values: %{"age" => "[0..150]"})
iex> {:ok, compiled} = Feel.Analysis.AllowedValues.compile(scope, "age")
iex> Feel.Analysis.AllowedValues.unsatisfiable?(scope, "age", compiled.ir)
false

  


        

      


  

    
Feel.Analysis.Analyzer 
    



      
Turns a syntax tree into the resolved form that a backend runs.
The analyzer is the step between Feel.Syntax.Parser and Feel.Backend. It walks
a Feel.AST with a Feel.Analysis.ScopeStack and produces a Feel.IR, the inferred
type of the whole expression, the names it reads, and the diagnostics it found. It
does the work that does not depend on the data, so it happens once per expression:
	Names. Each name becomes a variable, a local, a built-in function, a key of
a filter element, or, where the keys are only known at run time, a dynamic name.
A name that is not in the scope is a variable that the run looks up, with a warning, or a null,
or an error, depending on :unknown_names.
	Constants. The @"..." literals are decoded into dates, times, and
durations, and a literal that is not valid is reported.
	Types. Every node gets its type, by Feel.Type. A filter whose brackets hold
a boolean is a predicate, one that holds a number is an index, and otherwise the
mode is left to run time.
	Calls. The arguments of a call to a function that is known are checked
against its signature and put in the order of its parameters. A call with named
arguments to a built-in with several signatures picks the one that fits.
	Contexts. The entries of a context literal are put in the order they can be
evaluated, since an entry may refer to a later one, and a cycle or a duplicate
key is reported.
	Unary tests. The tests are checked for whether they use ?, since that
decides what a plain expression among them means.
	Dialects. The :dialect is validated and not read yet. S-FEEL is checked on the syntax
tree before the analyzer (Feel.Syntax.SFeel, D-49), and B-FEEL will change what the types of
the operators are (D-49).

An error in the expression is returned as {:error, diagnostics}; warnings come
back in the result.
Function literals use a stable observable signature (D-219). A private AST copy identifies each
occurrence independently of its span. In full analysis a kind-only pass captures result signatures
in the written environment; the full pass and subsequent call specialization reuse them. Both passes
retain their specialization budgets and discard their preparation-local memo state on completion.
The more precise body result is a call refinement, not a new runtime signature.
Not every construct is handled yet
An unsupported built-in or an external function definition without an enabled implementation
is an error with code :not_implemented, so preparation fails with an :analysis error instead
of raising. Extensions can lower supported external definitions (Feel.Analysis.External, D-211);
host-supplied function values are ordinary callable bindings (D-82). The names
that a construct binds are the keys of a context literal, the parameters of a function (D-82), the iterators
of for, some and every and partial (D-86), and item and the entries of an element in the brackets of
a filter.
Lists and contexts
A list is analyzed element by element, and is a list of the union of their types. The entries of a context
can read each other's keys, in any order (D-58), so they are analyzed in the order they depend on each other
(Feel.Analysis.References says what each reads, from the syntax tree). An entry that is read is a :local
of the type of its value, found before the names of the scope and shadowing a built-in function of the same
name; the locals are not free names. A key used twice, and entries that depend on each other in a circle,
make the context null with an error when it runs: the node carries it, as a call with invalid arity
does, and preparing it is a warning. A call whose argument types cannot fit instead retains ordinary
runtime argument validation. Its preparation warning describes inferred types; its runtime diagnostic
describes the values actually supplied, independently of the analysis tier.
Paths
source.name selects an entry of a context, a property of a date, a time, a duration or a range, or
the same from each element of a list (D-65). The type is made as exactly as the source allows:
	a source that is a constant ({a: 1}, date("2018-12-10"), a list of them) is selected from at once,
so {a: 1}.a is number = 1, and {a: 1}.b, which the run will report, is null with a warning;
	otherwise Feel.Analysis.Paths makes the type from the type of the source: an entry that a context
type lists has its type (and no Null unless the type has one), a property has the range of its
values (month is number in [1..12]), a list gives a list, and an entry a type does not list is
Any | Null, since a context type allows more entries than it lists. The entries of a context
literal are all it has, so there {a: x}.b is certainly null;
	a path that starts at a variable is narrowed by the conditions around it, as the variable is:
in then of if p.age >= 18, p.age is a number from 18 (Feel.Analysis.Narrowing).

source...name, the descendant, is the values under the key in a context and in the contexts nested in it,
always a list (D-65). A constant is evaluated; a closed context is walked as the run walks a value, so
{a: {b: n}}...b is list<number | Null>; an open one can have them anywhere, list<Any | Null>.
A selection that is certainly an error (a name the value does not have, or a source that is null) is a
:invalid_property warning of the expression. The value property of a date, a time and a date and
time is an error with the code :not_implemented.
Filters
source[brackets] (D-71) is an element of the source, or the elements for which the brackets are true. The source
is analyzed outside the brackets; the brackets are analyzed with item and, where an element is a context, its
entries as names (Feel.Analysis.Filters): an :item, an :item_field for an entry that every element has, and a
:dynamic_name for one that some may have, found at run time and falling back to what the name is without the
elements. The type of the brackets decides whether they are an index or a predicate, and the value does when it
does not. The result is typed from the source and as exactly as the predicate allows: the elements it keeps are the
elements as they are when it is true, by the same facts as the branches of an if (Feel.Analysis.Narrowing, D-194).
Conditionals
if c then a else b runs only the branch it takes: a if c is true, b for any other
value (Table 50), so unlike an operator it does not evaluate all its parts. The analyzer
analyzes all three, so an error in any of them is found, and types the node with
Feel.Analysis.Inference.branches/3. A branch that the type of the condition rules out
(reachable/1) never runs, so its type is not part of the result's and its warnings are not
said; nor does one in which a read finds that the facts of the conditions leave its name no value (D-152), or the facts of
a comparison of a call of a rounding function, exp or log (D-194). Such a branch
cannot run, so every node in it has the type of no value (Feel.Type.Union.never/0, Feel.IR.unreachable/1, D-173).
The names it reads stay free names, and are verified when the run starts (D-138) all the same.
The condition is analyzed first, because what it says about the names it reads holds in the
branches (D-194): in then it was true, in else it was not, null included. A name that it
compares, or that is the whole condition, has the type that is left (Feel.Analysis.Narrowing) in
every read of it in a branch, and in the conditions inside the branch. A condition that reads a
name and still has one outcome is a :decided_condition warning, since a branch can never run;
one of constants is not, for if true is how a branch is switched off. A branch that the type of the condition
leaves but in which a read finds that the facts leave its name no value is an :unreachable_branch warning, with the
span of the branch (D-173); not in the right operand of an and or an or, which is run all the same.
Unary tests
A list of unary tests is analyzed to a {:unary_tests, ...} node whose tests are
expressions of the input ?: < 5 is ? < 5, [1..5) is ? >= 1 and ? < 5, and a
value such as "a" is ? = "a". A test whose meaning depends on the value of an
expression that is only known when it runs, as a name that may be a list or a range,
is a :match node, and so is an expression of ? that can be null or a boolean, since that is the answer
itself and not a value that the input equals (D-209). ? is a name in a context of its own, and not a free
name of the expression (D-40).
Allowed values
The names that the expression reads and that have allowed values in the scope
(Feel.Scope) are verified when the run starts, and not where they are read (D-138). The
analyzer collects, for each such name, its tests (one set for the name, and one for each member of it that has some),
compiled by Feel.Analysis.AllowedValues with ? typed as the variable or the member, and the span of its first
read, and puts one
{:verify_bindings, meta, mode, verifications, body} node around the expression. The reads in it are plain
:var nodes: they see null for a bound value that is not allowed, and the type of the
variable, since the verification only ever makes a value null. The names that the tests read are
free names, and the tests read them as the expression does, converted and verified, with the type their own allowed values
give them (D-170): age with <= max age is cut by the type of max age. The :result_allowed_values option verifies the result of the whole expression,
in an :allowed node with :result for the name and ? typed as the expression.
Verifying and narrowing
One option says what the declarations of the scope are used for, for the names the expression reads: :declarations, a
stance (Feel.Analysis.Declarations, D-138). It is about the whole expression; a setting for each name is for later.
The stance is two things, which the analyzer keeps apart inside, as verify and narrow of its context, and works out
from the stance and the tier in one place (Feel.Analysis.Declarations.settings!/2).
	verify is what the run does with a bound value that does not fit the declared type of its name or its allowed
values. :enforce converts it, or makes it null with an error: that is the :conform_bindings and
:verify_bindings nodes above, in the mode :enforce. :report leaves every value as it is and only reports it: the
same nodes in the mode {:report, severity}, where the severity is :error for a declared type, which is relied on
whatever narrow says, and for allowed values that narrow, and :warning for allowed values that do not. false
puts neither node in the expression.
	narrow is whether the allowed values narrow the type of the name, so that age with [0..150] is
number in [0..150]. It is where the run makes it so (:enforce) and where the caller says it is so (:trust,
:audit). Without :enforce that is an assertion by the caller: if a value is not allowed after all, the types are
wrong, and so is what the optimizer took out because of them.

The result
A scope (or the options :result_type and :result_allowed_values) can say what the
expression gives (D-138). The result is converted to the declared type, as a decision's is
to its variable's: a :conform node, which unwraps a singleton list or wraps a value in
a list where that makes it fit, and gives null with an error where nothing does. A result that
certainly cannot conform, as a string for a number, is a :type_mismatch warning of the
expression. Then come the allowed values of the result, in an :allowed node around it, which has each: true when the
result is declared as a list, and then the tests are for its elements (D-51, D-138). The :input option types ? in unary
tests, and the input is converted to the type and verified as the value of a name is, under the same :declarations (D-138);
declarations: :ignore reads the names as they are.
Allowed values that no value of the type satisfies, and a result that certainly fails its allowed values, are an
:unsatisfiable_allowed_values warning, at the first read of the name and at the expression (D-138). An operand of and or
or that reads a name and can be only one thing, and a unary test that no input satisfies, are a :decided_condition
warning as the condition of an if is.
Names
A name is looked up in a Feel.Analysis.ScopeStack made from the :scope option
(D-37). A scope is not taken to have every name, so a name that is not in it is a
variable of type :any that is looked up in the bindings when the expression runs,
and an :unknown_name warning, with a suggestion when a name in the scope is close
(:unknown_names can make it a null, or an error). Without a scope, nothing is
known, so every name is such a variable, and there is no warning.
The variables an expression reads are returned in :free_names.
Types
A type here is a Feel.Type.Union: the alternatives a value may have, with :null
among them when it may be null (D-39). A literal has the exact type of its value, a
variable the type the scope gives it with null added (every type of the specification
includes it), and an operation the type Feel.Analysis.Inference gives from the types
of its operands. An operation on literals only is evaluated, so 1 + 2 is [:number],
never null, and 1 / 0 is [:null]. A divisor that is a literal zero, as in x / 0
or x / (1 - 1), is a warning with the code :division_by_zero and the type [:null], and so is an operation on
constants that is out of the range of decimal128 (9.9E+6144 * 10, 1E-6176 / 2) with the code :overflow
(D-161). An operation on operands that cannot be null themselves, whose result can be null for some values of them, is an
info that tells which (D-161): a pair of values of the operands for which the run gives null, for each cause (a zero divisor,
a result too large or too small to write, a power with no value, a year out of the calendar, a zone on one operand only), in the
message and in details.reasons. Its code says what rules it out (D-161): :operand_near_zero for a name that can be zero or
very close to it, :operand_too_large for one that can be very large, and :operand_unbounded where both bounds are needed;
allowed values that keep the name within them rule it out. Any other is :null_possible. An operation that can only give null because
its operands do not fit, such as 1 + "a", gets the type [:null] and a warning with
the code :type_mismatch. At run time it is null with a diagnostic of its own.
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        What analysis produces: the resolved form, its inferred type, the names it reads
from the bindings, and the warnings found.
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          @type option() ::
  {:scope, Feel.Scope.t() | nil}
  | {:dialect, Feel.Dialect.t()}
  | {:extensions, Feel.Extensions.t() | [atom()]}
  | {:unknown_names, :warn | :null | :error}
  | {:limits, Feel.Limits.t()}
  | {:input, Feel.Type.t() | Feel.Type.Union.t()}
  | {:declarations, Feel.Analysis.Declarations.stance()}
  | {:analysis, Feel.Analysis.Refinement.tier()}
  | {:result_allowed_values, String.t() | nil}
  | {:result_type, Feel.Type.t() | nil}
  | {:verify_result, boolean()}
  | {:input_conforms, boolean()}
  | {:unverified, [Feel.Analysis.AllowedValues.constraint()]}
  | {:complete_functions, [Feel.Name.t()]}


      


Options for analyze/2.
	:scope - the Feel.Scope.t/0 the names are resolved against. Without one,
any name is accepted as a variable of type :any.
	:dialect - :feel (default), :s_feel, or :b_feel. Raises ArgumentError for any other.
Nothing reads it yet: S-FEEL is a restriction of the syntax, and B-FEEL is not written (D-49).
	:extensions - the Feel.Extensions that are on, or a list of them (D-81). A call is resolved
against the functions of DMN 1.6 with the overloads they add, and the functions they add. A call that one of
their signatures may answer is marked extension: true in its metadata, and is folded with the extensions
(D-45).
	:unknown_names - what a name that is not in the :scope is: :warn (the default), a
variable of type :any that is looked up in the bindings when the expression runs, with a
warning, since a scope need not have every name; :null, a null with a warning, as the
specification has it for a name that is nowhere; or :error, an error.
	:limits - a Feel.Limits.t/0. The calls of built-in functions on constants that the analyzer evaluates for
their types are evaluated within it, and one that passes a limit is not folded (D-45).
	:input - the type of ? in unary tests: a Feel.Type.t/0, which includes null, or
a Feel.Type.Union.t/0. :any by default.
	:declarations - the stance on the declarations of the scope: what the run does with a bound value that does not fit
its declared type or allowed values, and whether the allowed values narrow the types (Feel.Analysis.Declarations.stance/0).
:enforce by default; the table of the six stances is at Feel.Analysis.Declarations (D-138).
	:analysis - :full (the default) or :core: how exact the types are (Feel.Analysis.Refinement, D-133).
	:result_allowed_values - the allowed values of the result of the expression: the source
text of a list of unary tests (D-138). The scope's, by default.
	:result_type - the type of the result, a Feel.Type.t/0: the result is converted to
it and has to conform (D-138). The scope's, by default.
	:verify_result - whether the result is verified at all. true by default; the tests of
allowed values are analyzed with false, since what the scope says about the result
is about the expression and not about them.
	:input_conforms - whether the input (:input) is a value that conforms to its type already, as the value a test of
allowed values is run on is (it is the value of the name, converted, or the member of it). false by default: the
input of unary tests that a caller gave is converted to the type as the value of a name is (D-138).
	:unverified - the constraints that are not applied to a name that is read, whatever the stance says: the ones
being compiled, and the ones whose tests read them (Feel.Analysis.AllowedValues, D-170). Each is
{name, steps, kind, index}, as Feel.Scope.constraints/2 has them. None by default.
	:complete_functions - internal peer names supplied by linked preparation. Their values are
single-signature FEEL closures constructed by Feel.Recursion, possibly null or wrapped by
declaration conversion. This is not a public Feel.prepare/2 option and must not be inferred
from an ordinary host function declaration.
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          @type result() :: %{
  ir: Feel.IR.t(),
  type: Feel.Type.Union.t(),
  free_names: MapSet.t(Feel.Name.t()),
  diagnostics: [Feel.Diagnostic.t()]
}


      


What analysis produces: the resolved form, its inferred type, the names it reads
from the bindings, and the warnings found.
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          @spec analyze(Feel.AST.t(), [option()]) ::
  {:ok, result()} | {:error, [Feel.Diagnostic.t(), ...]}


      


Analyzes a syntax tree.
Returns {:error, diagnostics} with every error found; an expression with an error
has no resolved form. Raises ArgumentError for an unknown option.
iex> {:ok, ast} = Feel.parse("1 + 2")
iex> {:ok, result} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> {Feel.Type.Union.format(result.type), Feel.IR.kind(result.ir), result.diagnostics}
{"number = 3", :arithmetic, []}

iex> scope = Feel.Scope.new(%{"age" => :number})
iex> {:ok, ast} = Feel.parse("age >= 18", scope: scope)
iex> {:ok, result} = Feel.Analysis.Analyzer.analyze(ast, scope: scope)
iex> {result.type, result.free_names}
{[:boolean, :null], MapSet.new(["age"])}

iex> {:ok, ast} = Feel.parse("if true then 1 else 2")
iex> {:ok, result} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> {Feel.IR.kind(result.ir), Feel.Type.Union.format(result.type)}
{:if, "number = 1"}

iex> {:ok, ast} = Feel.parse("{a: 1, b: a + 1}")
iex> {:ok, result} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> {Feel.IR.kind(result.ir), Feel.Type.Union.format(result.type)}
{:context, "context<a: number = 1, b: number = 2>"}

iex> ast = {:a_construct_nobody_wrote, %{span: {0, 3}}}
iex> {:error, [diagnostic]} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> {diagnostic.code, diagnostic.message}
{:not_implemented, "the a_construct_nobody_wrote construct is not supported yet"}

  


        

      


  

    
Feel.Analysis.AtLiterals 
    



      
The value of an @"..." literal, decoded when the expression is prepared.
The text is read as DMN 1.6 writes a date, a time, a date and time or a duration (Feel.Value.Temporal). If it is
none of them, and the extensions that are on spell it another way (Feel.Extension.temporal_text/1, D-81), it is
read as the DMN 1.6 string it stands for, and that is an :info with the code :temporal_spelling, at the literal. If
nothing reads it, it is an error of the expression (the specification does not say whether it is that or null),
and where the text is one of the spellings that are known, the hint says how DMN 1.6 writes it.
iex> {:ok, value, []} = Feel.Analysis.AtLiterals.value("13:30:00", %{span: {0, 11}}, Feel.Extensions.none())
iex> value.hour
13
iex> {:error, [error]} = Feel.Analysis.AtLiterals.value("13:30", %{span: {0, 8}}, Feel.Extensions.none())
iex> {error.code, error.hint}
{:argument_out_of_domain, ~s(DMN 1.6 writes it @"13:30:00")}
iex> {:ok, value, [info]} = Feel.Analysis.AtLiterals.value("13:30", %{span: {0, 8}}, Feel.Extensions.new([:camunda]))
iex> {value.hour, info.code, info.severity, info.span}
{13, :temporal_spelling, :info, {0, 8}}

      


      
        Summary
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        value(text, map, extensions)

      


        Returns the value of the literal with the infos that reading it gave, or the error. meta is the metadata of the
literal, with its :span.
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          @spec value(String.t(), %{span: Feel.Diagnostic.span()}, Feel.Extensions.t()) ::
  {:ok, Feel.Value.t(), [Feel.Diagnostic.t()]}
  | {:error, [Feel.Diagnostic.t(), ...]}


      


Returns the value of the literal with the infos that reading it gave, or the error. meta is the metadata of the
literal, with its :span.

  


        

      


  

    
Feel.Analysis.Callees 
    



      
The functions a callee can be, read from the node of the callee (D-193).
A call of a function that is written in the expression, called at once or through the key of a context, is typed from
its arguments (D-193): the analyzer finds the function by what is written (a function literal, a name that is bound to
one, a call that gives one).
The type of a function says no more than its arrows, and a part of a type holds the kinds whole (D-152), so where the
function reaches the call through a path, an element of a list or an if, the type of the callee has lost which
function it is. The node has not: the callee is the node of a context literal that is selected from, a list literal that
is indexed, or a conditional, and what it can be is read from the structure of it. This is alternatives/2:
	a function literal is a function that was written there ({:function, meta, ...} with the closure the analyzer
gave it, which is where it finds the place the literal was written in);
	a built-in function by its name;
	a complete recursion link, whose single-signature FEEL value is constructed by Feel.Recursion.
This evidence is separate from ordinary arrow types and can travel through aliases and containers;
	an if is the alternatives of its two branches (a branch that cannot be taken, whose nodes have no value, is none);
	list[index] of a list literal, one of its items;
	context.key of a context literal, the entry;
	a name whose value is one of these (a key of a context, a parameter that a call gives such an argument, the
iterator of a for over a list of them), which has the alternatives in its metadata (callees);
	a key or an item of a name that is bound to a context or a list: the binding keeps the structure of the value
(D-193), and the shape of each entry and each item has the alternatives that its node said (callees), so that
fs[1] and c.g read them from the name, and so does a chain of these four deep (c.d.g, fs[1].g).

Anything else (an ordinary name of the scope, a call without callee evidence, a filter by a condition) is not read,
and the callee is typed by its type.
So are more alternatives than the cap. In linked preparation, compact completeness evidence can instead
retain the written result bound beyond discovery limits. It is kept separately from closure identities:
syntax and retained shapes are read first, including for list iterators and forwarded container arguments.
If the analyzer cannot specialize a discovered closure within its depth or source budget, the marked
complete signature is still available through complete_alternatives/1, without further body analysis.
Descendant selection also retains completeness when its source establishes that every contained
function is complete; a partial host declaration alone does not establish this property.
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    Types
  


    
      
        alternative()

      


        A function a callee can be: a literal closure, a built-in by name, or a value satisfying this type whose
contained function values are complete single-signature FEEL closures. The latter property can also describe
containers of peers; it is established from linked values and syntax, never from an ordinary arrow declaration.
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        alternatives(callee, cap)

      


        The functions the node can be, if all of them are read from it, and at most cap of them; :error if some is not.



    


    
      
        elements(list, cap)

      


        The functions the elements of a list can be, if all of them are read, and at most cap of them; :error if some is not
(D-193). The list is a list literal, or a name or a key or an item of one that is bound to a list whose items are read.
This is what an iterator of a for, some or every over it is.
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          @type alternative() ::
  {:closure, non_neg_integer()}
  | {:builtin, Feel.Name.t()}
  | {:complete, Feel.Type.Union.t()}


      


A function a callee can be: a literal closure, a built-in by name, or a value satisfying this type whose
contained function values are complete single-signature FEEL closures. The latter property can also describe
containers of peers; it is established from linked values and syntax, never from an ordinary arrow declaration.
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          @spec alternatives(Feel.IR.t(), pos_integer()) :: {:ok, [alternative(), ...]} | :error


      


The functions the node can be, if all of them are read from it, and at most cap of them; :error if some is not.
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          @spec elements(Feel.IR.t(), pos_integer()) :: {:ok, [alternative(), ...]} | :error


      


The functions the elements of a list can be, if all of them are read, and at most cap of them; :error if some is not
(D-193). The list is a list literal, or a name or a key or an item of one that is bound to a list whose items are read.
This is what an iterator of a for, some or every over it is.

  


        

      


  

    
Feel.Analysis.Calls 
    



      
The part of analyzing a call of a built-in function that does not need the analyzer (D-56).
Feel.Analysis.Analyzer analyzes the arguments, which takes the whole analysis, and asks this
module the rest:
	callee/3 says what the callee of a call is: a built-in function that is written, one that
is not, or a value (D-82): a name that the scope or a context around has, which shadows the built-in of the
same name (D-26), a name that is nothing, or any other expression.
	arrange/2 puts the arguments in the order of the parameters, which is the form both backends
take (Feel.Builtin). Positional arguments are in order already, and their number has to be one
that a signature accepts. Named arguments are for the first signature that has a parameter of each
name (with the signatures that differ from it only in types, which the names do not tell apart), and a
parameter they leave out is null: time(hour: 1, minute: 2, second: 3) is
time(1, 2, 3, null), and is(value1: x) is is(x, null) (the TCK, 0103). Two arguments of one
name, and a name no signature has, are errors, as is a wrong number of arguments.
	mismatch/3 says whether the arguments, as the analyzer typed them, are ones that no signature that fits
takes (D-56): context put(context: c, key: ["y", "a"], value: 2) has a list of two for a key that is a
string. Only a certain mismatch is one, so an argument that may be null or of any type is not. Nor do the
signatures take arguments that have to be of one kind and cannot be (D-155): before("a", 2), or max(d, 2)
for a date d that is not null.
	result_type/3 is the type of the result: what the signatures that the arguments may be for can give
(abs has one for each kind it takes, and abs(d) of a duration is a duration), and null unless the
function never gives it.

An error is not an analysis error: the call is a null with that error when it runs, as the TCK has it
(day of year(value: @"1970-01-01") is null, with an error), and the analyzer warns.
Type mismatches keep the ordinary runtime call boundary, which checks actual argument values
and constructs its diagnostic independently of the analysis tier. Structural errors such as
invalid arity carry a fixed diagnostic on the call instead.
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    Types
  


    
      
        argument()

      


        An argument in the order of the parameters: an expression, or :missing for a parameter the call leaves out.



    





  
    Functions
  


    
      
        arrange(function, arg)

      


        Puts the arguments of a call in the order of the parameters of the function, with the signatures that the
call fits. {:error, diagnostic} if it fits none.



    


    
      
        callee(callee, stack, extensions \\ Feel.Extensions.none())

      


        What the callee of a call is.



    


    
      
        mismatch(function, signatures, arguments)

      


        Whether the arguments of a call, analyzed and in the order of the parameters, are ones that none of the
signatures it fits takes (D-56): the call is then null with an :argument_out_of_domain error, which is what
the function would say when it runs, but a function is given the values and not the signature that the names of
a call chose, so one that reads a list for a key as keys does not (context put, TCK 1146 nested008).



    


    
      
        quiet_places(signatures, count)

      


        The places (from 0) of the arguments of a call that are read quietly (D-100): those where every signature that the call fits
has a quiet parameter (Feel.Builtin.Function.parameter/3).



    


    
      
        result_type(function, signatures, arguments \\ nil)

      


        The type of the result of a call: the types that the signatures give which the arguments may be for, and null too
unless the function is never null.



    


    
      
        single(signatures)

      


        The one signature that a call by name has chosen, if these are its signatures: those that differ only in types are
one (Feel.Builtin.Function.merge_variants/1), so abs(n: x) has the signature of n that takes the kinds of
all three. nil if there are others, or none.



    


    
      
        written(arg)

      


        The expressions of the arguments as they are written, for a call that has to be null with its error:
they are analyzed all the same, so that their errors are reported.
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          @type argument() :: Feel.AST.expression() | :missing


      


An argument in the order of the parameters: an expression, or :missing for a parameter the call leaves out.
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          @spec arrange(Feel.Builtin.Function.t(), Feel.AST.arguments()) ::
  {:ok, [argument()], [Feel.Builtin.Function.signature()]}
  | {:error, Feel.Diagnostic.t()}


      


Puts the arguments of a call in the order of the parameters of the function, with the signatures that the
call fits. {:error, diagnostic} if it fits none.
iex> {:ok, function} = Feel.Builtin.function("time")
iex> {:ok, ast} = Feel.parse("time(minute: 2, hour: 1, second: 3)")
iex> {:call, _meta, _callee, arguments} = ast
iex> {:ok, arranged, _signatures} = Feel.Analysis.Calls.arrange(function, arguments)
iex> Enum.map(arranged, fn :missing -> :missing; {:literal, _, value} -> Decimal.to_integer(value) end)
[1, 2, 3, :missing]

  



    

  
    
      
    
    
      callee(callee, stack, extensions \\ Feel.Extensions.none())



        
          
        

    

  


  

      

          @spec callee(
  Feel.AST.expression(),
  Feel.Analysis.ScopeStack.t() | nil,
  Feel.Extensions.t()
) ::
  {:builtin, Feel.Builtin.Function.t()} | {:unwritten, Feel.Name.t()} | :value


      


What the callee of a call is.
iex> {:ok, ast} = Feel.parse(~s|date("2020-01-01")|)
iex> {:call, _meta, callee, _arguments} = ast
iex> {:builtin, function} = Feel.Analysis.Calls.callee(callee, nil)
iex> function.name
"date"
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          @spec mismatch(Feel.Builtin.Function.t(), [Feel.Builtin.Function.signature()], [
  Feel.IR.t()
]) ::
  :ok | {:error, Feel.Diagnostic.t()}


      


Whether the arguments of a call, analyzed and in the order of the parameters, are ones that none of the
signatures it fits takes (D-56): the call is then null with an :argument_out_of_domain error, which is what
the function would say when it runs, but a function is given the values and not the signature that the names of
a call chose, so one that reads a list for a key as keys does not (context put, TCK 1146 nested008).
Only a certain mismatch is one. An argument that may be null or may be of any type is not, and the
conversions of section 10.3.2.9.4 are allowed: a list of one element is that element where a value is wanted,
and a value is the list of it where a list is wanted, and a date is a date and time where one is wanted (D-56). The length of a list is the one of the node that is a list
literal or a constant (D-193), and unknown for any other. A parameter that the registry types any takes every
argument, as does a signature the call is not the only one for.
A signature that says some arguments have to be of one kind (same_kind, D-155) rejects arguments whose kinds have
nothing in common, though each is taken by its parameter: a string and a number are two points, and before takes no
pair of them. The kinds an argument may be of are those of the members of its type that have an order (a number, a
string, a date, a time, a date and time, a duration of either kind); null, Any and the name of a model type
may be of every kind, as they are taken by every parameter, so one of them is never in disagreement. Nor is a
list that may have no element, whose elements are not compared when it has none (max([]) is null, with no
error); the items of a list literal or a constant are each one that the call has, and are compared. A range is
not looked at: its type holds the range with no endpoint, which can be related to a point of any kind.
iex> const = fn value -> {:const, %{span: {0, 0}, type: Feel.Type.Union.of_value(value)}, value} end
iex> {:ok, function} = Feel.Builtin.function("context put")
iex> [key_signature | _] = function.signatures
iex> arguments = [const.(%{"x" => Decimal.new(1)}), const.(["y", "a"]), const.(Decimal.new(2))]
iex> {:error, diagnostic} = Feel.Analysis.Calls.mismatch(function, [key_signature], arguments)
iex> diagnostic.message
"context put is not defined for context, list, number"
iex> arguments = [const.(%{"x" => Decimal.new(1)}), const.(["y"]), const.(Decimal.new(2))]
iex> Feel.Analysis.Calls.mismatch(function, [key_signature], arguments)
:ok
iex> {:ok, before} = Feel.Builtin.function("before")
iex> {:error, diagnostic} = Feel.Analysis.Calls.mismatch(before, before.signatures, [const.("a"), const.(Decimal.new(2))])
iex> diagnostic.message
"before is not defined for string, number"
iex> Feel.Analysis.Calls.mismatch(before, before.signatures, [const.("a"), const.("b")])
:ok
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          @spec quiet_places([Feel.Builtin.Function.signature()], non_neg_integer()) :: [
  non_neg_integer()
]


      


The places (from 0) of the arguments of a call that are read quietly (D-100): those where every signature that the call fits
has a quiet parameter (Feel.Builtin.Function.parameter/3).
iex> {:ok, abs} = Feel.Builtin.function("abs")
iex> Feel.Analysis.Calls.quiet_places(abs.signatures, 1)
[]

  



    

  
    
      
    
    
      result_type(function, signatures, arguments \\ nil)



        
          
        

    

  


  

      

          @spec result_type(
  Feel.Builtin.Function.t(),
  [Feel.Builtin.Function.signature()],
  [Feel.IR.t()] | nil
) ::
  Feel.Type.Union.t()


      


The type of the result of a call: the types that the signatures give which the arguments may be for, and null too
unless the function is never null.
A signature that the arguments are certainly not for (mismatch/3 says it of all of them for a call that is null
with its error) is not one that the call can be answered by, so abs(duration("P1D")) is a duration, though abs has
signatures for numbers and for the other kind of duration. Only a certain mismatch leaves a signature out: an argument
that may be of any type is for every signature, and so is any argument of a function that does not check its arguments
(Feel.Builtin.Function). A null that an argument may be is not for every signature as it is in mismatch/3, since
what the call gives for a null is null, which its type has anyway, and the rest of the argument says which signature
gives the other results: abs(x) of a number that may be null is a number that may be null, and not a duration.
A parameter that takes null among its types takes it, and an argument that is only null is for every signature.
With no argument that tells them apart, the result is that of all the signatures. Without the list of the arguments at
all (nil, the default) the signatures alone are asked about: the types they declare for the result, and not those
that follow the arguments (result_from), and no rule of a family (Feel.Analysis.Images) is asked. A call with no
argument (now(), concatenate()) is the empty list, and a rule may answer it.
iex> {:ok, function} = Feel.Builtin.function("date")
iex> signatures = Feel.Builtin.Function.with_arity(function, 1)
iex> Feel.Analysis.Calls.result_type(function, signatures)
[:date, :null]
iex> {:ok, is} = Feel.Builtin.function("is")
iex> Feel.Analysis.Calls.result_type(is, is.signatures)
[:boolean]
iex> {:ok, abs} = Feel.Builtin.function("abs")
iex> Feel.Analysis.Calls.result_type(abs, abs.signatures)
[:number, :years_and_months_duration, :days_and_time_duration, :null]
iex> duration = {:var, %{span: {0, 0}, type: [:days_and_time_duration]}, "d"}
iex> abs |> Feel.Analysis.Calls.result_type(abs.signatures, [duration]) |> Feel.Type.Union.format()
"days and time duration in [PT0S..max]"
iex> maybe_number = {:var, %{span: {0, 0}, type: [:number, :null]}, "x"}
iex> abs |> Feel.Analysis.Calls.result_type(abs.signatures, [maybe_number]) |> Feel.Type.Union.format()
"number in [0..max] | Null"

  



  
    
      
    
    
      single(signatures)



        
          
        

    

  


  

      

          @spec single([Feel.Builtin.Function.signature()]) ::
  Feel.Builtin.Function.signature() | nil


      


The one signature that a call by name has chosen, if these are its signatures: those that differ only in types are
one (Feel.Builtin.Function.merge_variants/1), so abs(n: x) has the signature of n that takes the kinds of
all three. nil if there are others, or none.
iex> {:ok, abs} = Feel.Builtin.function("abs")
iex> {:ok, _arranged, signatures} = Feel.Analysis.Calls.arrange(abs, {:named, [{["n"], {:literal, %{span: {0, 0}}, Decimal.new(1)}}]})
iex> length(signatures)
3
iex> Enum.map(Feel.Analysis.Calls.single(signatures).parameters, & &1.types)
[[:number, :days_and_time_duration, :years_and_months_duration]]
iex> Feel.Analysis.Calls.single([])
nil

  



  
    
      
    
    
      written(arg)



        
          
        

    

  


  

      

          @spec written(Feel.AST.arguments()) :: [Feel.AST.expression()]


      


The expressions of the arguments as they are written, for a call that has to be null with its error:
they are analyzed all the same, so that their errors are reported.

  


        

      


  

    
Feel.Analysis.DateArithmetic 
    



      
The dates that a date plus or minus a duration can be (D-109).
The run adds a duration to a date in two ways (Feel.Runtime.Temporal):
	The duration	The date it gives
	years and months duration	the months added to the month of the date, with the day cut to the length of that month: 2021-01-31 plus P1M is 2021-02-28
	days and time duration	the whole days of the seconds added, rounded down (floor(seconds / 86400)): 36 hours are a day, and minus 1 second is minus a day

Both are null when the year leaves the years of the calendar, and a subtraction is the addition of the negative.
Both do not decrease when the date does, and when the months or the seconds do not, so the dates that an interval
of days and an interval of amounts can give lie between the date of the first and the date of the last, and
shift/4 is that, for the intervals of the two sets.
For a days and time duration the dates in between are all there (a day after a day is the next day), and the set is
exact. For a years and months duration they are not: the 29th of February less 25 months is the 29th of January,
and the 1st of March less 25 months is the 1st of February, so the 30th and the 31st of January are not given. Within
a month of the dates the days are a day each, to the length of the month they come to, so each month of the dates
and each month of the duration is a piece (up to 2,000 pieces), and the set is exact; past that it is the one
interval from the first to the last, which holds more and so is sound.
The result is null exactly when the first or the last date of a piece, as the calendar would have it with no limit,
is outside the years of the calendar, since those are dates the run can be given; and a date that is outside is not in
the set.
iex> alias Feel.Type.NumberSet
iex> day = fn date -> Decimal.new(Date.to_gregorian_days(date)) end
iex> january = NumberSet.interval(day.(~D[2021-01-01]), day.(~D[2021-01-31]))
iex> month = NumberSet.point(Decimal.new(1))
iex> {dates, false} = Feel.Analysis.DateArithmetic.shift(january, :years_and_months_duration, month, :add)
iex> Feel.Type.Union.format([{:date, dates}])
"date in [2021-02-01..2021-02-28]"

      


      
        Summary


  
    Functions
  


    
      
        shift(days, kind, amounts, operator)

      


        The days that a date of the set of days plus (:add) or minus (:subtract) a duration of the set of amounts can be,
and whether the result can be null (the year can be out of the calendar). It is :error if either set has nothing
that a value can be (an interval of less than a day, a set with no whole month), and the caller says what it did.



    





      


      
        Functions


        


  
    
      
    
    
      shift(days, kind, amounts, operator)



        
          
        

    

  


  

      

          @spec shift(
  Feel.Type.NumberSet.t(),
  :years_and_months_duration | :days_and_time_duration,
  Feel.Type.NumberSet.t(),
  :add | :subtract
) :: {Feel.Type.NumberSet.t(), boolean()} | :error


      


The days that a date of the set of days plus (:add) or minus (:subtract) a duration of the set of amounts can be,
and whether the result can be null (the year can be out of the calendar). It is :error if either set has nothing
that a value can be (an interval of less than a day, a set with no whole month), and the caller says what it did.

  


        

      


  

    
Feel.Analysis.DatePreimage 
    



      
The dates and the durations that give a date in a set when one is added to the other (D-122).
Feel.Analysis.DateArithmetic goes from a date and a duration to the dates they give. This goes the other way, for
d + p > @"2020-06-01": given the days that the sum is in, the operator and the amounts or the dates that the other
operand is, dates/4 gives the days that the date can be, and amounts/4 the seconds or the months that the
duration can be.
The run adds a duration to a date in two ways (Feel.Runtime.Temporal), and both are whole days and do not
decrease when the date does or the duration does:
	A days and time duration adds the whole days of its seconds, rounded down: floor(seconds / 86400), so
36 hours are a day and minus one second is minus a day. The days a date can be are the days of the set less
the days of the amounts, and the seconds a duration can be are the seconds of whole days from the days of the
set less the dates (the last of them is a second short of the next day, so that end is open). Both are exact.
	A years and months duration adds its months to the month of the date and cuts the day to the length of
the month: 2021-01-31 plus P1M is 2021-02-28. The function does not decrease, so the least date that
gives a day or more, and the greatest that gives a day or less, are found by a search, and the dates in
between are the dates that give a day in the set. For each month of the duration that is a piece, up to 64
of them, and the hull of the pieces past that, which holds more and so is sound. The months a duration can be
are the least that gives a day or more at the last date and the greatest that gives a day or less at the
first (a later date needs fewer months), which is exact for dates one after the other.

A subtraction adds the negative: a date less a duration is the date plus the amounts reflected.
iex> alias Feel.Type.NumberSet
iex> day = fn date -> Decimal.new(Date.to_gregorian_days(date)) end
iex> result = NumberSet.interval(day.(~D[2021-03-01]), day.(~D[2021-03-31]))
iex> month = NumberSet.point(Decimal.new(1))
iex> dates = Feel.Analysis.DatePreimage.dates(:add, :years_and_months_duration, result, month)
iex> Feel.Type.Union.format([{:date, dates}])
"date in [2021-02-01..2021-02-28]"

      


      
        Summary


  
    Functions
  


    
      
        amounts(operator, atom, results, dates)

      


        The amounts that a duration of a kind can be, when its sum with (:add) or its difference from (:subtract) a date
of the days is a day of the results.



    


    
      
        dates(operator, kind, results, amounts)

      


        The days that a date can be, when its sum with (:add) or its difference from (:subtract) a duration of the
amounts of a kind is a day of the results.



    





      


      
        Functions


        


  
    
      
    
    
      amounts(operator, atom, results, dates)



        
          
        

    

  


  

      

          @spec amounts(
  :add | :subtract,
  :years_and_months_duration | :days_and_time_duration,
  Feel.Type.NumberSet.t(),
  Feel.Type.NumberSet.t()
) :: Feel.Type.NumberSet.t()


      


The amounts that a duration of a kind can be, when its sum with (:add) or its difference from (:subtract) a date
of the days is a day of the results.

  



  
    
      
    
    
      dates(operator, kind, results, amounts)



        
          
        

    

  


  

      

          @spec dates(
  :add | :subtract,
  :years_and_months_duration | :days_and_time_duration,
  Feel.Type.NumberSet.t(),
  Feel.Type.NumberSet.t()
) :: Feel.Type.NumberSet.t()


      


The days that a date can be, when its sum with (:add) or its difference from (:subtract) a duration of the
amounts of a kind is a day of the results.

  


        

      


  

    
Feel.Analysis.DateProperties 
    



      
The year, month, day, weekday and value of a date that is one of the days of a set (D-109).
A date with a set ({:date, set}, D-109) is one of the days of the set, the days of the proleptic Gregorian
calendar that Feel.Type.Image numbers. So the properties of Table 67 that it can have are the properties of
those days, and select/2 computes them: year of a date in [2020-01-01..2020-12-31] is 2020, and month
of one in [2020-01-01..2020-01-31] is 1.
	Property	The set
	year	from the year of the first day of each interval to the year of its last: the year does not decrease with the day, so every year between is there
	month, day, weekday	the values of the days of each interval, which are counted when it is no longer than 400 days; a longer one has every month, every day of a month and every weekday, so they are all of them
	value	from the seconds of midnight UTC of the first day of each interval to those of its last (D-68); a number that is not a multiple of a day is in it all the same, so it is a larger set than the days make

The days of a set are the whole numbers in its intervals, so (2020-01-01..2020-01-02) has no day and select/2
has nothing to say about it: it is :error, and the caller gives the property of any date. A bound beyond the
days of the calendar is the first or the last day. The set is sound for every date it holds, and exact for
year, month, day and weekday: each number in it is the property of some day of the set (the numbers
between the ends of an interval are taken for whole, as every set of numbers is).
iex> alias Feel.Type.NumberSet
iex> days = NumberSet.interval(Decimal.new(Date.to_gregorian_days(~D[2020-01-01])), Decimal.new(Date.to_gregorian_days(~D[2020-03-31])))
iex> {:ok, month} = Feel.Analysis.DateProperties.select(days, "month")
iex> Feel.Type.Union.format(month)
"number in [1..3]"
iex> {:ok, year} = Feel.Analysis.DateProperties.select(days, "year")
iex> Feel.Type.Union.format(year)
"number = 2020"

      


      
        Summary


  
    Functions
  


    
      
        keys()

      


        The properties of a date that select/2 knows.



    


    
      
        restrict(set, key, members)

      


        The days of the set whose year, month, day or weekday is one of the numbers that members has, or :error if
they are not worked out (D-194). It is the other way round from select/2: a condition says what the property of a
date is (d.month > 6), and members is the type that the condition leaves of the property, so the date is one of
the days of the set that have it.



    


    
      
        select(set, key)

      


        The type of the property key of a date in the set of days, or :error if the set has no day.



    


    
      
        whole_days(set)

      


        The whole days in a set of numbers, within the days of the calendar, as ranges {first, last} of day numbers.



    





      


      
        Functions


        


  
    
      
    
    
      keys()



        
          
        

    

  


  

      

          @spec keys() :: [String.t(), ...]


      


The properties of a date that select/2 knows.

  



  
    
      
    
    
      restrict(set, key, members)



        
          
        

    

  


  

      

          @spec restrict(Feel.Type.NumberSet.t(), String.t(), [Feel.Type.Union.member()]) ::
  {:ok, Feel.Type.NumberSet.t()} | :error


      


The days of the set whose year, month, day or weekday is one of the numbers that members has, or :error if
they are not worked out (D-194). It is the other way round from select/2: a condition says what the property of a
date is (d.month > 6), and members is the type that the condition leaves of the property, so the date is one of
the days of the set that have it.
The days that are left are exact for a year (the years are in a row), for a month and a day (the months of the
set are walked, up to a hundred years of them), and are, for a weekday, from the first to the last of the days of
each interval that have one of them: there are too many other days to keep apart, so a day between may be of another
weekday, which is a larger set and so a sound one. The set is sound in every case: a day that is left out has none of
the numbers. A set with a hundred years of months or more is :error for a month and a day, and is left as it is.
iex> alias Feel.Type.NumberSet
iex> year = NumberSet.interval(Decimal.new(Date.to_gregorian_days(~D[2020-01-01])), Decimal.new(Date.to_gregorian_days(~D[2020-12-31])))
iex> later = [{:number, NumberSet.interval({Decimal.new(6), :open}, Decimal.new(12))}]
iex> {:ok, days} = Feel.Analysis.DateProperties.restrict(year, "month", later)
iex> Feel.Type.Union.format([{:date, days}])
"date in [2020-07-01..2020-12-31]"

  



  
    
      
    
    
      select(set, key)



        
          
        

    

  


  

      

          @spec select(Feel.Type.NumberSet.t(), String.t()) ::
  {:ok, Feel.Type.Union.t()} | :error


      


The type of the property key of a date in the set of days, or :error if the set has no day.

  



  
    
      
    
    
      whole_days(set)



        
          
        

    

  


  

      

          @spec whole_days(Feel.Type.NumberSet.t()) :: [{integer(), integer()}]


      


The whole days in a set of numbers, within the days of the calendar, as ranges {first, last} of day numbers.
iex> set = Feel.Type.NumberSet.interval({Decimal.new("0.5"), :closed}, {Decimal.new(3), :open})
iex> Feel.Analysis.DateProperties.whole_days(set)
[{1, 2}]

  


        

      


  

    
Feel.Analysis.Declarations 
    



      
What the declarations of a scope are used for: the one option declarations: of Feel.prepare/2 (D-138).
A scope declares the type of a name and, for some names, its allowed values (Feel.Scope). Two things can be done with
a declaration, and they are separate (D-138). The run can look at a bound value that does not fit and do something about
it. The analysis can use the allowed values to narrow the type of the name: age declared with [0..150] is
number in [0..150], so age + 1 is number in [1..151], which lets the analysis prove things about it and the
optimizer take out checks that the types make useless. The declared type of a name is used whatever is chosen; it is
the narrowing by the allowed values that is chosen.
Narrowing is sound when the run makes the values what the types say, and it is the caller's word when it does not: a
value that is not allowed after all makes the types wrong, and what the optimizer took out because of them. So the two
are not chosen apart. The option is a stance on the declarations, one of six:
	Stance	A bound value that does not fit	The allowed values	age + 1, age in [0..150]
	:enforce (default)	is converted, or is null with an error	narrow the types	number in [1..151] | Null
	:enforce_wide	the same	do not narrow	number | Null
	:trust	is not looked at: the host guarantees the values	narrow the types	number in [1..151] | Null
	:audit	stays, and is reported as an error	narrow the types	number in [1..151] | Null
	:report	stays, and is reported: as an error for a declared type, as a warning for allowed values	do not narrow	number | Null
	:ignore	is not looked at	do not narrow	number | Null

:enforce is what makes the types true, so it is the default. :trust is for a host that has looked at the values
already: the declarations are used and never checked, and nothing is put around the expression. :audit trusts in the
same way and says when it was wrong, as an error, which ends a strict run exactly where the types may be false; the
value stays, since an error that came with a null would be a different run. :report and :ignore rely on no allowed
value. The declared type is relied on in every stance, as a scope says it is the type of what the names are bound to; the
stances that look at the values (all but :trust and :ignore) differ in what they do about one that does not fit.
A name declared not null (number!, D-48) has no null in its type only under :enforce and :enforce_wide, where the
run ends if it would be null.
The tiers
Narrowing makes sets of values, which analysis: :core has none of (Feel.Analysis.Refinement, D-133). So there
:enforce narrows nothing, as :enforce_wide does not (a run gives the same values and diagnostics), and :trust and
:audit, which exist to narrow, raise ArgumentError.
What the analyzer is given
settings!/2 gives the analyzer the pair it works with, {verify, narrow}, from the stance and the tier. verify is
what the run does (:enforce, :report or false) and narrow whether the allowed values narrow the types. They
decide the nodes around the expression (Feel.Analysis.Analyzer), the severity of a report, and what the optimizer may
rely on, and are not options.

      


      
        Summary


  
    Types
  


    
      
        stance()

      


        A stance on the declarations of a scope: :enforce (the default), :enforce_wide, :trust, :audit, :report or
:ignore. The table is in the documentation of Feel.Analysis.Declarations.



    


    
      
        verify()

      


        What the run does with a bound value that does not fit its declaration.



    





  
    Functions
  


    
      
        reject_removed!(options)

      


        Raises ArgumentError if the options have :verify or :narrow, the two options that :declarations replaced (D-138),
and names the stance to use for what was passed.



    


    
      
        settings!(stance, tier)

      


        What the run does with a value and whether the allowed values narrow the types, for a stance in a tier of the analysis.



    


    
      
        stances()

      


        The stances, the default first.



    





      


      
        Types


        


  
    
      
    
    
      stance()



        
          
        

    

  


  

      

          @type stance() :: :enforce | :enforce_wide | :trust | :audit | :report | :ignore


      


A stance on the declarations of a scope: :enforce (the default), :enforce_wide, :trust, :audit, :report or
:ignore. The table is in the documentation of Feel.Analysis.Declarations.

  



  
    
      
    
    
      verify()



        
          
        

    

  


  

      

          @type verify() :: :enforce | :report | false


      


What the run does with a bound value that does not fit its declaration.

  


        

      

      
        Functions


        


  
    
      
    
    
      reject_removed!(options)



        
          
        

    

  


  

      

          @spec reject_removed!(keyword()) :: :ok


      


Raises ArgumentError if the options have :verify or :narrow, the two options that :declarations replaced (D-138),
and names the stance to use for what was passed.
iex> Feel.Analysis.Declarations.reject_removed!(declarations: :trust)
:ok
iex> Feel.Analysis.Declarations.reject_removed!(verify: false, narrow: true)
** (ArgumentError) the options :verify and :narrow are replaced by :declarations, which takes :enforce, :enforce_wide, :trust, :audit, :report or :ignore (see Feel.prepare/2): [verify: false, narrow: true] is declarations: :trust

  



  
    
      
    
    
      settings!(stance, tier)



        
          
        

    

  


  

      

          @spec settings!(term(), Feel.Analysis.Refinement.tier()) :: {verify(), boolean()}


      


What the run does with a value and whether the allowed values narrow the types, for a stance in a tier of the analysis.
nil is the default stance, :enforce. Raises ArgumentError for anything that is not a stance, and for :trust and
:audit in the tier :core, which has no sets of values to narrow by.
iex> Feel.Analysis.Declarations.settings!(:enforce, :full)
{:enforce, true}
iex> Feel.Analysis.Declarations.settings!(:enforce, :core)
{:enforce, false}
iex> Feel.Analysis.Declarations.settings!(:trust, :full)
{false, true}
iex> Feel.Analysis.Declarations.settings!(:audit, :full)
{:report, true}
iex> Feel.Analysis.Declarations.settings!(:ignore, :core)
{false, false}

  



  
    
      
    
    
      stances()



        
          
        

    

  


  

      

          @spec stances() :: [stance(), ...]


      


The stances, the default first.

  


        

      


  

    
Feel.Analysis.DurationProperties 
    



      
The components of a duration that is one of the amounts of a set (D-109).
A duration with a set ({:years_and_months_duration, set}, {:days_and_time_duration, set}, D-109) is one of
the amounts of the set: whole months, or seconds with a fraction (Feel.Type.Image). The properties of Table 67
are worked out from the magnitude of the amount and take its sign, as Feel.Runtime.Path does:
	Property	Of a magnitude m
	years	the whole years of m months: m div 12
	months	what is left of them: m rem 12
	days	the whole days of the whole seconds w of m: w div 86400
	hours	the whole hours of what is left of w in a day: (w rem 86400) div 3600
	minutes	the whole minutes of what is left of w in an hour: (w rem 3600) div 60
	seconds	m less its whole minutes, with the fraction: m modulo 60
	value	the amount itself, so the set

The set is split at zero, into the amounts that are not below it and those that are, whose magnitudes are the
other way round; the properties of each are worked out as the magnitudes of an interval, and the sign is
put back. The numbers are exact (whole numbers and fractions of a power of ten), so a bound of the set that
is a multiple of a day or of a minute is kept as one, and an interval that is open there leaves out what it
does.
A property that is a whole number is exact: every number of the type is the property of some amount of the set,
and only a long interval has all of the values of a remainder (months of a range of 12 months or more, hours
of one of a day, minutes of one of an hour). seconds is a set of numbers in [0..60) that is exact for the
amounts of a set of numbers; the amounts of a duration are as fine as a number goes. A bound of more than 34
digits is the end of the range of numbers (Feel.Analysis.IntegerSet).
iex> set = Feel.Type.NumberSet.interval(Decimal.new(3_600), Decimal.new(90_000))
iex> {:ok, hours} = Feel.Analysis.DurationProperties.select(:days_and_time_duration, set, "hours")
iex> Feel.Type.Union.format(hours)
"number in [0..23]"
iex> {:ok, days} = Feel.Analysis.DurationProperties.select(:days_and_time_duration, set, "days")
iex> Feel.Type.Union.format(days)
"number in [0..1]"
iex> negative = Feel.Type.NumberSet.interval(Decimal.new(-7_300), Decimal.new(-3_700))
iex> {:ok, hours} = Feel.Analysis.DurationProperties.select(:days_and_time_duration, negative, "hours")
iex> Feel.Type.Union.format(hours)
"number in [-2..-1]"

      


      
        Summary


  
    Functions
  


    
      
        restrict(kind, set, key, members)

      


        The amounts of the set whose component key is one of the numbers that members has, or :error if they are not
worked out (D-194). It is the other way round from select/3: a condition says what a component is (s.hours > 2),
members is the type that it leaves of the component, and the duration is one of the amounts of the set that have it.



    


    
      
        select(kind, set, key)

      


        The type of the property key of a duration of kind that is one of the amounts of the set, or :error if
the kind has no such property, or the set has no amount that has one (a set of months that holds no whole number).



    





      


      
        Functions


        


  
    
      
    
    
      restrict(kind, set, key, members)



        
          
        

    

  


  

      

          @spec restrict(
  :years_and_months_duration | :days_and_time_duration,
  Feel.Type.NumberSet.t(),
  String.t(),
  [Feel.Type.Union.member()]
) :: {:ok, Feel.Type.NumberSet.t()} | :error


      


The amounts of the set whose component key is one of the numbers that members has, or :error if they are not
worked out (D-194). It is the other way round from select/3: a condition says what a component is (s.hours > 2),
members is the type that it leaves of the component, and the duration is one of the amounts of the set that have it.
The amounts are the magnitudes of the set with their sign, as in select/3, and the magnitudes that have a component are
found by what the component is of one: the whole years of a month, or the whole days of a second, are a block of
them (years 2 is the months 24 to 35, days 1 the seconds from 86400 up to 172800); an hour, a minute or a month is one
block in each cycle of a day, an hour or a year; the seconds are an interval in each minute. Those of a negative amount
are the reflection of those of its magnitude, with the numbers of the component reflected too. value is the amount
itself, so the set that the fact leaves.
So the amounts left are exact, but for a set of numbers keeping 16 pieces at most and replacing more by the one that
holds them all, which is a larger set and so a sound one. A set of more than 2,000 cycles is :error, and left as it is.
iex> set = Feel.Type.NumberSet.interval(Decimal.new(3_600), Decimal.new(18_000))
iex> later = [{:number, Feel.Type.NumberSet.interval(Decimal.new(3), Decimal.new(100))}]
iex> {:ok, amounts} = Feel.Analysis.DurationProperties.restrict(:days_and_time_duration, set, "hours", later)
iex> Feel.Type.Union.format([{:days_and_time_duration, amounts}])
"days and time duration in [PT3H..PT5H]"

  



  
    
      
    
    
      select(kind, set, key)



        
          
        

    

  


  

      

          @spec select(
  :years_and_months_duration | :days_and_time_duration,
  Feel.Type.NumberSet.t(),
  String.t()
) ::
  {:ok, Feel.Type.Union.t()} | :error


      


The type of the property key of a duration of kind that is one of the amounts of the set, or :error if
the kind has no such property, or the set has no amount that has one (a set of months that holds no whole number).

  


        

      


  

    
Feel.Analysis.External 
    



      
An external function (function(a, b) external {java: {...}}, DMN 1.6 10.3.2.13), lowered to a call of the function that an
extension adds for its kind (D-211).
FEEL does not say how an external function is run: the body names a kind (java, pmml) and describes the function in that
kind's terms. DMN 1.6 has no way for the library to run one, so the analyzer refuses it, and Feel.Extension is where a host adds
one. For the kind java an extension adds a function named external java, which takes the description and the list of the
arguments:
function(n1, n2) external {java: {class: "java.lang.Math", method signature: "max(double,double)"}}
is read as
function(n1, n2) external java({class: "java.lang.Math", method signature: "max(double,double)"}, [n1, n2])
and is analyzed as that, so the function is an ordinary function of FEEL (it has the declared parameters, its closure, its type),
the call is an ordinary call of a function of an extension (it is not folded when the function is not pure, and its result is
typed by its signature), and nothing in the library knows what java means.
The body has to be a context of one entry, whose key (a name or a string) is the kind, and an extension has to add the function of
that kind. Otherwise there is nothing to lower to, and the function stays external, which the analyzer reports as
:not_implemented as it does without extensions. This module only builds the node; lower/2 is the whole of it.
iex> {:ok, ast} = Feel.parse(~S|function(a) external {demo: {x: 1}}|)
iex> Feel.Analysis.External.lower(ast, Feel.Extensions.none())
:error

      


      
        Summary


  
    Functions
  


    
      
        function_name(kind)

      


        The name of the function that an extension adds for an external function of this kind: external java for java.



    


    
      
        lower(arg1, extensions)

      


        The function without external, with a call of the function of its kind for the body, or :error if the body is not a context of
one entry or no extension adds the function.



    





      


      
        Functions


        


  
    
      
    
    
      function_name(kind)



        
          
        

    

  


  

      

          @spec function_name(String.t()) :: Feel.Name.t()


      


The name of the function that an extension adds for an external function of this kind: external java for java.
iex> Feel.Analysis.External.function_name("java")
"external java"

  



  
    
      
    
    
      lower(arg1, extensions)



        
          
        

    

  


  

      

          @spec lower(Feel.AST.expression(), Feel.Extensions.t()) ::
  {:ok, Feel.AST.expression()} | :error


      


The function without external, with a call of the function of its kind for the body, or :error if the body is not a context of
one entry or no extension adds the function.

  


        

      


  

    
Feel.Analysis.Failure 
    



      
The operands for which an operation, or a call of a number built-in, can be null (D-194).
An operation gives null for a result that cannot be written: past the largest number, or below the smallest there is, or
a division by zero. Feel.Analysis.Inference says that an operation can be null for the numbers of an operand; this says
which numbers, so that the branch where a comparison of the result is not true can leave them in (x * 2 > 10 is not true
of an x of 4, and not of one that is too large to double). The set is an outer approximation: it holds every operand
for which the run gives null, and some for which it does not, and :all is always an answer.
The results are rounded to 34 digits, to the nearest, and a result that is past the largest number only by less than half a
unit of its last digit is rounded back to it, so a bound is the number the operation is null from if there were no
rounding, and an operand at it may not give null: the bounds are closed, and are worked out to 34 digits outwards.
	Operation	The operand is in the set when
	x + y	x + y is past the largest number or its negative, for some y: x within the greatest y of an end
	x - y, y - x	the same, with the sign of y turned
	x * y	x * y is past the largest number: x from the largest number over the greatest y; or is not zero and too small to write (below 1E-6143, where a result need not be a multiple of the smallest number): x below that over the least y that is not zero. A y that is a whole number gives no result that is too small
	x / y	y can be 0 (every x); or x / y is past the largest number or not zero and too small to write, as for a product
	y / x	x can be 0, or is a number whose quotient with some y is past or too small
	d + y, d - y	a date, and a days and time duration y: the date within the whole days of the greatest y of an end of the calendar (one day for a day); or a years and months duration: the dates of the years that the greatest months over twelve, rounded up, can move past the end
	u + v, u - v, u * n, n * u, u / n, u / v	u and v durations of days and time, n a number: as for numbers, on the seconds
	sqrt(x), log(x), exp(x)	the numbers that give none (Feel.Analysis.Images.Number.Real)


      


      
        Summary


  
    Types
  


    
      
        result()

      


        The operands, as a set of images, or every operand.



    





  
    Functions
  


    
      
        call(arg1)

      


        The arguments for which a call of sqrt, log or exp gives null; every number for another call.



    


    
      
        operand(operator, side, kind, other_type)

      


        The operands of a kind for which operator can give null, given the type of the other operand. side is the one that the
operand is on.



    





      


      
        Types


        


  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() :: {:ok, Feel.Type.NumberSet.t()} | :all


      


The operands, as a set of images, or every operand.

  


        

      

      
        Functions


        


  
    
      
    
    
      call(arg1)



        
          
        

    

  


  

      

          @spec call(String.t()) :: result()


      


The arguments for which a call of sqrt, log or exp gives null; every number for another call.
iex> Feel.Analysis.Failure.call("sqrt") |> elem(1) |> Feel.Type.NumberSet.format()
"[-max..0)"

  



  
    
      
    
    
      operand(operator, side, kind, other_type)



        
          
        

    

  


  

      

          @spec operand(
  atom(),
  :left | :right,
  Feel.Type.Image.kind() | :number,
  Feel.Type.Union.t()
) :: result()


      


The operands of a kind for which operator can give null, given the type of the other operand. side is the one that the
operand is on.
It is every operand if the other operand can be null or is not of the same kind, or an operation is not one of the four.
iex> alias Feel.Type.NumberSet
iex> {:ok, set} = Feel.Analysis.Failure.operand(:multiply, :left, :number, [{:number, NumberSet.point(Decimal.new(2))}])
iex> NumberSet.format(set)
"[-max..-4.999999999999999999999999999999999E+6144], [4.999999999999999999999999999999999E+6144..max]"
iex> Feel.Analysis.Failure.operand(:add, :left, :number, [:number, :null])
:all

  


        

      


  

    
Feel.Analysis.Filters 
    



      
The types of source[brackets] (DMN 1.6, Table 69; D-71).
The analyzer calls this module for the parts of a filter that are about types: what the elements of
the source are, whether a name in the brackets can be an entry of an element, which of the three
readings of the brackets applies, and what the result is. The run is Feel.Runtime.Filter.
The elements
The source is taken one alternative of its type at a time (parts/1):
	The alternative	Its elements
	list<E>	E
	Null	none: the result is null
	Any, a named type	Any | Null, a list or not
	anything else	itself: a value that is not a list is a list of one

elements/1 is their union, which is the type of item in the brackets.
The names in the brackets
A name in the brackets is looked up in the elements first: item, and, if the element is a context,
its entries (section 10.3.2.11.4). membership/2 says for a name whether every element has it
({:all, type}, an entry that is known to be there), none can (:none, so the name is the one of the
scope), or some do ({:some, type}, so it is found at run time and falls back to the scope). A context
type of the specification is open, so an entry that it does not list may be there; a context literal and a
constant are closed (D-65), and an element that is no context has none. item is the same: it is the
element, unless a context element has an entry called item, which wins (0069 #026).
The reading of the brackets
Whether they hold an index or a predicate is circular in the specification (notes 05, E40): it depends on
the type of the brackets, which are run for each element. mode/2 decides from the type, which is
known as soon as the names are:
	:predicate when no number can come out of the brackets: a boolean, null, or anything that is
not a number keeps no element;
	:index when only a number (or null) can, and the brackets do not read the element, so that
their value is the same outside the filter, where an index is run;
	:dynamic otherwise, when the value decides (Feel.Runtime.Filter.dynamic/5).

The result
result/3 is the union of what the alternatives of the source give. A predicate gives a list of the
elements that it keeps, so a list type whose elements are the type of the elements narrowed by what
the predicate says when it is true (narrow/3, D-194): after item > 5, the numbers above 5; after
x < 2 for the entry x of a context element, the contexts whose x is below 2, with that x. A predicate that
can never be true keeps nothing, and the list is list<Null>, as [] is (Table 43). An index gives an
element or null, which is null for a position that is not there; the first and the last element of a list that has
one are there (D-152).
iex> parts = Feel.Analysis.Filters.parts([{:list, [:number, :null]}, :null])
iex> Feel.Analysis.Filters.elements(parts)
[:number, :null]
iex> Feel.Analysis.Filters.elements(Feel.Analysis.Filters.parts([:string]))
[:string]
iex> Feel.Analysis.Filters.membership([{:closed_context, %{"a" => [:number]}}], "a")
{:all, [:number]}
iex> Feel.Analysis.Filters.membership([{:context, %{}}], "a")
{:some, [:any, :null]}
iex> Feel.Analysis.Filters.membership([:number], "a")
:none
iex> Feel.Analysis.Filters.mode([:boolean, :null], false)
:predicate
iex> Feel.Analysis.Filters.mode([:number], false)
:index
iex> Feel.Analysis.Filters.mode([:any, :null], false)
:dynamic

      


      
        Summary


  
    Types
  


    
      
        frame()

      


        A filter whose brackets are being analyzed: its depth (the number of filters around it, itself
included), the type of its elements, that type as a reader that looks into it sees it (positive: read once, for the
lookup of every name in the brackets), and the number of contexts of the enclosing context literals that were there when
it began, which tells where it comes among them.



    


    
      
        membership()

      


    


    
      
        mode()

      


    


    
      
        part()

      


        One alternative of the type of the source of a filter: a list, a list that has an element, a value that is no list (the
list of itself), null, or anything.



    





  
    Functions
  


    
      
        elements(parts)

      


        The type of the elements: of item in the brackets.



    


    
      
        entries?(elements)

      


        Whether an element can be a context (or anything at all), and so can have entries that a name in the
brackets stands for.



    


    
      
        membership(elements, name)

      


        Whether the elements have an entry of this name: all of them do, with the type its values have; none
can; or some can, with the type the entry has where it is there.



    


    
      
        mode(brackets, reads?)

      


        The reading of the brackets, from their type and whether they read the element. The three readings
are in the module documentation.



    


    
      
        narrow(elements, facts, depth)

      


        The elements that are left when the predicate is true, by its facts (Feel.Analysis.Narrowing) about
the element of the filter of this depth: the element itself (item > 5) and the entries of a context
element (x < 2, item.x < 2, item.a.b = 1). It is [] when none can be.



    


    
      
        parts(source)

      


        The alternatives of the type of the source of a filter, by what their elements are. The type is the exact one, in which a
list that has an element is a list type less the empty list (Feel.Type.Union.non_empty/1, D-152); the others that are
less some of a kind are the kind (Feel.Type.Union.positive/1).



    


    
      
        position(arg1)

      


        The one index that brackets of this type are, if they are one: the number 1, -1 or 0, and nothing else (a null is no
index, and gives null).



    


    
      
        reads?(ir, depth)

      


        Whether the IR reads the element of the filter of this depth: item, an entry of it, or a name that
may be one.



    


    
      
        result(parts, mode, narrow, position \\ nil)

      


        The type of source[brackets], from the parts of the source's type, the reading, and narrow: a
function from the type of the elements of a part to the type of the elements that the predicate keeps
(it gives [] for none).



    


    
      
        search_order(filters, scope_stack)

      


        The order in which the contexts that bind names are looked in, innermost first: the filters
(frame/0) and the contexts of the context literals (Feel.Analysis.ScopeStack frames) are in one
stack in the specification, and they are kept apart in the analysis, so this puts them together by
where each filter began.



    





      


      
        Types


        


  
    
      
    
    
      frame()



        
          
        

    

  


  

      

          @type frame() :: %{
  depth: pos_integer(),
  elements: Feel.Type.Union.t(),
  positive: Feel.Type.Union.t(),
  locals: non_neg_integer()
}


      


A filter whose brackets are being analyzed: its depth (the number of filters around it, itself
included), the type of its elements, that type as a reader that looks into it sees it (positive: read once, for the
lookup of every name in the brackets), and the number of contexts of the enclosing context literals that were there when
it began, which tells where it comes among them.

  



  
    
      
    
    
      membership()



        
          
        

    

  


  

      

          @type membership() ::
  :none | {:all, Feel.Type.Union.t()} | {:some, Feel.Type.Union.t()}


      



  



  
    
      
    
    
      mode()



        
          
        

    

  


  

      

          @type mode() :: :predicate | :index | :dynamic


      



  



  
    
      
    
    
      part()



        
          
        

    

  


  

      

          @type part() ::
  {:list, Feel.Type.Union.t()}
  | {:non_empty, Feel.Type.Union.t()}
  | {:single, Feel.Type.Union.t()}
  | :null
  | :unknown


      


One alternative of the type of the source of a filter: a list, a list that has an element, a value that is no list (the
list of itself), null, or anything.

  


        

      

      
        Functions


        


  
    
      
    
    
      elements(parts)



        
          
        

    

  


  

      

          @spec elements([part()]) :: Feel.Type.Union.t()


      


The type of the elements: of item in the brackets.

  



  
    
      
    
    
      entries?(elements)



        
          
        

    

  


  

      

          @spec entries?(Feel.Type.Union.t()) :: boolean()


      


Whether an element can be a context (or anything at all), and so can have entries that a name in the
brackets stands for.
iex> Feel.Analysis.Filters.entries?([{:closed_context, %{}}, :null])
true
iex> Feel.Analysis.Filters.entries?([:any, :null])
true
iex> Feel.Analysis.Filters.entries?([:number, {:list, [:number]}])
false

  



  
    
      
    
    
      membership(elements, name)



        
          
        

    

  


  

      

          @spec membership(Feel.Type.Union.t(), Feel.Name.t()) :: membership()


      


Whether the elements have an entry of this name: all of them do, with the type its values have; none
can; or some can, with the type the entry has where it is there.
A list of lists and the like have none. An element that is null has none.
Discovery approximates each inspected union locally: an excluded context can still supply
the entry. Returned field unions retain their own exclusions.

  



  
    
      
    
    
      mode(brackets, reads?)



        
          
        

    

  


  

      

          @spec mode(Feel.Type.Union.t(), boolean()) :: mode()


      


The reading of the brackets, from their type and whether they read the element. The three readings
are in the module documentation.

  



  
    
      
    
    
      narrow(elements, facts, depth)



        
          
        

    

  


  

      

          @spec narrow(Feel.Type.Union.t(), map(), pos_integer()) :: Feel.Type.Union.t()


      


The elements that are left when the predicate is true, by its facts (Feel.Analysis.Narrowing) about
the element of the filter of this depth: the element itself (item > 5) and the entries of a context
element (x < 2, item.x < 2, item.a.b = 1). It is [] when none can be.
An alternative of a context type is kept with the type of the entry narrowed, and goes if nothing is left
of the entry: with [{a: 1}, {a: 2}][a >= 2] the contexts with a 1 go. A selection from what is no context
is null, so an element that is null or a scalar goes if the fact cannot hold for null. What can have
entries that the type does not tell (an open context, Any) stays.
iex> elements = [{:closed_context, %{"a" => [{:number, Feel.Type.NumberSet.point(Decimal.new(1))}]}},
...>             {:closed_context, %{"a" => [{:number, Feel.Type.NumberSet.point(Decimal.new(2))}]}}]
iex> {:ok, ast} = Feel.parse("[{a: 1}, {a: 2}][a >= 2]")
iex> {:ok, %{ir: ir}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> {:filter, _meta, :predicate, _source, predicate} = ir
iex> facts = Feel.Analysis.Narrowing.facts(predicate, :then)
iex> Feel.Analysis.Filters.narrow(elements, facts, 1) |> Feel.Type.Union.format()
"context<a: number = 2>"

  



  
    
      
    
    
      parts(source)



        
          
        

    

  


  

      

          @spec parts(Feel.Type.Union.t()) :: [part()]


      


The alternatives of the type of the source of a filter, by what their elements are. The type is the exact one, in which a
list that has an element is a list type less the empty list (Feel.Type.Union.non_empty/1, D-152); the others that are
less some of a kind are the kind (Feel.Type.Union.positive/1).

  



  
    
      
    
    
      position(arg1)



        
          
        

    

  


  

      

          @spec position(Feel.Type.Union.t()) :: 1 | 0 | -1 | nil


      


The one index that brackets of this type are, if they are one: the number 1, -1 or 0, and nothing else (a null is no
index, and gives null).
iex> Feel.Analysis.Filters.position([{:number, Feel.Type.NumberSet.point(Decimal.new(-1))}])
-1
iex> Feel.Analysis.Filters.position([{:number, Feel.Type.NumberSet.point(Decimal.new(0))}])
0
iex> Feel.Analysis.Filters.position([{:number, Feel.Type.NumberSet.point(Decimal.new(2))}])
nil
iex> Feel.Analysis.Filters.position([{:number, Feel.Type.NumberSet.point(Decimal.new(1))}, :null])
nil

  



  
    
      
    
    
      reads?(ir, depth)



        
          
        

    

  


  

      

          @spec reads?(Feel.IR.t(), pos_integer()) :: boolean()


      


Whether the IR reads the element of the filter of this depth: item, an entry of it, or a name that
may be one.
iex> Feel.Analysis.Filters.reads?({:item, %{span: {0, 4}, type: [:number], depth: 1}}, 1)
true
iex> Feel.Analysis.Filters.reads?({:item, %{span: {0, 4}, type: [:number], depth: 2}}, 1)
false
iex> Feel.Analysis.Filters.reads?({:const, %{span: {0, 1}, type: [:null]}, nil}, 1)
false

  



    

  
    
      
    
    
      result(parts, mode, narrow, position \\ nil)



        
          
        

    

  


  

      

          @spec result(
  [part()],
  mode(),
  (Feel.Type.Union.t() -> Feel.Type.Union.t()),
  1 | 0 | -1 | nil
) ::
  Feel.Type.Union.t()


      


The type of source[brackets], from the parts of the source's type, the reading, and narrow: a
function from the type of the elements of a part to the type of the elements that the predicate keeps
(it gives [] for none).
position is the one index that the brackets can be (position/1), or nil: 1 and -1 are an element of a list that
has one, and 1 is the value that is not a list, so there the index is not null; 0 is no position, so it is null for
every source (D-170).
iex> parts = Feel.Analysis.Filters.parts(Feel.Type.Union.non_empty({:list, [:number]}))
iex> narrow = fn elements -> elements end
iex> Feel.Type.Union.format(Feel.Analysis.Filters.result(parts, :index, narrow))
"number | Null"
iex> Feel.Type.Union.format(Feel.Analysis.Filters.result(parts, :index, narrow, -1))
"number"
iex> Feel.Type.Union.format(Feel.Analysis.Filters.result(parts, :index, narrow, 1))
"number"
iex> Feel.Type.Union.format(Feel.Analysis.Filters.result(parts, :index, narrow, 0))
"Null"

  



  
    
      
    
    
      search_order(filters, scope_stack)



        
          
        

    

  


  

      

          @spec search_order([frame()], Feel.Analysis.ScopeStack.t()) :: [
  filter: frame(),
  local: Feel.Analysis.ScopeStack.frame()
]


      


The order in which the contexts that bind names are looked in, innermost first: the filters
(frame/0) and the contexts of the context literals (Feel.Analysis.ScopeStack frames) are in one
stack in the specification, and they are kept apart in the analysis, so this puts them together by
where each filter began.

  


        

      


  

    
Feel.Analysis.Grain 
    



      
How fine the numbers of a node are (D-161, step D).
A grain d of a node says that every number the node can have, null apart, is a multiple of 10^-d: d = 2 is a
number of at most two decimals (a price), d = 0 a whole number, and d = -3 a multiple of a thousand. The smaller the
grain, the more it says. A node with no grain (nil) says nothing. It is a fact about the node and not a part of its type,
as the length of a list is (D-193): the sets of numbers are intervals, and a set of the multiples of a step is not one.
What it is for: a product or a quotient of numbers is null when its value is not zero and needs a last digit below
1E-6176 (D-59), and the sets say that this can happen for any number near zero (D-161). A number of a grain is not near
zero but at a distance of 10^-d at least, so price * quantity for prices of two decimals and whole quantities cannot be
too small to write. The grain comes from what a model says of a number:
	a literal has its decimals (0.5 has 1, 150 has 0);
	a name has the grain of its allowed values, when they say it: round half up(?, 2) = ?, floor(?) = ?,
modulo(?, 5) = 0, even(?) (of_tests/1), and so do plain DMN constraints, joined by and for the least of them;
	an operation has the grain of its operands: a sum or a difference the larger, a product their sum, a negation or
an abs the same; a quotient has none;
	a call of floor, ceiling, round * and decimal with a scale that is a number has that scale, and count,
string length, day of year and week of year are whole numbers.

A grain is as true as the constraint it comes from, which the run checks before the expression runs (D-138), and
Feel.Paranoid holds every node that has one to it.
iex> Feel.Analysis.Grain.of_number(Decimal.new("0.25"))
2
iex> Feel.Analysis.Grain.sum(2, 0)
2
iex> Feel.Analysis.Grain.product(2, 3)
5
iex> Feel.Analysis.Grain.multiple?(Decimal.new("1.25"), 2)
true
iex> Feel.Analysis.Grain.multiple?(Decimal.new("1.255"), 2)
false

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A grain: every number is a multiple of 10^-d, or nil for none that is known.



    





  
    Functions
  


    
      
        multiple?(decimal, grain)

      


        Whether a number is a multiple of 10^-d.



    


    
      
        of(node)

      


        The grain of an IR node: a literal has its decimals, and any other node has the one it was given when it was made
(:grain in its metadata).



    


    
      
        of_call(name, arguments)

      


        The grain of the number that a call gives, if it is known: the scale of round half up(x, 2), 0 for floor(x) and
count(xs), that of the argument for abs. arguments are the IR nodes of the call.



    


    
      
        of_number(number)

      


        The decimals of a number: the grain of a literal.



    


    
      
        of_tests(arg1)

      


        The grain of the numbers that unary tests accept (the allowed values of a name), if they say it. The tests are
alternatives, so every one has to say it, and the grain is the coarsest of them; a test joined by and has the finest
grain of any part that says one. round half up(?, 2) = ? is 2, floor(?) = ? and even(?) 0, and modulo(?, 0.25) = 0
the decimals of 0.25, which is 2.



    


    
      
        product(a, b)

      


        The grain of a product: the two added.



    


    
      
        snap(set, grain)

      


        The numbers of a set that a grain allows: each end that is not a multiple of 10^-d is brought in to the nearest one that is
inside the interval, and an interval that has none is left out. [0..1E-6176] of whole numbers is 0, and (0..1] of two
decimals is [0.01..1]. The ends of the set are the numbers an operation is worked out at (Feel.Analysis.Intervals), so an end
that the node cannot have must not be one.



    


    
      
        sum(a, b)

      


        The grain of a sum or a difference: the larger of the two.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: integer() | nil


      


A grain: every number is a multiple of 10^-d, or nil for none that is known.

  


        

      

      
        Functions


        


  
    
      
    
    
      multiple?(decimal, grain)



        
          
        

    

  


  

      

          @spec multiple?(Decimal.t(), integer()) :: boolean()


      


Whether a number is a multiple of 10^-d.
iex> Feel.Analysis.Grain.multiple?(Decimal.new(300), -2)
true
iex> Feel.Analysis.Grain.multiple?(Decimal.new(350), -2)
false

  



  
    
      
    
    
      of(node)



        
          
        

    

  


  

      

          @spec of(Feel.IR.t()) :: t()


      


The grain of an IR node: a literal has its decimals, and any other node has the one it was given when it was made
(:grain in its metadata).

  



  
    
      
    
    
      of_call(name, arguments)



        
          
        

    

  


  

      

          @spec of_call(String.t(), [Feel.IR.t()]) :: t()


      


The grain of the number that a call gives, if it is known: the scale of round half up(x, 2), 0 for floor(x) and
count(xs), that of the argument for abs. arguments are the IR nodes of the call.

  



  
    
      
    
    
      of_number(number)



        
          
        

    

  


  

      

          @spec of_number(Decimal.t()) :: non_neg_integer()


      


The decimals of a number: the grain of a literal.

  



  
    
      
    
    
      of_tests(arg1)



        
          
        

    

  


  

      

          @spec of_tests(Feel.IR.t()) :: t()


      


The grain of the numbers that unary tests accept (the allowed values of a name), if they say it. The tests are
alternatives, so every one has to say it, and the grain is the coarsest of them; a test joined by and has the finest
grain of any part that says one. round half up(?, 2) = ? is 2, floor(?) = ? and even(?) 0, and modulo(?, 0.25) = 0
the decimals of 0.25, which is 2.
iex> {:ok, ast} = Feel.parse("? >= 0 and ? <= 150 and round half up(?, 2) = ?", entry: :unary_tests)
iex> {:ok, %{ir: tests}} = Feel.Analysis.Analyzer.analyze(ast, input: :number, declarations: :ignore)
iex> Feel.Analysis.Grain.of_tests(tests)
2
iex> {:ok, ast} = Feel.parse("[0..150], round half up(?, 2) = ?", entry: :unary_tests)
iex> {:ok, %{ir: tests}} = Feel.Analysis.Analyzer.analyze(ast, input: :number, declarations: :ignore)
iex> Feel.Analysis.Grain.of_tests(tests)
nil

  



  
    
      
    
    
      product(a, b)



        
          
        

    

  


  

      

          @spec product(t(), t()) :: t()


      


The grain of a product: the two added.

  



  
    
      
    
    
      snap(set, grain)



        
          
        

    

  


  

      

          @spec snap(Feel.Type.NumberSet.t(), integer()) :: Feel.Type.NumberSet.t()


      


The numbers of a set that a grain allows: each end that is not a multiple of 10^-d is brought in to the nearest one that is
inside the interval, and an interval that has none is left out. [0..1E-6176] of whole numbers is 0, and (0..1] of two
decimals is [0.01..1]. The ends of the set are the numbers an operation is worked out at (Feel.Analysis.Intervals), so an end
that the node cannot have must not be one.
iex> alias Feel.Type.NumberSet
iex> set = NumberSet.interval({Decimal.new(0), :open}, Decimal.new(1))
iex> set |> Feel.Analysis.Grain.snap(2) |> NumberSet.format()
"[0.01..1]"
iex> set |> Feel.Analysis.Grain.snap(0) |> NumberSet.format()
"1"
iex> NumberSet.interval(Decimal.new(0), Decimal.new("0.4")) |> Feel.Analysis.Grain.snap(0) |> NumberSet.format()
"0"

  



  
    
      
    
    
      sum(a, b)



        
          
        

    

  


  

      

          @spec sum(t(), t()) :: t()


      


The grain of a sum or a difference: the larger of the two.

  


        

      


  

    
Feel.Analysis.Identity 
    



      
A value compared with itself (D-170): x = x is true and x != x is false, for every value of FEEL, null included.
Feel.Runtime.Compare.equal/2 has no shortcut for two values that are the same one: it walks lists and contexts
element by element. A value that is built from itself ({a0: [1, 2], a1: [a0, a0], …, a22: [a21, a21]}) is 23
cells in the VM and 2^22 numbers when it is walked, so a22 = a22 was ten seconds of one step, that no limit saw. An
operand that is read twice is the same value both times, so the answer is known without reading it. The order of
<, <=, > and >= is not an identity (null < null is null, and true <= true is null), so it is not the constant:
ordering/4 has the type that the same read gives for the kinds that have an order (D-170).
Two operands are the same read when they are the same node, but for its meta:
	a constant that is the same term, or a name of the bindings ({:var, _, name}) with the same name;
	a :local of the same name and the same depth (meta.id, D-193), which is the binding of one construct;
	a selection by the same name (p.a, not p.(a)) from the same read;
	a list of the same length of the same reads, if the run can make it (max_list_length);
	a context literal with the same keys in the same order, of the same reads, that is not an error (D-58).

A call is never one, whatever it is called with: it is counted by max_calls and by the diagnostics, and now()
and uuid() give another value the second time. Nor is anything that binds a name inside the operand (an iterator, a
function), a filter, an item, a partial, a descendant, or an operation: when in doubt, the comparison is made.
And only for values of FEEL. A name of type Any can be bound to a term that is not one (a float, an atom, a decimal
that is a NaN: Feel.Runtime.Kind.of/1 is :unknown for it, and x = x is null with a type mismatch), and the soundness
sweeps run the analysis on such values (scripts/sweep/dispatch.exs). So the type of the operand has to say that every value
of it is a value of FEEL: no Any, no :foreign, and no name of a model type in it, at any depth. A type that is too large to
look through (a tower of contexts) is not looked through, and the comparison is made. A list and a context, open or closed, are
values of FEEL whatever their elements and entries are: Compare.equal/2 answers true for a list or a context that is the same
term before it looks at an element or an entry (D-168), so a p that is a declared context and has an entry of any kind, and an
xs of list<Any> that holds a float, are equal to themselves (D-170). A range is walked, and its ends are looked at.
What the comparison tells depends on whether the reads can report:
	silent: constants, locals, the lists and the contexts of them, and a selection from a silent read whose type
has no null in it (a selection reports an error only where it gives null). The two reads settle nothing
and report nothing, so the comparison is the constant ({:const, _, true}).
	reads: a name of the bindings, which reports a name that is not bound (D-37) at each of the two reads, and
what is built on it. The type of the comparison is true and the node stays, so that the run reports what it
did (D-45, D-53).

What it does not see: two operands that are alike but are not the same read (a22 = b22 for two towers built apart,
xs[1] = xs[1]), and the same value that comes from two calls. They are compared by the run.
iex> {:ok, ast} = Feel.parse("{a: [1, 2], b: [a, a], r: b = b}")
iex> {:ok, %{ir: {:context, _, entries}}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> {"r", {:const, %{type: type}, value}} = List.last(entries)
iex> {type, value}
{[{:boolean, true}], true}

      


      
        Summary


  
    Types
  


    
      
        reads()

      


        What the reads of two operands that are the same can report. :constant is for two constants only.



    





  
    Functions
  


    
      
        comparison(operator, left, right, limits)

      


        What left <operator> right is when the two operands are the same read: whether the reads can report, and the value of
the comparison. :none when they are not, or the operator is not = or !=.



    


    
      
        ordering(operator, left, right, limits)

      


        The type of left <operator> right for <, <=, > and >= when the two operands are the same read of a value of a kind
that has an order (D-170): false for < and >, and true for <= and >=, and null where the value is, since an
ordering with a null is null. It is not an identity as = is, because of that null, and so the node stays and the run
makes it. :none when the operands are not the same read, or the type has a kind without an order, which
is a mismatch (a boolean, a list, a context, a range, a function), or one that is not known (Any).



    


    
      
        same_value?(left, right, limits)

      


        Whether two operands are one read of a name, or of a member of one (p.age), so that they are the same value (D-170): the
operands of x - x, which is 0 for every x, and not the difference of two numbers of the type of x. The same
reads as comparison/4 takes, but for the ones that are made of other things than names: a constant, a list and a
context are not here, since arithmetic on them is folded or a mismatch, and a list is dear to look through.



    





      


      
        Types


        


  
    
      
    
    
      reads()



        
          
        

    

  


  

      

          @type reads() :: :constant | :silent | :reads


      


What the reads of two operands that are the same can report. :constant is for two constants only.

  


        

      

      
        Functions


        


  
    
      
    
    
      comparison(operator, left, right, limits)



        
          
        

    

  


  

      

          @spec comparison(atom(), Feel.IR.t(), Feel.IR.t(), Feel.Limits.t()) ::
  {:silent | :reads, boolean()} | :none


      


What left <operator> right is when the two operands are the same read: whether the reads can report, and the value of
the comparison. :none when they are not, or the operator is not = or !=.
iex> local = fn -> {:local, %{span: {0, 1}, type: [:number], id: 1}, "a"} end
iex> Feel.Analysis.Identity.comparison(:eq, local.(), local.(), Feel.Limits.default())
{:silent, true}
iex> var = fn -> {:var, %{span: {0, 1}, type: [:number]}, "x"} end
iex> Feel.Analysis.Identity.comparison(:neq, var.(), var.(), Feel.Limits.default())
{:reads, false}
iex> Feel.Analysis.Identity.comparison(:lte, var.(), var.(), Feel.Limits.default())
:none

  



  
    
      
    
    
      ordering(operator, left, right, limits)



        
          
        

    

  


  

      

          @spec ordering(atom(), Feel.IR.t(), Feel.IR.t(), Feel.Limits.t()) ::
  {:ok, Feel.Type.Union.t()} | :none


      


The type of left <operator> right for <, <=, > and >= when the two operands are the same read of a value of a kind
that has an order (D-170): false for < and >, and true for <= and >=, and null where the value is, since an
ordering with a null is null. It is not an identity as = is, because of that null, and so the node stays and the run
makes it. :none when the operands are not the same read, or the type has a kind without an order, which
is a mismatch (a boolean, a list, a context, a range, a function), or one that is not known (Any).
The two reads have to have one type, as they have in one place.
iex> var = fn type -> {:var, %{span: {0, 1}, type: type}, "x"} end
iex> Feel.Analysis.Identity.ordering(:lt, var.([:number, :null]), var.([:number, :null]), Feel.Limits.default())
{:ok, [{:boolean, false}, :null]}
iex> Feel.Analysis.Identity.ordering(:gte, var.([:date]), var.([:date]), Feel.Limits.default())
{:ok, [{:boolean, true}]}
iex> Feel.Analysis.Identity.ordering(:lte, var.([:boolean]), var.([:boolean]), Feel.Limits.default())
:none
iex> Feel.Analysis.Identity.ordering(:lt, var.([:any]), var.([:any]), Feel.Limits.default())
:none

  



  
    
      
    
    
      same_value?(left, right, limits)



        
          
        

    

  


  

      

          @spec same_value?(Feel.IR.t(), Feel.IR.t(), Feel.Limits.t()) :: boolean()


      


Whether two operands are one read of a name, or of a member of one (p.age), so that they are the same value (D-170): the
operands of x - x, which is 0 for every x, and not the difference of two numbers of the type of x. The same
reads as comparison/4 takes, but for the ones that are made of other things than names: a constant, a list and a
context are not here, since arithmetic on them is folded or a mismatch, and a list is dear to look through.
iex> var = fn name -> {:var, %{span: {0, 1}, type: [:number]}, name} end
iex> Feel.Analysis.Identity.same_value?(var.("x"), var.("x"), Feel.Limits.default())
true
iex> Feel.Analysis.Identity.same_value?(var.("x"), var.("y"), Feel.Limits.default())
false
iex> path = fn name -> {:path, %{span: {0, 1}, type: [:number]}, var.("p"), name} end
iex> Feel.Analysis.Identity.same_value?(path.("age"), path.("age"), Feel.Limits.default())
true

  


        

      


  

    
Feel.Analysis.Images behaviour
    



      
The type of the result of a call of a built-in function, exact to the values of its arguments (D-161, step C).
Feel.Analysis.Calls.result_type/3 gives a call the types that the signatures of the function say (the kinds of the result
and Null). That is true and not exact: not(b) for a b that is true is false, string length(s) for a s in
{"a", "b"} is 1, abs(n) for an n in [-5..3] is [0..5], and none of them is null unless an argument is. A
family of rules (a module under Feel.Analysis.Images) says that, for the functions it names, from the types of the
arguments:
@behaviour Feel.Analysis.Images

def names, do: ["not"]
def image("not", [argument]), do: {:ok, ...}
image/2 gives the whole type of the result, Null included, or :none for arguments the family has no rule for, and the
signatures answer. A rule is a claim about the run, so it is checked against it: Feel.ImageCheck (test/support) runs the
function on the values at the edges of the types of the arguments (Feel.Type.Witness.edges/2) and holds the result to the
rule. Every value the run gives is in the type, and a null that the type has is one that some arguments give: the first
is soundness (a type that is too small is a wrong answer, D-159), the second is that a null is in a type only if a value can
cause it (D-161).
The arguments are the types of the call as it is analyzed (Feel.IR.type/1: with the sets of values), in the order of the
parameters, and only the ones that are given (an optional parameter that is left out is not in the list). A rule is not asked
for a call that an extension may answer, whose function is not the one the rule is for.
What a rule does about null
The run gives null for a null argument, for an argument of a kind the function does not take (with an error), and for the
values of the right kinds that the function has no result for. with_null/2 adds Null for the first, and the rule says the
others: a null that is not in the type of the result has to be one that no value of the arguments causes. A function that
takes null as it takes any other value (is, string(null), get or else) says so in its rule.
Adding a family
A family is a module that has the behaviour, listed in @families below. It names the functions it has rules for, and gives
image/2 a clause for each, and a catch-all that is :none. Its test is a grid of argument types for each function, held
to the run with Feel.ImageCheck.check!/3.

      


      
        Summary


  
    Callbacks
  


    
      
        image(t, list)

      


        The type of the result of a call, for the types of its arguments, or :none.



    


    
      
        names()

      


        The names of the functions the family has rules for.



    





  
    Functions
  


    
      
        families()

      


        The families, in the order they are asked.



    


    
      
        image(name, types)

      


        The type of the result of a call of the built-in function name for the types of its arguments, if a family has a rule for
it.



    


    
      
        with_null(argument_types, result)

      


        The type of a result with Null added when an argument can be null, which a call of a function that does not take null
gives null for.



    





      


      
        Callbacks


        


  
    
      
    
    
      image(t, list)



        
          
        

    

  


  

      

          @callback image(String.t(), [Feel.Type.Union.t()]) :: {:ok, Feel.Type.Union.t()} | :none


      


The type of the result of a call, for the types of its arguments, or :none.

  



  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @callback names() :: [String.t()]


      


The names of the functions the family has rules for.

  


        

      

      
        Functions


        


  
    
      
    
    
      families()



        
          
        

    

  


  

      

          @spec families() :: [module()]


      


The families, in the order they are asked.

  



  
    
      
    
    
      image(name, types)



        
          
        

    

  


  

      

          @spec image(String.t(), [Feel.Type.Union.t()]) :: {:ok, Feel.Type.Union.t()} | :none


      


The type of the result of a call of the built-in function name for the types of its arguments, if a family has a rule for
it.
iex> Feel.Analysis.Images.image("not", [[{:boolean, true}]]) |> elem(1) |> Feel.Type.Union.format()
"boolean = false"
iex> Feel.Analysis.Images.image("no such function", [[:number]])
:none
iex> Feel.Analysis.Images.image("abs", [[{:number, Feel.Type.NumberSet.interval(Decimal.new(-5), Decimal.new(3))}]]) |> elem(1) |> Feel.Type.Union.format()
"number in [0..5]"

  



  
    
      
    
    
      with_null(argument_types, result)



        
          
        

    

  


  

      

          @spec with_null([Feel.Type.Union.t()], Feel.Type.Union.t()) :: Feel.Type.Union.t()


      


The type of a result with Null added when an argument can be null, which a call of a function that does not take null
gives null for.
iex> Feel.Analysis.Images.with_null([[:number], [:number, :null]], [:boolean])
[:boolean, :null]
iex> Feel.Analysis.Images.with_null([[:number]], [:boolean])
[:boolean]

  


        

      


  

    
Feel.Analysis.Images.Boolean 
    



      
The rules for the boolean built-ins (Feel.Analysis.Images, D-161): not.
not(b) is the other boolean for a boolean, and null with an error for an argument of any other kind (a type mismatch,
like the operators'), and for null. So not(b) for b that is true is false and nothing else, and it is never null
for a boolean.

      




  

    
Feel.Analysis.Images.Context 
    



      
The rules for the context functions (Feel.Analysis.Images, D-170; Feel.Builtin.Context): context, context merge,
context put, get entries and get value.
The signatures say Any | Null for most of them, and a context is a context: the rules say what the entries of the one
that is given make of the result, and when it is null.
	Call	The type of the result
	get value(m, key)	the type of the entry key of m, for each key the type of key has; null for a key a closed context does not list; Any or null for one that an open context does not
	get entries(m)	the list of the entries of a closed context, a context {key, value} for each (the list that has an element if it lists one); a list for an open one
	context put(m, key, value)	the context m with the entry key set to the type of value, for each key (closed stays closed); any context for a key that is not known
	context put(m, keys, value)	a context, and null where the path is not there
	context merge(ms)	a context, and null unless every item of the list is one; a context alone is itself
	context(entries)	a context, and null unless every item has a string key and a value, and the keys differ

A context is a type with entries ({:context, entries} is open, it has at least these, {:closed_context, entries} is
closed, it has these and no others, D-65), and the entries of a type are present: an entry that may be absent is not a
thing a type says. So the result of get value for a key that the closed type lists is the type of the entry, and for one
that it does not list is null, and not an error (Feel.Builtin.Context).
Structural readers inspect excluded positive bases too. For context(entries), an open context
may supply key and value even when its type does not list them; only a closed context proves
such entries absent.
A list of one context is that context (section 10.3.2.9.4), and so a list type is a context or null, as the list has one
item or not: a type does not say how many. The argument that takes a list (context merge, context) takes a context as the
list of it.
What the rules do not say: the order of the entries (a type is a map), which entries a merge of several contexts has (they
may all be there or not, and a type has no entry that is not there for sure), and the path of context put with a list of
keys, which a list type does not give in order.

      




  

    
Feel.Analysis.Images.Conversion 
    



      
The rules for the conversion functions (Feel.Analysis.Images, D-170; Feel.Builtin.Conversion): date, date and time,
duration, number, range, string, time and years and months duration.
A rule gives the whole type of the result, Null included, from the types of the arguments. Each argument is read for the
kinds the parameter takes, and whether the call is null for it: null, a value of another kind, a list of any other
length than one (a list of one is its item, section 10.3.2.9.4; string takes the list as it is), and a value of a type
that is not known. Then the result is found in one of two ways, from the exact to the kind:
	The function is run on the values of a finite set. The strings of a list ({"1", "x"}), the numbers that are
single, and the booleans give the values of an argument, and the function itself (Feel.Builtin.call/3) is called on
every combination of them, up to 64: number(s) for {"1", "2.5"} is {1, 2.5}, number(s) for {"1", "x"} is the
number 1 or Null, date(s) for {"2021-01-31"} is a date, and string(n) for {1, 2} is {"1", "2"}. A call
that passes a limit of the run ends it and has no value, and then the kind answers.
	The kind, and what the types say of the rest. A number is itself for number, a date for date, a time for time;
the date of a date and time is a date, and its time a time; a string is a value of the kind or Null, since a string
that is none exists; and a number outside what a date or a time takes (a month 13, a second 60) is Null.

What is null
Null is in the type only if some arguments make the run give it. That is a null argument and an argument of another kind,
and a string that is none of the kind (date(s) for any string), and what the function turns down of the right kinds:
	Function	null for
	date(year, month, day)	a year past ±999,999,999, a month not in 1..12, a day not in the month (the fraction of each is cut off)
	time(hour, minute, second[, offset])	an hour not in 0..23, a minute not in 0..59, a second not in [0..60), an offset that is not whole seconds within 14 hours
	date and time(date, time, timezone)	a time that has a zone, a zone that is none
	string(from)	null, a function, and a list or a context that has one
	date and time(date, time), years and months duration	nothing

Where the days of a month are in question, a day past the 28th is taken to be null for some month, which is so when the set
of months and years has a month that does not have it; the type is then a superset.

      




  

    
Feel.Analysis.Images.List 
    



      
The rules for the list built-ins (Feel.Analysis.Images, D-161, step C): the 24 functions of Feel.Builtin.List.
A rule gives the whole type of the result from the types of the arguments, Null included, and is held to the run
(Feel.ImageCheck, test/feel/analysis/images/list_test.exs). What a rule builds on is the way an argument is a list
(section 10.3.2.9.4): a list is itself, a value that is not one is the list of it, and null is no list, so the call is
null. The type of an argument is read as that (read/1): the types of its elements, and how many it has, which is none
(empty list), one (a value that is not a list), one or more (non-empty list<...>, D-152), or any number.
	Function	The type of the result
	count	0 for the empty list, 1 for a value that is no list, [1..max] for a list that has an element; never null for a list
	reverse, distinct values	the same elements, and the list that has an element stays one
	flatten	the elements of the lists among the elements, to a depth of 16; has an element if no element can be a list
	append, concatenate, union	the elements of the arguments, and of the items; has an element if an item is put in or an argument has one
	insert before, list replace, sublist	a list that has an element: a position that is right for a list is one for a list that has an element
	remove	the elements of the list (a list of one item has none left); [] for a value that is no list
	sort, list replace with a function	the elements of the list, the same number of them
	index of	list<number in [1..max]>, the empty list if nothing can be equal
	list contains	boolean, false if nothing can be equal or the list is empty
	sum, mean, median, product	a number (the item itself for a value that is no list; a + b for sum(a, b), and so on, with the sets)
	stddev	a number from 0 on; always null for a list, which may have fewer than two items
	mode	the list of the numbers, with an element if the list has one
	max, min	an element of one ordered kind (D-152), or Null
	all, any	the booleans that the items allow

When the call is null
A null is in the type only if some arguments of the types give it (D-161):
	the argument that is a list is null, or is the empty list where the function needs an item (sum([]), max([]),
insert before([], 1, x), stddev([x]));
	an item is not of the kind the function wants (sum(["a"]), all([1]), max([1, "a"]), a null among the numbers,
[true, null] for all);
	a position that is not right for a list: 0, past the end, null, or not a number. A list has any length and a type
does not say it, so a position is right for every list that has an element only if it is cut to 1 or -1 (a fraction
is cut off toward zero: [1..2) and (-2..-1]); one that is cut to 0 is right for none. A sublist of a length
takes it in the same way, and the length that is right for every list is 1;
	the arithmetic of the numbers fails (see below);
	a function argument (sort, list replace) that is not a function of two parameters that gives a boolean.

Callback acceptance uses observable runtime arrows, not call refinements. These arrows guarantee
signatures, but do not exhaust them: a three-argument function type can hold a value that also has
a two-argument Boolean signature. Without such a guaranteed signature, a function remains a
possible callback and possible rejection. An excluded function is classified through its positive base.
The arithmetic of a list of numbers
The count of a list is not in its type, so the sums and products of a list are those of lists of every length up to
@most_items (1E+18, what Feel.Builtin.Arguments calls past the end of anything a run can build):
	sum overflows if 1E+18 times the largest number, or the least, is out of range: the list of the largest number
twice does, and no list of [0..150] does.
	mean is the sum, and a division by the count, which is null for a result too small to write (D-161): when the
total can be near zero and not zero. Numbers are multiples of 1E-6176, so the mean of 0 and 1E-6176 is null, as is
that of -1, 1 and 1E-6176; a set of numbers that stay away from zero ([0.001..150]) never is.
	median of an even count is the mean of the two in the middle: the sum of two, and the division by 2.
	product of a list overflows or is too small to write unless all the numbers are -1, 0 or 1.
	stddev of two items or more is null for a sum or a square out of range, and for the square of a difference too
small to write, which an item near zero has when the mean is near zero too.

The sets of the numbers are kept for what is exact and the kind is the type of the rest, which is broader and so sound: the
set of the sum of a list is not worked out, that of a few items given as arguments is (sum(a, b) is a + b, mean(a, b)
the sum divided by 2). The search for the arithmetic that fails is by the bounds and the neighbourhood of zero of the sets,
and is broader than the run for sets that are not intervals of numbers away from zero (it may say Null for a set of one
number near zero, which no list gives), never narrower.

      




  

    
Feel.Analysis.Images.Number 
    



      
The rules for the number built-ins (Feel.Analysis.Images, D-161): the type of the result of a call of abs, ceiling,
decimal, even, exp, floor, log, modulo, odd, round down, round half down, round half up, round up
and sqrt, from the types of the arguments.
	Function	The numbers it gives	null for

| abs(x) | |x|, exactly (the same for a duration) | nothing |
| floor, ceiling, round * (x, scale), decimal(x, scale) | the multiples of 10^-scale from the result at the lower end to the one at the upper, exactly (Rounding) | a scale that is not in -6111..6176 |
| modulo(x, y) | the residues, exactly for a divisor that is one number, a hull for many (Modulo) | a zero divisor, and a result of more than 34 digits |
| sqrt(x) | the run's roots at the ends (Real) | a negative x |
| log(x) | the run's logarithms at the ends | x <= 0 |
| exp(x) | the run's results at the ends, or from the smallest number if the result can be too small | an x whose result is past the range or too small to write (found with the run) |
| even(x), odd(x) | a boolean for the whole numbers of the set, exactly | a number with a fraction |
What the type of an argument is for. The run gives null for a null argument, and for one of a kind that the function
does not take (with an error); abs takes the two kinds of duration as well. A list of one element is that element
(section 10.3.2.9.4): the elements of a list type are read as the argument, and the list gives null for any other length,
so a type of lists has Null. An argument of a type that may be anything (Any, a named type) is every number and, for
abs, every duration, and may give null. So Null is in the type of the result when an argument may be null or of
another kind, or when a number of the argument is one the function has no result for.
The sets are hulls where the result is not every number between its ends: floor(x) for x in [0.5..3.7] is the whole
numbers 0, 1, 2, 3, and the type says [0..3]. A hull holds every number the run gives, which is what a type has to do;
the granularity (that the result is a multiple of a step) is step D of D-161.

      




  

    
Feel.Analysis.Images.Number.Modulo 
    



      
The numbers modulo(dividend, divisor) can give, and when it gives null (Feel.Analysis.Images.Number, D-161).
modulo(x, y) is x - y * floor(x / y), which is in [0..y) for a positive divisor and in (y..0] for a negative one.
It is worked out on the integers behind the two numbers (Feel.Builtin.Number), so it is exact. For a negative divisor it
is the negative of the result for the negated dividend and divisor, so only a positive divisor is worked out below.
The numbers. For a divisor that is one number y, the numbers of an interval of dividends that is narrower than y
are in one stretch of y (the residues of its ends, in order) or in two (from the residue of the lower end to y, and
from 0 to the residue of the upper end); a wider interval has every residue, [0..y). So modulo(x, 7) for x in
[0..5] is [0..5], for x in [-5..-1] it is [2..6], and for x in [-1..1] it is 0, 1 and [6..7). For a divisor
that is an interval the result is a hull: [0..ymax), where ymax is its upper end, and a dividend that is not below zero
and is below every divisor is its own residue.
When it is null. For a divisor of zero. And for a result that needs more than 34 digits, which Table 60 turns down:
for two numbers of one sign the result is no longer than the dividend, so it is a dividend and a divisor of opposite signs
that give it. The result, |y| less the rest of |x| over |y|, has the first digit of |y| or one below it, and the
last digit of x or of y, so it is longer than 34 digits only if the last digit of x is 34 places or more below the
first digit of y. For two single numbers the result is worked out and its digits counted. For an interval it is counted
from the finest number in it: one of 34 digits, whose last digit is 33 places below its first. So modulo(x, 7) for x in
[-100..-1] is not null (the last digit of -1.000000000000000000000000000000001 is 33 places down, and the first digit of
7 is at 0), for x in [-100..-0.5] it is (the result of -0.5000000000000000000000000000000001 is
6.4999999999999999999999999999999999, 35 digits), and for x in [-100..0) it is, with -1E-6176, whose result needs
6,176 digits. The run counts the digits of the number and not those of its coefficient, so modulo(-5.000000000000000000000000000000000, 20)
is 15 and not null.
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    Types
  


    
      
        result()

      


        The numbers of the result, and whether a pair of numbers gives null for a reason other than a null argument.



    





  
    Functions
  


    
      
        image(dividends, divisors)

      


        The numbers modulo(x, y) can be for the numbers of the dividends and of the divisors, and whether it can be null.
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          @type result() :: {Feel.Type.NumberSet.t(), boolean()}


      


The numbers of the result, and whether a pair of numbers gives null for a reason other than a null argument.
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          @spec image(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) :: result()


      


The numbers modulo(x, y) can be for the numbers of the dividends and of the divisors, and whether it can be null.
iex> alias Feel.Type.NumberSet
iex> alias Feel.Analysis.Images.Number.Modulo
iex> to_150 = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> {set, null?} = Modulo.image(to_150, NumberSet.point(Decimal.new(7)))
iex> {NumberSet.format(set), null?}
{"[0..7)", false}
iex> five = NumberSet.interval(Decimal.new(0), Decimal.new(5))
iex> {set, null?} = Modulo.image(five, NumberSet.point(Decimal.new(7)))
iex> {NumberSet.format(set), null?}
{"[0..5]", false}
iex> below = NumberSet.interval(Decimal.new(-5), Decimal.new(-1))
iex> {set, null?} = Modulo.image(below, NumberSet.point(Decimal.new(7)))
iex> {NumberSet.format(set), null?}
{"[2..6]", false}

  


        

      


  

    
Feel.Analysis.Images.Number.Preimage 
    



      
The numbers an argument of a number built-in can be when the result is in a set (D-161, step C).
Feel.Analysis.Images.Number goes from the argument to the result. This goes back, for abs(x) < 100: the comparison
says the result is in [-max..100) (Feel.Analysis.TestSets), so x is in (-100..100). Given the set that the
result is in, operand/3 gives the set that the argument has to be in for the call to give a number in it: every
number the run gives such a result for is in it, and so is a few more where the rounding of the run is in the way.
Feel.Analysis.Narrowing reads a comparison of a call with it, as it reads the comparison of an operation with
Feel.Analysis.Preimage.
	Function	The argument	Exact?
	abs	the results and their negatives (for the two kinds of duration too)	yes
	floor, ceiling, round *, decimal at a scale	the numbers between the steps next to the results that are multiples of the step	yes
	modulo by a number	the numbers of the argument's own set that are a remainder of the results away from a multiple of the divisor (modulo_within/3)	yes
	sqrt, exp, log	the numbers that give a result in the set, found from the inverse of the function and the run	the ends of a result that the comparison has, and not the ends that it has not (below)

The rounding functions are step functions of x * 10^scale, increasing by one at a time, so a set of results is a
set of steps (m * 10^-scale for the whole numbers m of it), and the numbers that give them are the numbers from the
start of the first step to the end of the last: floor(x) = 3 is [3..4), round half up(x) = 3 is [2.5..3.5), and
round up(x) = 3 is (2..3]. A result that is not a multiple of the step is given by no number, and the set is empty.
The roots, the logarithm and the exponential are increasing, and the run rounds their value to 34 digits, to the
nearest. The end of a result that is not in the set (sqrt(x) > 3, sqrt(x) < 10) is exact: the rounding keeps the
order, and a bound of 34 digits is not changed by it, so a number that gives a result above 3 has a root above 3, which is
x > 9. The end that is in (>=, <=, =) is one that the value can be half a unit of its last digit short of, and still
be rounded to, so it is looked for from there in: the inverse of the function (ln for the exponential, exp for the
logarithm, from the run, with a unit of the last digit either way to hold the true value) gives a number a unit of the last
digit out, and the run itself brings it in to the first number that gives a result in the set, in at most 24 numbers; where
it does not come to one, the number from the inverse stays, which is a larger set. So sqrt(x) >= 10 is [100..max],
sqrt(x) >= 3 is [8.999999999999999999999999999999998..max] (the first number whose root the run rounds to 3), and
sqrt(x) <= 10 is [0..100.0000000000000000000000000000001], since that is a number whose root rounds to 10.
An end of the argument is where the run has no result any more: exp(x) is a number up to Real.exp_range/0's high, so
exp(x) > 1 is (0..14149.38539644841072829055748903541].

      


      
        Summary


  
    Functions
  


    
      
        modulo_within(own, modulus, results)

      


        The numbers of a set that give a remainder in the results when divided by a number, for a divisor that is one number: the
numbers of the set that are a remainder of the results away from a multiple of the divisor, modulo(x, 7) = 3 being the 3,
10, 17 ... of it. The set of the argument is needed since the numbers are many, as many as the multiples of the divisor there
are; a set with more than a few of them is returned as it is.



    


    
      
        names()

      


        The functions that have a preimage.



    


    
      
        neighbor(number, direction)

      


        The number of 34 digits next to a number, above or below it.



    


    
      
        operand(name, scale, results)

      


        The numbers an argument can be for the call name(argument) (name(argument, scale) for a rounding function, with the
scale that scale/1 gives) to give a result in the set, or :error for a function and a scale it has no preimage for.



    


    
      
        scale(number)

      


        The scale of a call of a rounding function, as the run takes it (a whole number in -6111..6176, the fraction cut off), for
the number the scale is, or :error if the scale is out of range (the call is null).
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          @spec modulo_within(Feel.Type.NumberSet.t(), Decimal.t(), Feel.Type.NumberSet.t()) ::
  Feel.Type.NumberSet.t()


      


The numbers of a set that give a remainder in the results when divided by a number, for a divisor that is one number: the
numbers of the set that are a remainder of the results away from a multiple of the divisor, modulo(x, 7) = 3 being the 3,
10, 17 ... of it. The set of the argument is needed since the numbers are many, as many as the multiples of the divisor there
are; a set with more than a few of them is returned as it is.
iex> alias Feel.Type.NumberSet
iex> alias Feel.Analysis.Images.Number.Preimage
iex> to_20 = NumberSet.interval(Decimal.new(0), Decimal.new(20))
iex> Preimage.modulo_within(to_20, Decimal.new(7), NumberSet.point(Decimal.new(3))) |> NumberSet.format()
"3, 10, 17"
iex> Preimage.modulo_within(to_20, Decimal.new(-7), NumberSet.point(Decimal.new(-3))) |> NumberSet.format()
"4, 11, 18"
iex> results = NumberSet.interval(Decimal.new(0), {Decimal.new(2), :open})
iex> Preimage.modulo_within(to_20, Decimal.new(7), results) |> NumberSet.format()
"[0..2), [7..9), [14..16)"
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          @spec names() :: [String.t()]


      


The functions that have a preimage.

  



  
    
      
    
    
      neighbor(number, direction)



        
          
        

    

  


  

      

          @spec neighbor(Decimal.t(), :up | :down) :: Decimal.t()


      


The number of 34 digits next to a number, above or below it.
iex> alias Feel.Analysis.Images.Number.Preimage
iex> Preimage.neighbor(Decimal.new(100), :up) |> Decimal.to_string(:normal)
"100.0000000000000000000000000000001"
iex> Preimage.neighbor(Decimal.new(100), :down) |> Decimal.to_string(:normal)
"99.99999999999999999999999999999999"
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          @spec operand(String.t(), integer() | nil, Feel.Type.NumberSet.t()) ::
  {:ok, Feel.Type.NumberSet.t()} | :error


      


The numbers an argument can be for the call name(argument) (name(argument, scale) for a rounding function, with the
scale that scale/1 gives) to give a result in the set, or :error for a function and a scale it has no preimage for.
iex> alias Feel.Type.NumberSet
iex> alias Feel.Analysis.Images.Number.Preimage
iex> lt_100 = NumberSet.interval(Decimal.negate(NumberSet.max_value()), {Decimal.new(100), :open})
iex> {:ok, set} = Preimage.operand("abs", nil, lt_100)
iex> NumberSet.format(set)
"(-100..100)"
iex> {:ok, set} = Preimage.operand("floor", 0, NumberSet.point(Decimal.new(3)))
iex> NumberSet.format(set)
"[3..4)"
iex> {:ok, set} = Preimage.operand("sqrt", nil, lt_100)
iex> NumberSet.format(set)
"[0..10000)"
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          @spec scale(Decimal.t()) :: {:ok, integer()} | :error


      


The scale of a call of a rounding function, as the run takes it (a whole number in -6111..6176, the fraction cut off), for
the number the scale is, or :error if the scale is out of range (the call is null).
iex> Feel.Analysis.Images.Number.Preimage.scale(Decimal.new("2.9"))
{:ok, 2}
iex> Feel.Analysis.Images.Number.Preimage.scale(Decimal.new(6177))
:error

  


        

      


  

    
Feel.Analysis.Images.Number.Real 
    



      
The numbers sqrt, log and exp can give, and when they give null (Feel.Analysis.Images.Number, D-161).
The three are increasing where they are defined and correctly rounded to 34 digits (Feel.Runtime.Number.Power, D-62),
so the numbers the run gives for the numbers of an interval are between the run's own results for its ends, and the ends
are computed by the run: the rounding is its own, and rounding keeps the order (as in Feel.Analysis.Intervals). The ends
of a result are included, which makes a set larger and never smaller. An open end is the number nearest to it only at
zero, where the domain ends: sqrt of (0..4) is from 1E-3088, the root of the smallest number, and not from 0.
	Function	Defined for	null for
	sqrt(x)	x >= 0	a negative x
	log(x)	x > 0	x <= 0
	exp(x)	every x	an x whose result is past the range, or is too small to write

The exponential. exp(x) is a number for every x up to exp_range/0's high, the largest x for which the run
gives one (found with the run, at the precision of a number of that size: 34 digits). For a larger x the result is past
the largest number. At the other end the result is written with its 34 digits from the first, which reach down to -6176
from a result of 1E-6143 up, so every x from low up gives a number (D-161). Below it a result needs a digit below
-6176 unless its last digits happen to be zeros, which they do for about one x in 10 just below low and for fewer
further down, so the numbers between low and cut may or may not be written, and an interval of them gives Null and
every number from the smallest there is to the result at low. Below cut the result is below the smallest number
(1E-6176) and none is written.

      


      
        Summary


  
    Types
  


    
      
        result()

      


        The numbers of the result, and whether a number of the argument gives null.



    





  
    Functions
  


    
      
        exp(numbers)

      


        The numbers exp(x) can be for the numbers of the set, and whether it can be null.



    


    
      
        exp_range()

      


        The numbers of the exponential exp_range/0 speaks of: {low, high, cut}.



    


    
      
        log(numbers)

      


        The numbers log(x) can be for the numbers of the set, and whether it can be null.



    


    
      
        run(binary, number)

      


        The run's result of sqrt, log or exp for a number: {:ok, number}, or an error where the run gives null.



    


    
      
        sqrt(numbers)

      


        The numbers sqrt(x) can be for the numbers of the set, and whether it can be null.
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          @type result() :: {Feel.Type.NumberSet.t(), boolean()} | :error


      


The numbers of the result, and whether a number of the argument gives null.

  


        

      

      
        Functions


        


  
    
      
    
    
      exp(numbers)



        
          
        

    

  


  

      

          @spec exp(Feel.Type.NumberSet.t()) :: result()


      


The numbers exp(x) can be for the numbers of the set, and whether it can be null.
iex> alias Feel.Type.NumberSet
iex> set = NumberSet.interval(Decimal.new(0), Decimal.new(1))
iex> {values, null?} = Feel.Analysis.Images.Number.Real.exp(set)
iex> {NumberSet.format(values), null?}
{"[1..2.718281828459045235360287471352662]", false}
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          @spec exp_range() :: {Decimal.t(), Decimal.t(), Decimal.t()}


      


The numbers of the exponential exp_range/0 speaks of: {low, high, cut}.
iex> {low, high, cut} = Feel.Analysis.Images.Number.Real.exp_range()
iex> {Decimal.to_string(low, :normal), Decimal.to_string(high, :normal), Decimal.to_string(cut, :normal)}
{"-14144.78022626242263692252150612604", "14149.38539644841072829055748903541", "-14221"}
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          @spec log(Feel.Type.NumberSet.t()) :: result()


      


The numbers log(x) can be for the numbers of the set, and whether it can be null.
iex> alias Feel.Type.NumberSet
iex> set = NumberSet.interval(Decimal.new(1), Decimal.new(1))
iex> {logs, null?} = Feel.Analysis.Images.Number.Real.log(set)
iex> {NumberSet.format(logs), null?}
{"0", false}
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          @spec run(String.t(), Decimal.t()) :: Feel.Runtime.Number.result()


      


The run's result of sqrt, log or exp for a number: {:ok, number}, or an error where the run gives null.
iex> {:ok, root} = Feel.Analysis.Images.Number.Real.run("sqrt", Decimal.new(4))
iex> Decimal.to_string(root, :normal)
"2"
iex> Feel.Analysis.Images.Number.Real.run("log", Decimal.new(0))
{:error, :out_of_domain}
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          @spec sqrt(Feel.Type.NumberSet.t()) :: result()


      


The numbers sqrt(x) can be for the numbers of the set, and whether it can be null.
iex> alias Feel.Type.NumberSet
iex> set = NumberSet.interval(Decimal.new(0), Decimal.new(100))
iex> {roots, null?} = Feel.Analysis.Images.Number.Real.sqrt(set)
iex> {NumberSet.format(roots), null?}
{"[0..10]", false}

  


        

      


  

    
Feel.Analysis.Images.Number.Rounding 
    



      
The numbers floor, ceiling, round up, round down, round half up, round half down and decimal can give
(Feel.Analysis.Images.Number, D-161).
A call rounds a number x to a scale s, a whole number of digits after the point (a fraction of the scale is cut off,
and it has to be in -6111..6176, so valid_scales/0 is the open interval (-6112..6177)): the result is
m * 10^-s for the whole number m that the mode chooses for x * 10^s. The seven modes are increasing step functions
of x * 10^s with a step of one, so for a scale the numbers of an interval are the numbers m * 10^-s from the m of
its lower end to the m of its upper end, every one of them (the step is one). The result is a number that can be
written (the digits of m are those of x, give or take a carry that stays within 34 digits), so rounding is never
null for a scale that is in range.
The m of an end is computed exactly, with integers (the run does the same, so the value is the run's). An end that is
not in the interval is the limit of the steps next to it: floor of (0..1) is 0, and not 0..1, and the
round half up of (0.5..1) is 1. The limit is the value at a number a quarter of a step on, except where the end is
where the mode steps (breakpoint?/2).
A scale that is a set of whole numbers is taken one by one when it is a few, and a wider one gives the hull that holds
every mode at every scale in it: x moved by at most a step of the coarsest scale (and by none of the sign: a mode
keeps a number's sign). Both hold the numbers of the interval, as a hull (the numbers between the steps are in it).
The exact integer step at an open endpoint can have more than 34 digits. Each returned endpoint
is therefore cut outward to a representable FEEL number, down for the lower end and up for the
upper end (D-220). Such a bound need not itself be a value the rounding function returns.
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    Types
  


    
      
        mode()

      


        How a mode chooses the whole number: x * 10^s rounded.



    





  
    Functions
  


    
      
        image(mode, numbers, scales)

      


        The numbers a mode can give for the numbers of the set, at the scales of the second set (which are in range).



    


    
      
        valid_scales()

      


        The scales a call is in range for: those that are cut to a whole number in -6111..6176.
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          @type mode() :: :floor | :ceiling | :up | :down | :half_up | :half_down | :half_even


      


How a mode chooses the whole number: x * 10^s rounded.
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      image(mode, numbers, scales)



        
          
        

    

  


  

      

          @spec image(mode(), Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) ::
  Feel.Type.NumberSet.t()


      


The numbers a mode can give for the numbers of the set, at the scales of the second set (which are in range).
iex> alias Feel.Type.NumberSet
iex> alias Feel.Analysis.Images.Number.Rounding
iex> numbers = NumberSet.interval(Decimal.new("0.5"), Decimal.new("3.7"))
iex> Rounding.image(:floor, numbers, NumberSet.point(Decimal.new(0))) |> NumberSet.format()
"[0..3]"
iex> Rounding.image(:half_up, numbers, NumberSet.point(Decimal.new(0))) |> NumberSet.format()
"[1..4]"
iex> Rounding.image(:floor, NumberSet.interval({Decimal.new(0), :open}, {Decimal.new(1), :open}), NumberSet.point(Decimal.new(0))) |> NumberSet.format()
"0"
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          @spec valid_scales() :: Feel.Type.NumberSet.t()


      


The scales a call is in range for: those that are cut to a whole number in -6111..6176.
iex> alias Feel.Type.NumberSet
iex> NumberSet.format(Feel.Analysis.Images.Number.Rounding.valid_scales())
"(-6112..6177)"
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The rules for the range functions (Feel.Analysis.Images, D-170; Feel.Builtin.Range): after, before, coincides,
during, finished by, finishes, includes, meets, met by, overlaps, overlaps after, overlaps before,
started by and starts.
They give true or false, and null for an argument that is out of the domain (D-79): null, a value that is neither a
point nor a range, a combination of the two that is not a signature (meets(1, 2), during([1..2], 3)), a list that has not
exactly one item, and endpoints that cannot be compared with one another (a number and a string, a date and a date and time).
The signatures say boolean | Null, and so did the call of a name that is
never null. The rules say which of the three a call is.
Each argument is read by what it can be: a point of a kind (the kinds that have an order), a range with the kinds of
its endpoints, null, a list of one (its item, or null for a list of another length), a value of a type that is not known,
or something else. For each pair of those that the signatures take:
	Two points of one kind are compared. before is <, after is > and coincides is = of the two, so the sets of
the points decide: before(a, b) for an a in [1..3] and a b in [5..9] is true. The kinds of two points that
are not one are null, and so is a pair of times, or of dates and times, which can differ in having a zone.
	A range is not looked into. Its type has the kinds of its endpoints and not the endpoints, and it has the range with
none ((null..null), D-155) in every one, which is related to a point of any kind, so the result is a boolean: the sets
do not say which. It can be null where an endpoint of one can be of a kind that cannot be compared with an endpoint of
the other (the two ranges range<number> and range<string>, a point that is a date and a range<date and time>).

A call is never null for two arguments that cannot be, and Null is among the alternatives only if some arguments give it.
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The rules for the string built-ins (Feel.Analysis.Images, D-161, step C): contains, ends with, lower case,
matches, replace, split, starts with, string join, string length, substring, substring after,
substring before and upper case.
A rule gives the whole type of the result, Null included, from the types of the arguments. Each argument is read for the
strings (or the numbers) it can be, whether it can be null, and whether it can be something that the function turns down
with null: a value of another kind, or a list, which is its element if it has one and null if it has not (section
10.3.2.9.4). Then the result is found in one of three ways, from the exact to the kind:
	The function is run on the strings of a finite set. A set of strings that is a list ({"a", "b"}) gives the values
of an argument, and the function itself (Feel.Builtin.call/3, so that nothing of it is written twice) is called on
every combination of the values of the arguments. string length(s) for {"a", "b", "c"} is number = 1,
upper case(s) for {"a", "b"} is {"A", "B"}, matches(s, "a(") is Null, since the pattern is not one. A product
of more than 64 combinations is not run. The run has a small budget, as an analysis has to stay cheap whatever the
model has written (a regular expression of 10,000 steps, a result of 100,000 bytes): a call that passes it ends the
run and has no value, and then the signatures give the type, as they do for a call on constants that the analysis
cannot evaluate (D-80).
	The kind, with what is known. For every string, or a set with an interval in it (which has as many strings as
there are), or a product that is too large, the result is the kind of the function: string length(s) is a number in
[0..max], contains(s, m) is boolean. What the other arguments say is used: every string has the empty string in
each place, so contains(s, "") is true and substring before(s, "") is ""; a set of strings that has not the empty
string has at least one character, so its length is in [1..max]; and the patterns, the replacements and the flags that
are a finite set are read once (Feel.Runtime.Regex), so matches(s, "a+") is boolean, and replace(s, "a*", "b")
is Null.
	substring runs the function on the string and on the integers that the numbers can be. A start is cut off at its
fraction, and a start or a length is out of range past either end of the string, so the integers that make a difference
are those within one of the ends and the first beyond them: a set of numbers as wide as number is a few calls.

string join is read by the kinds of its list: its elements are strings or null (which are left out), and a string is a
list of one string.
What is null
Null is in the type only if some arguments make the run give it. That is a null argument and an argument of another
kind, but for the arguments that are left out when they are null (the flags of matches and replace, the delimiter of
string join, and the length of substring), and what the function itself turns down:
	Function	null for
	substring	a start of 0 or past either end of the string; a length under 1 or past what is left
	matches	a pattern or flags that are not in the dialect of XPath
	replace	the same, a pattern that matches the empty string, a replacement with a $ or a \ that means nothing
	split	the same, but the empty string has no parts, whatever the pattern is
	string join	an element of the list that is neither a string nor null
	the others	nothing

What is broader than exact
The type is a superset where it cannot be exact, and never smaller. Where the set of strings has an interval or the product
is too large, the strings of the result are string (upper case(s) is not every string, but no set says which) and the
booleans are boolean (contains(s, "a") for a s that is only the strings from "a" to "a" is true). The shortest
string of a set with an interval that has not the empty string is taken to have one character, which it has but for a set
such as ["ab".."ac"]; and a pattern, a replacement or flags that are such a set are taken to have a string that the
function turns down, which is so unless the set is all of one class. The lists of string join have no length in their
type, so the result of one is string. More than 8 different lists as the results of split are one list of their parts,
and more than 2,048 calls of substring are string.
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The rules for the functions of Feel.Builtin.Temporal (Feel.Analysis.Images, D-161, step C): day of week,
day of year, is, month of year, now, today and week of year.
	Function	The type of the result
	now()	a date and time with a zone (the offset of the clock of the run), and never null
	today()	a date, never null
	day of week(d)	the names of the weekdays of the days of d: "Monday" to "Sunday"
	month of year(d)	the names of the months of the days of d
	day of year(d)	the numbers [1..366] that the days of d have
	week of year(d)	the numbers [1..53] that the days of d have, as the weeks of ISO 8601 count them
	is(a, b)	a boolean, never null; false if no value of one is the same as a value of the other

The argument of the four calendar functions is a date or a date and time, whose fields are read as they are written (the
day of a date and time is that of its clock, D-109), or a list of one of them, which is the one (section 10.3.2.9.4). So
the type of the result is the one the days of the type of the argument have: the set of a date is a set of days
(D-109), and that of a date and time is a set of seconds on the lines of its clocks (Feel.Type.Moment), of which the days
are taken. A date in January 2021 is a day of week in the set of the days of that month, and a day of year in
[1..31]. The result is null only for an argument that is no date: null, a value of another kind, a list that does
not have exactly one item (a type does not say how many a list has), or a value of a type that is not known.
A range of days of a week has every weekday, and one of a year (366 days) every month; a shorter one is counted day by day.
The days of the year are those that each year the range touches has in it, and the weeks of a range of up to 3,000 days are
counted a week at a time. Past that the range has every day of the year (a leap year ends in the 366th within 2,921 days) and
every week (the weeks of a year that has 53 are not apart by more than 2,548 days), and both are tested against the run
for every day of ranges of every length up to that.
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The static result types of operations, for Feel.Analysis.Analyzer.
A type here is a Feel.Type.Union, a list of alternatives with :null among them
when the value may be null (D-39). Given the types of the operands, each function
returns {:ok, type} or {:mismatch, type}; the second means that the operation is a
type mismatch, so null with an error, whenever no operand is null.
The mirror of this module at run time is Feel.Runtime; a test runs both on the same
operands and checks that the value of the one is among the alternatives of the other.
How a union is typed
Each pair of alternatives, one of each operand, is typed alone, and the result is the
union of what the pairs give. [:number, :null] + [:number] is the pairs
number + number, which is number | null, and null + number, which is null.
A pair that is a type mismatch gives null.
The result is {:mismatch, type} when every pair without a null is a type mismatch, and
there is one: the operation is an error unless an operand is null. The type is the same
union as for {:ok, type}; it is [:null] except for = and !=, which are false and
true for a null operand. A union with some pairs that are mismatches is a possible
mismatch, which is not reported.
Value sets
An alternative can be a set of values (D-39): {:number, set}, {:string, strings}, or
{:boolean, true} or {:boolean, false}; the bare :number, :string and :boolean are every
value of the kind. For numbers the operation works on the set (Feel.Analysis.Intervals): the
result is the set of what the operation can give, and it is null for lack of range only where
the intervals say it can be, so [0..150] + 1 is [1..151] and never null in itself, and a
divisor that does not have zero in it is never zero. A comparison of two sets that settles it is
the boolean it settles to: [0..150] < 200 is {:boolean, true}. The strings of sets are
joined for + and compared for = and !=; a boolean that is known decides and and or.
This module works out the kind of a result and whether it can be null, and puts the sets into the alternatives. What
the sets of the operands come to, and whether they decide a comparison, is asked of
Feel.Analysis.Refinement.Operations (D-133), which calls the modules named below; this module calls none of them.
A date and the two kinds of duration have sets too (D-109), which are sets of the numbers that stand
for the values (Feel.Type.Image: the days of a date, the months or the seconds of a duration), so the
same intervals work on them. The seconds of PT1H + PT2H are 3600 + 7200, and PT1H * 2 is the seconds
times 2: the result is the set of the durations, and null where the numbers can overflow or divide by
zero, as for a number. The months of a years and months duration do not overflow at run time, so a sum of
them that the numbers say could pass the range is any years and months duration, and not null. Two dates,
or two durations of one kind, are compared by their numbers: @"PT1H" < @"P1D" is {:boolean, true}. What
the numbers do not carry is worked out from the sets of both: a years and months duration times a number,
which is rounded (D-54) and so is not a product of images, has the months rounded as the run does
(Feel.Analysis.MonthScaling, D-109), and a date plus or minus a duration, which is not a sum of images
either, since the day of the month is clamped (2024-01-31 + P1M), has the dates of Feel.Analysis.DateArithmetic
(D-109). A time and a date and time have sets of the second they fall in, on three lines, for the clock and for the
instant, since their order depends on a zone (Feel.Type.Moment, D-109): a comparison of two of them is decided by
Feel.Analysis.MomentTests, a time or a date and time plus or minus a duration has the second that the sets come
to (Feel.Analysis.MomentArithmetic, D-109), and so does the difference of two of them (D-109).
The types it takes
The types are plain (Feel.IR.plain_type/1, D-152, D-152): a union whose members are the kinds whole. A kind less some of
it and the empty list (Feel.Type.Union.positive/1 makes the list of nothing of it) are for what passes a type on and for
the narrowing, and a function here that is given one takes it for a kind it does not know.
What a pair gives
null as an operand gives null, except for = and != (Table 50), which never give
null because of an operand, and for and and or, where a false or a true decides.
An alternative of the type :any or a named type is not known, so the result is
[:any, :null] or [:boolean, :null], unless the other operand decides it alone: a kind with no order for < and
> (D-196), a kind with no operation for + - * / ** (D-203); or unless the kinds say more: an operation on a kind that
has an operation and one that is not known is the union of what the pairs give (D-203). The rest is below.
Arithmetic
A number operation can give null: it overflows past decimal128, it can be too small to write, / divides
by zero, and ** has no value for a zero to a negative power or a negative number to a power that is not
whole. Whether it does is decided by the sets of the operands (see above), so on any number it can, and on
numbers that stay away from the ends of the range and from zero it cannot: 0 ** x for an x in [5..10]
is the number 0, and x ** 2 is [25..100] (D-161).
	Operator	Operands	Result
	+	two strings	string
	+ -	two years and months durations	years and months duration (never null in itself)
	+ -	two days and time durations	days and time duration, null
	+ - * / **	two numbers	number, null
	*	a days and time duration and a number, in either order	days and time duration, null
	/	a days and time duration and a number	days and time duration, null
	/	two durations of one kind	number, null
	* /	a years and months duration and a number	years and months duration, a set of the months rounded as the run does, and null (D-109)
	+ -	a date and a duration	date, a set of the days the run can give, and null where the year can leave the range (D-109)
	+ -	a date and time and a duration	date and time, a set of the seconds the run can give, and null where the clock can leave the calendar (D-109)
	+ -	a time and a days and time duration	time, a set of the seconds of the day round the day (D-109)
	-	two dates	days and time duration (a set, from the days between)
	-	two dates and times, two times, a date and a date and time	days and time duration, a set of the seconds between them to a second either way, and null (one has a zone, one has not, D-109)
	negation	a number or a duration	the same type

Every other pair of kinds is a mismatch, since the run does the operations of the temporal tables
(D-54) and gives a type mismatch for the rest.
An operand of a kind that an operator has no operation for is a mismatch against any other operand, Any and a named
type included (D-203): true + v is null for every v, an error for one that is not null. A boolean, a list, a
range, a context, a function and a term that is no value of FEEL have no operation at all; a string has + and no
other; a date, a time and a date and time have + and -; a duration has all but **; only a number has **. So
true + v, [1] - v, "a" - v and d * v are Null. A kind that has an operation against one that is not known (Any,
a named type) is a value of the kinds that its pairs give with a kind of the unknown one, or null (D-203): the unknown
one is a value of every kind, a pair that no table names is null, and a null is null. x + v is number | Null (a
number is added to a number only), "a" + v is string | Null, d + v is date | Null, x * v is number | years and months duration | days and time duration | Null, and v + w is the seven kinds that have a +, and Null. The pairs are of
the kinds whole, so the set of values of the known operand does not cut the result (it is as narrow as the kinds say, and
it is a function of the operator and the kinds, which is kept). -v is a number, a years and months duration, a days
and time duration, or Null (D-207): the kinds that a negation has. One unknown value read twice (v - v, D-170, see
arithmetic_of_one/3) is the kinds of the pair of a kind with itself, and Null. A union is null only if every pair
of its alternatives is.
Negation cannot overflow, and a result that is not null is assumed for a number that
is well formed: at most 34 digits and in the exponent range. A bound number that is not
is null at run time and the type does not say so.
Comparison
= and != give boolean and never null for operands of one primitive kind, or
when an operand is null. Lists, contexts and ranges can hold elements that cannot be
compared, so they give boolean and null. <, <=, > and >= give null for a
null operand, and boolean for two numbers, two strings, two dates, two times, two dates
and times, or two durations of one kind (a time or a date and time with a zone that the time
zone database does not have would be null, and a value of FEEL has none). Operands of one
kind that has no order, such as two booleans, are a mismatch (null, with a type_mismatch
warning, D-193), for <= and >= as for < and >: true <= true is null (the domain reading of D-196, D-196).
Operands of different kinds are a mismatch, a date and a date and time, or the two kinds of duration,
included (notes 02, A-38; D-54).
An operand that has no order (a boolean, a list, a range, a context, a function, a term that is no value of FEEL) is
a mismatch against any other operand, Any and a named type included (D-196): true < v and true <= v are null
for every v, an error for one that is not null.
Logic
and and or give boolean for two booleans, and boolean and null when an operand
can be null or is not a boolean but the other is, since a false decides a conjunction
and a true a disjunction whatever the other operand is. An operand that is never a boolean (null, a number, a
string) leaves one outcome out: b and null is false or null and never true, b or null is true or null
and never false (Tables 51 and 52, Feel.Runtime.Logic; D-170). When no operand can be a boolean
the type is null, and not a mismatch: the run gives a plain null for an operand that is not a boolean (D-103).
Conditional
if is the one construct here that cannot be a mismatch, and conditional/3 returns a
type and not a result. The then branch is taken for a condition that is true and the
else branch for anything else, null and a value that is not a boolean included
(Table 50), so the condition adds nothing to the type. The type is the union of the types
of the branches that can be taken (reachable/1): a condition that is true for sure
leaves the then branch, and one that cannot be true leaves the else branch.

      


      
        Summary


  
    Types
  


    
      
        comparison_operator()

      


        A comparison operator, as in Feel.IR.comparison_operator/0.



    


    
      
        grains()

      


        How fine the numbers of each operand are (Feel.Analysis.Grain, D-161): a multiple of 10^-d, or nil. It lets a product or a
quotient of numbers that are not near zero be one that is never too small to write (D-161).



    


    
      
        operator()

      


        An arithmetic operator, as in Feel.IR.arithmetic_operator/0.



    


    
      
        result()

      


        What a function of this module returns.



    


    
      
        shape()

      


        What the analyzer knows of a node besides its type (D-193): its type, and its structure. A list literal, a constant list,
and a context bound to one have a structure: the shapes of the elements of a list of up to 32, or only the number of them;
the shapes of the entries of a closed context of up to 32. Anything else has :none.



    


    
      
        structure()

      


    





  
    Functions
  


    
      
        arithmetic(operator, left, right, grains \\ {nil, nil})

      


        Returns the type of left <operator> right.



    


    
      
        arithmetic_of_one(operator, operand, grains \\ {nil, nil})

      


        Returns the type of x <operator> x for one value x that is read twice (D-170), given the type of x: the two operands
are not two values of the type, so the pairs of two different alternatives are not there, and x - x is 0 (a date and
a time give the zero duration), x / x is 1 unless x is 0, x * x is not below 0, and x + x is 2x. An
alternative that is not a number, or a duration or a date for -, or a duration for /, is typed as it is for two
values. null is an alternative of the result for an x that is, as it is for two. An x of an unknown type (Any, a named
type) is one value of one kind, the same at both ends (D-207): the union, over the kinds that the operator has an operation
for, of the type for that kind, and null. x - x is 0 of a number, a years and months duration or a days and time
duration, x + x is a number, a string or a duration, x * x, x / x and x ** x are a number; the pairs of two kinds
(a date and a duration) that x - y has are not there.



    


    
      
        between(value, low, high, after_lower \\ nil)

      


        Returns the type of value between low and high (D-69), which is value >= low and value <= high: the
types of the two comparisons, and then of the three-valued and. So it is true when the sets of the
value and of the bounds put it between them, false when they put it outside, null when an operand is
null (but false if the other bound already puts it outside), and a type mismatch only when both
comparisons are one: 1 between "a" and "b".



    


    
      
        branches(arg, then_type, else_type)

      


        Returns the type of if … then then_type else else_type for the branches that can be taken, {then?, else?}: the
union of their types. At least one is taken. reachable/1 has them for the type of the condition; the analyzer also
leaves out a branch whose facts leave a name no value (D-152).



    


    
      
        compare(operator, left, right)

      


        Returns the type of left <operator> right for a comparison.



    


    
      
        conditional(condition, then_type, else_type)

      


        Returns the type of if condition then then_type else else_type: the union of the types of
the branches that reachable/1 says can be taken.



    


    
      
        conjunction_after(left, right)

      


        Returns the type of left and right when right was typed knowing that left is true (D-194): the
names that left says something about have, in right, the types that it leaves them
(Feel.Analysis.Narrowing).



    


    
      
        conjunction_cases(left, right_when_true, right_otherwise)

      


        Returns the type of left and right when right was typed twice (D-194): as right_when_true for the case that
left is true, and as right_otherwise for the case that it is not. Where conjunction_after/2 can only say
that a left that is null gives false or null, this knows what the right is for the names as they are
then: x >= 1 and x <= 10 for an x of [1..3] that may be null is true, and null where x is.



    


    
      
        disjunction_after(left, right)

      


        Returns the type of left or right when right was typed knowing that left is not true (D-194): the
names that left says something about when it is false or null, or not a boolean, have, in right,
the types that it leaves them (Feel.Analysis.Narrowing).



    


    
      
        instance_of(operand, type)

      


        Returns the type of value instance of type (Table 62), given the type of the value and the
type, resolved.



    


    
      
        list_contains(type, uses_input?)

      


        Returns the type of a test of in that is an expression, x in [1, 2, 3] (D-61), given the type of the expression and
whether it reads the input ?.



    


    
      
        logic(operator, left, right)

      


        Returns the type of left and right or left or right.



    


    
      
        membership(tests)

      


        Returns the type of subject in tests (D-61), given the types of the tests.



    


    
      
        negate(operand)

      


        Returns the type of -operand. An operand of an unknown type (Any, a named type) is a number, a years and months
duration, a days and time duration, or null (D-207): the kinds that a negation has.



    


    
      
        null_bounds(operator, left, right, grains \\ {nil, nil}, same? \\ false)

      


        Which bounds on the operands of left <operator> right would rule null out (D-161), when neither
operand can be null: :near_zero for operands at least 0.001 away from zero, :too_large for
operands of at most 1E+30, :range where the result needs both, and nil where it is not null,
where it is certain (two single numbers, which is a warning of its own, D-161), or where these bounds
do not rule it out. It is what lets the analyzer say, in an info, that tighter allowed values would
rule null out, and the numbers say so: the operands are restricted as the hint says, and the
result has no null left.



    


    
      
        range(from, to)

      


        Returns the type of the range literal [from..to] (D-61), given the types of its endpoints.



    


    
      
        reachable(condition)

      


        Returns which branches of if condition then … else … a run can take, as
{then?, else?}.



    


    
      
        shapes_equal(operator, left, right)

      


        Returns the type of left = right and left != right for two nodes whose structure is known (D-193, D-193, D-161).
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      comparison_operator()



        
          
        

    

  


  

      

          @type comparison_operator() :: Feel.IR.comparison_operator()


      


A comparison operator, as in Feel.IR.comparison_operator/0.

  



  
    
      
    
    
      grains()



        
          
        

    

  


  

      

          @type grains() :: {integer() | nil, integer() | nil}


      


How fine the numbers of each operand are (Feel.Analysis.Grain, D-161): a multiple of 10^-d, or nil. It lets a product or a
quotient of numbers that are not near zero be one that is never too small to write (D-161).

  



  
    
      
    
    
      operator()



        
          
        

    

  


  

      

          @type operator() :: Feel.IR.arithmetic_operator()


      


An arithmetic operator, as in Feel.IR.arithmetic_operator/0.

  



  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() :: {:ok, Feel.Type.Union.t()} | {:mismatch, Feel.Type.Union.t()}


      


What a function of this module returns.

  



  
    
      
    
    
      shape()



        
          
        

    

  


  

      

          @type shape() :: %{type: Feel.Type.Union.t(), structure: structure()}


      


What the analyzer knows of a node besides its type (D-193): its type, and its structure. A list literal, a constant list,
and a context bound to one have a structure: the shapes of the elements of a list of up to 32, or only the number of them;
the shapes of the entries of a closed context of up to 32. Anything else has :none.

  



  
    
      
    
    
      structure()



        
          
        

    

  


  

      

          @type structure() ::
  :none
  | {:list, [shape()]}
  | {:size, non_neg_integer()}
  | {:context, %{optional(Feel.Name.t()) => shape()}}
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      arithmetic(operator, left, right, grains \\ {nil, nil})



        
          
        

    

  


  

      

          @spec arithmetic(operator(), Feel.Type.Union.t(), Feel.Type.Union.t(), grains()) ::
  result()


      


Returns the type of left <operator> right.
iex> Feel.Analysis.Inference.arithmetic(:add, [:string], [:string])
{:ok, [:string]}
iex> Feel.Analysis.Inference.arithmetic(:add, [:number], [:number])
{:ok, [:number, :null]}
iex> Feel.Analysis.Inference.arithmetic(:add, [:number, :null], [:null])
{:ok, [:null]}
iex> Feel.Analysis.Inference.arithmetic(:add, [:number], [:string])
{:mismatch, [:null]}
iex> Feel.Analysis.Inference.arithmetic(:add, [:number], [:number, :string])
{:ok, [:number, :null]}

  



    

  
    
      
    
    
      arithmetic_of_one(operator, operand, grains \\ {nil, nil})



        
          
        

    

  


  

      

          @spec arithmetic_of_one(operator(), Feel.Type.Union.t(), grains()) :: result()


      


Returns the type of x <operator> x for one value x that is read twice (D-170), given the type of x: the two operands
are not two values of the type, so the pairs of two different alternatives are not there, and x - x is 0 (a date and
a time give the zero duration), x / x is 1 unless x is 0, x * x is not below 0, and x + x is 2x. An
alternative that is not a number, or a duration or a date for -, or a duration for /, is typed as it is for two
values. null is an alternative of the result for an x that is, as it is for two. An x of an unknown type (Any, a named
type) is one value of one kind, the same at both ends (D-207): the union, over the kinds that the operator has an operation
for, of the type for that kind, and null. x - x is 0 of a number, a years and months duration or a days and time
duration, x + x is a number, a string or a duration, x * x, x / x and x ** x are a number; the pairs of two kinds
(a date and a duration) that x - y has are not there.
iex> Feel.Analysis.Inference.arithmetic_of_one(:subtract, [:number]) |> elem(1) |> Feel.Type.Union.format()
"number = 0"
iex> Feel.Analysis.Inference.arithmetic_of_one(:subtract, [:number, :null]) |> elem(1) |> Feel.Type.Union.format()
"number = 0 | Null"
iex> Feel.Analysis.Inference.arithmetic_of_one(:divide, [:number]) |> elem(1) |> Feel.Type.Union.format()
"number = 1 | Null"
iex> Feel.Analysis.Inference.arithmetic_of_one(:multiply, [:string])
{:mismatch, [:null]}
iex> Feel.Analysis.Inference.arithmetic_of_one(:subtract, [:any]) |> elem(1) |> Feel.Type.Union.format()
"number = 0 | years and months duration = P0M | days and time duration = PT0S | Null"
iex> Feel.Analysis.Inference.arithmetic_of_one(:multiply, [:any]) |> elem(1) |> Feel.Type.Union.format()
"number in [0..max] | Null"

  



    

  
    
      
    
    
      between(value, low, high, after_lower \\ nil)



        
          
        

    

  


  

      

          @spec between(
  Feel.Type.Union.t(),
  Feel.Type.Union.t(),
  Feel.Type.Union.t(),
  {Feel.Type.Union.t(), Feel.Type.Union.t()}
  | {Feel.Type.Union.t(), Feel.Type.Union.t(),
     {Feel.Type.Union.t(), Feel.Type.Union.t()}}
  | nil
) :: result()


      


Returns the type of value between low and high (D-69), which is value >= low and value <= high: the
types of the two comparisons, and then of the three-valued and. So it is true when the sets of the
value and of the bounds put it between them, false when they put it outside, null when an operand is
null (but false if the other bound already puts it outside), and a type mismatch only when both
comparisons are one: 1 between "a" and "b".
after_lower is {value, high}, the types of the value and of the upper bound when they were typed
knowing that the lower comparison is true (D-194), as the right operand of an and is
(conjunction_after/2): x between 5 and 3 for an x in [0..10] is then false, since for an x of
[5..10] the upper comparison is. Without it the two comparisons are typed apart.
{value, high, {value_otherwise, high_otherwise}} adds the types of the value and of the upper bound where the lower
comparison is not true. The upper comparison is typed for each case of the lower one, as the range of an in is
(conjunction_cases/3, D-194): n between 0 and 10 for an n in [0..10] that may be null is true where the lower
comparison is, and null where it is not, the n being null there. An upper bound that reads a name that the lower
comparison narrows has another type there (n between 0 and n).
iex> Feel.Analysis.Inference.between([:number], [:number], [:number])
{:ok, [:boolean]}
iex> Feel.Analysis.Inference.between([:number, :null], [:number], [:number])
{:ok, [:boolean, :null]}
iex> Feel.Analysis.Inference.between([:number], [:string], [:string])
{:mismatch, [:null]}
iex> Feel.Analysis.Inference.between([:number], [:string], [:number])
{:ok, [{:boolean, false}, :null]}
iex> Feel.Analysis.Inference.between([:null], [:number], [:number])
{:ok, [:null]}

  



  
    
      
    
    
      branches(arg, then_type, else_type)



        
          
        

    

  


  

      

          @spec branches({boolean(), boolean()}, Feel.Type.Union.t(), Feel.Type.Union.t()) ::
  Feel.Type.Union.t()


      


Returns the type of if … then then_type else else_type for the branches that can be taken, {then?, else?}: the
union of their types. At least one is taken. reachable/1 has them for the type of the condition; the analyzer also
leaves out a branch whose facts leave a name no value (D-152).
iex> Feel.Analysis.Inference.branches({true, true}, [:number], [:string])
[:number, :string]
iex> Feel.Analysis.Inference.branches({false, true}, [:number], [:string])
[:string]

  



  
    
      
    
    
      compare(operator, left, right)



        
          
        

    

  


  

      

          @spec compare(comparison_operator(), Feel.Type.Union.t(), Feel.Type.Union.t()) ::
  result()


      


Returns the type of left <operator> right for a comparison.
iex> Feel.Analysis.Inference.compare(:lt, [:number], [:number])
{:ok, [:boolean]}
iex> Feel.Analysis.Inference.compare(:eq, [:number, :null], [:number])
{:ok, [:boolean]}
iex> Feel.Analysis.Inference.compare(:lt, [:number, :null], [:number])
{:ok, [:boolean, :null]}
iex> Feel.Analysis.Inference.compare(:lt, [:number], [:null])
{:ok, [:null]}
iex> Feel.Analysis.Inference.compare(:eq, [:number], [:string])
{:mismatch, [:null]}
iex> Feel.Analysis.Inference.compare(:lt, [{:string, ["a", "b"]}], [{:string, ["c"]}])
{:ok, [{:boolean, true}]}
iex> Feel.Analysis.Inference.compare(:lt, [{:string, ["a", "b"]}], [{:string, ["b"]}])
{:ok, [:boolean]}
iex> Feel.Analysis.Inference.compare(:gte, [{:string, ["a", "b"]}], [{:string, ["c"]}])
{:ok, [{:boolean, false}]}
iex> Feel.Analysis.Inference.compare(:eq, [{:list, [:any, :null]}], [{:list, [:null]}])
{:ok, [:boolean]}
iex> Feel.Analysis.Inference.compare(:eq, [{:list, [:number, :null]}, :null], [{:list, [:null]}])
{:ok, [:boolean]}
iex> Feel.Analysis.Inference.compare(:neq, [{:list, []}], [{:list, []}])
{:ok, [{:boolean, false}]}
iex> Feel.Analysis.Inference.compare(:eq, [{:list, [:number]}], [{:list, [:string]}])
{:ok, [:boolean, :null]}

  



  
    
      
    
    
      conditional(condition, then_type, else_type)



        
          
        

    

  


  

      

          @spec conditional(Feel.Type.Union.t(), Feel.Type.Union.t(), Feel.Type.Union.t()) ::
  Feel.Type.Union.t()


      


Returns the type of if condition then then_type else else_type: the union of the types of
the branches that reachable/1 says can be taken.
iex> Feel.Analysis.Inference.conditional([:boolean], [:number], [:string])
[:number, :string]
iex> Feel.Analysis.Inference.conditional([:boolean, :null], [:number], [:null])
[:number, :null]
iex> Feel.Analysis.Inference.conditional([{:boolean, true}], [:number], [:string])
[:number]
iex> Feel.Analysis.Inference.conditional([:null], [:number], [:string])
[:string]

  



  
    
      
    
    
      conjunction_after(left, right)



        
          
        

    

  


  

      

          @spec conjunction_after(Feel.Type.Union.t(), Feel.Type.Union.t()) ::
  Feel.Type.Union.t()


      


Returns the type of left and right when right was typed knowing that left is true (D-194): the
names that left says something about have, in right, the types that it leaves them
(Feel.Analysis.Narrowing).
Both operands are evaluated (D-53), but the result is right only where left is true. Where left is
false it is false. Where left is null, or not a boolean, it is false or null, and nothing more
is known, since right was typed for the case that left is true and is evaluated with the names as
they are: x > 5 and x = null for an x that is null has x > 5 null and x = null true, though
x = null is false for the x that x > 5 leaves. So the result is taken for each case of left.
iex> Feel.Analysis.Inference.conjunction_after([:boolean], [{:boolean, false}])
[{:boolean, false}]
iex> Feel.Analysis.Inference.conjunction_after([:boolean, :null], [{:boolean, false}])
[{:boolean, false}, :null]
iex> Feel.Analysis.Inference.conjunction_after([{:boolean, true}], [:boolean, :null])
[:boolean, :null]
iex> Feel.Analysis.Inference.conjunction_after([{:boolean, false}], [:boolean, :null])
[{:boolean, false}]

  



  
    
      
    
    
      conjunction_cases(left, right_when_true, right_otherwise)



        
          
        

    

  


  

      

          @spec conjunction_cases(Feel.Type.Union.t(), Feel.Type.Union.t(), Feel.Type.Union.t()) ::
  Feel.Type.Union.t()


      


Returns the type of left and right when right was typed twice (D-194): as right_when_true for the case that
left is true, and as right_otherwise for the case that it is not. Where conjunction_after/2 can only say
that a left that is null gives false or null, this knows what the right is for the names as they are
then: x >= 1 and x <= 10 for an x of [1..3] that may be null is true, and null where x is.
It is for a right operand that is cheap to type again, the upper comparison of a range.
iex> Feel.Analysis.Inference.conjunction_cases([{:boolean, true}, :null], [{:boolean, true}], [:null])
[{:boolean, true}, :null]
iex> Feel.Analysis.Inference.conjunction_cases([{:boolean, true}, :null], [{:boolean, true}], [:boolean, :null])
[:boolean, :null]
iex> Feel.Analysis.Inference.conjunction_cases([:boolean], [{:boolean, false}], [:null])
[{:boolean, false}]

  



  
    
      
    
    
      disjunction_after(left, right)



        
          
        

    

  


  

      

          @spec disjunction_after(Feel.Type.Union.t(), Feel.Type.Union.t()) ::
  Feel.Type.Union.t()


      


Returns the type of left or right when right was typed knowing that left is not true (D-194): the
names that left says something about when it is false or null, or not a boolean, have, in right,
the types that it leaves them (Feel.Analysis.Narrowing).
It is the other way round from conjunction_after/2. Both operands are evaluated (D-53), but right matters
only where left is not true, since true or right is true whatever right is. And everything but
true is what the facts of an else say, null and the values that are not booleans included, so the
narrowed right holds for every case of left that it can matter for, and the result is left or right
for each of them.
iex> Feel.Analysis.Inference.disjunction_after([{:boolean, true}], [:null])
[{:boolean, true}]
iex> Feel.Analysis.Inference.disjunction_after([:boolean], [{:boolean, false}])
[:boolean]
iex> Feel.Analysis.Inference.disjunction_after([{:boolean, false}], [:boolean])
[:boolean]
iex> Feel.Analysis.Inference.disjunction_after([:boolean], [:boolean])
[:boolean]
iex> Feel.Analysis.Inference.disjunction_after([{:boolean, false}, :null], [{:boolean, false}])
[{:boolean, false}, :null]

  



  
    
      
    
    
      instance_of(operand, type)



        
          
        

    

  


  

      

          @spec instance_of(Feel.Type.Union.t(), Feel.Type.t()) :: Feel.Type.Union.t()


      


Returns the type of value instance of type (Table 62), given the type of the value and the
type, resolved.
It is a boolean and never null, whatever the value is: null instance of number is false,
where null < 1 is null. It is true for sure when the value is never null and the union is
within the type, and false for sure when the value is null and the type is not Null, or
the type is Null and the value is never null, or when what the value can be, null aside, has no value
in common with the type (Feel.Type.Union.intersect/2, D-194): a number is not a string. A list<string>
is still boolean against list<number>, for the empty list is both. Anything else is any boolean.
iex> Feel.Analysis.Inference.instance_of([:number, :null], :string)
[{:boolean, false}]
iex> Feel.Analysis.Inference.instance_of([{:list, [:string]}], {:list, :number})
[:boolean]
iex> Feel.Analysis.Inference.instance_of([{:list, [:string]}], :number)
[{:boolean, false}]
iex> Feel.Analysis.Inference.instance_of([:number], :number)
[{:boolean, true}]
iex> Feel.Analysis.Inference.instance_of([:number, :null], :number)
[:boolean]
iex> Feel.Analysis.Inference.instance_of([:null], :number)
[{:boolean, false}]
iex> Feel.Analysis.Inference.instance_of([:null], :null)
[{:boolean, true}]
iex> Feel.Analysis.Inference.instance_of([:number], :null)
[{:boolean, false}]
iex> Feel.Analysis.Inference.instance_of([:number], :any)
[{:boolean, true}]
iex> Feel.Analysis.Inference.instance_of([:null, :any], :any)
[:boolean]

  



  
    
      
    
    
      list_contains(type, uses_input?)



        
          
        

    

  


  

      

          @spec list_contains(Feel.Type.Union.t(), boolean()) :: Feel.Type.Union.t()


      


Returns the type of a test of in that is an expression, x in [1, 2, 3] (D-61), given the type of the expression and
whether it reads the input ?.
A list is list contains: the input is in it when it equals an element, or lies within an element that is a range,
and an element that it cannot be compared with is not equal to it. That is true or false for every input, null
included (Feel.Runtime.UnaryTests.member/3). A null is the value null, which the input equals or does not; but a
test that reads ? and is null is the answer itself, so it is null. Anything else is equality with the input, or a
range's containment, which are null for an input they cannot be compared with. The type is the exact one of the node
(Feel.IR.type/1), so that the empty list, which a plain reader takes for a list of null, is told from the rest: nothing
is in it, so the answer is false for every input.
iex> Feel.Analysis.Inference.list_contains([{:list, []}], false)
[{:boolean, false}]
iex> Feel.Analysis.Inference.list_contains([{:list, []}, :null], false)
[:boolean]
iex> Feel.Analysis.Inference.list_contains([{:list, [:number]}], false)
[:boolean]
iex> Feel.Analysis.Inference.list_contains([{:list, [:number]}, :null], false)
[:boolean]
iex> Feel.Analysis.Inference.list_contains([{:list, [:number]}, :null], true)
[:boolean, :null]
iex> Feel.Analysis.Inference.list_contains([{:list, [:number]}, :number], false)
[:boolean, :null]
iex> Feel.Analysis.Inference.list_contains([:any, :null], false)
[:boolean, :null]

  



  
    
      
    
    
      logic(operator, left, right)



        
          
        

    

  


  

      

          @spec logic(:and | :or, Feel.Type.Union.t(), Feel.Type.Union.t()) :: result()


      


Returns the type of left and right or left or right.
iex> Feel.Analysis.Inference.logic(:and, [:boolean], [:boolean])
{:ok, [:boolean]}
iex> Feel.Analysis.Inference.logic(:or, [:boolean, :null], [:boolean])
{:ok, [:boolean, :null]}
iex> Feel.Analysis.Inference.logic(:and, [:null], [:null])
{:ok, [:null]}
iex> Feel.Analysis.Inference.logic(:and, [:number], [:string])
{:ok, [:null]}
iex> Feel.Analysis.Inference.logic(:and, [:boolean], [:null])
{:ok, [{:boolean, false}, :null]}
iex> Feel.Analysis.Inference.logic(:or, [:boolean], [:number])
{:ok, [{:boolean, true}, :null]}
iex> Feel.Analysis.Inference.logic(:and, [{:boolean, true}], [:null])
{:ok, [:null]}
iex> Feel.Analysis.Inference.logic(:or, [:any], [:null])
{:ok, [{:boolean, true}, :null]}
iex> Feel.Analysis.Inference.logic(:and, [:any], [{:boolean, false}])
{:ok, [{:boolean, false}]}
iex> Feel.Analysis.Inference.logic(:and, [:any], [:boolean])
{:ok, [:boolean, :null]}

  



  
    
      
    
    
      membership(tests)



        
          
        

    

  


  

      

          @spec membership([Feel.Type.Union.t(), ...]) :: Feel.Type.Union.t()


      


Returns the type of subject in tests (D-61), given the types of the tests.
The value is the three-valued OR of the tests, taken alternative by alternative (D-194): it can be true
when a test can be, false when every test can be false, and null when no test is true and a test is
not false either. So a test that is false or null makes the whole false or null, never true,
and Null is among the alternatives only when a test can be null.
iex> Feel.Analysis.Inference.membership([[{:boolean, false}, :null]])
[{:boolean, false}, :null]
iex> Feel.Analysis.Inference.membership([[:boolean], [:null]])
[{:boolean, true}, :null]
iex> Feel.Analysis.Inference.membership([[{:boolean, true}], [:boolean, :null]])
[{:boolean, true}]
iex> Feel.Analysis.Inference.membership([[{:boolean, false}], [{:boolean, false}]])
[{:boolean, false}]
iex> Feel.Analysis.Inference.membership([[:boolean], [{:boolean, false}]])
[:boolean]
iex> Feel.Analysis.Inference.membership([[:boolean], [:boolean, :null]])
[:boolean, :null]
iex> Feel.Analysis.Inference.membership([[:null], [:null]])
[:null]

  



  
    
      
    
    
      negate(operand)



        
          
        

    

  


  

      

          @spec negate(Feel.Type.Union.t()) :: result()


      


Returns the type of -operand. An operand of an unknown type (Any, a named type) is a number, a years and months
duration, a days and time duration, or null (D-207): the kinds that a negation has.
iex> Feel.Analysis.Inference.negate([:number])
{:ok, [:number]}
iex> Feel.Analysis.Inference.negate([:any])
{:ok, [:number, :years_and_months_duration, :days_and_time_duration, :null]}
iex> Feel.Analysis.Inference.negate([:number, :null])
{:ok, [:number, :null]}
iex> Feel.Analysis.Inference.negate([:string])
{:mismatch, [:null]}

  



    

    

  
    
      
    
    
      null_bounds(operator, left, right, grains \\ {nil, nil}, same? \\ false)



        
          
        

    

  


  

      

          @spec null_bounds(
  operator(),
  Feel.Type.Union.t(),
  Feel.Type.Union.t(),
  grains(),
  boolean()
) ::
  :near_zero | :too_large | :range | nil


      


Which bounds on the operands of left <operator> right would rule null out (D-161), when neither
operand can be null: :near_zero for operands at least 0.001 away from zero, :too_large for
operands of at most 1E+30, :range where the result needs both, and nil where it is not null,
where it is certain (two single numbers, which is a warning of its own, D-161), or where these bounds
do not rule it out. It is what lets the analyzer say, in an info, that tighter allowed values would
rule null out, and the numbers say so: the operands are restricted as the hint says, and the
result has no null left.
iex> alias Feel.Type.NumberSet
iex> to_150 = [{:number, NumberSet.interval(Decimal.new(0), Decimal.new(150))}]
iex> to_max = [{:number, NumberSet.interval(Decimal.new(0), NumberSet.max_value())}]
iex> two = [{:number, NumberSet.point(Decimal.new(2))}]
iex> fraction = [{:number, NumberSet.point(Decimal.new("1.19"))}]
iex> Feel.Analysis.Inference.null_bounds(:divide, to_150, two)
:near_zero
iex> Feel.Analysis.Inference.null_bounds(:multiply, to_max, two)
:too_large
iex> Feel.Analysis.Inference.null_bounds(:multiply, to_max, fraction)
:range
iex> Feel.Analysis.Inference.null_bounds(:multiply, to_150, two)
nil
iex> Feel.Analysis.Inference.null_bounds(:divide, to_150 ++ [:null], two)
nil

  



  
    
      
    
    
      range(from, to)



        
          
        

    

  


  

      

          @spec range(Feel.Type.Union.t(), Feel.Type.Union.t()) ::
  {:ok, Feel.Type.Union.t()} | {:mismatch, Feel.Type.Union.t()}


      


Returns the type of the range literal [from..to] (D-61), given the types of its endpoints.
A range is made of two endpoints of one kind that has an order, and a null endpoint is no
endpoint, so the range is range<T> for the union T of what the endpoints can be, and never null,
when every pair of kinds that they can be makes one. It is {:mismatch, [:null]} when no pair does
([1.."a"]), and it has Null among its alternatives when only some do. A kind that is not known
(Any) can be any.
iex> Feel.Analysis.Inference.range([:number], [:number])
{:ok, [{:range, [:number]}]}
iex> Feel.Analysis.Inference.range([:number], [:null])
{:ok, [{:range, [:number]}]}
iex> Feel.Analysis.Inference.range([:number], [:string])
{:mismatch, [:null]}
iex> Feel.Analysis.Inference.range([:number, :string], [:number])
{:ok, [{:range, [:number, :string]}, :null]}
iex> Feel.Analysis.Inference.range([:any], [:number])
{:ok, [{:range, [:any]}, :null]}

  



  
    
      
    
    
      reachable(condition)



        
          
        

    

  


  

      

          @spec reachable(Feel.Type.Union.t()) :: {boolean(), boolean()}


      


Returns which branches of if condition then … else … a run can take, as
{then?, else?}.
The then branch is taken when the condition is true, so only if its type has an
alternative that can be true. The else branch is taken for any other value, so unless
the condition is true for sure. One of them is always taken.
iex> Feel.Analysis.Inference.reachable([:boolean, :null])
{true, true}
iex> Feel.Analysis.Inference.reachable([{:boolean, true}])
{true, false}
iex> Feel.Analysis.Inference.reachable([{:boolean, false}])
{false, true}
iex> Feel.Analysis.Inference.reachable([:number, :null])
{false, true}

  



  
    
      
    
    
      shapes_equal(operator, left, right)



        
          
        

    

  


  

      

          @spec shapes_equal(:eq | :neq, shape(), shape()) :: Feel.Type.Union.t()


      


Returns the type of left = right and left != right for two nodes whose structure is known (D-193, D-193, D-161).
The structure is what the type does not have: a FEEL list type has no length, so a list in the entry of a context or in a
list is list<number>. Here it is followed to every depth:
	lists of other lengths are unequal for sure, whatever the elements (Feel.Runtime.Compare), and the result is
never null;
	lists of one length, and contexts with the same keys, are equal by the conjunction of the equality of what they hold, each
pair of elements and each entry by the same rule (so {a: [x]} = {a: [x, y]} is false);
	contexts that cannot have the same keys are unequal for sure;
	anything else is by the types, which is what compare/3 makes of them.

The conjunction is that of the run (all_equal/1): the result can be false if a pair can, true if all can, and null
if a pair can and no pair is false for sure.
iex> leaf = fn type -> %{type: type, structure: :none} end
iex> list = fn items -> %{type: [{:list, [:number, :null]}], structure: {:list, items}} end
iex> Feel.Analysis.Inference.shapes_equal(:eq, list.([leaf.([:number])]), list.([leaf.([:number]), leaf.([:number])]))
[{:boolean, false}]
iex> Feel.Analysis.Inference.shapes_equal(:eq, list.([leaf.([:number])]), list.([leaf.([:number])]))
[:boolean]
iex> Feel.Analysis.Inference.shapes_equal(:eq, list.([leaf.([:number])]), list.([leaf.([:string])]))
[:null]
iex> Feel.Analysis.Inference.shapes_equal(:neq, list.([]), list.([]))
[{:boolean, false}]
iex> inner = fn count -> list.(List.duplicate(leaf.([:number]), count)) end
iex> Feel.Analysis.Inference.shapes_equal(:eq, list.([inner.(1)]), list.([inner.(2)]))
[{:boolean, false}]

  


        

      


  

    
Feel.Analysis.IntegerSet 
    



      
Sets of whole numbers, as sets of numbers (D-109).
The properties of a date and of a duration that are whole numbers (a year, a month, the hours of a duration) are
worked out as Elixir integers, and this makes the Feel.Type.NumberSet of them: the ranges of whole numbers that
are one after the other are one interval. A set of numbers lies within decimal128, so a bound of more than 34
digits is widened to the nearest bound that is not, which holds the same numbers and more: a lower bound
down, an upper bound up, to the end of the range of the numbers where it has to be.
iex> Feel.Analysis.IntegerSet.from_values([3, 1, 2, 7]) |> Feel.Type.NumberSet.format()
"[1..3], 7"
iex> Feel.Analysis.IntegerSet.from_ranges([{0, Integer.pow(10, 40)}]) |> Feel.Type.NumberSet.format()
"[0..max]"

      


      
        Summary


  
    Functions
  


    
      
        from_ranges(ranges)

      


        The set of the whole numbers in ranges, {first, last} each.



    


    
      
        from_values(values)

      


        The set of the whole numbers in a list.



    


    
      
        merge(ranges)

      


        Ranges of whole numbers in order, with those that overlap or are one after the other made one.



    


    
      
        numbers(members)

      


        The numbers that the number alternatives of a type have, null aside, or :error if there is an alternative that is
not a number. It is what a fact leaves of a property that is always a number (D-194).



    


    
      
        ranges(values)

      


        The values of a list of whole numbers as the ranges of numbers that are one after the other.



    





      


      
        Functions


        


  
    
      
    
    
      from_ranges(ranges)



        
          
        

    

  


  

      

          @spec from_ranges([{integer(), integer()}]) :: Feel.Type.NumberSet.t()


      


The set of the whole numbers in ranges, {first, last} each.

  



  
    
      
    
    
      from_values(values)



        
          
        

    

  


  

      

          @spec from_values([integer()]) :: Feel.Type.NumberSet.t()


      


The set of the whole numbers in a list.

  



  
    
      
    
    
      merge(ranges)



        
          
        

    

  


  

      

          @spec merge([{integer(), integer()}]) :: [{integer(), integer()}]


      


Ranges of whole numbers in order, with those that overlap or are one after the other made one.
iex> Feel.Analysis.IntegerSet.merge([{6, 9}, {1, 5}, {20, 21}, {8, 12}])
[{1, 12}, {20, 21}]

  



  
    
      
    
    
      numbers(members)



        
          
        

    

  


  

      

          @spec numbers([Feel.Type.Union.member()]) :: {:ok, Feel.Type.NumberSet.t()} | :error


      


The numbers that the number alternatives of a type have, null aside, or :error if there is an alternative that is
not a number. It is what a fact leaves of a property that is always a number (D-194).
iex> {:ok, set} = Feel.Analysis.IntegerSet.numbers([{:number, Feel.Type.NumberSet.point(Decimal.new(3))}, :null])
iex> Feel.Type.NumberSet.format(set)
"3"
iex> Feel.Analysis.IntegerSet.numbers([:string])
:error

  



  
    
      
    
    
      ranges(values)



        
          
        

    

  


  

      

          @spec ranges([integer()]) :: [{integer(), integer()}]


      


The values of a list of whole numbers as the ranges of numbers that are one after the other.

  


        

      


  

    
Feel.Analysis.Intervals 
    



      
What an operation does to a set of numbers (D-39).
Given the sets of numbers that the operands can be (Feel.Type.NumberSet), each function
gives the set of numbers the result can be, and whether the result can be null without an
operand being so: an overflow past decimal128, a division by zero, and a result that is too
small to write. The runtime (Feel.Runtime.Number) computes the ends of the intervals, so the
rounding to 34 digits is the run's own; rounding keeps the order of numbers, so the end of an
interval is the end of what the run can give. The ends of a result are always included, which
can only make a set larger.
Too small to write (D-161). The run gives null for a product or a quotient that is not zero
and whose value needs a last digit below 1E-6176 (D-59): 37.5 / 9.99E+6144, and, for the
smallest numbers there are, 1E-6176 / 2. The ends of an interval do not show that for a number
inside one, so it is counted from the sizes. A result of 1E-6143 or more is written with its 34
digits from the first one, and they reach down to -6176, so only a smaller result can be too
small; and it can be unless an operand is always a whole number (a multiple of 1E-6176 times a
whole number is one again), or the divisor is 1 or -1. So x / 2 is possibly null for every x
in [0..150], 1E-6176 being one of them, and x * 2 is not. The allowed values of x decide:
[0.001..150] rules it out. Where both sets are single numbers the ends are exact, and nothing
 is added.
An overflow does not leave the set: a result outside the range of decimal128 is null (the run
also says so for one too small to write, D-59), so the set keeps the numbers inside
the range, up to its ends and down to zero, and the second part of the result says that null
is possible.
iex> alias Feel.Type.NumberSet
iex> a = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> {set, null?} = Feel.Analysis.Intervals.add(a, NumberSet.point(Decimal.new(1)))
iex> {NumberSet.format(set), null?}
{"[1..151]", false}

      


      
        Summary


  
    Types
  


    
      
        decision()

      


        What a comparison of two sets of numbers is, for every pair of numbers.



    


    
      
        options()

      


        whole: true says that both operands are whole numbers, such as months. grains: {a, b} says how fine the numbers of each
operand are (Feel.Analysis.Grain, D-161): a multiple of 10^-a, and of 10^-b; nil for none that is known.



    


    
      
        result()

      


        The numbers of a result, and whether it can be null because of the operation.



    





  
    Functions
  


    
      
        add(a, b)

      


        The numbers a + b can be.



    


    
      
        decide(atom, a, b)

      


        Whether a op b is true for every pair of numbers of the two sets (:always), for none
(:never), or for some (:unknown). op is one of :eq, :neq, :lt, :lte, :gt,
:gte. Neither set may be empty.



    


    
      
        divide(a, b, options \\ [])

      


        The numbers a / b can be. The result can be null when b has zero in it, when the
quotient can pass the range of decimal128, and when it can be too small to write (D-161).



    


    
      
        multiply(a, b, options \\ [])

      


        The numbers a * b can be. The result can be null when it can pass the range of decimal128,
and when it can be too small to write (D-161).



    


    
      
        negate(a)

      


        The numbers -a can be. An overflow is not possible, and the ends keep whether they are
included.



    


    
      
        of_one(operator, a, options)

      


        The numbers x op x can be for one number x of a that is read twice (D-170): the two operands are one value, so the
pairs of two different numbers of a that add/2 and the rest work out are not there. x - x is 0, x / x is 1 (and
null for the x that is 0), x * x is never below zero, and x + x is 2x, which is not the sum of two numbers of
a set that has a gap in it. The second part says, as for the others, whether the result can be null because of the
operation: an overflow, a result too small to write, a zero divisor. The set may not be empty.



    


    
      
        power(a, b)

      


        The numbers a ** b can be, and whether the result can be null without an operand being so (D-161).



    


    
      
        subtract(a, b)

      


        The numbers a - b can be.



    





      


      
        Types


        


  
    
      
    
    
      decision()



        
          
        

    

  


  

      

          @type decision() :: :always | :never | :unknown


      


What a comparison of two sets of numbers is, for every pair of numbers.

  



  
    
      
    
    
      options()



        
          
        

    

  


  

      

          @type options() :: [whole: boolean(), grains: {integer() | nil, integer() | nil}]


      


whole: true says that both operands are whole numbers, such as months. grains: {a, b} says how fine the numbers of each
operand are (Feel.Analysis.Grain, D-161): a multiple of 10^-a, and of 10^-b; nil for none that is known.

  



  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() :: {Feel.Type.NumberSet.t(), boolean()}


      


The numbers of a result, and whether it can be null because of the operation.

  


        

      

      
        Functions


        


  
    
      
    
    
      add(a, b)



        
          
        

    

  


  

      

          @spec add(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) :: result()


      


The numbers a + b can be.

  



  
    
      
    
    
      decide(atom, a, b)



        
          
        

    

  


  

      

          @spec decide(atom(), Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) :: decision()


      


Whether a op b is true for every pair of numbers of the two sets (:always), for none
(:never), or for some (:unknown). op is one of :eq, :neq, :lt, :lte, :gt,
:gte. Neither set may be empty.
iex> alias Feel.Type.NumberSet
iex> low = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> high = NumberSet.point(Decimal.new(200))
iex> {Feel.Analysis.Intervals.decide(:gt, low, high), Feel.Analysis.Intervals.decide(:lt, low, high)}
{:never, :always}
iex> Feel.Analysis.Intervals.decide(:eq, low, NumberSet.point(Decimal.new(5)))
:unknown

  



    

  
    
      
    
    
      divide(a, b, options \\ [])



        
          
        

    

  


  

      

          @spec divide(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t(), options()) :: result()


      


The numbers a / b can be. The result can be null when b has zero in it, when the
quotient can pass the range of decimal128, and when it can be too small to write (D-161).
iex> alias Feel.Type.NumberSet
iex> a = NumberSet.interval(Decimal.new(10), Decimal.new(20))
iex> b = NumberSet.interval(Decimal.new(2), Decimal.new(5))
iex> {set, null?} = Feel.Analysis.Intervals.divide(a, b)
iex> {NumberSet.format(set), null?}
{"[2..10]", false}
iex> {set, null?} = Feel.Analysis.Intervals.divide(a, NumberSet.point(Decimal.new(0)))
iex> {set, null?}
{[], true}
iex> c = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> {_set, null?} = Feel.Analysis.Intervals.divide(c, NumberSet.point(Decimal.new(2)))
iex> null?
true

  



    

  
    
      
    
    
      multiply(a, b, options \\ [])



        
          
        

    

  


  

      

          @spec multiply(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t(), options()) ::
  result()


      


The numbers a * b can be. The result can be null when it can pass the range of decimal128,
and when it can be too small to write (D-161).
iex> alias Feel.Type.NumberSet
iex> a = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> {set, null?} = Feel.Analysis.Intervals.multiply(a, NumberSet.point(Decimal.new(2)))
iex> {NumberSet.format(set), null?}
{"[0..300]", false}
iex> {_set, null?} = Feel.Analysis.Intervals.multiply(a, NumberSet.point(Decimal.new("0.5")))
iex> null?
true

  



  
    
      
    
    
      negate(a)



        
          
        

    

  


  

      

          @spec negate(Feel.Type.NumberSet.t()) :: Feel.Type.NumberSet.t()


      


The numbers -a can be. An overflow is not possible, and the ends keep whether they are
included.
iex> alias Feel.Type.NumberSet
iex> Feel.Analysis.Intervals.negate(NumberSet.interval({Decimal.new(0), :open}, Decimal.new(5))) |> NumberSet.format()
"[-5..0)"

  



  
    
      
    
    
      of_one(operator, a, options)



        
          
        

    

  


  

      

          @spec of_one(
  :add | :subtract | :multiply | :divide,
  Feel.Type.NumberSet.t(),
  options()
) :: result()


      


The numbers x op x can be for one number x of a that is read twice (D-170): the two operands are one value, so the
pairs of two different numbers of a that add/2 and the rest work out are not there. x - x is 0, x / x is 1 (and
null for the x that is 0), x * x is never below zero, and x + x is 2x, which is not the sum of two numbers of
a set that has a gap in it. The second part says, as for the others, whether the result can be null because of the
operation: an overflow, a result too small to write, a zero divisor. The set may not be empty.
iex> alias Feel.Type.NumberSet
iex> a = NumberSet.interval(Decimal.new(-5), Decimal.new(3))
iex> {set, null?} = Feel.Analysis.Intervals.of_one(:multiply, a, [])
iex> {NumberSet.format(set), null?}
{"[0..25]", true}
iex> {set, null?} = Feel.Analysis.Intervals.of_one(:subtract, a, [])
iex> {NumberSet.format(set), null?}
{"0", false}
iex> {set, null?} = Feel.Analysis.Intervals.of_one(:divide, a, [])
iex> {NumberSet.format(set), null?}
{"1", true}

  



  
    
      
    
    
      power(a, b)



        
          
        

    

  


  

      

          @spec power(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) :: result()


      


The numbers a ** b can be, and whether the result can be null without an operand being so (D-161).
A power is null when the run has no value for it or no room for it: a zero to a negative exponent
(a division by zero), a negative number to an exponent that is not a whole number (no real value), a
result past the range of decimal128, and one that is too small to write (D-59), which is not zero and
needs a last digit below 1E-6176. The last two are counted in both directions, so x ** 2 can be null
for an x in [0..150] (1E-6176 squared is far below the smallest number) and not for one in
[0.001..150].
For a positive base x ** y is exp(y * ln x), which is linear in each of ln x and y, so the least
and the greatest result for a pair of intervals are at their corners, and the run's own Number.power/2
gives them. A base that only gets near zero is at least 1E-6176, the smallest number there is. A negative
base has a value for a whole exponent only, and then it is the size of the positive one with the sign of
the parity of the exponent. A zero base is 0 for a positive exponent and 1 for the exponent 0, and any base
to the exponent 0 is 1. A result that overflows stands for the end of the range when it is too large and
for zero when it is too small, as for a product (D-161). Where the intervals are not single numbers the
corners do not show a number that is too small to write inside them, so the result can be null when its
smallest corner is below the size that is always written.
iex> alias Feel.Type.NumberSet
iex> five_to_ten = NumberSet.interval(Decimal.new(5), Decimal.new(10))
iex> {set, null?} = Feel.Analysis.Intervals.power(NumberSet.point(Decimal.new(0)), five_to_ten)
iex> {NumberSet.format(set), null?}
{"0", false}
iex> {set, null?} = Feel.Analysis.Intervals.power(five_to_ten, NumberSet.point(Decimal.new(2)))
iex> {NumberSet.format(set), null?}
{"[25..100]", false}
iex> {set, null?} = Feel.Analysis.Intervals.power(NumberSet.point(Decimal.new(2)), five_to_ten)
iex> {NumberSet.format(set), null?}
{"[32..1024]", false}
iex> to_150 = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> {set, null?} = Feel.Analysis.Intervals.power(to_150, NumberSet.point(Decimal.new(2)))
iex> {NumberSet.format(set), null?}
{"[0..22500]", true}
iex> {set, null?} = Feel.Analysis.Intervals.power(NumberSet.point(Decimal.new(0)), NumberSet.interval(Decimal.new(-1), Decimal.new(1)))
iex> {NumberSet.format(set), null?}
{"0, 1", true}

  



  
    
      
    
    
      subtract(a, b)



        
          
        

    

  


  

      

          @spec subtract(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) :: result()


      


The numbers a - b can be.

  


        

      


  

    
Feel.Analysis.Invocations 
    



      
The type of the result of the call of a value, f(1), (function(a) a)(2), g(3)(4) (D-82), and what can be
said of the call before it runs.
The callee has a type, a union of what the value can be, and each alternative gives a result:
	a function function<T1, ..., Tn> -> R bounds a positional call by R when its parameter domains cover all
arguments. Another arity or an uncovered argument domain gives Any | Null: the value can have unrecorded signatures.
A call by name is not looked at for the number: the type of a function has the types of the parameters and
not their names, so it cannot be known which ones the call supplies. A call with another number of arguments is
Any or null: a function type says that the function has an arrow within it and not that it has no other, and a
built-in function bound to a name declared function<number> -> number (ceiling, which takes a scale as well)
has the arity (D-171). That the call is null is known of a function written in the expression, which the analyzer
finds out where the function is known (D-193), but not from an overload type alone;
	an overload (D-171), a built-in function with several signatures, gives what the arrows that take this many arguments give,
made narrower by each refinement whose parameters hold the arguments (Feel.Type.Arrows.application/2). An unrecorded
arity or argument domain starts at Any | Null, since the recorded arrows need not be exhaustive;
	a named call of a function or overload gives Any | Null: parameter names are absent from the type, and the
names can select an unrecorded signature with a different result. Known function values are handled separately;

	Any, and a named type that is not looked into, gives Any or null;
	null gives null;
	anything else (a number, a list, ...) is not a function, and gives null.

When the function is known (a function written in the expression, called at once or through the key of a
context), the analyzer types the call from its arguments instead (D-193): bind/2 says which argument goes to
which parameter, and parameter_types/2 the type each parameter has in a body that is analyzed again.
Complete single-signature recursion peers also have separate evidence: a named call is bounded by the
written result or null, or only null if it supplies more names than the signature has parameters. This
does not prove that the names match; actual binding still checks unknown and duplicate names.
A call that can only be null for the last two reasons is warned about when the callee is not null or a name
that is unknown (which is reported as such): the warning says the callee is not a function, or that the number of
arguments is not the number of parameters. It is a warning and not an error, as for a built-in (D-56); the run
gives the null and reports the error.

      


      
        Summary


  
    Types
  


    
      
        arguments()

      


        What is known of the arguments of a call: their types, by position, or by name.



    


    
      
        problem()

      


        What a call of the callee can certainly not do, when it is the same for all the callee can be.



    





  
    Functions
  


    
      
        bind(parameters, arg)

      


        The types of the arguments of a call in the order of the parameters of a function that has these (name, type)
parameters. null is the type of a parameter that a call by name leaves out. :error when the call does not fit:
another number of arguments, a name that is no parameter's, a name given twice.



    


    
      
        declared_closures(specialized, unspecialized)

      


        The type of a call that was analyzed again for its arguments (D-193), specialized, once the function types it holds are put right.



    


    
      
        parameter_types(declared, arguments)

      


        The type a parameter has in the body when the call has an argument of this type for it, and whether every
argument conforms to its parameter.



    


    
      
        result(callee, arguments)

      


        The type of the result of a call, and the problem that every function the callee can be has with it, if there is
one.



    





      


      
        Types


        


  
    
      
    
    
      arguments()



        
          
        

    

  


  

      

          @type arguments() ::
  {:positional, [Feel.Type.Union.t()]}
  | {:named, [{Feel.Name.t(), Feel.Type.Union.t()}]}


      


What is known of the arguments of a call: their types, by position, or by name.

  



  
    
      
    
    
      problem()



        
          
        

    

  


  

      

          @type problem() :: {:not_a_function, [atom()]}


      


What a call of the callee can certainly not do, when it is the same for all the callee can be.

  


        

      

      
        Functions


        


  
    
      
    
    
      bind(parameters, arg)



        
          
        

    

  


  

      

          @spec bind([{Feel.Name.t(), Feel.Type.Union.t()}], arguments()) ::
  {:ok, [Feel.Type.Union.t()]} | :error


      


The types of the arguments of a call in the order of the parameters of a function that has these (name, type)
parameters. null is the type of a parameter that a call by name leaves out. :error when the call does not fit:
another number of arguments, a name that is no parameter's, a name given twice.
iex> parameters = [{"a", [:number, :null]}, {"b", [:string, :null]}]
iex> Feel.Analysis.Invocations.bind(parameters, {:positional, [[:number], [:string]]})
{:ok, [[:number], [:string]]}
iex> Feel.Analysis.Invocations.bind(parameters, {:named, [{"b", [:string]}]})
{:ok, [[:null], [:string]]}
iex> Feel.Analysis.Invocations.bind(parameters, {:positional, [[:number]]})
:error
iex> Feel.Analysis.Invocations.bind(parameters, {:named, [{"c", [:string]}]})
:error

  



  
    
      
    
    
      declared_closures(specialized, unspecialized)



        
          
        

    

  


  

      

          @spec declared_closures(Feel.Type.Union.t(), Feel.Type.Union.t()) ::
  Feel.Type.Union.t()


      


The type of a call that was analyzed again for its arguments (D-193), specialized, once the function types it holds are put right.
The body of the function is analyzed again for the types of the arguments, and a function that the body writes (function(h) function(a) h gives one) is typed in that analysis: with h at the type of the argument. The function that the run holds is
the one that was written, with its parameters and its kind-only result signature, and that is what instance of and
a declared type ask about (Feel.Value.Function.types_at/2). So a function that the call gives and that the body writes is an
overload (D-171) of the arrow as it was written, which is what the algebra sees, with the arrow of this analysis as a
refinement, which types a call and nothing else. unspecialized is the type that the callee's own type gives the call, where the
body is as it was written. Equal arrow types do not prove that the call returns an argument unchanged: a new closure
can acquire that same type during specialization. Only a unique written arrow is paired; otherwise the unspecialized
function alternatives are retained. A literal body already carries its fixed arrow with the specialized
call refinement and keeps that overload intact. Arbitrary aliases and selection results still use the
conservative correspondence rules. This loses precision for identity functions and for every closure in a returned list,
range or context, whose result is widened to Any | Null below ({g: function(a) {h: function(c) a + 1}}.g(1).h(2) is
Any | Null, where a written signature that was known gave number | Null).
iex> written = {:function, [[:any, :null]], [:any, :null]}
iex> specialized = {:function, [[:any, :null]], [:number]}
iex> Feel.Analysis.Invocations.declared_closures([specialized], [written, :null])
[{:overload, [written], [specialized]}]
iex> Feel.Analysis.Invocations.declared_closures([specialized], [written])
[{:overload, [written], [specialized]}]
iex> Feel.Analysis.Invocations.declared_closures([:number], [written])
[:number]
A function in a list or a context that the call gives is not paired with an arrow of the callee's type, which has no shape of
its container (D-193): it is typed by its parameters and Any | Null, the result that a function written without one has.
iex> specialized = {:function, [[:any, :null]], [:number]}
iex> container = {:context, %{"h" => [specialized]}}
iex> Feel.Analysis.Invocations.declared_closures([container], [:any, :null])
[{:context, %{"h" => [{:function, [[:any, :null]], [:any, :null]}]}}]
iex> Feel.Analysis.Invocations.declared_closures([{:list, []}], [:any, :null])
[{:list, []}]

  



  
    
      
    
    
      parameter_types(declared, arguments)



        
          
        

    

  


  

      

          @spec parameter_types([Feel.Type.Union.t()], [Feel.Type.Union.t()]) ::
  {[Feel.Type.Union.t()], boolean()}


      


The type a parameter has in the body when the call has an argument of this type for it, and whether every
argument conforms to its parameter.
An argument that is within the declared type of its parameter is the value of the parameter as it is, so the
parameter has the type of the argument. One that may not be is converted to the declared type or the call is
null (Feel.Runtime.Invoke), so the body sees a value of the declared type, and the call may be null.
iex> declared = [[:number, :null], [:string, :null]]
iex> Feel.Analysis.Invocations.parameter_types(declared, [[:number], [:string]])
{[[:number], [:string]], true}
iex> Feel.Analysis.Invocations.parameter_types(declared, [[:number], [:number]])
{[[:number], [:string, :null]], false}

  



  
    
      
    
    
      result(callee, arguments)



        
          
        

    

  


  

      

          @spec result(Feel.Type.Union.t(), arguments()) ::
  {Feel.Type.Union.t(), problem() | nil}


      


The type of the result of a call, and the problem that every function the callee can be has with it, if there is
one.
iex> function = [{:function, [[:number, :null]], [:number]}]
iex> Feel.Analysis.Invocations.result(function, {:positional, [[:number]]})
{[:number], nil}
iex> Feel.Analysis.Invocations.result(function, {:positional, [[:string]]})
{[:any, :null], nil}
iex> Feel.Analysis.Invocations.result(function, {:positional, []})
{[:any, :null], nil}
iex> overload = [{:overload, [{:function, [[:number, :null]], [:number]}], []}]
iex> Feel.Analysis.Invocations.result(overload, {:positional, []})
{[:any, :null], nil}
iex> Feel.Analysis.Invocations.result([:number], {:positional, []})
{[:null], {:not_a_function, [:number]}}

  


        

      


  

    
Feel.Analysis.Iterations 
    



      
The types of for, some and every (D-86), which the analyzer reads off the types of the domains and of the body.
What the iterator is bound to is the element of the domain's type, as Feel.Runtime.Iteration takes it:
	a list gives the type of its elements, so for i in [1, 2, 3] has an i that is number in 1, 2, 3, and a
list of the declared type list<number> gives number | Null;
	from..to gives a number when both ends can be numbers and a date when both can be dates;
	a value that is not a list, a range or null is the element itself (a list of one);
	null and a range ([1..2], which is not 1..2) have no element: the expression is null with an error;
	Any is a list of anything or a value: its element is Any, and it can fail.

Each domain also says whether it can fail, which makes the whole expression null, so the type of a for is a
list of the type of its body and Null where a domain can fail, and whether it fails always, which the analyzer
warns about.
A some is true if its body can be true for an element, false if it can be false for all of them or if there
is no element, and null if the body can be null or something that is not a boolean, or a domain can fail; an every
is the same with true and false changing places (Table 50).

      


      
        Summary


  
    Types
  


    
      
        domain()

      


        What the type of a domain gives: the elements, whether it can fail, and whether it always does.



    





  
    Functions
  


    
      
        elements(type)

      


        The elements of a domain that is an expression, from its type.



    


    
      
        for_type(body, fail?)

      


        The type of a for: a list of the type of the body, and Null where a domain can fail.



    


    
      
        nonempty?(type)

      


        Whether a domain of this type has an element for sure: it is a value that is not a list, a range or null, and so a list of one.



    


    
      
        quantifier_over(kind, bodies)

      


        The type of a some or an every over a domain of which every element is tested as its own (D-170): bodies is the type of
the test for each element, and there is one at least. The run folds the results from false (some) or true (every) with
the three-valued or or and (Table 50), so some is true if a test can be, false if all can be, and null if no test
is true and some is neither true nor false; every is the other way round. A some over 1, 2, 3 with i > 2 is
true for the test of 3, whatever i > 2 is for the others.



    


    
      
        quantifier_type(kind, body, emptiness, fail?)

      


        The type of a some (kind :some) or an every, from the type of the body.



    


    
      
        through(from, to)

      


        The elements of from..to, from the types of its ends: whole numbers when both can be numbers, and dates when both
can be dates. It fails where an end can be null or of another kind, or a number that is not whole; an end that is
a single whole number (1..10) is all that a number is known to be whole by.



    


    
      
        view(body, id)

      


        Whether the body of a for reads partial only by index and count (D-86), and the body with those reads as nodes
of their own. id is the id of the frame that binds partial for the loop (meta.id of the :local nodes that read
it), which tells its reads from those of a partial that something inside the body binds again.



    





      


      
        Types


        


  
    
      
    
    
      domain()



        
          
        

    

  


  

      

          @type domain() :: %{
  elements: Feel.Type.Union.t(),
  fail?: boolean(),
  always_fails?: boolean()
}


      


What the type of a domain gives: the elements, whether it can fail, and whether it always does.

  


        

      

      
        Functions


        


  
    
      
    
    
      elements(type)



        
          
        

    

  


  

      

          @spec elements(Feel.Type.Union.t()) :: domain()


      


The elements of a domain that is an expression, from its type.
iex> Feel.Analysis.Iterations.elements([{:list, [:number]}])
%{elements: [:number], fail?: false, always_fails?: false}
iex> Feel.Analysis.Iterations.elements([{:list, [:number]}, :null])
%{elements: [:number], fail?: true, always_fails?: false}
iex> Feel.Analysis.Iterations.elements([:string])
%{elements: [:string], fail?: false, always_fails?: false}
iex> Feel.Analysis.Iterations.elements([:null])
%{elements: [:null], fail?: true, always_fails?: true}

  



  
    
      
    
    
      for_type(body, fail?)



        
          
        

    

  


  

      

          @spec for_type(Feel.Type.Union.t(), boolean()) :: Feel.Type.Union.t()


      


The type of a for: a list of the type of the body, and Null where a domain can fail.

  



  
    
      
    
    
      nonempty?(type)



        
          
        

    

  


  

      

          @spec nonempty?(Feel.Type.Union.t()) :: boolean()


      


Whether a domain of this type has an element for sure: it is a value that is not a list, a range or null, and so a list of one.

  



  
    
      
    
    
      quantifier_over(kind, bodies)



        
          
        

    

  


  

      

          @spec quantifier_over(:some | :every, [Feel.Type.Union.t(), ...]) ::
  Feel.Type.Union.t()


      


The type of a some or an every over a domain of which every element is tested as its own (D-170): bodies is the type of
the test for each element, and there is one at least. The run folds the results from false (some) or true (every) with
the three-valued or or and (Table 50), so some is true if a test can be, false if all can be, and null if no test
is true and some is neither true nor false; every is the other way round. A some over 1, 2, 3 with i > 2 is
true for the test of 3, whatever i > 2 is for the others.
iex> Feel.Analysis.Iterations.quantifier_over(:some, [[{:boolean, false}], [{:boolean, false}], [{:boolean, true}]])
[{:boolean, true}]
iex> Feel.Analysis.Iterations.quantifier_over(:some, [[{:boolean, false}], [{:boolean, false}]])
[{:boolean, false}]
iex> Feel.Analysis.Iterations.quantifier_over(:some, [[{:boolean, false}], [:boolean, :null]])
[:boolean, :null]
iex> Feel.Analysis.Iterations.quantifier_over(:every, [[{:boolean, true}], [{:boolean, false}]])
[{:boolean, false}]
iex> Feel.Analysis.Iterations.quantifier_over(:every, [[{:boolean, true}], [{:boolean, true}, :null]])
[{:boolean, true}, :null]

  



  
    
      
    
    
      quantifier_type(kind, body, emptiness, fail?)



        
          
        

    

  


  

      

          @spec quantifier_type(
  :some | :every,
  Feel.Type.Union.t(),
  :always | :never | :maybe,
  boolean()
) ::
  Feel.Type.Union.t()


      


The type of a some (kind :some) or an every, from the type of the body.
emptiness says whether the product of the domains is empty: :always, :never, or :maybe. fail? says that a
domain can fail.
iex> Feel.Analysis.Iterations.quantifier_type(:some, [{:boolean, true}], :never, false)
[{:boolean, true}]
iex> Feel.Analysis.Iterations.quantifier_type(:some, [{:boolean, true}], :maybe, false)
[:boolean]
iex> Feel.Analysis.Iterations.quantifier_type(:some, [{:boolean, true}], :always, false)
[{:boolean, false}]
iex> Feel.Analysis.Iterations.quantifier_type(:every, [:boolean, :null], :never, false)
[:boolean, :null]
iex> Feel.Analysis.Iterations.quantifier_type(:every, [{:boolean, true}], :never, false)
[{:boolean, true}]

  



  
    
      
    
    
      through(from, to)



        
          
        

    

  


  

      

          @spec through(Feel.Type.Union.t(), Feel.Type.Union.t()) :: domain()


      


The elements of from..to, from the types of its ends: whole numbers when both can be numbers, and dates when both
can be dates. It fails where an end can be null or of another kind, or a number that is not whole; an end that is
a single whole number (1..10) is all that a number is known to be whole by.
iex> Feel.Analysis.Iterations.through([:number, :null], [:number])
%{elements: [:number], fail?: true, always_fails?: false}
iex> Feel.Analysis.Iterations.through([:date], [:date])
%{elements: [:date], fail?: false, always_fails?: false}
iex> Feel.Analysis.Iterations.through([:string], [:string])
%{elements: [:null], fail?: true, always_fails?: true}

  



  
    
      
    
    
      view(body, id)



        
          
        

    

  


  

      

          @spec view(Feel.IR.t(), pos_integer()) :: {:view, Feel.IR.t()} | :list


      


Whether the body of a for reads partial only by index and count (D-86), and the body with those reads as nodes
of their own. id is the id of the frame that binds partial for the loop (meta.id of the :local nodes that read
it), which tells its reads from those of a partial that something inside the body binds again.
A read is partial[index], a filter whose brackets can only be a number (:index, which Feel.Analysis.Filters.mode/2
decides), and count(partial) as a call by position of the function of DMN 1.6: the brackets of another mode can be a
predicate or whatever the value says, and a call by name or one that an extension may answer is checked or answered as
the function sees fit. They become {:partial_at, meta, index} and {:partial_count, meta}, which the backends run
with Feel.Runtime.Partial and not with the list of the results. A body with any other read of partial (an argument,
partial alone, a path, the brackets of a predicate, a name that a filter may read as an entry of its elements, a loop
over it) is :list and is not changed: it is given the list, as it always was.
iex> {:ok, ast} = Feel.parse("for i in 1..3 return if i < 3 then 1 else partial[i - 1] + count(partial)")
iex> {:ok, %{ir: {:for, %{partial: partial}, _iterators, _body}}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> partial
:view
iex> {:ok, ast} = Feel.parse("for i in 1..3 return sum(partial)")
iex> {:ok, %{ir: {:for, %{partial: partial}, _iterators, _body}}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> partial
true

  


        

      


  

    
Feel.Analysis.MomentArithmetic 
    



      
The times and dates and times that a time or a date and time plus or minus a duration can be (D-109).
The run (Feel.Runtime.Temporal) moves a date and time in two ways, and a time in one:
	The duration	The date and time it gives
	years and months duration	the months added to the date of the clock, the day cut to the length of the month, the time of the day and the zone kept; null when the year leaves the calendar (as for a date, Feel.Analysis.DateArithmetic)
	days and time duration	the seconds added to the instant: elapsed time, so the clock follows by the offset the zone has then (a zone id can have another offset); null when the clock leaves the calendar

	The duration	The time it gives
	days and time duration	the seconds added to the second of the day, which wraps round: 23:00:00 plus two hours is 01:00:00; the zone is kept, and it is never null

Of the three lines of a set (Feel.Type.Moment), the clock of the values with no zone moves with the clock and the
second, so it is worked out exactly: by months, the days of the clock as DateArithmetic does for a date with the
time of the day kept, and by seconds, as a number plus the seconds. A value with a zone is known by its instant and its
clock, and one of them follows from the move, and the other only within the largest offset of it:
	A value with a zone, plus	The line that is exact	The other
	months	the clock	the instant, within 18 hours of it
	seconds	the instant (a zone id moves by elapsed time as a fixed offset does), less the time the clock went back in the zone, if it did, which the run reads as the earlier instant (Feel.Type.Moment.overlap/1)	the clock, within 18 hours of it
	seconds, for a time	both: the zone of a time has an offset that does not change with the day	

The fraction of a second is a line of the set (D-118), and a number of seconds that is not whole carries it over a
second: 10:00:00.7 plus PT0.5S is 10:00:01.2, and 10:00:00.2 plus it is 10:00:00.7. The seconds are added in
their whole part and their fraction, and the fractions of the value and of the number are added: a sum below a second
moves the second by the whole part and leaves the sum, and a sum of a second or more moves it by one more and leaves
the rest. So the second and the fraction of the result are exact where the fractions of the value are, and where they
are not (any, [0..1)) the second is that of the whole part or one more.
The result is null for a date and time exactly when the clock of a move is outside the calendar (for a value with a
zone, when it can be, since the clock is known to 18 hours), and never for a time.
The difference
Two times, two dates and times, or a date and a date and time, are subtracted (difference/4, D-109) as the run does
(Feel.Runtime.Temporal): the seconds between their clocks when neither has a zone, between their instants when
both have one, and null when one has a zone and the other has none. A date is taken as midnight UTC, so it has a zone.
The image is the second and the value has a fraction of it (a line of the set, D-118), so the seconds between two are
those between their images and the fraction of the first less that of the second: 10:00:00.9 less 09:00:00.1 is
3,600.8, and 10:00:00 less 09:00:00 is 3,600 exactly. Where the fractions are not known (any, [0..1)) it is a
second either way, and for a date, which has none, on the side of the fraction of the date and time. The run rounds
the seconds to the 34 digits of a number, so the ends are rounded outwards to them.
iex> alias Feel.Type.{Moment, NumberSet}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2021-01-31T10:00:00")
iex> {:ok, [clock]} = Moment.images(date_time)
iex> {set, false} = Feel.Analysis.MomentArithmetic.shift(:date_and_time, NumberSet.point(clock), :years_and_months_duration, NumberSet.point(Decimal.new(1)), :add)
iex> Feel.Type.Union.format([{:date_and_time, set}])
"date and time = 2021-02-28T10:00:00"

      


      
        Summary


  
    Functions
  


    
      
        difference(kind, left, kind, right)

      


        The seconds between a time, a date and time or a date and another of the kinds that the run subtracts, as the set of the
days and time durations they can be, and whether the result can be null (one has a zone and the other has none). It is
:error for kinds that are not subtracted.



    


    
      
        shift(kind, set, duration_kind, amounts, operator)

      


        The set of a time or a date and time plus (:add) or minus (:subtract) a duration of a set, and whether the result
can be null. It is :error if the duration has no value that the move takes (a set with no whole month).



    





      


      
        Functions


        


  
    
      
    
    
      difference(kind, left, kind, right)



        
          
        

    

  


  

      

          @spec difference(atom(), Feel.Type.NumberSet.t(), atom(), Feel.Type.NumberSet.t()) ::
  {Feel.Type.NumberSet.t(), boolean()} | :error


      


The seconds between a time, a date and time or a date and another of the kinds that the run subtracts, as the set of the
days and time durations they can be, and whether the result can be null (one has a zone and the other has none). It is
:error for kinds that are not subtracted.
iex> alias Feel.Type.{Moment, NumberSet}
iex> {:ok, later} = Feel.Value.Time.parse("10:00:00")
iex> {:ok, earlier} = Feel.Value.Time.parse("09:00:00")
iex> {:ok, [a]} = Moment.images(later)
iex> {:ok, [b]} = Moment.images(earlier)
iex> {seconds, false} = Feel.Analysis.MomentArithmetic.difference(:time, NumberSet.point(a), :time, NumberSet.point(b))
iex> NumberSet.format(seconds)
"[3599..3601]"

  



  
    
      
    
    
      shift(kind, set, duration_kind, amounts, operator)



        
          
        

    

  


  

      

          @spec shift(
  Feel.Type.Moment.kind(),
  Feel.Type.NumberSet.t(),
  :years_and_months_duration | :days_and_time_duration,
  Feel.Type.NumberSet.t(),
  :add | :subtract
) :: {Feel.Type.NumberSet.t(), boolean()} | :error


      


The set of a time or a date and time plus (:add) or minus (:subtract) a duration of a set, and whether the result
can be null. It is :error if the duration has no value that the move takes (a set with no whole month).

  


        

      


  

    
Feel.Analysis.MomentProperties 
    



      
The year, month, day, weekday, hour, minute and second of a time or a date and time that is one of the seconds of a
set (D-109).
A time or a date and time with a set ({:date_and_time, set}, Feel.Type.Moment) is one whose second is in the
set, on the line of the clock of the values with no zone, or on the line of the instants and the zoned clock of
those with one. The properties of Table 67 are those of the clock (2021-01-31T23:30:00+01:00 has the hour 23,
and its instant is at 22), so they are the properties of the seconds of the two lines of clocks together, which
select/3 computes:
	Property	The set
	year, month, day, weekday	those of the days that the seconds are in (Feel.Analysis.DateProperties)
	hour, minute	the hours (minutes) of the seconds of each interval, which are all of them if the interval is longer than a day (an hour), and are counted from one end to the other otherwise
	second	the whole second of each and the fraction of it (D-118): [s..s+1) for the seconds s that there are if the fraction is not known, s for whole seconds, s + 0.5

The properties that depend on the zone (value, time offset, timezone) are worked out by
Feel.Analysis.MomentZones (D-109).
restrict/4 is the other way round: a condition on the property of a name (dt.month > 6) leaves the seconds of
the set that have it, on each line of clocks, and the line of the instants is cut to match. The seconds of the days
are exact (DateProperties.restrict/3); those of the hours, the minutes and the seconds are the seconds of each day,
hour or minute of the interval, up to a number of pieces, and past it the set is left as it is.
iex> alias Feel.Type.{Moment, NumberSet}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2021-03-01T00:00:00")
iex> {:ok, [first]} = Moment.images(date_time)
iex> last = Decimal.add(first, 86_399)
iex> day = NumberSet.interval(first, last)
iex> {:ok, hour, :never} = Feel.Analysis.MomentProperties.select(:date_and_time, day, "hour")
iex> Feel.Type.Union.format(hour)
"number in [0..23]"
iex> {:ok, month, :never} = Feel.Analysis.MomentProperties.select(:date_and_time, day, "month")
iex> Feel.Type.Union.format(month)
"number = 3"

      


      
        Summary


  
    Functions
  


    
      
        keys(atom)

      


        The properties of the clock of a kind, which select/3 and restrict/4 know.



    


    
      
        restrict(kind, set, key, members)

      


        The set of a time or a date and time cut to the seconds whose year, month, day, weekday, hour, minute or
second is one of the numbers that members has, or :error if they are not worked out (the pieces are many).
members is the type that a condition leaves of the property, so the value is one of the seconds that have it.



    


    
      
        select(kind, set, key)

      


        The type of the property key of a time or a date and time in the set, and whether selecting it can be an error; or
:error if the set has no second or the property is not known. The properties of the zone (value, time offset and
timezone) are those of Feel.Analysis.MomentZones.



    





      


      
        Functions


        


  
    
      
    
    
      keys(atom)



        
          
        

    

  


  

      

          @spec keys(Feel.Type.Moment.kind()) :: [String.t()]


      


The properties of the clock of a kind, which select/3 and restrict/4 know.

  



  
    
      
    
    
      restrict(kind, set, key, members)



        
          
        

    

  


  

      

          @spec restrict(Feel.Type.Moment.kind(), Feel.Type.NumberSet.t(), String.t(), [
  Feel.Type.Union.member()
]) ::
  {:ok, Feel.Type.NumberSet.t()} | :error


      


The set of a time or a date and time cut to the seconds whose year, month, day, weekday, hour, minute or
second is one of the numbers that members has, or :error if they are not worked out (the pieces are many).
members is the type that a condition leaves of the property, so the value is one of the seconds that have it.
iex> alias Feel.Type.{Moment, NumberSet}
iex> {:ok, from} = Feel.Value.DateTime.parse("2021-03-01T00:00:00")
iex> {:ok, to} = Feel.Value.DateTime.parse("2021-03-01T23:59:59")
iex> {:ok, [first]} = Moment.images(from)
iex> {:ok, [last]} = Moment.images(to)
iex> day = NumberSet.interval(first, last)
iex> later = [{:number, NumberSet.interval({Decimal.new(18), :closed}, Decimal.new(23))}]
iex> {:ok, evening} = Feel.Analysis.MomentProperties.restrict(:date_and_time, day, "hour", later)
iex> Feel.Type.Union.format([{:date_and_time, evening}])
"date and time in [2021-03-01T18:00:00..2021-03-01T23:59:59]"

  



  
    
      
    
    
      select(kind, set, key)



        
          
        

    

  


  

      

          @spec select(Feel.Type.Moment.kind(), Feel.Type.NumberSet.t(), String.t()) ::
  {:ok, Feel.Type.Union.t(), :never | :maybe | :always} | :error


      


The type of the property key of a time or a date and time in the set, and whether selecting it can be an error; or
:error if the set has no second or the property is not known. The properties of the zone (value, time offset and
timezone) are those of Feel.Analysis.MomentZones.

  


        

      


  

    
Feel.Analysis.MomentTests 
    



      
What a comparison of a time or a date and time says of the values, as sets of their images (D-109).
The run compares two of them (Feel.Runtime.Temporal.compare/3) by their clocks when either has no zone, and by
their instants when both have one, at the second. A set has the three lines of Feel.Type.Moment (the clock of
the values with no zone, and the instant and the clock of those with a zone), and ? < y is, for the pairs of
classes that ? and y can be of:
	? is	y is	? < y is true for
	no zone	no zone	a clock before that of y
	no zone	a zone	a clock before the clock of y
	a zone	no zone	a zoned clock before the clock of y (its instant follows, within the largest offset)
	a zone	a zone	an instant before that of y (its zoned clock follows, within the largest offset)

So the sets are exact for the class that y is, whichever ? is. The set of the values for which a comparison can be
true and the set for which it can be false are not each other's complement: a value 10 hours either side of y can be
either, when y may or may not have a zone. Feel.Analysis.TestSets reads both, as it does for a number, for the
narrowing of a name (Feel.Analysis.Narrowing) and for the allowed values of a variable.
Two sets are compared in the same way by decide/3, which says whether a comparison is true for every pair, false
for every pair, or for some.
iex> alias Feel.Type.{Moment, NumberSet}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2021-01-01T00:00:00")
iex> {:ok, images} = Moment.images(date_time)
iex> other = Enum.reduce(Enum.map(images, &NumberSet.point/1), &NumberSet.union/2)
iex> {before, _} = Feel.Analysis.MomentTests.compared(:date_and_time, :lt, other, false, true)
iex> Moment.format_member(:date_and_time, before)
"in [-999999999-01-01T00:00:00..2021-01-01T00:00:00) any zone"

      


      
        Summary


  
    Functions
  


    
      
        compared(kind, operator, numbers, null?, one?)

      


        Returns {where? operator othercan be true, where it can be false} for a kind of moments, given the images that
other can be (numbers), whether it can be null, and whether it is one member of its type (a single value, if
the set says one).



    


    
      
        decide(operator, left, right)

      


        Whether left operator right is true for every pair of images of the two sets (:always), false for every pair
(:never), or for some (:unknown). The images are compared as the run compares the values: the clocks of two with no
zone, the clock of one with no zone and the clock of one with a zone, and the instants of two with one.



    





      


      
        Functions


        


  
    
      
    
    
      compared(kind, operator, numbers, null?, one?)



        
          
        

    

  


  

      

          @spec compared(
  Feel.Type.Moment.kind(),
  atom(),
  Feel.Type.NumberSet.t(),
  boolean(),
  boolean()
) ::
  {Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()}


      


Returns {where? operator othercan be true, where it can be false} for a kind of moments, given the images that
other can be (numbers), whether it can be null, and whether it is one member of its type (a single value, if
the set says one).
Both are supersets of the images for which the comparison is true and false, in the form of the kind
(Feel.Type.Moment.normalize/2).

  



  
    
      
    
    
      decide(operator, left, right)



        
          
        

    

  


  

      

          @spec decide(atom(), Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) ::
  :always | :never | :unknown


      


Whether left operator right is true for every pair of images of the two sets (:always), false for every pair
(:never), or for some (:unknown). The images are compared as the run compares the values: the clocks of two with no
zone, the clock of one with no zone and the clock of one with a zone, and the instants of two with one.
iex> alias Feel.Type.NumberSet
iex> a = NumberSet.interval(Decimal.new(0), Decimal.new(10))
iex> b = NumberSet.interval(Decimal.new(100), Decimal.new(110))
iex> Feel.Analysis.MomentTests.decide(:lt, a, b)
:always
iex> Feel.Analysis.MomentTests.decide(:gt, a, b)
:never

  


        

      


  

    
Feel.Analysis.MomentZones 
    



      
The value, time offset and timezone of a time or a date and time that is one of the seconds of a set (D-109).
Of the properties of Table 67, these three depend on the zone of the value, and a set has the lines of the zone
(Feel.Type.Moment): the clock of the values with no zone, and the instant and the clock of those with one. What the
run gives (Feel.Runtime.Path, Feel.Runtime.Temporal.value/1):
	Property	A value with no zone	A value with an offset or a zone id
	value of a date and time	an error, and null	the seconds from 1970-01-01T00:00:00Z to the instant, with the fraction of the second (D-118), to 34 digits
	value of a time	the seconds of the day, with the fraction	the seconds of the day less the offset, with the fraction, to 34 digits
	time offset	null	the offset, which is the clock less the instant (a zone id has the one it has at the date, or in standard time for a time)
	timezone	null	the id of a zone id, and null for an offset

So value is the seconds of the line of the instants, from the second to the end of it; the offset is the difference of
the zoned clocks and the instants; and the zone is a string for a value with a zone, since the set does not say if it
has an offset or a zone id. Each is null, or an error, exactly for the values with no zone.
restrict/4 is the other way round: a condition on one of them leaves the values that have it: those with no zone
stay for null only, and those with a zone are cut to the instants that have the value, or to the pairs of an instant
and a clock that have the offset.
iex> alias Feel.Type.{Moment, NumberSet}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("1970-01-01T01:00:00+01:00")
iex> {:ok, images} = Moment.images(date_time)
iex> set = images |> Enum.map(&NumberSet.point/1) |> Enum.reduce(&NumberSet.union/2)
iex> {:ok, value, :never} = Feel.Analysis.MomentZones.select(:date_and_time, set, "value")
iex> Feel.Type.Union.format(value)
"number in [0..1]"
iex> {:ok, offset, :never} = Feel.Analysis.MomentZones.select(:date_and_time, set, "time offset")
iex> Feel.Type.Union.format(offset)
"days and time duration = PT1H"

      


      
        Summary


  
    Types
  


    
      
        errors()

      


        Whether selecting the property can be an error.



    





  
    Functions
  


    
      
        keys()

      


        The properties that depend on the zone.



    


    
      
        restrict(kind, set, key, members)

      


        The set of a time or a date and time cut to the values whose key is one of what members has, or :error if that is not
worked out. members is the type that a condition leaves of the property.



    


    
      
        select(kind, set, key)

      


        The type of the property key of a time or a date and time in the set, and whether selecting it can be an error; or
:error if the set has no second.



    





      


      
        Types


        


  
    
      
    
    
      errors()



        
          
        

    

  


  

      

          @type errors() :: :never | :maybe | :always


      


Whether selecting the property can be an error.

  


        

      

      
        Functions


        


  
    
      
    
    
      keys()



        
          
        

    

  


  

      

          @spec keys() :: [String.t(), ...]


      


The properties that depend on the zone.

  



  
    
      
    
    
      restrict(kind, set, key, members)



        
          
        

    

  


  

      

          @spec restrict(Feel.Type.Moment.kind(), Feel.Type.NumberSet.t(), String.t(), [
  Feel.Type.Union.member()
]) ::
  {:ok, Feel.Type.NumberSet.t()} | :error


      


The set of a time or a date and time cut to the values whose key is one of what members has, or :error if that is not
worked out. members is the type that a condition leaves of the property.

  



  
    
      
    
    
      select(kind, set, key)



        
          
        

    

  


  

      

          @spec select(Feel.Type.Moment.kind(), Feel.Type.NumberSet.t(), String.t()) ::
  {:ok, Feel.Type.Union.t(), errors()} | :error


      


The type of the property key of a time or a date and time in the set, and whether selecting it can be an error; or
:error if the set has no second.

  


        

      


  

    
Feel.Analysis.MonthScaling 
    



      
The months that a years and months duration times a number, or divided by one, can be (D-109).
A years and months duration is a whole number of months, so the run (Feel.Runtime.Arithmetic) makes the product
or the quotient of its months and the number as it does for two numbers, a decimal128 of at most 34 digits and null
where it overflows, is too small to write, or divides by zero, and then rounds it to the nearest whole number of
months, a half towards positive infinity: P1Y11M * -2.5 is -57.5 months, and -57 is the duration (D-54).
So the months are the numbers that Feel.Analysis.Intervals says the product or the quotient of the two sets can be,
rounded. Rounding does not decrease with the number, so an interval of the numbers is the whole numbers from the
rounding of its first to the rounding of its last. The ends are taken as closed, as the algebra of the numbers has
them: a product of 34 digits is rounded to 34, and can come to an end that the numbers are short of, which then rounds
up, so [0..0.5) times 1 is [0..1] and not 0. That holds more and so is sound.
The run makes a number of the months (Decimal.new(months)), which is not one of decimal128 for 34 digits and more:
a duration of 10^34 months or more times a number, or divided by one, is null for any number. So the months of the
sets are cut to the 34 digits, and the result is null if any were cut, and is null and no month if all were.
The product of two intervals is the interval from the least corner to the greatest, and of the months that is more
than the months can be ({1, 100} times [1..2] is not [1..200] but the two intervals [1..2] and [100..200]), so
each whole month of an interval is taken by itself, up to 64 of them, and the intervals are joined after the rounding;
an interval of more is the one interval from its first month to its last, which holds more and so is sound.
iex> alias Feel.Type.NumberSet
iex> months = NumberSet.interval(Decimal.new(1), Decimal.new(3))
iex> {:ok, {set, false}} = Feel.Analysis.MonthScaling.scale(:multiply, months, NumberSet.point(Decimal.new("0.5")))
iex> NumberSet.format(set)
"[1..2]"
iex> {:ok, {set, false}} = Feel.Analysis.MonthScaling.scale(:divide, months, NumberSet.interval(Decimal.new(1), Decimal.new(2)))
iex> NumberSet.format(set)
"[1..3]"
iex> Feel.Analysis.MonthScaling.scale(:divide, months, NumberSet.point(Decimal.new(0)))
{:ok, {[], true}}

      


      
        Summary


  
    Functions
  


    
      
        cut(months)

      


        The months of a set that the run can make a number of, and whether there are others (which the run gives null for,
in a product, a quotient or a quotient of two durations).



    


    
      
        scale(operator, months, numbers)

      


        The months of months * numbers or months / numbers for the months of a set and the numbers of another, and whether
the result can be null. It is :error if the set has no whole month, and the caller says what it did; it is no
month and null if all its months are too many for the run to make a number of.



    





      


      
        Functions


        


  
    
      
    
    
      cut(months)



        
          
        

    

  


  

      

          @spec cut(Feel.Type.NumberSet.t()) :: {Feel.Type.NumberSet.t(), boolean()}


      


The months of a set that the run can make a number of, and whether there are others (which the run gives null for,
in a product, a quotient or a quotient of two durations).
iex> alias Feel.Type.NumberSet
iex> months = NumberSet.interval(Decimal.new(1), Decimal.new("1E+40"))
iex> {cut, true} = Feel.Analysis.MonthScaling.cut(months)
iex> NumberSet.format(cut)
"[1..9999999999999999999999999999999999]"

  



  
    
      
    
    
      scale(operator, months, numbers)



        
          
        

    

  


  

      

          @spec scale(:multiply | :divide, Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) ::
  {:ok, {Feel.Type.NumberSet.t(), boolean()}} | :error


      


The months of months * numbers or months / numbers for the months of a set and the numbers of another, and whether
the result can be null. It is :error if the set has no whole month, and the caller says what it did; it is no
month and null if all its months are too many for the run to make a number of.

  


        

      


  

    
Feel.Analysis.Narrowing 
    



      
What a condition says about the names it reads (D-194).
if c then a else b runs a only when c is true, and b for anything else, null included. So
in a a name that c compares has a value for which c can be true, and in b one for which it
can be something else: after x > 5 is true, x is a number above 5 and not null; after x = null
is not true, x is not null; after y != 0 is true, y is not 0. facts/2 reads that off the
resolved condition, for one of the two branches, and narrow/2 applies it to the type of a name.
A fact is a function from the type of a name to the alternatives that are left. It only ever takes
alternatives away, or makes the set of values of one smaller, so a type that is narrowed is still a
type of every value the name can have in the branch. Only the cases that can be read safely are read:
	a name that is the whole condition (if flag), and
	a comparison = != < <= > >= of a name with any expression, whichever side the name is on,
	joined by and and or, which meet and join the facts as the logic does.

A condition of anything else says nothing.
Paths
What a condition says about a path p.age (D-65) is said in the same way, and holds for the same
reason: a value is bound once, so p.age is the same in every read of it. The subject of such a fact
is {:path, "p", ["age"]}, the name and the keys, and only a path that starts at a variable has one:
a key of a context literal or a name that something else binds can be shadowed (D-26) and a fact about
it would be about another value. path_subject/1 finds it; the analyzer narrows the path nodes that
have one.
Locals
A local, a parameter of a function or an entry of a context, is narrowed in the same way (D-193). It is told by the
depth of the context that binds it and its name, {:local, id, name}, and {:local, meta, name} has the id in its
meta: a local of the same name that is bound again deeper, in the branch of the condition, is another value and
takes no fact. The id is a number and not a reference, since the IR is hashed to name the module of the BEAM backend.
The comparison
The value of a name is compared with an expression of a type. When the comparison is true the
value is of a kind that the type can be compared with, and in the set that Feel.Analysis.TestSets
gives: x > 5 leaves the numbers above 5, and a string, a boolean, a list and null are gone, for
they give null. When it is not true the value is one that makes it false or null, which is
every value, except where the comparison is true for sure: x != null is true for every value that
is not null, so when it is not true the name is null, and x = 5 is true only for 5 when the
other side is exactly 5, so the name is anything but 5. The sets of the values that make it false
are used only when null cannot be the outcome, which is when the other side is of one kind and not
null (x > y for a number y that is never null), and every value is left otherwise.
null = x is false for a value that is not null and null != x is true, so a name that can be
null stays null in the branch of x = null and goes from the other; that is the guard a decision
most often makes.
The strings of a type are a set (Feel.Type.StringSet, D-39), and what a comparison leaves of them is
a set too, and exactly: after s < "b" an s of {"a", "b", "c"} is {"a"}, and when it is not true
it is {"b", "c"}; after s != "a" a bare string is string except "a", and so is it when s = "a"
is not true; against a set of strings it is some string of it. The sets are those of TestSets, and
the set of the name is cut by them, ties included (the run says "a" <= "a�" is false). An other
side that is unknown has nothing to leave out, and does not narrow.
Operations
A comparison of an arithmetic operation (x + 1 > 5, n * 2 = 5, -n > 3) is not a comparison of a name, but says
two things of the names it reads (D-194, D-122). When it is true the operation is not null, so its operands are not,
and they are of kinds that give a value of a kind the other side has (x * 2 = 5 is not true of a duration, which a
number multiplies to a duration). And the number it gives is one that the comparison is true for (> 5: the numbers
above 5), so the numbers of its operands are those that give such a number with some number of the other operand
(Feel.Analysis.Preimage): x + 1 > 5 leaves x above 4, n * 2 = 5 leaves 2.5, and n + m > 150 for m in
[0..100] leaves n above 50. An operand that is an operation is read in turn (n * 2 + 1 > 51 leaves n above
25), and so are the tests of an in (n + 1 in [2..5]). It is read only in the branch where the comparison is true,
for the other is also taken when the operation is null for lack of range, a zero divisor, or a result too small to
write; and only if the other operand of the operation is a kind that the operation is read for, since a name of a
type that is not known can be anything.
A call of a number built-in is read in the same way (D-161, step C): abs(x) < 100 leaves x in (-100..100), floor(x) = 3
leaves [3..4), sqrt(x) < 10 leaves [0..100), round half up(x, 1) = 2.5 leaves [2.45..2.55), and exp(x) > 1 the
numbers above 0 (Feel.Analysis.Images.Number.Preimage has the numbers of each). The call is not null when the comparison
is true, so its arguments are numbers (a list of one is the number it has, and stays), and it is read in the branch where the
comparison is true only. A call that is an operand of an operation, or has an operation or another call as its argument, is
read in turn (abs(x + 1) < 5, floor(abs(x)) = 3). A scale of a rounding function has to be one number, or the call
says nothing of its argument.
A call of any other built-in function is read for the kinds of its arguments (D-170): when string length(s) > 3, day of week(d) = "Monday" or sum(xs) > 5 is true the call is not null, so each argument is one of the kinds for which the call gives a value
of the kind of the other side (Feel.Analysis.Images says which), and a null is one of them only for a call that takes one
(is(x, null) = true). The length of a string says more: string length(s) > 0 is not true of the empty string, and
string length(s) = 0 is true of nothing else.
The operation can be one on dates and durations (D-122): the images of its value are the days of a date, the months
of a years and months duration and the seconds of a days and time duration, and a comparison leaves the images of the
kind of the other side (Feel.Analysis.Operands). d + u > @"2020-06-30" leaves the dates from the 21st of June
for a u of at most ten days, e + @"P1M" = @"2021-02-28" the 28th to the 31st of January, and n * u > @"P5D" the
numbers above a half; a number times a duration is a duration, so it is read for the kind that the other side is.
And and or
A conjunction is true when both are, so in then the facts of both hold (the narrowings follow each
other); it is not true when either is not, so in else a name is narrowed only if both sides narrow
it, to the alternatives that either leaves. A disjunction is the same the other way round.
iex> {:ok, ast} = Feel.parse("x > 5")
iex> {:ok, %{ir: condition}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> %{"x" => fact} = Feel.Analysis.Narrowing.facts(condition, :then)
iex> Feel.Analysis.Narrowing.narrow([:any, :null], fact) |> Feel.Type.Union.format()
"number in (5..max]"
iex> %{"x" => fact} = Feel.Analysis.Narrowing.facts(condition, :else)
iex> Feel.Analysis.Narrowing.narrow([:number, :null], fact) |> Feel.Type.Union.format()
"number in [-max..5] | Null"

      


      
        Summary


  
    Types
  


    
      
        branch()

      


        What a condition said, as the branch of a conditional is told: :then is where it was true, :else where it was not
(false, null, or a value that is no boolean, since if takes the else branch for them all, Table 50), and the
two outcomes that :else is made of: :false where it was false, and :null where it was null or no boolean
(D-194). not(c) is true where c is false, so it needs the facts of the outcomes of c.



    


    
      
        fact()

      


        What is known about a name: the alternatives of its type that are left. It is empty when the fact
leaves none, which says that the branch cannot be taken.



    


    
      
        facts()

      


        The facts about the names and the paths a condition reads, for a branch.



    


    
      
        kinds()

      


        The kinds of subject some facts are about (:name for a variable, and the tag of the others, as subject/0 has them),
and the subjects that are paths from each name and each local (Feel.Analysis.Narrowing.Kinds).



    


    
      
        memo_key()

      


        A key of the process dictionary that narrow_sources/3 keeps its answers under: nil keeps none.



    


    
      
        memos()

      


        What the caller knows of how a subject is read: given the subject and a fact about it that was made of others, the types the
fact will be applied to where it is read, each with what the fact leaves of it ([] if it does not know any), and whether
the reads are :answered by those or the fact has to be :applied to some type (one that it has no answer for). The fact
is made to answer those at once (combine/5).



    


    
      
        origin()

      


        What a name that is bound to the value of a condition says of the names the condition read (D-194): the
node of the condition, whose facts are made where the name is read, once (cache: where they are kept, in the process, for
the time of the analysis), or, for a parameter whose argument was written in another place, the facts of each branch as they
were made there, with the subjects that the condition has in an operation.



    


    
      
        origins()

      


        The origin of the local of a depth and a name, or nil if it has none.



    


    
      
        profiled()

      


        Facts and the kinds of subject they are about, which kinds/1 would say of them.



    


    
      
        subject()

      


        What a fact is about: a variable, or the entry or property of one that a path selects (p.age, then
{:path, "p", ["age"]}); a local, which is told by the depth of the context that binds it and its name
({:local, 2, "a"}, and {:local_path, 2, "a", ["age"]} for a.age, D-193); or, in the brackets of a filter, the
element of the filter of a depth or an entry of it ({:item_path, 1, []} for item, {:item_path, 1, ["x"]}
for x and for item.x).



    





  
    Functions
  


    
      
        call_subjects(condition)

      


        The subjects that the condition compares through a call of a number function that is a hull (floor(x) = 2.5, exp(x) = 3,
round half up(x, 1) > 0.25): the names, locals, paths and elements of a filter that are read inside such a call, on
either side of a comparison or in an operation or a call of abs, sqrt or modulo on a side of it (floor(x) + 1 = 3.5,
abs(floor(x)) = 2.5), as the value of a between or its bounds or as the subject of an in, and in the operands of an and
or an or. The rounding functions, exp and log are the hulls (@hull_calls).



    


    
      
        chain_facts(node, facts, keys)

      


        The facts about the paths of a chain of selections node.k1.k2…, by the number of links they are at: for the keys
["a", "b"] of p.a.b, the fact about p.a is at the first link and the one about p.a.b at the second. A fact about
p.x, or about p.a.c, is at none.



    


    
      
        combine(operator, branch, arg1, arg2, memos \\ &no_memos/2)

      


        Returns the facts of left and right or left or right in a branch from the facts of the two operands in it, which
is what facts/2 makes of the node. A caller that has the facts of the left operand already (the analyzer, in a chain
of and or of or, where it has been made from the one before) needs no walk of the operands to have them.



    


    
      
        facts(condition, branch)

      


        Returns what the resolved condition says about its names in a branch of the conditional: in the
:then branch the condition was true, and in the :else branch it was not. The two outcomes that :else is made
of are asked by :false (the condition was false) and :null (it was null, or a value that is no boolean).



    


    
      
        facts(condition, branch, origins)

      


        facts/2 for a condition that reads names that are bound to conditions: origins says, for the local of a depth and a name,
what it is bound to. A name that was bound to x > 5 and is read as a condition (if ok) says what x > 5 does in the branch,
besides what it says of ok: ok is the value that x > 5 had, and x is the value that it had.



    


    
      
        forget(memo)

      


        Takes away what origin_of/2 kept under the key.



    


    
      
        item_subject(arg1)

      


        The subject of the element of a filter, or of an entry of it, that a name in the brackets reads
({:item_path, depth, keys}, with no keys for the element itself). Anything else has none.



    


    
      
        kinds(facts)

      


        The kinds of subject the facts are about, and the subjects that are paths from each name.



    


    
      
        meet(a, b)

      


        Returns the facts that hold when two sets of facts both do: a name that both narrow is narrowed by
the first and then by the second.



    


    
      
        narrow(type, fact)

      


        Narrows the type of a name by a fact. A fact that leaves nothing says the branch cannot run, and
then any type will do, so the type is returned as it is (narrowed/2 tells the two apart). So is a type that the fact
leaves as it was; the type is in normal form (Feel.Type.Union), as the types of the analysis are.



    


    
      
        narrow_source(type, keys, fact)

      


        Narrows the type of the source of a path by a fact about the path (D-194): a name p is read in a branch where the
condition said something of p.age, and p has to be a value that has that.



    


    
      
        narrow_sources(type, sources, memo \\ nil)

      


        Narrows the type of a source by the facts about several of its paths: narrow_source/3 for each, in an order that keeps
the most (D-194). The facts are about the properties of a date, and a set of days is kept in at most 16 pieces: the
year leaves few, the month some more, and the day of the month and the weekday many, so d.month = 2 and d.day = 29
is the one day of the leap years, where the day first is a piece for each month and the one that holds them all. The
facts of the other paths follow, in the order they are given.



    


    
      
        narrowed(type, fact)

      


        The type that narrow/2 gives, or :none when the fact leaves nothing of it: no value of the type is one that the
branch can have, so the place the type is read at cannot be reached (D-152).



    


    
      
        operation_subjects(ir)

      


        The subjects that the condition has in an operation, or in an instance of: the names, locals, paths and elements of a filter
that are read inside an arithmetic operation, a negation, or the operand of an instance of. What a comparison of one says of them
is that the operation is not null (D-194), and for some sets of values it is (1 / x for the set 0, x ** 1000 for the very
large numbers) and for others it is not; what x instance of T says when it is not true depends on the type that x is as a whole.
Such a fact leaves a set as a whole, or none of it, and not the part of it that is in the set of the fact, which every other fact that
this module makes does. Where the analyzer answers a fact about a path from the part of a set that is in another, it does not
for a subject in an operation. A subject that is not in one has facts of the kind that it can, whatever the other
conditions of the chain are.



    


    
      
        operation_subjects(ir, origins)

      


        operation_subjects/1 for a condition that reads names bound to conditions (facts/3): the subjects that those conditions have
in an operation are among them, since what they say of the subject is what the facts of the condition say.



    


    
      
        origin_of(node, memo)

      


        The origin a name has that is bound to the value of node: the node itself, if it is a condition or the name of a value
that says something when it is true, and nil for anything else (a number, a call, a list), which says nothing.



    


    
      
        path_reads(root, keys, fact, claims? \\ true)

      


        The types that a fact about the path keys from a source of the type root is applied to when the path is read, with what
the fact leaves of each: narrow_sources/2 applies it to the entry of each alternative of the source, and the path
node to the type that is selected from the source it leaves. The first are found by doing it, with a fact that notes what it
is given, and so is the type that is selected from the source as it was, which is the same at every term of a chain.



    


    
      
        path_sources(node, facts, keys, kinds \\ nil)

      


        The facts that narrow a name or a local that is read, as {keys, fact}: the ones about the paths from it. For a read that is the
source of a chain of selections p.a.b (keys given), the facts at the links of the chain come first, and the others that
are about a path from p, up to 16 of them, follow. For any other read (keys is nil) it is the others.



    


    
      
        path_subject(arg1)

      


        The subject of a path that starts at a variable: {:path, name, keys}. A path that starts at
anything else has none.



    


    
      
        profile(facts)

      


        The facts with the kinds of subject they are about. The analyzer asks of the facts around a name whether any is about a
path from it, and of the facts a condition leaves whether the right operand reads any: a look at all of them each time,
which in a chain of a thousand conditions is a million looks. The kinds of the facts of a chain are made from those of
the part of it before (combine/5).



    


    
      
        reads_a_fact?(arg, names)

      


        Whether a read of any of the names is narrowed by the facts: one of them is about a name, or about a path from it. A
fact about a local or an element of a filter is taken as read, since those are not names.



    


    
      
        restrict_by_test(type, test, branch)

      


        The values of a type that one unary test accepts, read as the condition of the input ? that it is (D-161). A constraint of
DMN, an allowedValues or a typeConstraint, is a unary test, so it says what a condition says: the same facts are read,
with the operations (? * 2 < 100), the properties of a date, a duration and a time (?.year >= 2020), the tests of an in
and the rest of what narrows a name.



    





      


      
        Types


        


  
    
      
    
    
      branch()



        
          
        

    

  


  

      

          @type branch() :: :then | :else | false | :null


      


What a condition said, as the branch of a conditional is told: :then is where it was true, :else where it was not
(false, null, or a value that is no boolean, since if takes the else branch for them all, Table 50), and the
two outcomes that :else is made of: :false where it was false, and :null where it was null or no boolean
(D-194). not(c) is true where c is false, so it needs the facts of the outcomes of c.

  



  
    
      
    
    
      fact()



        
          
        

    

  


  

      

          @type fact() :: (Feel.Type.Union.t() -> [Feel.Type.Union.member()])


      


What is known about a name: the alternatives of its type that are left. It is empty when the fact
leaves none, which says that the branch cannot be taken.

  



  
    
      
    
    
      facts()



        
          
        

    

  


  

      

          @type facts() :: %{optional(subject()) => fact()}


      


The facts about the names and the paths a condition reads, for a branch.

  



  
    
      
    
    
      kinds()



        
          
        

    

  


  

      

          @type kinds() :: Feel.Analysis.Narrowing.Kinds.t()


      


The kinds of subject some facts are about (:name for a variable, and the tag of the others, as subject/0 has them),
and the subjects that are paths from each name and each local (Feel.Analysis.Narrowing.Kinds).

  



  
    
      
    
    
      memo_key()



        
          
        

    

  


  

      

          @type memo_key() :: nil | reference() | {module(), atom(), reference()}


      


A key of the process dictionary that narrow_sources/3 keeps its answers under: nil keeps none.

  



  
    
      
    
    
      memos()



        
          
        

    

  


  

      

          @type memos() :: (subject(), fact() ->
              {[{Feel.Type.Union.t(), [Feel.Type.Union.member()]}],
               :answered | :applied})


      


What the caller knows of how a subject is read: given the subject and a fact about it that was made of others, the types the
fact will be applied to where it is read, each with what the fact leaves of it ([] if it does not know any), and whether
the reads are :answered by those or the fact has to be :applied to some type (one that it has no answer for). The fact
is made to answer those at once (combine/5).

  



  
    
      
    
    
      origin()



        
          
        

    

  


  

      

          @type origin() ::
  {:node, Feel.IR.t(), cache :: nil | {memo_key(), reference()}}
  | {:facts, %{required(branch()) => facts()}, MapSet.t(subject())}


      


What a name that is bound to the value of a condition says of the names the condition read (D-194): the
node of the condition, whose facts are made where the name is read, once (cache: where they are kept, in the process, for
the time of the analysis), or, for a parameter whose argument was written in another place, the facts of each branch as they
were made there, with the subjects that the condition has in an operation.

  



  
    
      
    
    
      origins()



        
          
        

    

  


  

      

          @type origins() :: (pos_integer(), Feel.Name.t() -> origin() | nil)


      


The origin of the local of a depth and a name, or nil if it has none.

  



  
    
      
    
    
      profiled()



        
          
        

    

  


  

      

          @type profiled() :: {facts(), kinds()}


      


Facts and the kinds of subject they are about, which kinds/1 would say of them.

  



  
    
      
    
    
      subject()



        
          
        

    

  


  

      

          @type subject() ::
  Feel.Name.t()
  | {:path, Feel.Name.t(), [Feel.Name.t(), ...]}
  | {:local, pos_integer(), Feel.Name.t()}
  | {:local_path, pos_integer(), Feel.Name.t(), [Feel.Name.t(), ...]}
  | {:item_path, pos_integer(), [Feel.Name.t()]}
  | {:item_entry, pos_integer(), Feel.Name.t(), Feel.Type.Union.t()}


      


What a fact is about: a variable, or the entry or property of one that a path selects (p.age, then
{:path, "p", ["age"]}); a local, which is told by the depth of the context that binds it and its name
({:local, 2, "a"}, and {:local_path, 2, "a", ["age"]} for a.age, D-193); or, in the brackets of a filter, the
element of the filter of a depth or an entry of it ({:item_path, 1, []} for item, {:item_path, 1, ["x"]}
for x and for item.x).

  


        

      

      
        Functions


        


  
    
      
    
    
      call_subjects(condition)



        
          
        

    

  


  

      

          @spec call_subjects(Feel.IR.t()) :: [subject()]


      


The subjects that the condition compares through a call of a number function that is a hull (floor(x) = 2.5, exp(x) = 3,
round half up(x, 1) > 0.25): the names, locals, paths and elements of a filter that are read inside such a call, on
either side of a comparison or in an operation or a call of abs, sqrt or modulo on a side of it (floor(x) + 1 = 3.5,
abs(floor(x)) = 2.5), as the value of a between or its bounds or as the subject of an in, and in the operands of an and
or an or. The rounding functions, exp and log are the hulls (@hull_calls).
It is where a fact says more of a name than the type of the condition does. The type of a comparison is decided from the sets of
its two sides (Feel.Analysis.Inference.compare/3), and the set of the result of such a call is a hull: floor(x) is
number, or an interval of the numbers, and floor(x) = 2.5 is undecided for it, though no number gives a result that is not
whole. The fact is the numbers that give a result in the set the comparison leaves (Feel.Analysis.Images.Number.Preimage), and it
leaves none. The comparison of a name, of an operation on names, or of a call that gives an interval for an interval, is
decided by the sets as the facts are, and a fact there leaves nothing only where the type of the condition has said so already
(D-194 has the measure of that).
iex> {:ok, ast} = Feel.parse("floor(x) = 2.5 and y > 1 and exp(z) < 3")
iex> {:ok, %{ir: ir}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> Feel.Analysis.Narrowing.call_subjects(ir)
["x", "z"]
iex> {:ok, ast} = Feel.parse("abs(floor(x)) = 2.5 or x + 1 = 3 or abs(y) < 2 or count(s) = 1")
iex> {:ok, %{ir: ir}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> Feel.Analysis.Narrowing.call_subjects(ir)
["x"]

  



  
    
      
    
    
      chain_facts(node, facts, keys)



        
          
        

    

  


  

      

          @spec chain_facts(Feel.IR.t(), facts(), [Feel.Name.t(), ...]) :: %{
  optional(pos_integer()) => fact()
}


      


The facts about the paths of a chain of selections node.k1.k2…, by the number of links they are at: for the keys
["a", "b"] of p.a.b, the fact about p.a is at the first link and the one about p.a.b at the second. A fact about
p.x, or about p.a.c, is at none.
The analyzer asks it once for a chain and gives each link the fact that is at it (and path_sources/3 gives the source
the same, first). A source that has a condition on each of n different paths from it has n facts, and a chain is
asked of them without looking at all of them (D-154): one look-up for each link, in the facts. A chain that is longer
than there are facts to look at is the other way round, the facts are looked at (a look-up of each link makes the key of
each, which is n for the n-th).
iex> {:ok, ast} = Feel.parse("p.age > 5")
iex> {:ok, %{ir: {:compare, _, :gt, {:path, _, source, "age"}, _} = condition}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> facts = Feel.Analysis.Narrowing.facts(condition, :then)
iex> %{1 => fact} = Feel.Analysis.Narrowing.chain_facts(source, facts, ["age"])
iex> Feel.Analysis.Narrowing.narrow([:any, :null], fact) |> Feel.Type.Union.format()
"number in (5..max]"
iex> Feel.Analysis.Narrowing.chain_facts(source, facts, ["name"])
%{}

  



    

  
    
      
    
    
      combine(operator, branch, arg1, arg2, memos \\ &no_memos/2)



        
          
        

    

  


  

      

          @spec combine(:and | :or, branch(), profiled(), profiled(), memos()) ::
  {profiled(), [subject()]}


      


Returns the facts of left and right or left or right in a branch from the facts of the two operands in it, which
is what facts/2 makes of the node. A caller that has the facts of the left operand already (the analyzer, in a chain
of and or of or, where it has been made from the one before) needs no walk of the operands to have them.
A conjunction is true when both are, so there the facts of both hold; it is not when either is not, so a name is
narrowed only if both narrow it. A disjunction is the other way round.
memos says, of a subject that a conjunction has two facts about, the types it is read at and what the fact of the two
leaves of each. The fact is then made to answer those types with that, and any other as it would have been narrowed without.
A chain of n conditions about a name is then n steps, where a read of the name in the n-th applied n facts (D-194).
iex> fact = fn type -> Enum.reject(type, &(&1 == :null)) end
iex> left = Feel.Analysis.Narrowing.profile(%{"x" => fact})
iex> right = Feel.Analysis.Narrowing.profile(%{"y" => fact})
iex> {{facts, kinds}, applied} = Feel.Analysis.Narrowing.combine(:and, :then, left, right)
iex> {Map.keys(facts), Feel.Analysis.Narrowing.Kinds.to_list(kinds), applied}
{["x", "y"], [:name], []}
iex> {{facts, _kinds}, []} = Feel.Analysis.Narrowing.combine(:and, :else, left, right)
iex> facts
%{}
The subjects that two facts were made one of, and that memos did not answer (:applied), are given with the facts: a
read of one applies as many facts as it was made of, and the analyzer counts them (max_narrowing_facts, D-154).

  



  
    
      
    
    
      facts(condition, branch)



        
          
        

    

  


  

      

          @spec facts(Feel.IR.t(), branch()) :: facts()


      


Returns what the resolved condition says about its names in a branch of the conditional: in the
:then branch the condition was true, and in the :else branch it was not. The two outcomes that :else is made
of are asked by :false (the condition was false) and :null (it was null, or a value that is no boolean).
Every set of facts is a superset of the states that have its outcome, so a shape that is not read says nothing, and
the facts of :false and :null are never narrower than the run has them. Where a shape has no rule of its own for
them they are the facts of :else, which holds both.
iex> {:ok, ast} = Feel.parse("not(x = null)")
iex> {:ok, %{ir: condition}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> %{"x" => fact} = Feel.Analysis.Narrowing.facts(condition, :then)
iex> Feel.Analysis.Narrowing.narrow([:number, :null], fact) |> Feel.Type.Union.format()
"number"

  



  
    
      
    
    
      facts(condition, branch, origins)



        
          
        

    

  


  

      

          @spec facts(Feel.IR.t(), branch(), origins()) :: facts()


      


facts/2 for a condition that reads names that are bound to conditions: origins says, for the local of a depth and a name,
what it is bound to. A name that was bound to x > 5 and is read as a condition (if ok) says what x > 5 does in the branch,
besides what it says of ok: ok is the value that x > 5 had, and x is the value that it had.
iex> {:ok, ast} = Feel.parse("{ok: x > 5, r: if ok then x else 0}")
iex> {:ok, %{ir: {:context, _, entries}}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> %{"ok" => ok, "r" => {:if, _, {:local, %{id: id}, "ok"} = read, _, _}} = Map.new(entries)
iex> origins = fn ^id, "ok" -> Feel.Analysis.Narrowing.origin_of(ok, nil) end
iex> %{"x" => fact} = Feel.Analysis.Narrowing.facts(read, :then, origins)
iex> Feel.Analysis.Narrowing.narrow([:number, :null], fact) |> Feel.Type.Union.format()
"number in (5..max]"

  



  
    
      
    
    
      forget(memo)



        
          
        

    

  


  

      

          @spec forget(memo_key()) :: :ok


      


Takes away what origin_of/2 kept under the key.

  



  
    
      
    
    
      item_subject(arg1)



        
          
        

    

  


  

      

          @spec item_subject(Feel.IR.t()) :: {:ok, subject()} | :error


      


The subject of the element of a filter, or of an entry of it, that a name in the brackets reads
({:item_path, depth, keys}, with no keys for the element itself). Anything else has none.
iex> Feel.Analysis.Narrowing.item_subject({:item, %{span: {0, 4}, type: [:number], depth: 1}})
{:ok, {:item_path, 1, []}}
iex> Feel.Analysis.Narrowing.item_subject({:item_field, %{span: {0, 1}, type: [:number], depth: 2}, "a"})
{:ok, {:item_path, 2, ["a"]}}
iex> Feel.Analysis.Narrowing.item_subject({:const, %{span: {0, 1}, type: [:null]}, nil})
:error

  



  
    
      
    
    
      kinds(facts)



        
          
        

    

  


  

      

          @spec kinds(facts()) :: kinds()


      


The kinds of subject the facts are about, and the subjects that are paths from each name.

  



  
    
      
    
    
      meet(a, b)



        
          
        

    

  


  

      

          @spec meet(facts(), facts()) :: facts()


      


Returns the facts that hold when two sets of facts both do: a name that both narrow is narrowed by
the first and then by the second.
iex> fact = fn type -> Enum.reject(type, &(&1 == :null)) end
iex> facts = Feel.Analysis.Narrowing.meet(%{"x" => fact}, %{"x" => fact, "y" => fact})
iex> Map.keys(facts)
["x", "y"]

  



  
    
      
    
    
      narrow(type, fact)



        
          
        

    

  


  

      

          @spec narrow(Feel.Type.Union.t(), fact()) :: Feel.Type.Union.t()


      


Narrows the type of a name by a fact. A fact that leaves nothing says the branch cannot run, and
then any type will do, so the type is returned as it is (narrowed/2 tells the two apart). So is a type that the fact
leaves as it was; the type is in normal form (Feel.Type.Union), as the types of the analysis are.
iex> fact = fn type -> Enum.reject(type, &(&1 == :null)) end
iex> Feel.Analysis.Narrowing.narrow([:number, :null], fact)
[:number]
iex> Feel.Analysis.Narrowing.narrow([:null], fact)
[:null]

  



  
    
      
    
    
      narrow_source(type, keys, fact)



        
          
        

    

  


  

      

          @spec narrow_source(Feel.Type.Union.t(), [Feel.Name.t(), ...], fact()) ::
  Feel.Type.Union.t()


      


Narrows the type of the source of a path by a fact about the path (D-194): a name p is read in a branch where the
condition said something of p.age, and p has to be a value that has that.
An alternative of the source stays if the selection from it can be what the fact leaves, and goes if it cannot: a
Null and a number select Null, so p.age > 5 leaves neither. A context type that lists the entry has it narrowed;
one that does not list it gets it listed, when what the fact leaves is not null, for then the entry is there (an
entry that is not there is selected as null). Any is taken kind by kind where the fact leaves no null, since no
value of a function has an entry. A path of several keys narrows the entries in turn. Like narrow/2 it returns
the type as it is when nothing is left, for the branch cannot run.
iex> source = [{:context, %{"age" => [:number, :null]}}, :null]
iex> {:ok, ast} = Feel.parse("p.age > 5")
iex> {:ok, %{ir: condition}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> %{{:path, "p", ["age"]} => fact} = Feel.Analysis.Narrowing.facts(condition, :then)
iex> Feel.Analysis.Narrowing.narrow_source(source, ["age"], fact) |> Feel.Type.Union.format()
"context<age: number in (5..max]>"

  



    

  
    
      
    
    
      narrow_sources(type, sources, memo \\ nil)



        
          
        

    

  


  

      

          @spec narrow_sources(
  Feel.Type.Union.t(),
  [{[Feel.Name.t(), ...], fact()}],
  memo_key()
) ::
  Feel.Type.Union.t()


      


Narrows the type of a source by the facts about several of its paths: narrow_source/3 for each, in an order that keeps
the most (D-194). The facts are about the properties of a date, and a set of days is kept in at most 16 pieces: the
year leaves few, the month some more, and the day of the month and the weekday many, so d.month = 2 and d.day = 29
is the one day of the leap years, where the day first is a piece for each month and the one that holds them all. The
facts of the other paths follow, in the order they are given.
memo is a key under which the answers are kept in the process (nil, the default, keeps none): a fact is a function of
its argument, and the reads of a name in a chain of conditions are narrowed by nearly the same facts in the same order
(D-154). Whoever gives a key takes the answers away with Process.delete/1 when it is done with them; the analyzer does,
at the end of analyze/2.
iex> {:ok, ast} = Feel.parse("d.day = 29 and d.month = 2")
iex> {:ok, %{ir: condition}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> facts = Feel.Analysis.Narrowing.facts(condition, :then)
iex> sources = for {{:path, "d", keys}, fact} <- facts, do: {keys, fact}
iex> days = Feel.Type.NumberSet.interval(Decimal.new(Date.to_gregorian_days(~D[2019-01-01])), Decimal.new(Date.to_gregorian_days(~D[2022-12-31])))
iex> Feel.Analysis.Narrowing.narrow_sources([{:date, days}], sources) |> Feel.Type.Union.format()
"date = 2020-02-29"

  



  
    
      
    
    
      narrowed(type, fact)



        
          
        

    

  


  

      

          @spec narrowed(Feel.Type.Union.t(), fact()) :: {:ok, Feel.Type.Union.t()} | :none


      


The type that narrow/2 gives, or :none when the fact leaves nothing of it: no value of the type is one that the
branch can have, so the place the type is read at cannot be reached (D-152).
iex> fact = fn type -> Enum.reject(type, &(&1 == :null)) end
iex> Feel.Analysis.Narrowing.narrowed([:number, :null], fact)
{:ok, [:number]}
iex> Feel.Analysis.Narrowing.narrowed([:null], fact)
:none

  



  
    
      
    
    
      operation_subjects(ir)



        
          
        

    

  


  

      

          @spec operation_subjects(Feel.IR.t()) :: MapSet.t(subject())


      


The subjects that the condition has in an operation, or in an instance of: the names, locals, paths and elements of a filter
that are read inside an arithmetic operation, a negation, or the operand of an instance of. What a comparison of one says of them
is that the operation is not null (D-194), and for some sets of values it is (1 / x for the set 0, x ** 1000 for the very
large numbers) and for others it is not; what x instance of T says when it is not true depends on the type that x is as a whole.
Such a fact leaves a set as a whole, or none of it, and not the part of it that is in the set of the fact, which every other fact that
this module makes does. Where the analyzer answers a fact about a path from the part of a set that is in another, it does not
for a subject in an operation. A subject that is not in one has facts of the kind that it can, whatever the other
conditions of the chain are.
iex> {:ok, ast} = Feel.parse("1 / x > 0 and y > 1")
iex> {:ok, %{ir: ir}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> Feel.Analysis.Narrowing.operation_subjects(ir)
MapSet.new(["x"])
iex> {:ok, ast} = Feel.parse("p.age + 1 > 0 and not(p.age instance of number) and y = 1")
iex> {:ok, %{ir: ir}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> Feel.Analysis.Narrowing.operation_subjects(ir) |> Enum.sort()
[{:path, "p", ["age"]}, "p"]

  



  
    
      
    
    
      operation_subjects(ir, origins)



        
          
        

    

  


  

      

          @spec operation_subjects(Feel.IR.t(), origins()) :: MapSet.t(subject())


      


operation_subjects/1 for a condition that reads names bound to conditions (facts/3): the subjects that those conditions have
in an operation are among them, since what they say of the subject is what the facts of the condition say.

  



  
    
      
    
    
      origin_of(node, memo)



        
          
        

    

  


  

      

          @spec origin_of(Feel.IR.t(), memo_key()) :: origin() | nil


      


The origin a name has that is bound to the value of node: the node itself, if it is a condition or the name of a value
that says something when it is true, and nil for anything else (a number, a call, a list), which says nothing.
The facts of the node are made when the name is read as a condition, and are kept under memo (a key of the process, which
whoever gives it takes away with forget/1 when it is done with it; nil keeps nothing): a name that is bound to a condition
that reads a name that is bound to one ({a1: x > 1, a2: a1 and x > 2, …}) would otherwise make the facts of the chain again
at each read, and apply them one after the other.

  



    

  
    
      
    
    
      path_reads(root, keys, fact, claims? \\ true)



        
          
        

    

  


  

      

          @spec path_reads(Feel.Type.Union.t(), [Feel.Name.t(), ...], fact(), boolean()) ::
  {[{Feel.Type.Union.t(), [Feel.Type.Union.member()]}], :answered | :applied}


      


The types that a fact about the path keys from a source of the type root is applied to when the path is read, with what
the fact leaves of each: narrow_sources/2 applies it to the entry of each alternative of the source, and the path
node to the type that is selected from the source it leaves. The first are found by doing it, with a fact that notes what it
is given, and so is the type that is selected from the source as it was, which is the same at every term of a chain.
The type selected from the source that is left is the one that changes with each term, and it is answered without applying the
fact to it (D-194), in the cases that follow, and in no other:
	it is what is selected from the source as it was;
	it is within that, and it and what the fact leaves of that have only sets in them (numbers, strings, booleans, the
amounts and days of a duration or a date) and Null: a fact that leaves of a set what is in a set of its own leaves
of a part of it the part that is in that set (restrict/3), so it leaves of it what it leaves of that, in it;
	every alternative of the source that is left is Null or a context that has the entry, so what is selected is what the
fact left of the entries, and a fact applied to what it left of a type leaves that.

The fact is applied to it as to any other type if none of them is so, and when claims? is false: a condition on an operation
(1 / x > 0) leaves of a set what depends on the set, as a whole, and not the part of it that is in another (operation_subjects/1).
That is the second thing that is given with the reads, :applied; they are :answered when the fact was not applied to anything that
changes with each term.
iex> fact = fn type -> Enum.reject(type, &(&1 == :null)) end
iex> root = [{:context, %{"age" => [:number, :null]}}, :null]
iex> {reads, :answered} = Feel.Analysis.Narrowing.path_reads(root, ["age"], fact)
iex> for {input, output} <- reads, do: {Feel.Type.Union.format(input), Feel.Type.Union.format(output)}
[{"number | Null", "number"}, {"Null", "Never"}, {"number", "number"}]

  



    

  
    
      
    
    
      path_sources(node, facts, keys, kinds \\ nil)



        
          
        

    

  


  

      

          @spec path_sources(Feel.IR.t(), facts(), [Feel.Name.t(), ...] | nil, kinds() | nil) ::
  [
    {[Feel.Name.t(), ...], fact()}
  ]


      


The facts that narrow a name or a local that is read, as {keys, fact}: the ones about the paths from it. For a read that is the
source of a chain of selections p.a.b (keys given), the facts at the links of the chain come first, and the others that
are about a path from p, up to 16 of them, follow. For any other read (keys is nil) it is the others.
The others are taken from the facts as they come, until there are enough, so a name with few facts has them all (and is
narrowed by all of them, as it is by all there are), and a name with many has some of them.
With the kinds of the facts (kinds/1, or the ones a profile has) a name that no fact is about a path from is read
without a look at the facts, and a name that some are about is read with a look at those: the work of a read is that of
the facts about the name, and not of all the facts, which in a chain of a condition on a path from a different name each
was a look at the facts of every name before it, for each read. The others are the same facts, in the same order, as
without the kinds.
iex> {:ok, ast} = Feel.parse("p.age > 5 and p.size < 3")
iex> {:ok, %{ir: {:logic, _, :and, _, _} = ir}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> {:logic, _, :and, left, right} = ir
iex> facts = Feel.Analysis.Narrowing.facts(left, :then)
iex> {:compare, _, :lt, {:path, _, source, "size"}, _} = right
iex> [{["age"], _fact}] = Feel.Analysis.Narrowing.path_sources(source, facts, ["size"])
iex> Feel.Analysis.Narrowing.path_sources(source, facts, nil) |> length()
1
iex> kinds = Feel.Analysis.Narrowing.kinds(facts)
iex> [{["age"], _fact}] = Feel.Analysis.Narrowing.path_sources(source, facts, ["size"], kinds)
iex> Feel.Analysis.Narrowing.path_sources({:var, %{}, "q"}, facts, nil, kinds)
[]

  



  
    
      
    
    
      path_subject(arg1)



        
          
        

    

  


  

      

          @spec path_subject(Feel.IR.t()) :: {:ok, subject()} | :error


      


The subject of a path that starts at a variable: {:path, name, keys}. A path that starts at
anything else has none.
iex> {:ok, ast} = Feel.parse("p.address.city")
iex> {:ok, %{ir: ir}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> Feel.Analysis.Narrowing.path_subject(ir)
{:ok, {:path, "p", ["address", "city"]}}
iex> {:ok, ast} = Feel.parse("{p: 1}.p")
iex> {:ok, %{ir: ir}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> Feel.Analysis.Narrowing.path_subject(ir)
:error

  



  
    
      
    
    
      profile(facts)



        
          
        

    

  


  

      

          @spec profile(facts()) :: profiled()


      


The facts with the kinds of subject they are about. The analyzer asks of the facts around a name whether any is about a
path from it, and of the facts a condition leaves whether the right operand reads any: a look at all of them each time,
which in a chain of a thousand conditions is a million looks. The kinds of the facts of a chain are made from those of
the part of it before (combine/5).
iex> fact = fn type -> type end
iex> {_facts, kinds} = Feel.Analysis.Narrowing.profile(%{"x" => fact, {:path, "p", ["age"]} => fact})
iex> Feel.Analysis.Narrowing.Kinds.to_list(kinds)
[:name, :path]

  



  
    
      
    
    
      reads_a_fact?(arg, names)



        
          
        

    

  


  

      

          @spec reads_a_fact?(profiled(), MapSet.t(Feel.Name.t())) :: boolean()


      


Whether a read of any of the names is narrowed by the facts: one of them is about a name, or about a path from it. A
fact about a local or an element of a filter is taken as read, since those are not names.
It looks at the facts or at the names, whichever there are fewer of, and in the names at a look-up in the facts and in the
kinds: the right operand of a chain of conditions reads a few names, and the facts around it are of all that went before.
iex> fact = fn type -> type end
iex> profiled = Feel.Analysis.Narrowing.profile(%{{:path, "p", ["age"]} => fact})
iex> Feel.Analysis.Narrowing.reads_a_fact?(profiled, MapSet.new(["p", "q"]))
true
iex> Feel.Analysis.Narrowing.reads_a_fact?(profiled, MapSet.new(["q"]))
false

  



  
    
      
    
    
      restrict_by_test(type, test, branch)



        
          
        

    

  


  

      

          @spec restrict_by_test(Feel.Type.Union.t(), Feel.IR.t(), branch()) ::
  Feel.Type.Union.t()


      


The values of a type that one unary test accepts, read as the condition of the input ? that it is (D-161). A constraint of
DMN, an allowedValues or a typeConstraint, is a unary test, so it says what a condition says: the same facts are read,
with the operations (? * 2 < 100), the properties of a date, a duration and a time (?.year >= 2020), the tests of an in
and the rest of what narrows a name.
The type is that of the input, which has no null (the tests do not run for it), and the result has none. :then is the
values for which the test is true, :else those for which it is not true (false or null), a superset of where it is
false, which not(...) needs. A test that says nothing of ? accepts every value, and the type is returned as it is. One
that no value passes gives [].
iex> {:ok, ast} = Feel.parse("? * 2 < 100", entry: :unary_tests)
iex> {:ok, %{ir: {:unary_tests, _, _, [test]}}} = Feel.Analysis.Analyzer.analyze(ast, input: :number, declarations: :ignore)
iex> Feel.Analysis.Narrowing.restrict_by_test([:number], test, :then) |> Feel.Type.Union.format()
"number in [-max..50)"

  


        

      


  

    
Feel.Analysis.Narrowing.Kinds 
    



      
The kinds of subject some facts are about, and the subjects that are paths from each name (D-194, D-154).
A read of a name is narrowed by the facts about the paths from it (p after p.age > 5, D-194), and the analyzer asks
of the facts around it whether there are any, and which. Looking through all of them for that is a look at the facts of
every other name, for each read: in v1.a > 1 and v2.a > 1 and …, with a name for each term, the n-th read looked at
n - 1 facts that were not about it, and a chain was quadratic in cheap steps. So the subjects that are paths from a
name are kept by the name, and a read looks up its own. They are kept with the facts, and made from those of a chain
the way the facts are (Feel.Analysis.Narrowing.combine/5), so a read costs the facts about the name it reads.
A source is what a path starts at: a name ("p" for {:path, "p", ["age"]}), or a local told by the depth of the
context that binds it and its name ({2, "a"} for {:local_path, 2, "a", ["age"]}, D-193). The paths of an element
of a filter are not kept: nothing reads them as the paths of a source.

      


      
        Summary


  
    Types
  


    
      
        source()

      


        What a path starts at: a name, or a local as {depth of the context that binds it, name}.



    


    
      
        t()

      


        The kinds of subject (:name for a variable, and the tag of the others, as Feel.Analysis.Narrowing.subject/0 has
them), and the subjects that are paths from each source, as the keys of a map.



    





  
    Functions
  


    
      
        new()

      


        The kinds of no subject at all.



    


    
      
        of_subjects(subjects)

      


        The kinds of the subjects.



    


    
      
        only?(kinds, allowed)

      


        Whether the subjects are all of the kinds given (and so of none other).



    


    
      
        paths_from(kinds, source)

      


        The subjects that are paths from a source, as the keys of a map, or nil if there are none.



    


    
      
        put(kinds, subject)

      


        The kinds with the kind of one more subject, and the subject if it is a path from a source.



    


    
      
        to_list(kinds)

      


        The kinds of subject, as a sorted list.



    


    
      
        union(a, b)

      


        The kinds and the paths of both: those of the facts that two sets of facts make when both hold. The side with fewer
sources is the one that is walked, so a chain of n terms that is joined to one more is not n steps for it.



    





      


      
        Types


        


  
    
      
    
    
      source()



        
          
        

    

  


  

      

          @type source() :: Feel.Name.t() | {pos_integer(), Feel.Name.t()}


      


What a path starts at: a name, or a local as {depth of the context that binds it, name}.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Analysis.Narrowing.Kinds{
  kinds: MapSet.t(atom()),
  paths: %{
    optional(source()) => %{optional(Feel.Analysis.Narrowing.subject()) => true}
  }
}


      


The kinds of subject (:name for a variable, and the tag of the others, as Feel.Analysis.Narrowing.subject/0 has
them), and the subjects that are paths from each source, as the keys of a map.

  


        

      

      
        Functions


        


  
    
      
    
    
      new()



        
          
        

    

  


  

      

          @spec new() :: t()


      


The kinds of no subject at all.
iex> Feel.Analysis.Narrowing.Kinds.to_list(Feel.Analysis.Narrowing.Kinds.new())
[]

  



  
    
      
    
    
      of_subjects(subjects)



        
          
        

    

  


  

      

          @spec of_subjects(Enumerable.t()) :: t()


      


The kinds of the subjects.
iex> kinds = Feel.Analysis.Narrowing.Kinds.of_subjects(["x", {:path, "p", ["age"]}, {:path, "p", ["size"]}])
iex> Feel.Analysis.Narrowing.Kinds.to_list(kinds)
[:name, :path]
iex> kinds |> Feel.Analysis.Narrowing.Kinds.paths_from("p") |> Map.keys() |> Enum.sort()
[{:path, "p", ["age"]}, {:path, "p", ["size"]}]
iex> Feel.Analysis.Narrowing.Kinds.paths_from(kinds, "x")
nil

  



  
    
      
    
    
      only?(kinds, allowed)



        
          
        

    

  


  

      

          @spec only?(t(), [atom()]) :: boolean()


      


Whether the subjects are all of the kinds given (and so of none other).
iex> kinds = Feel.Analysis.Narrowing.Kinds.of_subjects(["x", {:path, "p", ["age"]}])
iex> Feel.Analysis.Narrowing.Kinds.only?(kinds, [:name, :path])
true
iex> Feel.Analysis.Narrowing.Kinds.only?(kinds, [:name])
false

  



  
    
      
    
    
      paths_from(kinds, source)



        
          
        

    

  


  

      

          @spec paths_from(t(), source()) ::
  %{optional(Feel.Analysis.Narrowing.subject()) => true} | nil


      


The subjects that are paths from a source, as the keys of a map, or nil if there are none.

  



  
    
      
    
    
      put(kinds, subject)



        
          
        

    

  


  

      

          @spec put(t(), Feel.Analysis.Narrowing.subject()) :: t()


      


The kinds with the kind of one more subject, and the subject if it is a path from a source.

  



  
    
      
    
    
      to_list(kinds)



        
          
        

    

  


  

      

          @spec to_list(t()) :: [atom()]


      


The kinds of subject, as a sorted list.

  



  
    
      
    
    
      union(a, b)



        
          
        

    

  


  

      

          @spec union(t(), t()) :: t()


      


The kinds and the paths of both: those of the facts that two sets of facts make when both hold. The side with fewer
sources is the one that is walked, so a chain of n terms that is joined to one more is not n steps for it.
iex> alias Feel.Analysis.Narrowing.Kinds
iex> a = Kinds.of_subjects([{:path, "p", ["age"]}])
iex> b = Kinds.of_subjects(["x", {:path, "p", ["size"]}])
iex> union = Kinds.union(a, b)
iex> {Kinds.to_list(union), union |> Kinds.paths_from("p") |> map_size()}
{[:name, :path], 2}

  


        

      


  

    
Feel.Analysis.NullReasons 
    



      
Why an operation can be null for the values of its operands (D-161, step B).
A type has Null only if a value can cause it (D-161), and a modeler who meets one has to be told what to change. The
analysis of the sets says that an operation can be null (Feel.Analysis.Intervals, DateArithmetic and the rest);
this module says which values do it, by asking the run. For the operands' types it takes the values at which an
operation is most likely to fail (Feel.Type.Witness.edges/2: zero, the smallest numbers there are, the ends of the sets,
the largest number, the first and last day of the calendar), runs the operation on every pair
(Feel.Runtime.Arithmetic.operate/3), and keeps for each cause the first pair that the run turns down. So a reason is a
fact and not a guess: the pair is in the operands' types, and the run says null for it, with the code that the run gives.
	Cause	The run's code	When
	a division by zero	:division_by_zero	the divisor is zero; a zero to a negative power
	too large to write	:overflow	the result is past the range of decimal128
	too small to write	:overflow	the result is not zero and needs a digit below 1E-6176 (D-59)
	no value for a power	:argument_out_of_domain	a negative base to an exponent that is not whole
	too many digits	:argument_out_of_domain	an amount of 34 digits or more, which is not a number (the months of a duration)
	a year out of the calendar	:date_out_of_range	a date, or a date and time, moved past year 999999999
	a zone on one only	:offset_mismatch	the difference of a value that has a zone and one that has none

The search is not complete: a cause whose values are not at an edge is missed. It is sound, though, and it tests the
analysis from the other side: where the sets say an operation can be null and no pair of the edges does it, the sets are
not exact there (test/feel/analysis/null_reasons_test.exs looks for that).
iex> a = [{:number, Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(150))}]
iex> b = [{:number, Feel.Type.NumberSet.point(Decimal.new("0.5"))}]
iex> [%{cause: :too_small, left: left}] = Feel.Analysis.NullReasons.find(:multiply, a, b)
iex> Decimal.to_string(left)
"1E-6176"

      


      
        Summary


  
    Types
  


    
      
        call_reason()

      


        A call of a built-in function that is null for these values of its arguments, and the error the run gives, if any.



    


    
      
        cause()

      


        What makes the run turn the operation down.



    


    
      
        label()

      


        What an operand is called in a sentence: its name, nil for an expression, :constant for a value that is written.



    


    
      
        reason()

      


        A pair of values of the operands for which the run gives null, and why.



    





  
    Functions
  


    
      
        call_sentence(name, map)

      


        The sentence that tells one reason a call is null: the call with the values, and what the run says.



    


    
      
        find(operator, left, right, options \\ [])

      


        The reasons an arithmetic operation can be null, for the types of its operands: for each cause that some pair of edge
values shows, the first pair. The operands' null, if they have it, is left out: it is the operand that is null, and not
the operation.



    


    
      
        find_call(name, types, options \\ [])

      


        The reasons a call of the built-in function name can be null, for the types of its arguments: for each cause (the code
of the error the run gives, or :null for a null with no error), the first values of the arguments that the run turns down.
The values are those at the edges of the types (Feel.Type.Witness.edges/2), at most :max_calls of them (256), and the
function is the run's own (Feel.Builtin.call/4). The arguments' null, if they have it, is left out.



    


    
      
        sentence(map, labels)

      


        The sentence that tells one reason, with the names of the operands (nil for an operand that is not a name, :constant
for one that is a value written in the expression, which is not told).



    


    
      
        show(number)

      


        A value as it is written in a reason: a number of a size that is not usual in the scientific notation (1E-6176, and not
the six thousand digits of it), a duration of such an amount in its seconds or months.



    





      


      
        Types


        


  
    
      
    
    
      call_reason()



        
          
        

    

  


  

      

          @type call_reason() :: %{
  cause: atom(),
  arguments: [Feel.Value.t()],
  message: String.t() | nil
}


      


A call of a built-in function that is null for these values of its arguments, and the error the run gives, if any.

  



  
    
      
    
    
      cause()



        
          
        

    

  


  

      

          @type cause() ::
  :division_by_zero
  | :too_large
  | :too_small
  | :out_of_domain
  | :too_many_digits
  | :date_out_of_range
  | :offset_mismatch


      


What makes the run turn the operation down.

  



  
    
      
    
    
      label()



        
          
        

    

  


  

      

          @type label() :: String.t() | nil | :constant


      


What an operand is called in a sentence: its name, nil for an expression, :constant for a value that is written.

  



  
    
      
    
    
      reason()



        
          
        

    

  


  

      

          @type reason() :: %{cause: cause(), left: Feel.Value.t(), right: Feel.Value.t()}


      


A pair of values of the operands for which the run gives null, and why.

  


        

      

      
        Functions


        


  
    
      
    
    
      call_sentence(name, map)



        
          
        

    

  


  

      

          @spec call_sentence(String.t(), call_reason()) :: String.t()


      


The sentence that tells one reason a call is null: the call with the values, and what the run says.
iex> reason = %{cause: :argument_out_of_domain, arguments: ["", Decimal.new(0)], message: "start position is 0"}
iex> Feel.Analysis.NullReasons.call_sentence("substring", reason)
~s|substring("", 0) is null: start position is 0|

  



    

  
    
      
    
    
      find(operator, left, right, options \\ [])



        
          
        

    

  


  

      

          @spec find(Feel.IR.arithmetic_operator(), Feel.Type.Union.t(), Feel.Type.Union.t(),
  same: boolean(),
  grains: {integer() | nil, integer() | nil}
) :: [reason()]


      


The reasons an arithmetic operation can be null, for the types of its operands: for each cause that some pair of edge
values shows, the first pair. The operands' null, if they have it, is left out: it is the operand that is null, and not
the operation.
With same: true the two operands are one name (d / d), so they have one value and only a pair of equal values is a reason.
iex> d = [{:number, Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(150))}]
iex> Enum.map(Feel.Analysis.NullReasons.find(:divide, d, d), & &1.cause)
[:division_by_zero, :too_large, :too_small]
iex> Enum.map(Feel.Analysis.NullReasons.find(:divide, d, d, same: true), & &1.cause)
[:division_by_zero]

  



    

  
    
      
    
    
      find_call(name, types, options \\ [])



        
          
        

    

  


  

      

          @spec find_call(String.t(), [Feel.Type.Union.t()], [{:max_calls, pos_integer()}]) :: [
  call_reason()
]


      


The reasons a call of the built-in function name can be null, for the types of its arguments: for each cause (the code
of the error the run gives, or :null for a null with no error), the first values of the arguments that the run turns down.
The values are those at the edges of the types (Feel.Type.Witness.edges/2), at most :max_calls of them (256), and the
function is the run's own (Feel.Builtin.call/4). The arguments' null, if they have it, is left out.
iex> a = [{:number, Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(150))}]
iex> [reason] = Feel.Analysis.NullReasons.find_call("log", [a])
iex> {reason.cause, Enum.map(reason.arguments, &Decimal.to_string/1)}
{:argument_out_of_domain, ["0"]}

  



  
    
      
    
    
      sentence(map, labels)



        
          
        

    

  


  

      

          @spec sentence(reason(), {label(), label()}) :: String.t()


      


The sentence that tells one reason, with the names of the operands (nil for an operand that is not a name, :constant
for one that is a value written in the expression, which is not told).
iex> reason = %{cause: :division_by_zero, left: Decimal.new(1), right: Decimal.new(0)}
iex> Feel.Analysis.NullReasons.sentence(reason, {:constant, "x"})
"a division by zero when x = 0"
iex> reason = %{cause: :too_small, left: Decimal.new(1, 1, -6176), right: Decimal.new("0.5")}
iex> Feel.Analysis.NullReasons.sentence(reason, {"x", :constant})
"a result too small to write when x = 1E-6176"

  



  
    
      
    
    
      show(number)



        
          
        

    

  


  

      

          @spec show(Feel.Value.t()) :: String.t()


      


A value as it is written in a reason: a number of a size that is not usual in the scientific notation (1E-6176, and not
the six thousand digits of it), a duration of such an amount in its seconds or months.
iex> Feel.Analysis.NullReasons.show(Decimal.new(1, 1, -6176))
"1E-6176"
iex> Feel.Analysis.NullReasons.show(Decimal.new(150))
"150"
iex> Feel.Analysis.NullReasons.show(Feel.Value.DaysAndTimeDuration.new(Decimal.new(1, 1, -6176)))
"PT1E-6176S"
iex> Feel.Analysis.NullReasons.show(["a", nil, %{"k" => true}])
~s|["a", null, {k: true}]|

  


        

      


  

    
Feel.Analysis.Operands 
    



      
The values an operand of an arithmetic operation can be, when the result is in a set (D-122).
A comparison of an operation (d + p > @"2020-06-01", p * 2 <= @"PT1H") says that the result is in a set of the
kind that it is compared with (Feel.Analysis.TestSets). The kind of the result depends on the kinds of the two
operands, so for an operand of a kind and the other operand's alternatives of each kind, this gives the set of the
operand of that kind that gives such a result with some value of the other. The sets are of the numbers that stand
for the values (Feel.Type.Image): a number is its own, a date is its days, a years and months duration its
months and a days and time duration its seconds.
	The operation	The result	Inverted by
	number, number	number	Feel.Analysis.Preimage, the run's arithmetic
	days and time duration + - days and time duration	days and time duration	the same, on seconds
	days and time duration * number, number * days and time duration, days and time duration / number	days and time duration	the same, on seconds
	days and time duration / days and time duration	number	the same
	years and months duration + - years and months duration	years and months duration	the same, with no rounding and whole months
	years and months duration / years and months duration	number	the same, with whole months
	years and months duration * number, number * years and months duration, years and months duration / number	years and months duration	the same, for a result that is rounded half up to a month
	date - date	days and time duration	the same, on whole days (86,400 seconds each), with no rounding
	date + - duration, duration + date	date	Feel.Analysis.DatePreimage

A pair of kinds that gives only null (a date and a number, a string and a duration) gives no value of the
operand; any other pair (a time, a name of a type that is not known, a function) is not known, and the operand is
not narrowed.

      


      
        Summary


  
    Types
  


    
      
        kind()

      


        A kind of the values that an operation here takes and gives.



    





  
    Functions
  


    
      
        kinds()

      


        The kinds of values that these operations take.



    


    
      
        sets(operator, side, kinds, other_type, results)

      


        The set of the operand of each of the kinds that give a result in the sets, for the other operand's type.



    





      


      
        Types


        


  
    
      
    
    
      kind()



        
          
        

    

  


  

      

          @type kind() :: :number | :date | :years_and_months_duration | :days_and_time_duration


      


A kind of the values that an operation here takes and gives.

  


        

      

      
        Functions


        


  
    
      
    
    
      kinds()



        
          
        

    

  


  

      

          @spec kinds() :: [kind(), ...]


      


The kinds of values that these operations take.

  



  
    
      
    
    
      sets(operator, side, kinds, other_type, results)



        
          
        

    

  


  

      

          @spec sets(atom(), :left | :right, [kind()], Feel.Type.Union.t(), %{
  optional(kind()) => Feel.Type.NumberSet.t()
}) :: %{optional(kind()) => Feel.Type.NumberSet.t()}


      


The set of the operand of each of the kinds that give a result in the sets, for the other operand's type.
results has the set of images that the result can be, for each kind of result (a kind that is not in it can be
any). A kind is left out if it is not known what it can be: the other operand has an alternative that may give a
value of it and is not read.
iex> alias Feel.Type.NumberSet
iex> five = NumberSet.interval({Decimal.new(5), :open}, NumberSet.max_value())
iex> one = [{:number, NumberSet.point(Decimal.new(1))}]
iex> %{number: set} = Feel.Analysis.Operands.sets(:add, :left, [:number], one, %{number: five})
iex> NumberSet.format(set)
"(4..max]"

  


        

      


  

    
Feel.Analysis.Paths 
    



      
The type of e.name from the type of e (D-65).
select/3 is the static counterpart of Feel.Runtime.Path.select/2: it takes the union that is the
type of the source and the key, and gives the union that the selection can be and whether the run can
report an error for it. A test checks the two against each other on many values.
The union of the source is taken one alternative at a time, and the result is the union of what each
gives:
	The alternative	The selection	An error
	context<..., key: T, ...>	T, whatever T is: a context type lists entries that are there (D-23)	never
	an open context without the key	Any | Null (a context type allows more entries than it lists)	maybe
	a closed context without the key	Null: it has the entries it lists and no others	always
	list<E>	list<S>, where S is the union of the selections from the alternatives of E, and Null for what has no such entry	never
	a date, a time, ...	the type of the property, with the range of its values (Table 67): month is number in [1..12]	never, or always for a name the kind has not
	range<E>	E | Null for start and end, boolean for the flags	never
	Null	Null	always
	Any, a named type	Any | Null	maybe
	anything else	Null	always

A union with an alternative that errors and one that does not is a maybe; the analyzer warns only
about always. A component of the other kind of duration (duration("P1Y").days) is an error, as the
TCK flags it, though Table 67 says null; time offset and timezone of a value that has none are null
and no error.
A context type of the specification is open (Feel.Type.Conformance), and a declared type is one. The type of a
context literal, and of a constant, is closed ({:closed_context, entries}, D-65): it has the entries it lists
and no others, so the selection of an entry it does not list is Null for sure.
Normalization retains nested exclusions. A path reader requests a positive upper approximation
of each union it inspects: the source, list elements, and context entries traversed for descendants.
An excluded context is therefore not mistaken for a value with no properties. This approximation
is local to reading; selecting an entry returns its declared union, including exclusions, unchanged.
The descendant
descend/2 is the type of e...name (D-65). The result is a list, and what is in it is known as far as the
source is: a closed context is walked as the run walks a value, so {a: {b: n}}...b is list<number | Null>
and {a: 1}...b is list<Null> (the list of nothing, Table 43). An open context may have entries that its type does not list,
nested as deep as it likes, so what is in the list is Any | Null. The contexts in a list are not looked into
(Feel.Runtime.Path), so a type that is a list is not either. A source that is Null or not a context is an error.
The value property of a date and a time is a number. That of a date and time is number | Null and a maybe:
it is null with an error for one with no zone, which the type does not tell (D-68).
iex> context = [{:context, %{"age" => [:number, :null]}}]
iex> Feel.Analysis.Paths.select(context, "age")
{:ok, [:number, :null], :never}
iex> {:ok, type, :never} = Feel.Analysis.Paths.select([:date], "month")
iex> Feel.Type.Union.format(type)
"number in [1..12]"
iex> Feel.Analysis.Paths.select([{:context, %{}}], "age")
{:ok, [:any, :null], :maybe}
iex> Feel.Analysis.Paths.select([{:closed_context, %{}}], "age")
{:ok, [:null], :always}

      


      
        Summary


  
    Types
  


    
      
        errors()

      


        Whether the run can report an error for the selection, for the values of the type.



    





  
    Functions
  


    
      
        descend(source, key)

      


        The type of the descendants of key in a value of type source, and whether it can be an error.



    


    
      
        select(source, key)

      


        The type of the selection of key from a value of type source, and whether it can be an error.



    





      


      
        Types


        


  
    
      
    
    
      errors()



        
          
        

    

  


  

      

          @type errors() :: :never | :maybe | :always


      


Whether the run can report an error for the selection, for the values of the type.

  


        

      

      
        Functions


        


  
    
      
    
    
      descend(source, key)



        
          
        

    

  


  

      

          @spec descend(Feel.Type.Union.t(), Feel.Name.t()) ::
  {:ok, Feel.Type.Union.t(), errors()}


      


The type of the descendants of key in a value of type source, and whether it can be an error.
iex> Feel.Analysis.Paths.descend([{:closed_context, %{"a" => [:number]}}], "b")
{:ok, [{:list, [:null]}], :never}
iex> {:ok, type, :never} = Feel.Analysis.Paths.descend([{:closed_context, %{"a" => [{:closed_context, %{"b" => [:number]}}]}}], "b")
iex> Feel.Type.Union.format(type)
"list<number>"
iex> Feel.Analysis.Paths.descend([{:context, %{"b" => [:number]}}], "b")
{:ok, [{:list, [:any, :null]}], :never}

  



  
    
      
    
    
      select(source, key)



        
          
        

    

  


  

      

          @spec select(Feel.Type.Union.t(), Feel.Name.t()) ::
  {:ok, Feel.Type.Union.t(), errors()}


      


The type of the selection of key from a value of type source, and whether it can be an error.

  


        

      


  

    
Feel.Analysis.Preimage 
    



      
The numbers an operand can be when the result of an operation is in a set (D-122).
Feel.Analysis.Intervals goes from the operands to the result. This goes the other way, for x + 1 > 5: the
comparison says the sum is in (5..max] (Feel.Analysis.TestSets), so x is in (4..max]. Given the set that the
result is in, the set that the other operand can be, the operator and the side that the operand is on, operand/4
gives the set that the operand is in.
The run rounds a result to 34 digits, to the nearest, so the set is of results after the rounding, and an operand
can be a little outside the set that the exact result would give:
	A bound of the set that a result is above (x + 1 > 5, an open bound of a number of 34 digits) is exact: the
rounding keeps the order, and a bound is a number the rounding does not change, so an exact result at or below it
is rounded to a number at or below it. The preimage has the same bound, open.
	A bound that a result may be (x + 1 >= 5, x + 1 = 5) is the bound the exact result can be half a unit of
its last digit short of, and still be rounded to it: 9.999999999999999999999999999999999 + 1 is
10.99999999999999999999999999999999|9, which is rounded to 11. The exact preimage is taken of that wider set.
	The run takes operands of at most 34 digits (more are null with an error, so the condition is not true for
them), so the operand is one of the numbers that have that many digits. The wide bound is brought in to the
first of them: where no number of 34 digits is in the strip that the rounding adds, as it is for x + 1 >= 5,
the bound is 4, as it would be without the rounding.

The operand of a product or a quotient is found from the corners of the intervals (an operation is monotonic in each
operand where the other has a sign), and a divisor that gets near zero makes the quotient as large as numbers go.
Where zero is in the other operand and in the result a product is zero for any operand, so any number is possible.
iex> alias Feel.Type.NumberSet
iex> result = NumberSet.interval({Decimal.new(5), :open}, NumberSet.max_value())
iex> one = NumberSet.point(Decimal.new(1))
iex> result |> then(&Feel.Analysis.Preimage.operand(:add, :left, &1, one)) |> NumberSet.format()
"(4..max]"
iex> exactly = NumberSet.point(Decimal.new(5))
iex> exactly |> then(&Feel.Analysis.Preimage.operand(:add, :left, &1, one)) |> NumberSet.format()
"4"
iex> two = NumberSet.point(Decimal.new(2))
iex> exactly |> then(&Feel.Analysis.Preimage.operand(:multiply, :left, &1, two)) |> NumberSet.format()
"2.5"

      


      
        Summary


  
    Types
  


    
      
        operator()

      


        The operations that an operand can be read back from.



    


    
      
        options()

      


        result: :exact says that the result is not rounded (the sum of two whole numbers of months, a number of days); and
operand: :whole that the operand is a whole number (months, days), so its bounds are whole numbers.



    


    
      
        side()

      


        The side of the operation that the operand is on.



    





  
    Functions
  


    
      
        operand(operator, side, result, other, options \\ [])

      


        The set the operand can be: the numbers x for which x <operator> y (side: :left) or y <operator> x
(side: :right) is in result, for some y in other. It holds every number that the run can give a result in
result for, and no more than the intervals show.



    





      


      
        Types


        


  
    
      
    
    
      operator()



        
          
        

    

  


  

      

          @type operator() :: :add | :subtract | :multiply | :divide


      


The operations that an operand can be read back from.

  



  
    
      
    
    
      options()



        
          
        

    

  


  

      

          @type options() :: [result: :rounded | :exact, operand: :number | :whole]


      


result: :exact says that the result is not rounded (the sum of two whole numbers of months, a number of days); and
operand: :whole that the operand is a whole number (months, days), so its bounds are whole numbers.

  



  
    
      
    
    
      side()



        
          
        

    

  


  

      

          @type side() :: :left | :right


      


The side of the operation that the operand is on.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      operand(operator, side, result, other, options \\ [])



        
          
        

    

  


  

      

          @spec operand(
  operator(),
  side(),
  Feel.Type.NumberSet.t(),
  Feel.Type.NumberSet.t(),
  options()
) ::
  Feel.Type.NumberSet.t()


      


The set the operand can be: the numbers x for which x <operator> y (side: :left) or y <operator> x
(side: :right) is in result, for some y in other. It holds every number that the run can give a result in
result for, and no more than the intervals show.

  


        

      


  

    
Feel.Analysis.QuotedNames 
    



      
The report of the names that were written in backticks (D-81).
A name in backticks, `first name`, is accepted whatever the dialect of DMN 1.6 says and whichever
names are in scope: the lexer checks that what is in them is a name in its canonical form
(Feel.Syntax.Lexer), so it is the name it would be without them. It is not FEEL as DMN 1.6 writes it,
though, and a model that uses it is one that an engine which follows only the specification does not accept.
So it is said, as an :info (D-46), once for the expression, at the first one, with all the names in
details.names. The code is :quoted_name: a caller that wants plain DMN 1.6 treats a diagnostic with that
code as an error, which is all the switch there is.
The parser marks a name, or the path that ends in one, with quoted: span in its metadata, the span of
what was in backticks (Feel.AST); this reads the syntax tree and so does not depend on what the names
resolve to.
iex> {:ok, ast} = Feel.parse("`first name` + `tracking-id`")
iex> [info] = Feel.Analysis.QuotedNames.diagnostics(ast)
iex> {info.code, info.severity, info.span, info.details.names}
{:quoted_name, :info, {0, 12}, ["first name", "tracking-id"]}
iex> {:ok, ast} = Feel.parse("price + 1")
iex> Feel.Analysis.QuotedNames.diagnostics(ast)
[]

      


      
        Summary


  
    Functions
  


    
      
        diagnostics(ast)

      


        Returns the diagnostic for the names in backticks of a syntax tree: none if there are none, else one, at the
first.



    





      


      
        Functions


        


  
    
      
    
    
      diagnostics(ast)



        
          
        

    

  


  

      

          @spec diagnostics(Feel.AST.t()) :: [Feel.Diagnostic.t()]


      


Returns the diagnostic for the names in backticks of a syntax tree: none if there are none, else one, at the
first.

  


        

      


  

    
Feel.Analysis.References 
    



      
Which of some names an expression reads, found in its syntax tree.
The entries of a context literal can refer to each other, in any order, and an entry has to be
evaluated after the ones it refers to (DMN 1.6, section 10.3.2.6; D-58). So the analyzer has to know what
each entry reads before it analyzes any of them, and it cannot learn that by analyzing them, for an
entry's type needs the types of the entries it reads. This module reads it off the tree, in one walk
that is linear in the size of the entry (to/2), or for all the context literals of an expression
in one walk of it (of_contexts/1).
A read is a name node whose canonical form (Feel.Name) is one of the names asked about, unless the
expression binds the name itself where it is read:
	the keys of a context literal inside the expression are bound in all of its entries,
	the variables of a for (and partial), some and every are bound in the part they scope: in the body, and in the
domains after them (D-86),
	the parameters of a function are bound in its body, and
	item is bound in a filter's predicate.

A name that is a key of the inner context is not a read of an outer entry of the same key, as
in {x: {x: 1, y: x}.y}. Where the walk cannot be sure it counts a read: a name in a filter's
predicate may be a key of the elements and not a name in scope (A4-08). Missing a read would evaluate an
entry before one it needs, while counting one that is not only makes the order more careful.
iex> {:ok, ast} = Feel.parse("{a: 1, b: a + 1, c: {a: 2, d: a}.d + b}")
iex> {:context, _meta, entries} = ast
iex> names = MapSet.new(["a", "b", "c"])
iex> for {key, value} <- entries, do: {Feel.Analysis.References.key(key), Feel.Analysis.References.to(value, names) |> Enum.sort()}
[{"a", []}, {"b", ["a"]}, {"c", ["b"]}]

      


      
        Summary


  
    Types
  


    
      
        literal_reads()

      


        What the entries of one context literal read of its keys: the entries of the literal, and for each entry that reads any
the keys, by the position of the entry.



    





  
    Functions
  


    
      
        key(arg)

      


        Returns the key of a context entry.



    


    
      
        of_contexts(ast)

      


        Returns, for every context literal in the expression, by its span, what to/2 gives for each of its entries and the
keys of the literal: the keys that the entry reads.



    


    
      
        to(ast, names)

      


        Returns the names, of those given, that the expression reads.



    





      


      
        Types


        


  
    
      
    
    
      literal_reads()



        
          
        

    

  


  

      

          @type literal_reads() ::
  {[{Feel.AST.key(), Feel.AST.t()}],
   %{required(non_neg_integer()) => MapSet.t(Feel.Name.t())}}


      


What the entries of one context literal read of its keys: the entries of the literal, and for each entry that reads any
the keys, by the position of the entry.

  


        

      

      
        Functions


        


  
    
      
    
    
      key(arg)



        
          
        

    

  


  

      

          @spec key(Feel.AST.key()) :: String.t()


      


Returns the key of a context entry.
A key that is a name is its canonical form. A key that is a string is the string, in the canonical form
of a name when it is one (D-05): "first name" and first name are the same key. Any other string is the key
as it is written (D-213), and it is decided by Feel.Syntax.Lexer.name_tokens/1, as the parser decides which
names an entry binds.
iex> Feel.Analysis.References.key({:name, ["first", "name"]})
"first name"
iex> Feel.Analysis.References.key({:string, "first   name"})
"first name"
iex> Feel.Analysis.References.key({:string, "first   name!"})
"first   name!"
iex> Feel.Analysis.References.key({:string, ""})
""

  



  
    
      
    
    
      of_contexts(ast)



        
          
        

    

  


  

      

          @spec of_contexts(Feel.AST.t()) :: %{
  required(Feel.Diagnostic.span()) => literal_reads()
}


      


Returns, for every context literal in the expression, by its span, what to/2 gives for each of its entries and the
keys of the literal: the keys that the entry reads.
The analyzer asks it for the literals one inside another, and to/2 for each walks everything below the literal, so
the nodes of the innermost one are walked once for each level around them. This is one walk of the tree: a name read
is for the innermost construct that binds it, and it counts if that is a context literal, for the entry that it is in.
iex> {:ok, ast} = Feel.parse("{a: 1, b: {a: 2, c: a + b}, d: a}")
iex> {:context, %{span: span}, _entries} = ast
iex> {_entries, reads} = Feel.Analysis.References.of_contexts(ast)[span]
iex> reads |> Enum.map(fn {index, names} -> {index, Enum.sort(names)} end) |> Enum.sort()
[{1, ["b"]}, {2, ["a"]}]

  



  
    
      
    
    
      to(ast, names)



        
          
        

    

  


  

      

          @spec to(Feel.AST.t(), MapSet.t(Feel.Name.t())) :: MapSet.t(Feel.Name.t())


      


Returns the names, of those given, that the expression reads.

  


        

      


  

    
Feel.Analysis.Refinement 
    



      
The seam between the analysis of an expression and the proofs about the values it can have (D-133).
The analyzer gives every node a type, and a type can be exact to the value: a union that says
number in [1..151], "a" | "b", true, a date in a range (Feel.Type.Union, D-39, D-109). That is refinement.
What an expression is typed as, without it, is the kind of each value and whether it can be null: number,
string, a list of numbers, a context with these entries. Both tiers aim to contain returned values under the
declarations' assumptions; a refined bound can contain fewer possible values than its kind-only approximation.
This is bounded analysis, not a claim of exact sets or general soundness. The required execution contract is the
same value and diagnostics whichever tier was used; it
is the types, the warnings of prepare/2, and what the optimizer can take out because the types prove it, that
differ (Feel.Optimizer).
The refinement is close to half of the analysis in size (Feel.Analysis.Narrowing and the modules under it, which work
out the sets of numbers, dates and durations that an operation, a comparison or a condition leaves: 6,400 of the 13,800
lines of analysis/, and the parts of Paths and AllowedValues that work on sets besides), it is where a
mistake is not seen (an unsound fact lets the optimizer remove a check that was needed), and it is where prepare/2
spends its time on a source that is built to make it. So it is a tier of its own, and the analyzer reaches it only here:
	Tier	What the analysis gives
	:full	refined possible-value bounds and condition facts, subject to representation budgets (the default)
	:core	the types of the kinds: no set of values, and no fact from a condition; null is tracked as it is in :full

prepare(source, analysis: :core) chooses the tier, and the executable keeps nothing of it, so a run does not know.
Function literals have the same observable signature in either tier (D-219): it comes from kind-only
analysis of their written environment, before condition facts, call specialization or optimization.
Full analysis makes that additional bounded pass only when the syntax contains functions. Body call
refinements remain available separately. Preparation warnings can use tier-specific inferred types;
runtime call diagnostics are built from actual argument values.
What is in the seam
The analyzer calls these and no module under them:
	facts/3, which is what a condition says of its names in a branch: nothing in :core.
	constant_type/2, the type of a value that is known: its kind in :core.
	settle/2, which is called on what the analyzer gives for each node, and in :core takes the sets out of its type,
so that a set that some part of the analysis made (a built-in function's result, a property of a date, the elements
of 1..3) goes no further than the node.
	the functions that apply facts to types and combine them (narrow/2, meet/2, combine/4 and the rest), which
are Feel.Analysis.Narrowing's and are the same in both tiers, since there are no facts in :core to apply.
	restrict/2 and restrict_elements/2, which narrow a type by the allowed values of a name (Feel.Analysis.TestSets),
used only where the allowed values narrow (:declarations, D-138), which they do not in :core; and certain/2, the
subset that goes with restrict/2, which Feel.Rules asks for the entries of a table (D-158).
	Feel.Analysis.Refinement.Operations, which is what the operators do to sets of values (D-133): the set of the
result of an operation, and whether the sets of two operands decide a comparison (Feel.Analysis.Intervals,
Feel.Analysis.DateArithmetic, Feel.Analysis.MomentArithmetic, Feel.Analysis.MomentTests and
Feel.Analysis.MonthScaling). Feel.Analysis.Inference types the kinds of an operation and whether it can be
null, and asks Operations for the sets. It is a function of types, so it needs no tier: given the types of
:core, which have no sets, it answers with the kinds (Inference does not start the arithmetic of sets for two
operands that have none).

Two places outside the seam call the modules that work with sets, and are not behind it: Feel.Analysis.Paths (the
properties of a date, a duration, a time and a date and time from their sets) and Feel.Analysis.AllowedValues (the
tests of a name's allowed values as sets). They are functions of types, so they need no tier, and given the types of
:core they answer with the kinds. test/feel/analysis/refinement_test.exs keeps the list: a new caller of a module
of the refinement fails it until it is added here or goes through the seam.

      


      
        Summary


  
    Types
  


    
      
        profiled()

      


        Facts and the kinds of subject they are about (Feel.Analysis.Narrowing).



    


    
      
        tier()

      


        :full refines possible-value bounds; :core keeps kind-only bounds. Both are bounded analyses.



    





  
    Functions
  


    
      
        call_subjects(condition)

      


        See Feel.Analysis.Narrowing.call_subjects/1.



    


    
      
        certain(type, tests)

      


        The values of a type that the unary tests certainly accept (Feel.Analysis.TestSets.certain/2): the subset that goes with the
superset of restrict/2. Feel.Rules asks both (D-158).



    


    
      
        chain_facts(node, facts, keys)

      


        See Feel.Analysis.Narrowing.chain_facts/3.



    


    
      
        combine(operator, branch, left, right)

      


        See Feel.Analysis.Narrowing.combine/4.



    


    
      
        combine(operator, branch, left, right, memos)

      


        See Feel.Analysis.Narrowing.combine/5.



    


    
      
        constant_type(atom, value)

      


        The type of a value that is known (Feel.Type.Union.of_value/1): in :core it is the type of the kind, so 1 is number
and not number = 1.



    


    
      
        exact?(atom)

      


        Whether the tier carries value sets and condition facts. The historical name exact? selects refinement;
it does not promise exact set denotations. false in :core, where
there is nothing to make the facts of the operands of an and or an or for, and where the hints that tighter
allowed values would rule null out (Feel.Analysis.Inference.null_bounds/3) are not made.



    


    
      
        facts(tier, condition, branch, origins \\ nil)

      


        What the condition says of the names it reads, in a branch (Feel.Analysis.Narrowing.facts/2). In :core it says nothing.
origins says what the locals that the condition reads are bound to, if they are bound to conditions
(Feel.Analysis.Narrowing.facts/3).



    


    
      
        forget(memo)

      


        See Feel.Analysis.Narrowing.forget/1.



    


    
      
        item_subject(node)

      


        See Feel.Analysis.Narrowing.item_subject/1.



    


    
      
        kinds(facts)

      


        See Feel.Analysis.Narrowing.kinds/1.



    


    
      
        meet(a, b)

      


        See Feel.Analysis.Narrowing.meet/2.



    


    
      
        narrow(type, fact)

      


        See Feel.Analysis.Narrowing.narrow/2.



    


    
      
        narrow_sources(type, sources)

      


        See Feel.Analysis.Narrowing.narrow_sources/2.



    


    
      
        narrow_sources(type, sources, memo)

      


        See Feel.Analysis.Narrowing.narrow_sources/3.



    


    
      
        narrowed(type, fact)

      


        See Feel.Analysis.Narrowing.narrowed/2.



    


    
      
        operation_subjects(condition)

      


        See Feel.Analysis.Narrowing.operation_subjects/1.



    


    
      
        operation_subjects(condition, origins)

      


    


    
      
        origin_of(atom, node, memo)

      


        What a name that is bound to the value of the node says when it is read as a condition: the node, if it is one (a
comparison, and, not(…), a name) and nothing else. memo is a key of the process that the facts of the node are
kept under, which forget/1 takes away. In :core nothing.



    


    
      
        path_reads(root, keys, fact)

      


        See Feel.Analysis.Narrowing.path_reads/3.



    


    
      
        path_reads(root, keys, fact, claims?)

      


        See Feel.Analysis.Narrowing.path_reads/4.



    


    
      
        path_sources(node, facts, keys)

      


        See Feel.Analysis.Narrowing.path_sources/3.



    


    
      
        path_sources(node, facts, keys, kinds)

      


        See Feel.Analysis.Narrowing.path_sources/4.



    


    
      
        profile(facts)

      


        See Feel.Analysis.Narrowing.profile/1.



    


    
      
        reads_a_fact?(profiled, names)

      


        See Feel.Analysis.Narrowing.reads_a_fact?/2.



    


    
      
        restrict(type, tests)

      


        See Feel.Analysis.TestSets.restrict/2.



    


    
      
        restrict_at(type, list, fun)

      


        A type with fun applied to what is at the end of some steps down into it: the entry of a context by its key, the
elements of a list by :each (the constraints of a member, D-161). Only the plain alternatives that have the member are
changed, and the rest are as they were, which is wider and so sound.



    


    
      
        restrict_elements(type, tests)

      


        See Feel.Analysis.TestSets.restrict_elements/2.



    


    
      
        settle(atom, analyzed)

      


        What the analyzer gave for a node, settled for the tier. In :core the type of the node has no set of values.
An error, or anything that is not a node with its information, is as it was.



    


    
      
        tiers()

      


        The tiers, the default first.



    


    
      
        union_kinds(a, b)

      


        See Feel.Analysis.Narrowing.Kinds.union/2.



    


    
      
        validate!(tier)

      


        Checks the tier an option names, and returns it. nil is :full.



    





      


      
        Types


        


  
    
      
    
    
      profiled()



        
          
        

    

  


  

      

          @type profiled() :: Feel.Analysis.Narrowing.profiled()


      


Facts and the kinds of subject they are about (Feel.Analysis.Narrowing).

  



  
    
      
    
    
      tier()



        
          
        

    

  


  

      

          @type tier() :: :full | :core


      


:full refines possible-value bounds; :core keeps kind-only bounds. Both are bounded analyses.

  


        

      

      
        Functions


        


  
    
      
    
    
      call_subjects(condition)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.call_subjects/1.

  



  
    
      
    
    
      certain(type, tests)



        
          
        

    

  


  

      

          @spec certain(Feel.Type.Union.t(), Feel.IR.t()) :: Feel.Type.Union.t() | []


      


The values of a type that the unary tests certainly accept (Feel.Analysis.TestSets.certain/2): the subset that goes with the
superset of restrict/2. Feel.Rules asks both (D-158).

  



  
    
      
    
    
      chain_facts(node, facts, keys)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.chain_facts/3.

  



  
    
      
    
    
      combine(operator, branch, left, right)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.combine/4.

  



  
    
      
    
    
      combine(operator, branch, left, right, memos)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.combine/5.

  



  
    
      
    
    
      constant_type(atom, value)



        
          
        

    

  


  

      

          @spec constant_type(tier(), Feel.Value.t()) :: Feel.Type.Union.t()


      


The type of a value that is known (Feel.Type.Union.of_value/1): in :core it is the type of the kind, so 1 is number
and not number = 1.
iex> Feel.Type.Union.format(Feel.Analysis.Refinement.constant_type(:full, Decimal.new(1)))
"number = 1"
iex> Feel.Type.Union.format(Feel.Analysis.Refinement.constant_type(:core, Decimal.new(1)))
"number"

  



  
    
      
    
    
      exact?(atom)



        
          
        

    

  


  

      

          @spec exact?(tier()) :: boolean()


      


Whether the tier carries value sets and condition facts. The historical name exact? selects refinement;
it does not promise exact set denotations. false in :core, where
there is nothing to make the facts of the operands of an and or an or for, and where the hints that tighter
allowed values would rule null out (Feel.Analysis.Inference.null_bounds/3) are not made.
iex> {Feel.Analysis.Refinement.exact?(:full), Feel.Analysis.Refinement.exact?(:core)}
{true, false}

  



    

  
    
      
    
    
      facts(tier, condition, branch, origins \\ nil)



        
          
        

    

  


  

      

          @spec facts(
  tier(),
  Feel.IR.t(),
  Feel.Analysis.Narrowing.branch(),
  Feel.Analysis.Narrowing.origins() | nil
) :: Feel.Analysis.Narrowing.facts()


      


What the condition says of the names it reads, in a branch (Feel.Analysis.Narrowing.facts/2). In :core it says nothing.
origins says what the locals that the condition reads are bound to, if they are bound to conditions
(Feel.Analysis.Narrowing.facts/3).
iex> {:ok, ast} = Feel.parse("x > 5")
iex> {:ok, %{ir: condition}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> Map.keys(Feel.Analysis.Refinement.facts(:full, condition, :then))
["x"]
iex> Feel.Analysis.Refinement.facts(:core, condition, :then)
%{}

  



  
    
      
    
    
      forget(memo)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.forget/1.

  



  
    
      
    
    
      item_subject(node)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.item_subject/1.

  



  
    
      
    
    
      kinds(facts)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.kinds/1.

  



  
    
      
    
    
      meet(a, b)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.meet/2.

  



  
    
      
    
    
      narrow(type, fact)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.narrow/2.

  



  
    
      
    
    
      narrow_sources(type, sources)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.narrow_sources/2.

  



  
    
      
    
    
      narrow_sources(type, sources, memo)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.narrow_sources/3.

  



  
    
      
    
    
      narrowed(type, fact)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.narrowed/2.

  



  
    
      
    
    
      operation_subjects(condition)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.operation_subjects/1.

  



  
    
      
    
    
      operation_subjects(condition, origins)



        
          
        

    

  


  

      

          @spec operation_subjects(Feel.IR.t(), Feel.Analysis.Narrowing.origins() | nil) ::
  MapSet.t(Feel.Analysis.Narrowing.subject())


      



  



  
    
      
    
    
      origin_of(atom, node, memo)



        
          
        

    

  


  

      

          @spec origin_of(tier(), Feel.IR.t(), Feel.Analysis.Narrowing.memo_key()) ::
  Feel.Analysis.Narrowing.origin() | nil


      


What a name that is bound to the value of the node says when it is read as a condition: the node, if it is one (a
comparison, and, not(…), a name) and nothing else. memo is a key of the process that the facts of the node are
kept under, which forget/1 takes away. In :core nothing.
iex> {:ok, ast} = Feel.parse("x > 5")
iex> {:ok, %{ir: condition}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> match?({:node, _, nil}, Feel.Analysis.Refinement.origin_of(:full, condition, nil))
true
iex> Feel.Analysis.Refinement.origin_of(:core, condition, nil)
nil

  



  
    
      
    
    
      path_reads(root, keys, fact)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.path_reads/3.

  



  
    
      
    
    
      path_reads(root, keys, fact, claims?)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.path_reads/4.

  



  
    
      
    
    
      path_sources(node, facts, keys)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.path_sources/3.

  



  
    
      
    
    
      path_sources(node, facts, keys, kinds)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.path_sources/4.

  



  
    
      
    
    
      profile(facts)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.profile/1.

  



  
    
      
    
    
      reads_a_fact?(profiled, names)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.reads_a_fact?/2.

  



  
    
      
    
    
      restrict(type, tests)



        
          
        

    

  


  

See Feel.Analysis.TestSets.restrict/2.

  



  
    
      
    
    
      restrict_at(type, list, fun)



        
          
        

    

  


  

      

          @spec restrict_at(Feel.Type.Union.t(), [Feel.Scope.step()], (Feel.Type.Union.t() ->
                                                         Feel.Type.Union.t())) ::
  Feel.Type.Union.t()


      


A type with fun applied to what is at the end of some steps down into it: the entry of a context by its key, the
elements of a list by :each (the constraints of a member, D-161). Only the plain alternatives that have the member are
changed, and the rest are as they were, which is wider and so sound.
iex> person = [{:context, %{"age" => [:number, :null], "name" => [:string, :null]}}, :null]
iex> restricted = Feel.Analysis.Refinement.restrict_at(person, ["age"], fn _age -> [:string] end)
iex> Feel.Type.Union.format(restricted)
"context<age: string, name: string | Null> | Null"
iex> orders = [{:list, [{:context, %{"total" => [:number, :null]}}, :null]}, :null]
iex> Feel.Type.Union.format(Feel.Analysis.Refinement.restrict_at(orders, [:each, "total"], fn _total -> [:string] end))
"list<context<total: string> | Null> | Null"
iex> non_empty = Feel.Type.Union.non_empty({:list, [{:context, %{"total" => [:number]}}]})
iex> Feel.Type.Union.format(Feel.Analysis.Refinement.restrict_at(non_empty, [:each, "total"], fn _total -> [:string] end))
"non-empty list<context<total: string>>"

  



  
    
      
    
    
      restrict_elements(type, tests)



        
          
        

    

  


  

See Feel.Analysis.TestSets.restrict_elements/2.

  



  
    
      
    
    
      settle(atom, analyzed)



        
          
        

    

  


  

      

          @spec settle(tier(), result) :: result
when result: {:ok, Feel.IR.t(), term()} | {:error, term()}


      


What the analyzer gave for a node, settled for the tier. In :core the type of the node has no set of values.
An error, or anything that is not a node with its information, is as it was.
iex> node = {:const, %{span: {0, 1}, type: Feel.Type.Union.of_value(true)}, true}
iex> {:ok, settled, :info} = Feel.Analysis.Refinement.settle(:core, {:ok, node, :info})
iex> Feel.IR.type(settled)
[:boolean]
iex> Feel.Analysis.Refinement.settle(:full, {:ok, node, :info}) == {:ok, node, :info}
true

  



  
    
      
    
    
      tiers()



        
          
        

    

  


  

      

          @spec tiers() :: [tier(), ...]


      


The tiers, the default first.

  



  
    
      
    
    
      union_kinds(a, b)



        
          
        

    

  


  

See Feel.Analysis.Narrowing.Kinds.union/2.

  



  
    
      
    
    
      validate!(tier)



        
          
        

    

  


  

      

          @spec validate!(term()) :: tier()


      


Checks the tier an option names, and returns it. nil is :full.
Raises ArgumentError for any other.
iex> Feel.Analysis.Refinement.validate!(nil)
:full
iex> Feel.Analysis.Refinement.validate!(:core)
:core

  


        

      


  

    
Feel.Analysis.Refinement.Operations 
    



      
What the operators do to sets of values: the part of typing an operation that is refinement (D-133).
Feel.Analysis.Inference types left + right, -operand, left < right. It works out the kind of the result
from the kinds of the operands (a number, a date, a duration, a boolean) and whether the result can be null.
What a type can say besides is which values the result can have, [0..150] + 1 being [1..151], and whether the
values of the operands decide a comparison, [0..150] < 200 being true. That is the arithmetic on sets and the proofs
about them, and it is this module's: it is the one place that Inference reaches Feel.Analysis.Intervals,
Feel.Analysis.DateArithmetic, Feel.Analysis.MomentArithmetic, Feel.Analysis.MomentTests and
Feel.Analysis.MonthScaling through, and so is part of the seam that Feel.Analysis.Refinement is (D-133).
The functions take and give sets of numbers (Feel.Type.NumberSet): the numbers of a number, or the numbers that
stand for a date, a duration, a time and a date and time (Feel.Type.Image). They know nothing of kinds besides what
an operation itself needs (a date shifted by a duration of months and one shifted by a duration of seconds are not
the same arithmetic), and nothing of null, which is the second part of what most of them answer: whether the
operation can give null because of the values it is given, an overflow, a zero divisor, a year out of the calendar.
It is the caller that puts the sets into the alternatives of a type, and null into the union.
	Function	Of	Gives
	arithmetic/3	two sets of numbers, or of the images of durations	the set of the result, and whether it can be null
	arithmetic_of_one/3	one set of numbers, read twice as one value	the set of the result, and whether it can be null
	negate/1	a set of numbers, or of the images of a duration	the set of the result
	divide_months/2	the months of two durations	the numbers of the quotient, and whether it can be null
	divide_months_of_one/1	the months of one duration, read twice as one value	the numbers of the quotient, and whether it can be null
	scale_months/3	the months of a duration, and a number	the months of the product or the quotient
	seconds_between/2	the days of two dates	the seconds between them
	shift_date/4	the days of a date, and a duration	the days of the date moved, and whether it can be null
	shift_moment/5, moment_difference/4	a time or a date and time, and a duration or another	the seconds, and whether it can be null
	decide/3, decide_moments/3	two sets	whether the comparison is true for every pair, for none, or for some
	null_bounds/3	two sets of numbers	which bounds on them would rule null out (D-161)

They are functions of sets and need no tier: in :core the operands have no sets, and Inference does not ask for
the arithmetic on the whole range of two kinds more than once (D-133).

      


      
        Summary


  
    Types
  


    
      
        duration_kind()

      


        The kinds of duration that a date, a time or a date and time can be moved by.



    


    
      
        result()

      


        The numbers of a result, and whether it can be null because of the operation.



    





  
    Functions
  


    
      
        arithmetic(operator, a, b, options \\ [])

      


        The numbers that left <operator> right can be, for the sets of numbers of the operands, and whether the result can
be null: an overflow past decimal128, a result too small to write, a division by zero, a power that has no value
(Feel.Analysis.Intervals, D-39).



    


    
      
        arithmetic_of_one(operator, a, options \\ [])

      


        The numbers that x <operator> x can be for one value x of the set that is read twice (D-170), and whether the result
can be null: x - x is 0, x / x is 1 unless x is 0, x * x is not below 0, and x + x is 2x.



    


    
      
        decide(operator, left, right)

      


        Whether left <operator> right is true for every pair of numbers of the two sets (:always), for none (:never), or
for some (:unknown); the sets of numbers, and of the images of dates and durations, which are ordered as numbers are
(Feel.Analysis.Intervals).



    


    
      
        decide_moments(operator, left, right)

      


        The same for the sets of a time or a date and time, which are ordered by the clock or by the instant, as a pair of
them can differ in (Feel.Analysis.MomentTests, D-109).



    


    
      
        divide_months(dividend, divisor)

      


        The numbers that the quotient of two years and months durations can be, for the months of the dividend and of the
divisor, and whether it can be null. The run makes a number of the months of each, which it cannot for 10^34 months
and more, so those are cut and the result can be null for them (Feel.Analysis.MonthScaling).



    


    
      
        divide_months_of_one(months)

      


        The numbers that a years and months duration divided by itself can be, for its months, and whether it can be null
(D-170, D-207): the two operands are one value, so the quotient is 1 for a month that is not 0, as it is for a number,
and null for 0 and for the months that the run cannot make a number of, 10^34 and more
(Feel.Analysis.MonthScaling). A set with no month the run can use is no number, and null.



    


    
      
        moment_difference(left_kind, left, right_kind, right)

      


        The seconds between two times, two dates and times, or a date and a date and time, to a second either way, and whether
the result can be null (one has a zone and the other has none, D-109). The kinds are those of the operands. It is
:error for a pair of kinds that has no difference (Feel.Analysis.MomentArithmetic).



    


    
      
        negate(set)

      


        The numbers that -operand can be. Negation cannot overflow, so there is no null to say.



    


    
      
        null_bounds(operator, a, b, options \\ [])

      


        Which bounds on the operands of left <operator> right would rule null out (D-161), for the sets of numbers of two
operands that cannot be null: :near_zero for operands at least 0.001 away from zero, :too_large for operands of
at most 1E+30, :range where the result needs both, and nil where it is not null, where it is certain (two single
numbers), or where these bounds do not rule it out. The operands are restricted as the hint says, and the result has no
null left. Feel.Analysis.Inference.null_bounds/3 is the one that takes types. With same: true the two sets are one
value read twice (D-170): x / x is null only for a zero, so the bounds that rule it out are those that keep x away
from zero, and a large x is no reason.



    


    
      
        scale_months(operator, months, numbers)

      


        The months of a years and months duration times a number, or divided by one, for the months of a set and the numbers of
another, as the run rounds them (Feel.Analysis.MonthScaling, D-109), and whether the result can be null. It is
:error for a set that has no whole month.



    


    
      
        seconds_between(later, earlier)

      


        The seconds between two dates, for the days of each: each day is 86,400 seconds.



    


    
      
        shift_date(days, kind, amounts, operator)

      


        The days that a date of the set of days plus (:add) or minus (:subtract) a duration can be, and whether the result
can be null (the year can leave the calendar). It is :error if either set has no value
(Feel.Analysis.DateArithmetic, D-109).



    


    
      
        shift_moment(kind, set, duration_kind, amounts, operator)

      


        The seconds that a time or a date and time plus (:add) or minus (:subtract) a duration can be, and whether the
result can be null (Feel.Analysis.MomentArithmetic, D-109). It is :error if the duration has no value that the
move takes.



    





      


      
        Types


        


  
    
      
    
    
      duration_kind()



        
          
        

    

  


  

      

          @type duration_kind() :: :years_and_months_duration | :days_and_time_duration


      


The kinds of duration that a date, a time or a date and time can be moved by.

  



  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() :: Feel.Analysis.Intervals.result()


      


The numbers of a result, and whether it can be null because of the operation.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      arithmetic(operator, a, b, options \\ [])



        
          
        

    

  


  

      

          @spec arithmetic(
  Feel.IR.arithmetic_operator(),
  Feel.Type.NumberSet.t(),
  Feel.Type.NumberSet.t(),
  Feel.Analysis.Intervals.options()
) :: result()


      


The numbers that left <operator> right can be, for the sets of numbers of the operands, and whether the result can
be null: an overflow past decimal128, a result too small to write, a division by zero, a power that has no value
(Feel.Analysis.Intervals, D-39).
iex> alias Feel.Type.NumberSet
iex> to_150 = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> {set, null?} = Feel.Analysis.Refinement.Operations.arithmetic(:add, to_150, NumberSet.point(Decimal.new(1)))
iex> {NumberSet.format(set), null?}
{"[1..151]", false}

  



    

  
    
      
    
    
      arithmetic_of_one(operator, a, options \\ [])



        
          
        

    

  


  

      

          @spec arithmetic_of_one(
  :add | :subtract | :multiply | :divide,
  Feel.Type.NumberSet.t(),
  Feel.Analysis.Intervals.options()
) :: result()


      


The numbers that x <operator> x can be for one value x of the set that is read twice (D-170), and whether the result
can be null: x - x is 0, x / x is 1 unless x is 0, x * x is not below 0, and x + x is 2x.
iex> alias Feel.Type.NumberSet
iex> to_150 = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> {set, null?} = Feel.Analysis.Refinement.Operations.arithmetic_of_one(:subtract, to_150)
iex> {NumberSet.format(set), null?}
{"0", false}

  



  
    
      
    
    
      decide(operator, left, right)



        
          
        

    

  


  

      

          @spec decide(
  Feel.IR.comparison_operator(),
  Feel.Type.NumberSet.t(),
  Feel.Type.NumberSet.t()
) ::
  Feel.Analysis.Intervals.decision()


      


Whether left <operator> right is true for every pair of numbers of the two sets (:always), for none (:never), or
for some (:unknown); the sets of numbers, and of the images of dates and durations, which are ordered as numbers are
(Feel.Analysis.Intervals).
iex> alias Feel.Type.NumberSet
iex> to_150 = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> Feel.Analysis.Refinement.Operations.decide(:lt, to_150, NumberSet.point(Decimal.new(200)))
:always

  



  
    
      
    
    
      decide_moments(operator, left, right)



        
          
        

    

  


  

      

          @spec decide_moments(
  Feel.IR.comparison_operator(),
  Feel.Type.NumberSet.t(),
  Feel.Type.NumberSet.t()
) ::
  Feel.Analysis.Intervals.decision()


      


The same for the sets of a time or a date and time, which are ordered by the clock or by the instant, as a pair of
them can differ in (Feel.Analysis.MomentTests, D-109).

  



  
    
      
    
    
      divide_months(dividend, divisor)



        
          
        

    

  


  

      

          @spec divide_months(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) :: result()


      


The numbers that the quotient of two years and months durations can be, for the months of the dividend and of the
divisor, and whether it can be null. The run makes a number of the months of each, which it cannot for 10^34 months
and more, so those are cut and the result can be null for them (Feel.Analysis.MonthScaling).

  



  
    
      
    
    
      divide_months_of_one(months)



        
          
        

    

  


  

      

          @spec divide_months_of_one(Feel.Type.NumberSet.t()) :: result()


      


The numbers that a years and months duration divided by itself can be, for its months, and whether it can be null
(D-170, D-207): the two operands are one value, so the quotient is 1 for a month that is not 0, as it is for a number,
and null for 0 and for the months that the run cannot make a number of, 10^34 and more
(Feel.Analysis.MonthScaling). A set with no month the run can use is no number, and null.
iex> alias Feel.Type.NumberSet
iex> months = NumberSet.interval(Decimal.new(0), Decimal.new(14))
iex> {set, null?} = Feel.Analysis.Refinement.Operations.divide_months_of_one(months)
iex> {NumberSet.format(set), null?}
{"1", true}
iex> {set, null?} = Feel.Analysis.Refinement.Operations.divide_months_of_one(NumberSet.interval(Decimal.new(1), Decimal.new(14)))
iex> {NumberSet.format(set), null?}
{"1", false}
iex> {set, null?} = Feel.Analysis.Refinement.Operations.divide_months_of_one(NumberSet.point(Decimal.new("1E+34")))
iex> {set, null?}
{[], true}

  



  
    
      
    
    
      moment_difference(left_kind, left, right_kind, right)



        
          
        

    

  


  

      

          @spec moment_difference(
  atom(),
  Feel.Type.NumberSet.t(),
  atom(),
  Feel.Type.NumberSet.t()
) ::
  result() | :error


      


The seconds between two times, two dates and times, or a date and a date and time, to a second either way, and whether
the result can be null (one has a zone and the other has none, D-109). The kinds are those of the operands. It is
:error for a pair of kinds that has no difference (Feel.Analysis.MomentArithmetic).

  



  
    
      
    
    
      negate(set)



        
          
        

    

  


  

      

          @spec negate(Feel.Type.NumberSet.t()) :: Feel.Type.NumberSet.t()


      


The numbers that -operand can be. Negation cannot overflow, so there is no null to say.
iex> alias Feel.Type.NumberSet
iex> set = Feel.Analysis.Refinement.Operations.negate(NumberSet.interval(Decimal.new(1), Decimal.new(10)))
iex> NumberSet.format(set)
"[-10..-1]"

  



    

  
    
      
    
    
      null_bounds(operator, a, b, options \\ [])



        
          
        

    

  


  

      

          @spec null_bounds(
  Feel.IR.arithmetic_operator(),
  Feel.Type.NumberSet.t(),
  Feel.Type.NumberSet.t(),
  Feel.Analysis.Intervals.options()
) :: :near_zero | :too_large | :range | nil


      


Which bounds on the operands of left <operator> right would rule null out (D-161), for the sets of numbers of two
operands that cannot be null: :near_zero for operands at least 0.001 away from zero, :too_large for operands of
at most 1E+30, :range where the result needs both, and nil where it is not null, where it is certain (two single
numbers), or where these bounds do not rule it out. The operands are restricted as the hint says, and the result has no
null left. Feel.Analysis.Inference.null_bounds/3 is the one that takes types. With same: true the two sets are one
value read twice (D-170): x / x is null only for a zero, so the bounds that rule it out are those that keep x away
from zero, and a large x is no reason.
iex> alias Feel.Type.NumberSet
iex> to_150 = NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> Feel.Analysis.Refinement.Operations.null_bounds(:divide, to_150, NumberSet.point(Decimal.new(2)))
:near_zero
iex> Feel.Analysis.Refinement.Operations.null_bounds(:add, to_150, NumberSet.point(Decimal.new(2)))
nil

  



  
    
      
    
    
      scale_months(operator, months, numbers)



        
          
        

    

  


  

      

          @spec scale_months(
  :multiply | :divide,
  Feel.Type.NumberSet.t(),
  Feel.Type.NumberSet.t()
) ::
  {:ok, result()} | :error


      


The months of a years and months duration times a number, or divided by one, for the months of a set and the numbers of
another, as the run rounds them (Feel.Analysis.MonthScaling, D-109), and whether the result can be null. It is
:error for a set that has no whole month.

  



  
    
      
    
    
      seconds_between(later, earlier)



        
          
        

    

  


  

      

          @spec seconds_between(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) ::
  Feel.Type.NumberSet.t()


      


The seconds between two dates, for the days of each: each day is 86,400 seconds.
iex> alias Feel.Type.NumberSet
iex> later = NumberSet.point(Decimal.new(10))
iex> earlier = NumberSet.point(Decimal.new(8))
iex> NumberSet.format(Feel.Analysis.Refinement.Operations.seconds_between(later, earlier))
"172800"

  



  
    
      
    
    
      shift_date(days, kind, amounts, operator)



        
          
        

    

  


  

      

          @spec shift_date(
  Feel.Type.NumberSet.t(),
  duration_kind(),
  Feel.Type.NumberSet.t(),
  :add | :subtract
) ::
  result() | :error


      


The days that a date of the set of days plus (:add) or minus (:subtract) a duration can be, and whether the result
can be null (the year can leave the calendar). It is :error if either set has no value
(Feel.Analysis.DateArithmetic, D-109).

  



  
    
      
    
    
      shift_moment(kind, set, duration_kind, amounts, operator)



        
          
        

    

  


  

      

          @spec shift_moment(
  :time | :date_and_time,
  Feel.Type.NumberSet.t(),
  duration_kind(),
  Feel.Type.NumberSet.t(),
  :add | :subtract
) :: result() | :error


      


The seconds that a time or a date and time plus (:add) or minus (:subtract) a duration can be, and whether the
result can be null (Feel.Analysis.MomentArithmetic, D-109). It is :error if the duration has no value that the
move takes.

  


        

      


  

    
Feel.Analysis.ScopeStack 
    



      
The names visible at one point of an expression, innermost first (DMN 1.6, section
10.3.2.11).
Evaluating an expression looks a name up in a stack of contexts. The first context
that has the name wins, and nothing is merged. From the innermost out, the stack
holds:
	The special contexts, innermost construct first: item and the keys of the
element in a filter predicate; the iterator variables and partial in a for;
the variables of some and every; the parameters of a function being
defined; ? in a unary test.
	The local context, when the expression is the value of an entry of a context
being built: the other entries of that context.
	The enclosing contexts of that one, inner to outer.
	The global context: the names the expression is given, which come from
Feel.Scope.
	The built-in context, last. It is not stored here, since the built-in
functions are a fixed table; a name that resolve/2 does not find may be a
built-in, and the analyzer checks that after the stack.

Because lookup goes in this order, any construct may reuse a name that exists
further out, including a built-in's, and shadows it inside its extent. {sum: 1, ...} makes sum a number there, and a call sum(...) in it then finds a value
that is not a function.
Names in a stack are canonical (see Feel.Name).

      


      
        Summary


  
    Types
  


    
      
        binding()

      


        A binding: its kind and type, and for a local the id that its reads carry in their metadata (:local nodes tell which binding
they are of) and, if it is bound to a condition, the origin of that condition (Feel.Analysis.Narrowing.origin/0).



    


    
      
        binding_kind()

      


        What a name is bound to.



    


    
      
        frame()

      


    


    
      
        frame_kind()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        depth(scope_stack)

      


        Returns the number of contexts in the stack.



    


    
      
        new(scope)

      


        Starts a stack with the names of a scope as its global context.



    


    
      
        pop(stack)

      


        Removes the innermost context. Raises when the stack is empty.



    


    
      
        push(stack, kind, names)

      


        Pushes a context on the inside of the stack.



    


    
      
        resolve(scope_stack, name)

      


        Looks a name up from the innermost context outwards.



    





      


      
        Types


        


  
    
      
    
    
      binding()



        
          
        

    

  


  

      

          @type binding() :: %{
  :kind => binding_kind(),
  :type => Feel.Type.t(),
  optional(:id) => pos_integer(),
  optional(:origin) => Feel.Analysis.Narrowing.origin()
}


      


A binding: its kind and type, and for a local the id that its reads carry in their metadata (:local nodes tell which binding
they are of) and, if it is bound to a condition, the origin of that condition (Feel.Analysis.Narrowing.origin/0).

  



  
    
      
    
    
      binding_kind()



        
          
        

    

  


  

      

          @type binding_kind() :: :var | :local | :item | :item_field


      


What a name is bound to.
	:var - a name from the bindings.
	:local - a variable bound by a construct, such as an iterator variable, a
parameter, or a context entry. The analyzer keeps the locals in a stack of their own, and
their type is the inferred type of what they are bound to, a Feel.Type.Union.
	:item - the element in a filter predicate.
	:item_field - a key of that element, known to exist.


  



  
    
      
    
    
      frame()



        
          
        

    

  


  

      

          @type frame() :: %{kind: frame_kind(), names: %{optional(Feel.Name.t()) => binding()}}


      



  



  
    
      
    
    
      frame_kind()



        
          
        

    

  


  

      

          @type frame_kind() :: :special | :local | :enclosing | :global


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Analysis.ScopeStack{depth: non_neg_integer(), frames: [frame()]}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      depth(scope_stack)



        
          
        

    

  


  

      

          @spec depth(t()) :: non_neg_integer()


      


Returns the number of contexts in the stack.

  



  
    
      
    
    
      new(scope)



        
          
        

    

  


  

      

          @spec new(Feel.Scope.t()) :: t()


      


Starts a stack with the names of a scope as its global context.
iex> stack = Feel.Analysis.ScopeStack.new(Feel.Scope.put_name(%Feel.Scope{}, "age", :number))
iex> Feel.Analysis.ScopeStack.resolve(stack, "age")
{:ok, %{kind: :var, type: :number}, :global}

  



  
    
      
    
    
      pop(stack)



        
          
        

    

  


  

      

          @spec pop(t()) :: t()


      


Removes the innermost context. Raises when the stack is empty.

  



  
    
      
    
    
      push(stack, kind, names)



        
          
        

    

  


  

      

          @spec push(t(), frame_kind(), %{optional(Feel.Name.t()) => binding()}) :: t()


      


Pushes a context on the inside of the stack.
iex> stack = Feel.Analysis.ScopeStack.new(%Feel.Scope{})
iex> stack = Feel.Analysis.ScopeStack.push(stack, :special, %{"item" => %{kind: :item, type: :number}})
iex> Feel.Analysis.ScopeStack.resolve(stack, "item")
{:ok, %{kind: :item, type: :number}, :special}

  



  
    
      
    
    
      resolve(scope_stack, name)



        
          
        

    

  


  

      

          @spec resolve(t(), Feel.Name.t()) :: {:ok, binding(), frame_kind()} | :error


      


Looks a name up from the innermost context outwards.
Returns the binding and the kind of context it was found in, or :error when no
context has the name. The built-in functions are not searched; see the module
documentation.
iex> stack = Feel.Analysis.ScopeStack.new(Feel.Scope.put_name(%Feel.Scope{}, "x", :number))
iex> stack = Feel.Analysis.ScopeStack.push(stack, :special, %{"x" => %{kind: :local, type: :string}})
iex> Feel.Analysis.ScopeStack.resolve(stack, "x")
{:ok, %{kind: :local, type: :string}, :special}
iex> Feel.Analysis.ScopeStack.resolve(stack, "y")
:error

  


        

      


  

    
Feel.Analysis.Tables 
    



      
What the analyzer knows of a decision table that does not need the analyzer: whether the node is a table at all, and the type of
its result (DMN 1.6, clause 8, 10.3.2.10; the node is described in Feel.AST).
The shape
A table has a hit policy, an aggregation for :collect only, and one to many outputs; an output has a name if there are
several. Every rule has one entry for each input (nil for -) and one output entry for each output. A table that is not so is
not one that a run could make sense of, and it is an error of the analysis, :invalid_decision_table, whoever built it.
The type of the result
A table is null when no rule counts and there is no default output, and when its hit policy is broken (the unique policy with
several rules, the any policy with different outputs, an output that is not among the output values), so null is always
in the type. The rest follows from the outputs, which are the types of the output entries of all the rules and the default:
	Policy	Type
	:unique, :first, :any, :priority	the output
	:output_order, :rule_order, :collect	a list of the output, or the default (which is not in a list)
	:collect with :count	a number
	:collect with :sum	a number if all the outputs are, else anything
	:collect with :min, :max	the output

The output of a table of several outputs is a context of them, closed, with the type of each output for the entry of its name.

      


      
        Summary


  
    Functions
  


    
      
        result_type(policy, aggregation, names, rule_outputs, defaults)

      


        The type of the result of a table.



    


    
      
        validate(span, policy, aggregation, inputs, rules, outputs)

      


        Checks the shape of a table: the policy and the aggregation, and the numbers of entries and outputs.



    





      


      
        Functions


        


  
    
      
    
    
      result_type(policy, aggregation, names, rule_outputs, defaults)



        
          
        

    

  


  

      

          @spec result_type(atom(), atom() | nil, [String.t() | nil], [[Feel.Type.Union.t()]], [
  Feel.Type.Union.t() | nil
]) :: Feel.Type.Union.t()


      


The type of the result of a table.
rule_outputs are the types of the output entries of each rule (one union for each output), defaults the type of the default
output entry of each output, or nil.

  



  
    
      
    
    
      validate(span, policy, aggregation, inputs, rules, outputs)



        
          
        

    

  


  

      

          @spec validate(Feel.Diagnostic.span(), atom(), atom() | nil, list(), list(), list()) ::
  :ok | {:error, [Feel.Diagnostic.t(), ...]}


      


Checks the shape of a table: the policy and the aggregation, and the numbers of entries and outputs.
Returns :ok or the diagnostics, all with the code :invalid_decision_table, at the span of the node.

  


        

      


  

    
Feel.Analysis.TestSets 
    



      
The values that unary tests accept, as sets (D-39).
The allowed values of a variable are compiled to the IR of unary tests, in which each test is an
expression of the input ? (Feel.Analysis.AllowedValues). restrict/2 reads that IR and
narrows the type of the variable to the numbers, the strings, the booleans, the dates or the durations
the tests accept, so that [0..150] makes a number of age a number in [0..150], and
[@"2020-01-01"..@"2020-12-31"] makes a date one in that year (D-109).
A date and a duration are sets of numbers too, of the numbers that stand for them (Feel.Type.Image,
D-109), and are ordered as the numbers are, so they are read exactly as a number is, with the image of
the other side of a comparison. A time and a date and time are sets of numbers too, of the second a value falls
in, but their order depends on a zone (D-54), so a value has the number of its clock and, if it has a zone, that of its
instant, and they are read by Feel.Analysis.MomentTests (D-109).
Only a safe reading is made. The set of a test is a superset of the values that make it true,
so a value that is accepted is always in the set, and a test that is not read (a name that is not
a constant, an expression of ?, a :match) accepts everything. A set is therefore the values
that the tests may accept; within the representation budget it is exact for input entries:
comparisons of ? with numbers or strings, intervals, lists of values, -, and not(...) of
those.
The result of a test has three values, true, false and null. null is neither accepted nor
rejected: not(...) accepts only values that make all of its tests false. So each test has two
sets: where it can be true, and where it can be false (both supersets), and and and or
combine them as the logic does: a conjunction is true where both are, and false where either is.
A name of the type Any
Any is the union of all the kinds of value, so it is narrowed by the kinds that the tests can
accept, each with the set of its values the tests accept. A comparison of ? with an operand of a
known kind is true or false only for a value of that kind: "a" >= 0 is null, as is [5] >= 0
and true < 1, and so is "a" = 0, a type mismatch, and null is neither accepted nor rejected.
So [0..10] accepts only numbers, and an Any becomes number in [0..10]; [0..10], true becomes
number in [0..10] | boolean = true. This is read in the same way as the sets, as a pair of kinds for
each test (where it may be true, where it may be false), which and and or meet and join and
not(...) takes the second of.
Three things accept more kinds than the operand says: an operand that can be null (x = null is
false, and x != null is true, for every value that is not null), an operand of an unknown
type (= x for an x of the type Any accepts every kind, and > x every kind that has an order),
and a test that is not read. When the kinds are all of them the type stays Any. A function that may be
accepted is the kind function, a function of any parameters (D-39).
iex> {:ok, ast} = Feel.parse("[0..150], > 200", entry: :unary_tests)
iex> {:ok, %{ir: tests}} = Feel.Analysis.Analyzer.analyze(ast, input: :number, declarations: :ignore)
iex> Feel.Analysis.TestSets.restrict([:number, :null], tests) |> Feel.Type.Union.format()
"number in [0..150], (200..max] | Null"

      


      
        Summary


  
    Types
  


    
      
        strings()

      


        A set of strings (Feel.Type.StringSet): every string, a list, or one with intervals.



    





  
    Functions
  


    
      
        certain(union, tests)

      


        The values of a type that the tests certainly accept: restrict/2 is a superset of what they accept, and this is a subset,
so that the two together bound a rule of a decision table from outside and from inside.



    


    
      
        compared_sets(kind, operator, type)

      


        Returns {where it can be true, where it can be false} for ? operator other, when ? is a value of
a kind (:number, :string, :boolean, :date or a duration) and other is of the type, a union.



    


    
      
        restrict(union, whole)

      


        Narrows the number, the string or the boolean of a type to what the tests accept, and Any to the
kinds the tests can accept.



    


    
      
        restrict_elements(union, tests)

      


        Narrows the elements of the lists of a type to what the tests accept, as restrict/2 does for a
value. The tests are those of the elements (each of Feel.Analysis.AllowedValues.compile/3), and
a null element is exempt, so it stays if the elements could be null.



    





      


      
        Types


        


  
    
      
    
    
      strings()



        
          
        

    

  


  

      

          @type strings() :: Feel.Type.StringSet.set()


      


A set of strings (Feel.Type.StringSet): every string, a list, or one with intervals.

  


        

      

      
        Functions


        


  
    
      
    
    
      certain(union, tests)



        
          
        

    

  


  

      

          @spec certain(Feel.Type.Union.t(), Feel.IR.t()) :: Feel.Type.Union.t() | []


      


The values of a type that the tests certainly accept: restrict/2 is a superset of what they accept, and this is a subset,
so that the two together bound a rule of a decision table from outside and from inside.
A test is read only where its answer is known to be exact: ? op other for an other that is one number, string, boolean,
date or duration (the sets of compared_sets/3 are then the values for which the comparison is true and for which it is
false), joined by and and or. Anything else (an other that is a range of values or is unknown, a time, a test that is
not a comparison) accepts nothing for certain. The result has no null: whether a test accepts null is not a question about
a set, and is left to whoever runs it. It is [] when nothing is certain, and a type of the members that have values.
Numeric combinations keep inner bounds. String alternatives use bulk union, and negated lists use
bulk intersection, before the point/exclusion budget is checked. Interval ranges do not count
toward that budget; the bulk operations avoid rebuilding a growing range set for every entry.
iex> {:ok, ast} = Feel.parse("[0..150], > 200", entry: :unary_tests)
iex> {:ok, %{ir: tests}} = Feel.Analysis.Analyzer.analyze(ast, input: :number, declarations: :ignore)
iex> Feel.Analysis.TestSets.certain([:number, :null], tests) |> Feel.Type.Union.format()
"number in [0..150], (200..max]"
iex> {:ok, ast} = Feel.parse("> x", entry: :unary_tests)
iex> {:ok, %{ir: tests}} = Feel.Analysis.Analyzer.analyze(ast, input: :number, declarations: :ignore)
iex> Feel.Analysis.TestSets.certain([:number, :null], tests)
[]

  



  
    
      
    
    
      compared_sets(kind, operator, type)



        
          
        

    

  


  

      

          @spec compared_sets(
  :number | :string | :boolean | Feel.Type.Image.kind(),
  atom(),
  Feel.Type.Union.t()
) ::
  {term(), term()}


      


Returns {where it can be true, where it can be false} for ? operator other, when ? is a value of
a kind (:number, :string, :boolean, :date or a duration) and other is of the type, a union.
Both are supersets of the values of the kind for which the comparison is true, and false; it
is null, which is neither, for the values that other cannot be compared with. For a number, a date and
a duration they are Feel.Type.NumberSets (of the images, for the last two, D-109), for a string a
Feel.Type.StringSet (a list, or :all), and for a boolean a list of true and false.
Feel.Analysis.Narrowing reads the types of the names in a branch from them.
iex> five = [{:number, Feel.Type.NumberSet.point(Decimal.new(5))}]
iex> {true_set, false_set} = Feel.Analysis.TestSets.compared_sets(:number, :gt, five)
iex> {Feel.Type.NumberSet.format(true_set), Feel.Type.NumberSet.format(false_set)}
{"(5..max]", "[-max..5]"}
iex> Feel.Analysis.TestSets.compared_sets(:boolean, :eq, [{:boolean, true}])
{[true], [false]}

  



  
    
      
    
    
      restrict(union, whole)



        
          
        

    

  


  

      

          @spec restrict(Feel.Type.Union.t(), Feel.IR.t()) :: Feel.Type.Union.t()


      


Narrows the number, the string or the boolean of a type to what the tests accept, and Any to the
kinds the tests can accept.
The type must have one alternative besides null, a :number, :string, :boolean, :date, a
duration, or :any, bare or with the set of its values; any other type is returned as it is.

  



  
    
      
    
    
      restrict_elements(union, tests)



        
          
        

    

  


  

      

          @spec restrict_elements(Feel.Type.Union.t(), Feel.IR.t()) :: Feel.Type.Union.t()


      


Narrows the elements of the lists of a type to what the tests accept, as restrict/2 does for a
value. The tests are those of the elements (each of Feel.Analysis.AllowedValues.compile/3), and
a null element is exempt, so it stays if the elements could be null.
iex> {:ok, ast} = Feel.parse("[0..150]", entry: :unary_tests)
iex> {:ok, %{ir: tests}} = Feel.Analysis.Analyzer.analyze(ast, input: :number, declarations: :ignore)
iex> Feel.Analysis.TestSets.restrict_elements([{:list, [:number, :null]}, :null], tests) |> Feel.Type.Union.format()
"list<number in [0..150] | Null> | Null"

  


        

      


  

    
Feel.Backend behaviour
    



      
What turns a resolved expression into something that runs.
Feel.prepare/2 parses an expression, resolves its names, and checks it. The
result is the resolved form, the IR. A backend takes the IR and produces an
executable, and Feel.run/3 later runs that executable on a set of bindings.
Splitting the two lets an expression be prepared once and run many times.
There are two backends, selected with the :backend option of Feel.prepare/2:
	Feel.Backend.Interpreter (:interpreter, the default) walks the IR. It
generates no code, so it loads nothing into the VM and mints no atoms, which
suits expressions from sources that are not trusted. It is the reference: the
other backend must give the same results.
	Feel.Backend.Beam (:beam) emits Erlang abstract format, compiles it, and
loads the module. It can reduce repeated execution cost, depending on the workload and fallback rate;
preparation and release have separate costs. Generated code calls shared
Feel.Runtime and built-in operations (Feel.Builtin). Host compilation can be expensive,
especially for nested control flow, so an expression that would make more than :max_generated_statements of
Feel.Limits is an error of the kind :limit (D-154); the modules and atoms it leaves are not bounded,
and public preparation/execution require sandbox: false for trusted expressions.

Both run on Feel.Runtime, so they share one implementation of the semantics.
Both backends implement every node the analyzer produces (listed in Feel.IR). Their contract
is the same value and ordered diagnostics (D-38); finite regression tests compare both modes.
A new kind of node needs a clause in each. Direct backend calls do not create a sandbox;
use the Feel facade to contain untrusted interpreter work.

      


      
        Summary


  
    Types
  


    
      
        compile_option()

      


        Options for compile/2.



    


    
      
        executable()

      


        What compile/2 returns and run/3 takes. Opaque to everything but the backend.



    


    
      
        ir()

      


        The resolved form of an expression, as analysis produces it.



    





  
    Callbacks
  


    
      
        compile(ir, list)

      


        Turns the resolved form of an expression into an executable.



    


    
      
        release(executable)

      


        Frees whatever an executable holds. A backend that loads code into the VM needs
this to unload it; the interpreter holds nothing and need not implement it.



    


    
      
        run(executable, bindings, list)

      


        Runs an executable on a set of bindings, with the run options of Feel.run/3.



    





  
    Functions
  


    
      
        fetch(arg1)

      


        Looks up the module of a backend by the name used in the :backend option.



    


    
      
        validate_profile!(other)

      


        Checks the :profile option of compile/2, which both backends and the emitter of the BEAM backend take.



    





      


      
        Types


        


  
    
      
    
    
      compile_option()



        
          
        

    

  


  

      

          @type compile_option() ::
  {:profile, :fast | :explain}
  | {:limits, Feel.Limits.t()}
  | {:dialect, Feel.Dialect.t()}
  | {:extensions, Feel.Extensions.t() | [atom()]}


      


Options for compile/2.
	:profile - :fast (default) or :explain. The explain profile is to report which rules and
branches were taken, for audit trails. It is not implemented yet: the option is here so that it has a
place, and :explain raises ArgumentError in both backends (validate_profile!/1).
	:limits - a Feel.Limits.t/0. The BEAM backend refuses an expression that makes more code than
:max_generated_statements allows (D-154); the interpreter makes none.
	:dialect - the Feel.Dialect.t/0 the expression was prepared in, :feel by default.
The executable keeps it, and every run of it has it in its environment (D-49).
	:extensions - the extensions it was prepared with (Feel.Extensions), none by default. Kept and
handed to every run in the same way (D-81).


  



  
    
      
    
    
      executable()



        
          
        

    

  


  

      

          @type executable() :: term()


      


What compile/2 returns and run/3 takes. Opaque to everything but the backend.

  



  
    
      
    
    
      ir()



        
          
        

    

  


  

      

          @type ir() :: Feel.IR.t()


      


The resolved form of an expression, as analysis produces it.

  


        

      

      
        Callbacks


        


  
    
      
    
    
      compile(ir, list)



        
          
        

    

  


  

      

          @callback compile(ir(), [compile_option()]) ::
  {:ok, executable()} | {:error, Feel.Error.t()}


      


Turns the resolved form of an expression into an executable.

  



  
    
      
    
    
      release(executable)


        (optional)


        
          
        

    

  


  

      

          @callback release(executable()) :: :ok | {:error, :in_use}


      


Frees whatever an executable holds. A backend that loads code into the VM needs
this to unload it; the interpreter holds nothing and need not implement it.
Returns {:error, :in_use} when the executable is still running; the caller may
try again later.

  



  
    
      
    
    
      run(executable, bindings, list)



        
          
        

    

  


  

      

          @callback run(executable(), Feel.bindings(), [Feel.run_option()]) ::
  Feel.result(Feel.Value.t())


      


Runs an executable on a set of bindings, with the run options of Feel.run/3.
A semantic error in the expression is not an {:error, _}: in lenient mode it is
a diagnostic in the result (see Feel.Error).

  


        

      

      
        Functions


        


  
    
      
    
    
      fetch(arg1)



        
          
        

    

  


  

      

          @spec fetch(atom()) :: {:ok, module()} | :error


      


Looks up the module of a backend by the name used in the :backend option.
iex> Feel.Backend.fetch(:interpreter)
{:ok, Feel.Backend.Interpreter}
iex> Feel.Backend.fetch(:beam)
{:ok, Feel.Backend.Beam}
iex> Feel.Backend.fetch(:other)
:error

  



  
    
      
    
    
      validate_profile!(other)



        
          
        

    

  


  

      

          @spec validate_profile!(term()) :: :fast


      


Checks the :profile option of compile/2, which both backends and the emitter of the BEAM backend take.
:fast is the only profile there is. :explain is reserved for a report of the rules and branches that a run took,
for audit trails, and is not implemented yet: it raises ArgumentError rather than being accepted and ignored, so
a caller who asks for it is not given a run without the report. Anything else raises ArgumentError too.
iex> Feel.Backend.validate_profile!(:fast)
:fast

iex> Feel.Backend.validate_profile!(:explain)
** (ArgumentError) the :explain profile is not implemented yet: it is reserved for a report of the rules and branches that a run took, and only :fast works

iex> Feel.Backend.validate_profile!(:slow)
** (ArgumentError) expected :profile to be :fast or :explain, got: :slow

  


        

      


  

    
Feel.Backend.Beam 
    



      
The backend that compiles an expression to a BEAM module.
compile/2 emits the module with Feel.Backend.Beam.Emitter, loads it with
Feel.Backend.Beam.Loader, and returns an executable that holds the module name.
run/3 calls the generated function, which calls only Feel.Runtime and the
built-in functions (Feel.Builtin). release/1 unloads the module, which costs time and does not free its atom
(see there).
Compared with Feel.Backend.Interpreter it saves the walk over the IR, and for the expressions that only do scalar
work on declared names (numbers, strings and booleans read from the bindings, arithmetic, comparisons, and, or,
not, if, between, in of ranges) it saves much more: Feel.Backend.Beam.Scalar makes a function that reads the names
in one pattern, does the operations without an environment, an outcome or repeated declared-type checks, checks
the largest constructed string on the executed path against its per-value limit, and hands the run to the interpreter, from the start, whenever it is not sure of the answer (a
null that the operation reports, a name that is not bound, a value of another kind, an overflow, a limit; D-164). Those run in 0.29 to 0.50 of the
interpreter's time (price * quantity * (1 + tax) 0.50, three conditions joined by and 0.37, a between and a range
0.29, a chain of if 0.46; the interpreter takes 0.8 to 1.8 µs for them); a run that falls back takes what the
interpreter takes, within 10 %. What is left to the code of Feel.Backend.Beam.Emitter (everything with a list, a
context, a loop, a function, a call of a built-in function, a path or a date) saves the walk and is small: a mixed expression
took about 6% less time. The time that is left in the fast path is the runtime's decimal arithmetic. It has operating
costs: every
distinct expression becomes a loaded module and an atom, neither of which the VM frees by
itself, and the Erlang compiler takes time and memory in proportion to the code it is given
(a source of the size :max_source_bytes allows took 8 to 18 s and 0.6 to 1.4 GB). For expressions that
come from sources that are not trusted, or that are run only a few times, use the
interpreter. If this backend is used for them, :max_generated_statements of Feel.Limits (10 000 by default)
refuses an expression that would make more code than that, before the compiler is run (D-154, compile/2);
it bounds the compile of one expression, and not the modules and atoms that many distinct ones leave, nor how
many are compiled at once, which the caller bounds. A separate VM-lifetime quota caps fresh module names
at 50 000 by default (:feel, :max_generated_modules). See Feel.Backend.Beam.Loader for how modules are named and
retired. Feel.Runtime.abi/0 supplies a cache stamp for generated names. Prepared expressions
must be regenerated on upgrade; persisted generated modules are unsupported.
It compiles every node that the analyzer produces, unary tests included, and raises
ArgumentError for any other node. Its results are the interpreter's, and a test runs both on
the same expressions.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        compile(ir, options)

      


        Compiles and loads the IR as a module.



    


    
      
        release(beam)

      


        Unloads the module of an executable.



    


    
      
        run(executable, bindings, options)

      


        Runs the generated function of an executable on a set of bindings.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Backend.Beam{
  dialect: Feel.Dialect.t(),
  env: Feel.Runtime.Env.t() | nil,
  extensions: Feel.Extensions.t(),
  module: module()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      compile(ir, options)



        
          
        

    

  


  

      

          @spec compile(Feel.Backend.ir(), [Feel.Backend.compile_option()]) ::
  {:ok, t()} | {:error, Feel.Error.t()}


      


Compiles and loads the IR as a module.
It emits the forms with Feel.Backend.Beam.Emitter.emit/2, names the module with
Feel.Backend.Beam.Loader.module_name/1 once the limit has let the forms through, and loads them with
Feel.Backend.Beam.Loader.load/2. An IR that is already loaded as a module is not
loaded again, so preparing one expression twice costs one module. An expression that is refused makes no module
and no atom when refused by a generation or module-name limit. A later compilation
or loading failure can leave the name interned.
Returns an error of kind :backend when the module cannot be built or loaded (D-38), and one of kind :limit with the
code :too_large_to_compile when the forms have more statements than :max_generated_statements of the limits allows
(D-154). Code :too_many_generated_modules reports the exhausted VM-lifetime name
quota or atom-table headroom. The generation limit is found before the Erlang compiler is run, which is where the work and the memory are: the compile of the
longest source takes 8 to 18 s and 0.6 to 1.4 GB, and the emit 0.6 s. A caller can run the same source with the interpreter.
Options
The options of Feel.Backend.compile_option/0. The profile :explain is not implemented yet and raises
ArgumentError (Feel.Backend.validate_profile!/1). The :dialect and the :extensions are kept in the
executable and not in the module, which is the same for every dialect and every set of extensions (D-49,
D-81): the module is named by its IR, and a call of a function finds its function through the environment.
iex> ir = {:const, %{span: {0, 1}, type: :number}, Decimal.new(42)}
iex> {:ok, executable} = Feel.Backend.Beam.compile(ir, [])
iex> Feel.Backend.Beam.run(executable, %{}, [])
{:ok, Decimal.new(42), []}

  



  
    
      
    
    
      release(beam)



        
          
        

    

  


  

      

          @spec release(t()) :: :ok | {:error, :in_use}


      


Unloads the module of an executable.
Returns {:error, :in_use} while a process is still running its code; try again
later. A released executable cannot be run again; prepare the expression again, and
note that executables made from the same expression share one module, so releasing
one releases it for all.
What a release costs
Time, in proportion to the number of processes in the VM. The code is deleted and
then purged, and a purge asks every process whether it still runs the code. It runs in
the code server, so every other call to the code server, a load of another module
included, waits for it. One release took this long with this many processes besides the
104 of an idle mix run (OTP 29.1.1, 10 schedulers, on a machine at a load average of
55 to 90, so a quiet machine is faster; the ranges are those of two runs of 15 and 40
releases each):
	Processes	Least	Median
	0	1.2 to 1.7 ms	3 to 6 ms
	300	1.4 to 2.2 ms	10 ms
	3,000	5 to 7 ms	11 to 16 ms
	30,000	64 to 73 ms	81 to 99 ms
	100,000	255 to 288 ms	337 to 479 ms

That is 2 to 5 µs for each process. These are processes that wait with a small heap;
a process with a large heap costs more (3,000 processes of about 80 KB each took 19 to
20 ms at least and 48 to 59 ms at the median). A call to the code server made 8 ms
after a release had started waited 5.5, 46 and 171 ms (medians) for it, with 3,000,
30,000 and 100,000 processes. Release an expression when it is discarded and not after
each run, and keep the executable while it can be run again: preparing the same
expression finds the module loaded.
The atom, which is never freed. The name of the module is an atom, and the VM frees
no atom, so a release gives back the code and not the name or lifetime quota. Each distinct expression
costs one atom (200 distinct expressions of each of four shapes took 200 atoms, and
releasing them all gave back none); the same expression prepared again costs none. The
table holds 1,048,576 atoms, and when it is full the VM stops, not only the expression.
The default lifetime quota stops new name creation at 50 000, before that table fills
from generated names alone; other host code can still consume atoms. Only a VM restart
reclaims the atoms and resets this quota. Use the interpreter for unbounded expression
streams and bound concurrent compilation and retained code when choosing BEAM.

  



  
    
      
    
    
      run(executable, bindings, options)



        
          
        

    

  


  

      

          @spec run(t(), Feel.bindings(), [Feel.run_option()]) :: Feel.result(Feel.Value.t())


      


Runs the generated function of an executable on a set of bindings.
Takes the run options of Feel.run/3 and raises ArgumentError for any other, and
for an executable that has been released.
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Cuts the long straight lines of generated code into functions of a bounded size.
The Erlang compiler takes more than linear time for one large function: several of its passes
(the lint of the forms, the translation to Core Erlang, the optimizations of the SSA form, the
allocation of registers) do work that grows with the variables and blocks of a function, and the
emitter makes a function as long as the expression is (three statements for each operation).
x and x and … of 100 terms took the compiler 0.26 s, of 200 terms 1.0 s, and of 400 terms
4.9 s, whatever the analysis cost (D-113).
A body that is long is therefore cut into chunks. Each chunk but the last ends in a tail call
of the next, which is a function of its own that takes the variables that the rest of the body
reads, and the last has the expression the body ended in. The body is cut again where it is
still long (a function of a filter, the branch of a conditional), so the cost of the compile is
linear in the size of the expression, and the code that runs is the same statements in the
same order: what a run reports, and where, does not change.
run(Bindings, E0) ->
    {V1, E1} = 'Elixir.Feel.Runtime.Bindings':lookup(E0, Bindings, <<"x">>, {0, 1}),
    ...
    run_1(Bindings, E31, V32);

run_1(Bindings, E31, V32) ->
    ...
    {V90, E90}.
A body is cut only after a statement that leaves few variables to carry (@max_carried): for
x + x + … they are four (the bindings, the environment, the value so far and the one just read). The emitter
puts the values of a long list or context in a variable of their own a few at a time (D-113), so that there are such
places in them too, and a fun with many parameters reads them from a tuple (D-113); a body that keeps many values
alive for some other reason has no such place, and stays one function. A body of
@chunk statements or fewer is not touched, so the code of the expressions that are usually
written is what the emitter made.
The names of the functions are run_1, run_2, and so on: the same few atoms for every
module, bounded by the size of the source.
The variables of the generated code are never bound twice (the emitter numbers them across
branches and functions), which is what lets this module find what a statement reads by the names
alone: a variable that a statement mentions and does not bind in a pattern of its own is read from
outside it.
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        split(arg)

      


        Returns the function and the functions that its long bodies are cut into, the function first.



    


    
      
        statements(forms)

      


        Returns the number of statements in the forms: the length of the body of every clause, those of a case and of a fun
inside a body among them.
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          @spec split(:erl_parse.abstract_form()) :: [:erl_parse.abstract_form()]


      


Returns the function and the functions that its long bodies are cut into, the function first.
The function is returned as it was if no body of it is long.
iex> a = :erl_anno.new(0)
iex> function = {:function, a, :run, 1, [{:clause, a, [{:var, a, :E0}], [], [{:var, a, :E0}]}]}
iex> Feel.Backend.Beam.Chunks.split(function) == [function]
true
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          @spec statements([:erl_parse.abstract_form()]) :: non_neg_integer()


      


Returns the number of statements in the forms: the length of the body of every clause, those of a case and of a fun
inside a body among them.
It is what the Erlang compiler's work and memory are in proportion to (about 20 000 reductions and 6 to 28 KB for each, whatever
the expression is), and so what Feel.Limits bounds for the BEAM backend (:max_generated_statements, D-154). A list or a
string of constants is data and not statements.
iex> a = :erl_anno.new(0)
iex> body = [{:match, a, {:var, a, :X}, {:integer, a, 1}}, {:var, a, :X}]
iex> fun = {:fun, a, {:clauses, [{:clause, a, [], [], [{:integer, a, 2}]}]}}
iex> forms = [{:function, a, :run, 0, [{:clause, a, [], [], body ++ [fun]}]}]
iex> Feel.Backend.Beam.Chunks.statements(forms)
4
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Turns the resolved form of an expression into Erlang abstract format.
The result is a list of forms that :compile.forms/2 accepts: the module
attribute, the export of run/2,
and the function that runs the expression. The generated function calls only
Feel.Runtime and the built-in functions; it never calls anything chosen by the
expression.
Abstract format is emitted directly, not Elixir or Erlang source text, so no
string from the expression is ever interpreted as code. Strings and numbers in the
expression become literal terms. Names from the expression are never turned into
atoms: the variables of generated code are numbered (V1, E1, and so on), and the
names of bindings are binaries.
The generated function
run(Bindings, Env0) takes the bindings and the run environment
(Feel.Runtime.Env) and returns {Value, Env}, as the interpreter's evaluation
does. The body is a straight line of matches, one for each operation, in the order
the interpreter evaluates them (left operand, right operand, operation), so the
diagnostics of a run come out in the same order:
run(_Bindings, E0) ->
    {V1, E1} = 'Elixir.Feel.Runtime.Env':settle(E0,
        'Elixir.Feel.Runtime.Arithmetic':multiply(2, 3), {4, 9}, E0),
    {V2, E2} = 'Elixir.Feel.Runtime.Env':settle(E1,
        'Elixir.Feel.Runtime.Arithmetic':add(1, V1), {0, 9}, E0),
    {V2, E2}.
The last argument of settle is the environment from before the operands of the operation, which tells the
diagnostics that the operands reported (the ones that can explain a null operand, D-103) from the ones before them
(D-103). Only the arithmetic operators, the inclusive comparisons, between and the tests of in have it.
A constant is a literal in the call that uses it. The span is the one of the node, so a
diagnostic points at the same text as the interpreter's. A name is a call to
Feel.Runtime.Bindings.lookup/4, with the name as a binary, and the first parameter
is called Bindings only when the expression reads one. Both operands of every binary
operator are evaluated, left then right, with no short cut, as the interpreter does
(D-53).
The constants above are shown as numbers to keep the example short; a number is a
Decimal, a literal map in the generated code.
The fast path
An expression that only does scalar work on declared names is not emitted as above but by
Feel.Backend.Beam.Scalar (D-164): one function that reads the names it needs from the bindings, does the operations
with no environment and no outcome, accounting for constructed strings; a fallback/2 that runs the expression in the
interpreter from the environment it was given is what it does for anything it is not sure of. emit/2 asks it first and
uses its forms if it makes any, so the straight line of this module is what is left: lists, contexts, loops, functions,
calls of built-in functions, paths, dates, unary tests, allowed values and a declared result, an expression that
reads no name, and one of more than 32 nodes.
Nodes
It emits every node that the analyzer produces (see Feel.IR), and raises ArgumentError for any
other. A new kind of node needs a clause here as well as in Feel.Backend.Interpreter.Walk. The
:profile option is accepted and does not change the code yet.
Lists and contexts
The elements of a list are evaluated in order and put in a list expression. The entries of a context
are evaluated in the order the node has them, and the value of each is kept for the ones after it:
a :local node is the variable that holds it, and a context ends in a map expression of its keys
and those variables. A key is a binary in the map and never an atom or a name of a variable, so
nothing from the expression becomes code. Both are passed through Feel.Runtime.Env.settle/3 as a
value, so a list that is too long ends the run as it does in the interpreter.
If every value of a list were a variable that is alive until the list is built, the Erlang compiler would take more
than linear time for the function (a hundred values compile in a fifth of a second, five hundred in four seconds, and
about a thousand are more than a function can hold, which is a :backend error, :compile_failed), and the cuts of
Feel.Backend.Beam.Chunks (below) would find no place at which few variables are alive. So the values of a long list
are put in a variable of their own as they are made, L33 = [V1, …, V16] and then L50 = L33 ++ [V34, …], and the
entries of a context in a map that a group of entries updates at a time (L50 is L33 with the next entries), in
which the entries that later entries read are read (map_get(Key, L50)) and are not kept as variables. The same is done for the
arguments of a call and the tests of in and of unary tests, which are lists as well (D-113). A group ends after the
item at which it has bound 16 variables, wherever that is; a list that binds fewer is the list of its values.
Funs with many parameters
The funs of a function value, of a loop's domains and of its body get their parameters as one list. Up to 16
parameters the head is the list of their variables (fun (E, [P3_0, P3_1])). With more, a pattern with so many
variables, read in the body, costs the Erlang compiler more than linear time (and a for with n iterators has
n * n / 2 of them, since each domain gets the iterators before it), so the fun takes the list as one variable,
its body begins with T = list_to_tuple(Args) and reads the parameter i as element(i, T). A tuple that the body
does not read is not made (D-113). A domain with more than 16 iterators before it is told, in the reads option of
the call of the loop, the places of the ones its code names, and is given the values at them and no others, so its
head is the list of those variables (D-86); the loop would otherwise make the list of all the ones before it for
each domain, which is n * n / 2 for a loop of n iterators.
Long bodies
The Erlang compiler takes more than linear time for one long function, and a body is as long as the expression:
x and x and … of 400 terms took it 4.9 s (D-113). emit/2 therefore gives the function it made to
Feel.Backend.Beam.Chunks, which cuts a body of more than 32 statements, where few variables are alive, into
functions that call one another: run/2 ends in a tail call of run_1/N, which takes the variables that the rest of
the body reads, and so on. The statements are the same and in the same order, so a run reports what it did. The bodies of
the branches of a conditional and of the functions below are cut in the same way.
Conditionals
A conditional runs only the branch it takes, so it is the one node that is not a straight line
of matches: the two branches are the clauses of a case on the condition, each with statements
of its own that end in the value and the environment, and the result of the case is matched
like any other operation. The numbers of the variables go on across the branches, so that no
variable is bound twice, and both branches start from the environment that the condition gave.
For if c then 2 else 3 / z:
run(Bindings, E0) ->
    {V1, E1} = 'Elixir.Feel.Runtime.Bindings':lookup(E0, Bindings, <<"c">>, {3, 4}),
    {V4, E4} = case V1 of
        true ->
            {2, E1};
        _ ->
            {V2, E2} = 'Elixir.Feel.Runtime.Bindings':lookup(E1, Bindings, <<"z">>, {21, 22}),
            {V3, E3} = 'Elixir.Feel.Runtime.Env':settle(E2,
                'Elixir.Feel.Runtime.Arithmetic':divide(3, V2), {17, 22}, E1),
            {V3, E3}
    end,
    {V4, E4}.
Only true takes the first clause: false, null and a value that is not a boolean all take
the second (Table 50). The choice itself requires no runtime call.
Allowed values
A value with allowed values (D-138) is a call to Feel.Runtime.AllowedValues.verify/5, which
gets the value, who it is, where it is, and a function of the environment that runs the tests.
The function is a closure in the generated code: it binds ? in a copy of the bindings
(Feel.Runtime.Bindings.bind_input/2) and runs the tests in a straight line of their own,
with numbers that go on from those of the function around it, since a variable that is bound
inside a function and has the name of one outside it is a match and not a new variable:
run(Bindings, E0) ->
    {V1, E1} = 'Elixir.Feel.Runtime.Bindings':lookup(E0, Bindings, <<"age">>, {0, 3}),
    {V3, E3} = 'Elixir.Feel.Runtime.AllowedValues':verify(E1, V1, <<"age">>, {0, 3},
        fun (E2) ->
            B2 = 'Elixir.Feel.Runtime.Bindings':bind_input(Bindings, V1),
            ...
            {'Elixir.Feel.Runtime.UnaryTests':satisfied(positive, [V2]), E2}
        end),
    {V3, E3}.
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        A list of forms in Erlang abstract format.
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        Options for emit/2.
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        emit(ir, options)

      


        Emits the forms of a module with a run/2 function for the given IR.
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          @type forms() :: [:erl_parse.abstract_form()]


      


A list of forms in Erlang abstract format.
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          @type option() :: {:module, module()} | {:profile, :fast | :explain}


      


Options for emit/2.
	:module - the name of the module to generate. Required.
	:profile - :fast (default) or :explain, as in Feel.Backend.compile_option/0. :explain is not
implemented yet and raises ArgumentError (Feel.Backend.validate_profile!/1).
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          @spec emit(Feel.Backend.ir(), [option()]) :: {:ok, forms()} | {:error, Feel.Error.t()}


      


Emits the forms of a module with a run/2 function for the given IR.
The generated run/2 takes the bindings and the run environment and returns the
value of the expression and the environment. Raises KeyError without :module,
ArgumentError for an unknown option or for a node that cannot be emitted yet.
iex> ir = {:const, %{span: {0, 1}, type: :number}, Decimal.new(1)}
iex> {:ok, forms} = Feel.Backend.Beam.Emitter.emit(ir, module: Feel.Generated.Doc)
iex> {:attribute, _, :module, module} = hd(forms)
iex> module
Feel.Generated.Doc
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Compiles generated forms and manages the modules they become.
Generating code has operating costs that interpreting does not, and this module is
where they are handled:
	Atoms. A module name is an atom, and atoms are never freed. Each distinct
expression would mint one, so module_name/1 derives the name from a hash of the
IR and runtime cache stamp: the same expression on the same stamp gets the same module, and loading it twice is a
no-op. New names have a VM-lifetime quota of 50 000, configured with
config :feel, :max_generated_modules, count. Unloading and application restarts
do not refund it. :infinity disables the quota; atom-table headroom is still
checked. Existing names can always be reused.
	Replacement. The VM keeps at most two versions of a module name, and loading
another version kills processes still running the oldest. Names are therefore never
reused for different code; a changed expression gets a new name. A module is
never replaced: load/2 leaves a loaded module alone, refuses to load over old
code that something still runs, and loads of one name are serialized, so two
processes that prepare the same expression at once load it once.
	Unloading. unload/1 retires a module once nothing runs it, by purging it
softly and deleting it, and reports when it is still in use. The purge asks every
process of the VM, so the time grows with their number; the figures are in the
documentation of Feel.Backend.Beam.release/1, and so is the reason that unloading
gives back the code of a module and not its atom.
Generated code is ephemeral and is rebuilt on upgrade. There is no persisted
BEAM-artifact import or runtime compatibility negotiation. Feel.Runtime.abi/0
is only a cache-generation stamp, included in the module-name hash.

Failures are Feel.Error values of kind :backend with codes :compile_failed,
:load_failed or :module_in_use. Exhausting the lifetime name quota raises a
Feel.Error of kind :limit with code :too_many_generated_modules; the backend
returns it as a preparation error.
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    Functions
  


    
      
        load(forms, module)

      


        Compiles the forms to a binary and loads it as module.



    


    
      
        module_name(ir)

      


        Returns the module name for an IR: a name under Feel.Generated, derived from a
hash of the IR. Creating the atom is deliberate; callers should expect one atom per
distinct IR. Raises Feel.Error with code :too_many_generated_modules before
interning a new name if the lifetime quota or atom-table headroom is exhausted.
Setting :feel, :max_generated_modules to zero permits only existing names.



    


    
      
        unload(module)

      


        Unloads a generated module. Returns {:error, :in_use} while a process is still
running its code.
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          @spec load(Feel.Backend.Beam.Emitter.forms(), module()) ::
  {:ok, module()} | {:error, Feel.Error.t()}


      


Compiles the forms to a binary and loads it as module.
Does nothing and returns {:ok, module} if a module with that name, compiled from
the same IR, is already loaded.
The errors have the kind :backend:
	:compile_failed - the forms are not a valid module.
	:load_failed - the VM refused the code.
	:module_in_use - the name is taken by code that was unloaded while a process
was still running it; try again when it has finished.
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          @spec module_name(Feel.Backend.ir()) :: module()


      


Returns the module name for an IR: a name under Feel.Generated, derived from a
hash of the IR. Creating the atom is deliberate; callers should expect one atom per
distinct IR. Raises Feel.Error with code :too_many_generated_modules before
interning a new name if the lifetime quota or atom-table headroom is exhausted.
Setting :feel, :max_generated_modules to zero permits only existing names.
The same IR on the same cache stamp always gives the same name, and the name has 128 bits of a SHA-256 hash
in it, so different IRs do not share one in practice.
iex> ir = {:const, %{span: {0, 1}, type: :number}, Decimal.new(1)}
iex> name = Feel.Backend.Beam.Loader.module_name(ir)
iex> name == Feel.Backend.Beam.Loader.module_name(ir)
true
iex> String.starts_with?(Atom.to_string(name), "Elixir.Feel.Generated.E")
true
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          @spec unload(module()) :: :ok | {:error, :in_use}


      


Unloads a generated module. Returns {:error, :in_use} while a process is still
running its code.
It first soft-purges any old code, then deletes the current module and soft-purges
that code too. No running process is killed. If either purge finds active code,
it returns {:error, :in_use}; depending on the stage, the module can still be
available to new calls or await only its final purge. Retry after those calls end.
Unloading a module with no loaded or active old code is :ok.
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The guarded fast path of the BEAM backend, for the expressions that only do scalar work on declared names (D-164).
The general emitter calls shared runtime operations. This specialization removes
dispatch and repeated kind checks where declared scalar types establish the required
assumptions. Numeric and boolean operations no longer carry a step counter. String
construction still checks individual value-size limits.
The subset
An expression is in it when its nodes are all of these, and there are at most 32 of them:
	constants: a number, a string, true or false;
	a name that is read from the bindings, whose kind is number, string or boolean (the type that the scope
declares for it, or, if the expression was not given declarations, the one the analyzer found);
	+ - * / of two numbers, + of two strings, and -x of a number;
	= and != of two numbers, two strings or two booleans, and <, <=, > and >= of two numbers;
	and, or and not(x) of booleans, and between of three numbers;
	in, with tests that are such expressions of booleans, which is what a range or a comparison written as a unary
test becomes (age in [18..65));
	if then else of a boolean, where it is the value of the expression or the value of a branch of one that is, so
that what follows a branch is the end of the run (if a then 1 else if b then 2 else 3); an if that is an operand
is left to the emitter.

Everything else (contexts, lists, loops, functions, calls of built-in functions other than not, paths, dates and
durations, the unary tests themselves, allowed values, a declared result) is left to the emitter, and so is an
expression that has no name to read, which the optimizer has folded.
What it does
It reads the names it needs from the bindings in one pattern, with a guard for each that says it is a number (a
Decimal that is finite, of at most 34 digits and an exponent from -6176 to 6111: a guard cannot count the digits of a
coefficient, so a number with a larger exponent, 1E+6144, takes the clause that does not match and the fallback;
D-214), a string or a boolean, and a string that is declared is asked whether it is
valid UTF-8 (Feel.Runtime.Kind.string?/1), as the check of the declared types asks. A value that is not one, a name
that has no binding, or a binding that is spelled differently, is a clause that does not match, and so is a null
where the name is read by an operation that reports it (below). The declared names that the
expression does not read are checked as well, since the declared types are checked for all of them. With the values
in hand, the operations are done in a straight line without an environment and without an outcome: a case on
'Elixir.Feel.Runtime.Number':multiply(A, B) for an operation that gives a number, a comparison of the order that
Feel.Runtime.Number.compare/2 gives, the operators of the language for strings and booleans. The largest constructed
string is checked against max_string_length at the end of each path, including intermediate
strings when the final result is boolean. Successful paths return the original environment.
run(Bindings, E0) ->
    case Bindings of
        #{<<"price">> := #{'__struct__' := 'Elixir.Decimal', coef := C1, exp := X1} = P1,
          <<"quantity">> := #{'__struct__' := 'Elixir.Decimal', coef := C2, exp := X2} = P2,
          <<"tax">> := #{'__struct__' := 'Elixir.Decimal', coef := C3, exp := X3} = P3}
            when is_integer(C1), C1 < 10^34, is_integer(X1), X1 >= -6176, X1 =< 6111,
                 ...the same for C2, X2 and C3, X3 ->
            case 'Elixir.Feel.Runtime.Number':multiply(P1, P2) of
                {ok, V1} ->
                    case 'Elixir.Feel.Runtime.Number':add(Decimal1, P3) of
                        {ok, V2} ->
                            case 'Elixir.Feel.Runtime.Number':multiply(V1, V2) of
                                {ok, V3} -> {V3, E0};
                                _ -> fallback(Bindings, E0)
                            end;
                        _ -> fallback(Bindings, E0)
                    end;
                _ -> fallback(Bindings, E0)
            end;
        _ -> fallback(Bindings, E0)
    end.

fallback(Bindings, E0) ->
    'Elixir.Feel.Runtime.Interpret':run(IR, Bindings, E0).
A null
Most operations report a null operand (Feel.Runtime.NullOperand, D-103), and the path leaves those to the
interpreter. Some answer for it and report nothing: < and > are null, = and != are a boolean (null = null
is true, a number is not equal to null), and, or and not are the three-valued logic (false and null is
false), and the condition of an if that is not true takes the else. The arithmetic, <=, >=, between,
negation, the join of strings and the subject of an in report it. Every value that the path makes knows the names
that make it null (none: it is a value of its kind), and an operation that answers for one has code for it, which a
case of nil is: the same value and diagnostics as the interpreter gives.
A name may be null in the guard that reads it only if every operation it is an operand of answers for it. The first
that does not says which names it was given, they are made values (strict), and the code is made again: there is one
more strict name at each attempt, and an attempt is a walk of at most 32 nodes. A name declared ! is strict from the
start, since a null of it ends the run. A name that is not strict is read by a guard that says null or a value of
its kind, which costs a little more than the pattern of a value, and a declared string that is not strict is asked to
be valid only if it is not null.
What it does not do
It does not report anything, and it does not end a run. Anything that the interpreter would report or end the run for,
the path takes as a sign that it is not the one to answer: a null that is reported, a name that has no value, a value that has to be
converted to the declared type (a list of one number, a date for a date and time) or cannot be, an operation that gives
an error (an overflow, a division by zero, a number of more than 34 digits), and a constructed string longer than its limit.
It has changed nothing at that point, since it only makes values
until it returns, so the function fallback/2 runs the whole expression from the environment it was given with the
interpreter's walk (Feel.Runtime.Interpret.run/3), whose answer is what the interpreter would have given: the
diagnostics, the place where a limit ends the run, and the strict mode's error. The path is exact for the runs it
answers because each of its steps is one the runtime takes, with the arguments the runtime would give it, and for the
others because it does not answer.
Only the taken branch of an if constructs values, as in the interpreter. Each branch checks
its own largest string, so an untaken branch cannot cause a size failure.
The dialect of the expression is not read: nothing in the runtime
reads it for an operation that gives a value, and the operations that would (the ones that give an error) are not the
path's.
The IR that fallback/2 runs is a literal of the module, with the metadata of each node cut down to the span (and the
error and the signature of a call, and boxed of a boxed if), which is all that the interpreter reads of the nodes
of the subset: a module that
has the whole IR is 100 to 200 µs longer to compile, and one that has it as a binary takes 1 to 3 µs to read it for each
run that is not answered.
The compile
The function is nested one case deep for each operation that gives a number, with the names read at the start, so
every name is alive until it is used, and the Erlang compiler takes more than linear time for a function of many
of those (D-113): for arithmetic alone it takes 1.2 to 1.5 times as long as for the emitter's code for 4 to 32 nodes
(a chain of + of 16 names is the worst), for comparisons 0.7 to 0.9 times, and for an if chain or a mix of
operations about as long. The subset is therefore bounded, and an expression of more nodes than that keeps the code of
the emitter, which Feel.Backend.Beam.Chunks cuts.
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        Returns the forms of run/2 and fallback/2 for an IR in the subset, or :error for one that is not.
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      emit(ir)



        
          
        

    

  


  

      

          @spec emit(Feel.IR.t()) :: {:ok, [:erl_parse.abstract_form()]} | :error


      


Returns the forms of run/2 and fallback/2 for an IR in the subset, or :error for one that is not.
iex> ir = {:conform_bindings, %{span: {0, 5}}, :enforce, [{"x", {0, 1}, :number}],
...>   {:arithmetic, %{span: {0, 5}}, :add, {:var, %{span: {0, 1}, type: [:number, :null]}, "x"},
...>     {:const, %{span: {4, 5}, type: [:number]}, Decimal.new(1)}}}
iex> {:ok, [{:function, _, :run, 2, _}, {:function, _, :fallback, 2, _}]} = Feel.Backend.Beam.Scalar.emit(ir)
iex> Feel.Backend.Beam.Scalar.emit({:const, %{span: {0, 1}, type: [:number]}, Decimal.new(1)})
:error

  


        

      


  

    
Feel.Backend.Interpreter 
    



      
The backend that walks the resolved form of an expression.
It generates no code. Its executable is the IR itself, and run/3 evaluates it
node by node, calling Feel.Runtime for every operation. Nothing is loaded into the
VM and no atoms are created, so it is the backend to use for expressions that come
from sources that are not trusted. It is also the reference that the BEAM backend is
tested against.
Each operation returns an outcome (Feel.Runtime.Env.outcome/0), and the
interpreter passes it to Feel.Runtime.Env.settle/3 with the span of the node, so a
diagnostic points at the text it came from and strict mode ends the run there.
Bindings
A :var node is looked up with Feel.Runtime.Bindings.lookup/4 (D-37), the same
function the generated code of the BEAM backend calls, so both find the same value.
Operands
Both operands of a binary operator are always evaluated, and and or included:
the specification gives them no order, and a false decides a conjunction whatever
the other operand is, an error included (D-53). So an error in the operand that does
not matter is still reported, and in strict mode it ends the run.
A conditional is the exception, as the specification has it: it evaluates the condition and
then only the branch it takes, the then branch for a condition that is true and the else
branch for any other value. So nothing in the other branch is reported, and in strict mode it
does not end the run.
Lists and contexts
The elements of a list are evaluated in order. The entries of a context are evaluated in the order the
node has them, which is the order they depend on each other in, and the value of each is bound to its
key for the ones after it: a :local node reads it. The bindings of the run hold them under {:local, name}, which no name of the bindings can be, and the context's own copy of the bindings is what the
entries after see, so a key that an inner context has again shadows the outer one only inside it.
Loops
for, some and every are run by Feel.Runtime.Iteration, which takes a function for each domain and one for the
body: the walk of the nodes, with the iterators bound as {:local, name} in the bindings (D-86). A domain with more
than 16 iterators before it is given and binds only the ones its code names (Feel.IR.local_names/1), where binding
all of them for each domain made a loop of n iterators n * n / 2 bindings (D-86).
Nodes
run/3 evaluates every node that the analyzer produces (see Feel.IR, which also says which
nodes of its set are not produced yet). A node that it has no clause for raises ArgumentError:
that is a mistake of the analyzer and not of the expression, which is why it is not a diagnostic.
The walk and the monitor
The walk of the nodes is in Feel.Backend.Interpreter.Walk, one text that is two modules: Feel.Backend.Interpreter.Plain
for run/3, and Feel.Backend.Interpreter.Monitored for run_monitored/4, which tells a function the value of every node
(Feel.Paranoid, D-159). A run does not ask at each node whether there is a monitor: the question cost 3 to 14% of a run of a
few operations on names.

      


      
        Summary


  
    Types
  


    
      
        monitor()

      


        What a monitored run tells of each node: the node, and the value it made.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        compile(ir, options)

      


        Wraps the IR in an executable, with the dialect and the extensions it was prepared with (D-49, D-81). The
interpreter has nothing to compile, so the other options are only checked. The profile :explain is not
implemented yet and raises ArgumentError (Feel.Backend.validate_profile!/1).



    


    
      
        evaluate(ir, bindings, env)

      


        Evaluates an IR on a set of bindings and an environment, as run/3 does, and returns {value, env} without catching
the end of a run (Feel.Runtime.Env.run/2 is what does).



    


    
      
        run(executable, bindings, options)

      


        Evaluates an executable on a set of bindings.



    


    
      
        run_monitored(interpreter, bindings, options, monitor)

      


        Evaluates an executable and tells monitor, a function of a node and its value, the value of every node as it is made
(Feel.Paranoid). The run is the run of run/3.
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      monitor()



        
          
        

    

  


  

      

          @type monitor() :: (Feel.IR.t(), Feel.Value.t() -> term())


      


What a monitored run tells of each node: the node, and the value it made.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Backend.Interpreter{
  binding_names: MapSet.t(Feel.Name.t()) | nil,
  dialect: Feel.Dialect.t(),
  env: Feel.Runtime.Env.t() | nil,
  extensions: Feel.Extensions.t(),
  ir: Feel.Backend.ir()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      compile(ir, options)



        
          
        

    

  


  

      

          @spec compile(Feel.Backend.ir(), [Feel.Backend.compile_option()]) :: {:ok, t()}


      


Wraps the IR in an executable, with the dialect and the extensions it was prepared with (D-49, D-81). The
interpreter has nothing to compile, so the other options are only checked. The profile :explain is not
implemented yet and raises ArgumentError (Feel.Backend.validate_profile!/1).
iex> {:ok, executable} = Feel.Backend.Interpreter.compile(:an_ir, [])
iex> executable.ir
:an_ir

  



  
    
      
    
    
      evaluate(ir, bindings, env)



        
          
        

    

  


  

      

          @spec evaluate(Feel.IR.t(), Feel.bindings(), Feel.Runtime.Env.t()) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


Evaluates an IR on a set of bindings and an environment, as run/3 does, and returns {value, env} without catching
the end of a run (Feel.Runtime.Env.run/2 is what does).
It is the walk itself, for what runs the interpreter in the middle of a run: the guarded fast path of the BEAM backend
(Feel.Backend.Beam.Scalar) runs an expression this way from the environment it was given when it finds that it
cannot answer, through Feel.Runtime.Interpret (D-164).
iex> ir = {:arithmetic, %{span: {0, 5}}, :add, {:const, %{span: {0, 1}}, Decimal.new(1)}, {:var, %{span: {4, 5}}, "x"}}
iex> {value, _env} = Feel.Backend.Interpreter.evaluate(ir, %{"x" => Decimal.new(2)}, Feel.Runtime.Env.new())
iex> value
Decimal.new(3)

  



  
    
      
    
    
      run(executable, bindings, options)



        
          
        

    

  


  

      

          @spec run(t(), Feel.bindings(), [Feel.run_option()]) :: Feel.result(Feel.Value.t())


      


Evaluates an executable on a set of bindings.
Takes the run options of Feel.run/3 and raises ArgumentError for any other.
iex> ir = {:const, %{span: {0, 1}, type: :number}, Decimal.new(7)}
iex> {:ok, executable} = Feel.Backend.Interpreter.compile(ir, [])
iex> Feel.Backend.Interpreter.run(executable, %{}, [])
{:ok, Decimal.new(7), []}

iex> ir = {:var, %{span: {0, 1}, type: :any}, "x"}
iex> {:ok, executable} = Feel.Backend.Interpreter.compile(ir, [])
iex> Feel.Backend.Interpreter.run(executable, %{"x" => "a"}, [])
{:ok, "a", []}

  



  
    
      
    
    
      run_monitored(interpreter, bindings, options, monitor)



        
          
        

    

  


  

      

          @spec run_monitored(t(), Feel.bindings(), [Feel.run_option()], monitor()) ::
  Feel.result(Feel.Value.t())


      


Evaluates an executable and tells monitor, a function of a node and its value, the value of every node as it is made
(Feel.Paranoid). The run is the run of run/3.
iex> ir = {:const, %{span: {0, 1}, type: :number}, Decimal.new(7)}
iex> {:ok, executable} = Feel.Backend.Interpreter.compile(ir, [])
iex> test = self()
iex> Feel.Backend.Interpreter.run_monitored(executable, %{}, [], fn _node, value -> send(test, {:value, value}) end)
{:ok, Decimal.new(7), []}
iex> receive do {:value, value} -> value end
Decimal.new(7)

  


        

      


  

    
Feel.Backend.Interpreter.Monitored 
    



      
The walk of the nodes of a monitored run, Feel.Backend.Interpreter.run_monitored/4: Feel.Backend.Interpreter.Walk
with a monitor, a function of a node and its value that is told each node as it is made (Feel.Paranoid, D-159). An
operand that is read under a condition that does not hold is not told (and, or, between).

      




  

    
Feel.Backend.Interpreter.Plain 
    



      
The walk of the nodes of a run, Feel.Backend.Interpreter.run/3: Feel.Backend.Interpreter.Walk without a monitor.
eval/3 is the evaluation of a node.

      




  

    
Feel.Backend.Interpreter.Walk 
    



      
The walk of the nodes that Feel.Backend.Interpreter runs, as the text of a module that is made twice:
	Feel.Backend.Interpreter.Plain, the walk of a run (Feel.Backend.Interpreter.run/3), which tells nothing of the
nodes it makes.
	Feel.Backend.Interpreter.Monitored, the walk of a monitored run (Feel.Backend.Interpreter.run_monitored/4,
Feel.Paranoid, D-159), which tells a function of the node and its value the value of each node as it is made.

use Feel.Backend.Interpreter.Walk, monitored: false | true defines eval/3, the evaluation of a node, and what it
needs. The two are one text so that the run without a monitor is the run it was and not a run that asks at each node
whether there is one: the question was a match on a field of Feel.Runtime.Env at each of the nodes, which is about
7 ns for each, 3 to 14% of a run of a few operations on names, and the count of reductions does not see it (it is the
same for both). What differs is in plain/0 and monitored/0: eval/3, and logic_operands/5 and between_high/5,
which say how an operand that is read under a condition is evaluated.
A new kind of node is a clause of value_of/3 here, and it is in both walks.

      




  

    
Feel.Builtin 
    



      
The built-in functions of FEEL (DMN 1.6, section 10.3.4).
This module holds their names, and finds and calls the ones that are written. The parser needs
the names: many are several words (string length, date and time, years and months duration), and which tokens form a name depends on the names in scope, so the built-ins are part of
the outermost scope (Feel.Analysis.ScopeStack).
The names are canonical (see Feel.Name).
How a function is called (D-56)
A function is a Feel.Builtin.Function that its area module lists with functions/0. A name that is
in names/0 and in no list is not written yet (implemented?/1), and the analyzer says so.
The analyzer turns a call of a function into the IR node {:call, meta, {:builtin, meta, name}, arguments} (Feel.Analysis.Calls), with the arguments put in the order of the parameters: a call with
named arguments is for the first signature that has them all (of those, the first that has them in the order
they are written, D-79), and a parameter it leaves out is null.
Both backends evaluate the arguments, in order, and then call/3 runs the function on the values and
gives an outcome, which they settle at the span of the call. That is the whole contract, and generated
code makes the same call. A function whose result can be larger than its arguments (string join, replace,
flatten...) works out the size it is going to make and, when the limits refuse it, ends the run as settle/3
would for the finished value (Feel.Builtin.Size): the call does not return.
A call whose arguments no signature accepts (too many or too few, or a name no parameter has) is a
null with an :arity_mismatch error, at run time; the analyzer sees it and warns, as it does for an
operation that can only be a type mismatch.
Areas
The functions themselves are grouped by area of the specification, one module
each, listed by areas/0. Every name belongs to exactly one of them, and a test
keeps their lists and this module's list equal (D-56).
	Module	Section	Functions
	Feel.Builtin.Conversion	10.3.4.1	8
	Feel.Builtin.Boolean	10.3.4.2	1
	Feel.Builtin.String	10.3.4.3	13
	Feel.Builtin.List	10.3.4.4, .9	24
	Feel.Builtin.Number	10.3.4.5	14
	Feel.Builtin.Temporal	10.3.4.6, .8, .11	7
	Feel.Builtin.Range	10.3.4.7	14
	Feel.Builtin.Context	10.3.4.10	5

Generated code may call them, so they are part of the ABI of Feel.Runtime.

      


      
        Summary


  
    Functions
  


    
      
        areas()

      


        Returns the modules that hold the built-in functions, one per area of the
specification. Each has a names/0 with the names of its functions.



    


    
      
        arity_mismatch(function, arity)

      


        The diagnostic for a call of a function with a number of arguments that none of its signatures takes.



    


    
      
        builtin?(name)

      


        Returns true when name is the canonical name of a built-in function.



    


    
      
        call(env, name, arguments, signature \\ nil)

      


        Calls a function on the values of its arguments, in the environment of a run, and returns the outcome
(Feel.Runtime.Env.outcome/0) for the caller to settle.



    


    
      
        call_at(env, name, arguments, signature, span)

      


        call/4 settled at the span of the call, as the backends make it (Feel.Runtime.Env.settle/3), with the implicit
conversions of the arguments reported first (D-46): a list of one element given where the parameter takes the
element, and a value given where it takes a list, are each an :info :implicit_conversion at the span.



    


    
      
        clear_cache()

      


        Forgets the table of functions that function/1 keeps (D-56), so that the next call builds it again from the areas.



    


    
      
        function(name)

      


        Finds a built-in function that is written, by its canonical name.



    


    
      
        function(name, extensions)

      


        Finds a function with the extensions that are on (Feel.Extension, D-81): a function of DMN 1.6 with the
overloads that the extensions add to it (Feel.Builtin.Function.with_overloads/2), or a function that an
extension adds. A function of DMN 1.6 that is not written is not found, whatever the extensions overload.



    


    
      
        implemented?(name)

      


        Returns true when the function is written. All 86 names are (D-87 wrote the last, sort), so it is
false only for a name that is no built-in's; the path for a name that is registered and not
written is kept for the day one is.



    


    
      
        names()

      


        Returns the canonical names of the built-in functions, sorted.



    


    
      
        value(name, extensions \\ Extensions.none())

      


        A built-in function as a value (D-82): abs where an expression names it and does not call it. It is a
Feel.Value.Function of the kind :builtin with the signatures of the function (and of the overloads that the
extensions add to it), which a call finds the function by its name from. The type of a parameter or of the result
is its type if the signature takes only one, and Any if it takes more. The signatures that differ only in types are
one signature here, as they are for a call by name (Feel.Builtin.Function.merge_variants/1): abs is
function<Any> -> Any, though a call of it is typed by the kind of its argument. The signatures that were made one are kept
beside it, each as it was (D-171): what a call of the value does for a number, or for a duration, is what that signature says
(Feel.Value.Function.refinements/1). They are not function types of the value, which is an instance of the function types
of the merged signature, as the specification has it.



    





      


      
        Functions


        


  
    
      
    
    
      areas()



        
          
        

    

  


  

      

          @spec areas() :: [module()]


      


Returns the modules that hold the built-in functions, one per area of the
specification. Each has a names/0 with the names of its functions.
iex> Feel.Builtin.String in Feel.Builtin.areas()
true

  



  
    
      
    
    
      arity_mismatch(function, arity)



        
          
        

    

  


  

      

          @spec arity_mismatch(Feel.Builtin.Function.t(), non_neg_integer()) ::
  Feel.Diagnostic.t()


      


The diagnostic for a call of a function with a number of arguments that none of its signatures takes.
iex> {:ok, function} = Feel.Builtin.function("date")
iex> Feel.Builtin.arity_mismatch(function, 2).message
"date takes 1 or 3 arguments, not 2"

  



  
    
      
    
    
      builtin?(name)



        
          
        

    

  


  

      

          @spec builtin?(Feel.Name.t()) :: boolean()


      


Returns true when name is the canonical name of a built-in function.
iex> Feel.Builtin.builtin?("date and time")
true
iex> Feel.Builtin.builtin?("price")
false

  



    

  
    
      
    
    
      call(env, name, arguments, signature \\ nil)



        
          
        

    

  


  

      

          @spec call(
  Feel.Runtime.Env.t(),
  Feel.Name.t(),
  [Feel.Value.t()],
  Feel.Builtin.Function.signature() | nil
) :: Feel.Runtime.Env.outcome()


      


Calls a function on the values of its arguments, in the environment of a run, and returns the outcome
(Feel.Runtime.Env.outcome/0) for the caller to settle.
A function that is refused for the size of its result, or whose regular expression passes its budget, does not
return: it ends the run (Feel.Runtime.Env.run/2 is where that is caught). A number of arguments that no signature
accepts is {:error, diagnostic} with the code :arity_mismatch. A function that is not written raises
RuntimeError, as the unwritten parts of the runtime do, and a name that is no built-in's is an :unknown_function
error. The function is found with the extensions of the environment (function/2).
A call by name has chosen a signature (Feel.Analysis.Calls.arrange/2), and the function is given the values and
not that signature, so with signature the values are checked against it first (D-56): one that its parameter
does not take makes the result null with an :argument_out_of_domain error, and the function is not called.
Without one the function decides, by the kinds of the values, among the signatures it has.
iex> env = Feel.Runtime.Env.new()
iex> Feel.Builtin.call(env, "date", ["2012-12-25"])
{:ok, ~D[2012-12-25]}
iex> {:error, diagnostic} = Feel.Builtin.call(env, "date", [])
iex> diagnostic.code
:arity_mismatch
iex> {:ok, put} = Feel.Builtin.function("context put")
iex> [key_signature, _keys_signature] = put.signatures
iex> arguments = [%{"y" => %{"a" => Decimal.new(0)}}, ["y", "a"], Decimal.new(2)]
iex> {:ok, _context} = Feel.Builtin.call(env, "context put", arguments)
iex> {:error, diagnostic} = Feel.Builtin.call(env, "context put", arguments, key_signature)
iex> diagnostic.code
:argument_out_of_domain

  



  
    
      
    
    
      call_at(env, name, arguments, signature, span)



        
          
        

    

  


  

      

          @spec call_at(
  Feel.Runtime.Env.t(),
  Feel.Name.t(),
  [Feel.Value.t()],
  Feel.Builtin.Function.signature() | nil,
  Feel.Diagnostic.span() | nil
) :: {Feel.Value.t(), Feel.Runtime.Env.t()}


      


call/4 settled at the span of the call, as the backends make it (Feel.Runtime.Env.settle/3), with the implicit
conversions of the arguments reported first (D-46): a list of one element given where the parameter takes the
element, and a value given where it takes a list, are each an :info :implicit_conversion at the span.
A call whose arguments are taken as they are, or by no signature (that is the error of the call), reports nothing,
and neither does one that is null with an error: the signatures say what the specification converts, and a function
that does not (date([2020], 1, 2)) ends with its error, which says it did not. call/4 does not report, so that a
caller who wants the outcome of the function alone has it.
iex> env = Feel.Runtime.Env.new()
iex> {value, env} = Feel.Builtin.call_at(env, "contains", [["foobar"], "of"], nil, {0, 30})
iex> {value, Enum.map(Feel.Runtime.Env.diagnostics(env), &{&1.severity, &1.code, &1.span})}
{false, [{:info, :implicit_conversion, {0, 30}}]}
iex> {value, env} = Feel.Builtin.call_at(Feel.Runtime.Env.new(), "contains", ["foobar", "of"], nil, {0, 30})
iex> {value, Feel.Runtime.Env.diagnostics(env)}
{false, []}

  



  
    
      
    
    
      clear_cache()



        
          
        

    

  


  

      

          @spec clear_cache() :: :ok


      


Forgets the table of functions that function/1 keeps (D-56), so that the next call builds it again from the areas.
The table is built from functions/0 of each area on the first call and kept for the life of the VM, since an area makes
its list of functions anew at each call (a lookup took 1.5 to 3 µs, and every call of a function in a run made one). A
VM in which the code of an area is loaded again (a shell that recompiles, a test that does) calls this after it.
iex> :ok = Feel.Builtin.clear_cache()
iex> {:ok, function} = Feel.Builtin.function("abs")
iex> function.name
"abs"

  



  
    
      
    
    
      function(name)



        
          
        

    

  


  

      

          @spec function(Feel.Name.t()) :: {:ok, Feel.Builtin.Function.t()} | :error


      


Finds a built-in function that is written, by its canonical name.
iex> {:ok, function} = Feel.Builtin.function("date and time")
iex> function.name
"date and time"
iex> Feel.Builtin.function("price")
:error

  



  
    
      
    
    
      function(name, extensions)



        
          
        

    

  


  

      

          @spec function(Feel.Name.t(), Feel.Extensions.t()) ::
  {:ok, Feel.Builtin.Function.t()} | :error


      


Finds a function with the extensions that are on (Feel.Extension, D-81): a function of DMN 1.6 with the
overloads that the extensions add to it (Feel.Builtin.Function.with_overloads/2), or a function that an
extension adds. A function of DMN 1.6 that is not written is not found, whatever the extensions overload.
iex> {:ok, number} = Feel.Builtin.function("number", Feel.Extensions.none())
iex> Feel.Builtin.Function.arities(number)
[1, 3]
iex> Feel.Builtin.function("shout", Feel.Extensions.none())
:error

  



  
    
      
    
    
      implemented?(name)



        
          
        

    

  


  

      

          @spec implemented?(Feel.Name.t()) :: boolean()


      


Returns true when the function is written. All 86 names are (D-87 wrote the last, sort), so it is
false only for a name that is no built-in's; the path for a name that is registered and not
written is kept for the day one is.
iex> Feel.Builtin.implemented?("now")
true
iex> Feel.Builtin.implemented?("sort")
true
iex> Feel.Builtin.implemented?("price")
false

  



  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @spec names() :: [Feel.Name.t()]


      


Returns the canonical names of the built-in functions, sorted.
iex> "string length" in Feel.Builtin.names()
true

  



    

  
    
      
    
    
      value(name, extensions \\ Extensions.none())



        
          
        

    

  


  

      

          @spec value(Feel.Name.t(), Feel.Extensions.t()) ::
  {:ok, Feel.Value.Function.t()} | :error


      


A built-in function as a value (D-82): abs where an expression names it and does not call it. It is a
Feel.Value.Function of the kind :builtin with the signatures of the function (and of the overloads that the
extensions add to it), which a call finds the function by its name from. The type of a parameter or of the result
is its type if the signature takes only one, and Any if it takes more. The signatures that differ only in types are
one signature here, as they are for a call by name (Feel.Builtin.Function.merge_variants/1): abs is
function<Any> -> Any, though a call of it is typed by the kind of its argument. The signatures that were made one are kept
beside it, each as it was (D-171): what a call of the value does for a number, or for a duration, is what that signature says
(Feel.Value.Function.refinements/1). They are not function types of the value, which is an instance of the function types
of the merged signature, as the specification has it.
iex> {:ok, length} = Feel.Builtin.value("string length")
iex> {length.kind, length.name, Feel.Value.Function.type(length)}
{:builtin, "string length", {:function, [:string], :number}}
iex> {:ok, abs} = Feel.Builtin.value("abs")
iex> Feel.Value.Function.type(abs)
{:function, [:any], :any}
iex> Feel.Value.Function.refinements(abs) |> length()
3
iex> Feel.Builtin.value("price")
:error

  


        

      


  

    
Feel.Builtin.Arguments 
    



      
What the built-in functions share in dealing with their arguments (DMN 1.6, section 10.3.4, D-79).
A function is called with the values of its arguments and gives an outcome
(Feel.Runtime.Env.outcome/0). An argument outside the domain of the function makes the result null
(section 10.3.4: "Whenever a parameter is outside its domain, the result of the built-in is null"), and that
is an error that the run reports, :argument_out_of_domain; this module makes the diagnostic. A null
that is only missing data is :missing, as for an operator.
The implicit conversions of an argument (section 10.3.2.9.4)
	From a singleton list. A list of one element is its element where a list is not what the
parameter takes: contains(["foobar"], "of") is contains("foobar", "of"). singleton/1 is that.
	From a number to an integer. Where a function wants an integer (a position, a length, a scale, a
year), the fraction is cut off, toward zero, before the domain is checked. integer/1 is that.
	From a value to a singleton list. Where a function wants a list, a value that is not one is the list
of it, and null is not a value to convert. list/1 is that.

The functions apply them, and say nothing. The run reports them as an :info, from the signatures and not from the
functions (conversions/2, Feel.Builtin.call_at/5, D-46): a list of one element that a parameter takes as its
element, and a value that it takes as a list of it; and, for a parameter that is flagged integer: true
(Feel.Builtin.Function.parameter/3), the fractional part of a number that is cut (D-46, "from decimal to integer"
in the specification's list).

      


      
        Summary


  
    Types
  


    
      
        conversion()

      


        A conversion of an argument: its place (from 0), the name of the parameter, the type the parameter took it as,
and the steps (Feel.Type.Conversion.step/0).



    


    
      
        described()

      


        A value as a diagnostic keeps it: the value, with each function in it as its type.



    





  
    Functions
  


    
      
        arithmetic(arg, function, arguments)

      


        The outcome for a result that a number cannot hold: null with the error of the function, which has
the arguments it was given. A number that is fine is the value.



    


    
      
        compared(signature, values)

      


        The values that a call compares, for the message of an error: the items of a signature that says its arguments are
items (max(c1, ..., cn), max(list): for a list alone, its elements), and the arguments for any other. It is what
out_of_domain_among/3 names, so that the function, the check of a call by name (Feel.Builtin.call/4) and the
analysis say the same words (D-155).



    


    
      
        conversion_info(function, parameter, type, value, steps, span)

      


        The :info for a conversion of an argument (D-46): the argument, the function, the type the parameter
took it as and the steps. The cut of a fraction is a conversion to an integer, which no type is.



    


    
      
        conversions(signatures, values)

      


        The implicit conversions (section 10.3.2.9.4, D-46) by which the signatures take the values: for each argument that
a parameter takes only converted, where it is in the call, the name of the parameter, the type it took it as and the
steps. A list of one element given where a parameter takes the element is :from_singleton, a value given where it
takes a list is :to_singleton.



    


    
      
        describe(function)

      


        A value as a diagnostic keeps it. A function value holds an Elixir function, which two backends do not share, and a
built-in function holds its signatures, so a diagnostic has the type of a function (Feel.Value.Function.type/1).



    


    
      
        integer(number)

      


        The integer that a number stands for where an integer is wanted: the number with its fraction cut off.
A number too large to be a position or a count of anything is clamped, so it is out of range all the same
and costs nothing. Anything that is not a number is :error.



    


    
      
        kind_name(value)

      


        The name of the kind of a value, as the message of an error says it.



    


    
      
        list(list)

      


        A list where a list is wanted: a list is itself, any other value is the list of that one value
(the conversion to a singleton list, section 10.3.2.9.4), and null is no list, so :error.



    


    
      
        mismatch?(signature, values)

      


        Whether the values are arguments that the signature does not take (D-56): one of them is of a kind that its
parameter does not take, with the conversions above allowed. It is the check that Feel.Analysis.Calls.mismatch/3
makes on the types of the arguments, made on the values, for a call that the analyzer could not decide.



    


    
      
        number?(arg1)

      


        Returns true for a FEEL number.



    


    
      
        out_of_domain(function, arguments)

      


        The outcome for an argument that is outside the domain of a function: null, with an error that
says which kinds of value the function was given.



    


    
      
        out_of_domain(function, arguments, reason)

      


        The same, with the reason, for an argument of the right kind that the function cannot take.



    


    
      
        out_of_domain_among(function, arguments, compared)

      


        As out_of_domain/2, with the kinds of the values that were compared in the message, and the arguments in the details:
the items of max(["a", 1]) are "a" and 1 (compared/2), and the message says string, number and not list.



    


    
      
        singleton(other)

      


        A list of one element is the element; anything else is as it is.



    


    
      
        unwrapping(call)

      


        The call of a function all of whose parameters take a scalar, made to take a list of one element as its element
(section 10.3.2.9.4, "from singleton list"; D-56): date(["2020-01-02"]) is date("2020-01-02"). The signatures
already say so (conversions/2, and the check of D-56), and the run reports it (D-46).



    





      


      
        Types


        


  
    
      
    
    
      conversion()



        
          
        

    

  


  

      

          @type conversion() ::
  {non_neg_integer(), String.t(), Feel.Type.t(),
   [Feel.Type.Conversion.step(), ...]}


      


A conversion of an argument: its place (from 0), the name of the parameter, the type the parameter took it as,
and the steps (Feel.Type.Conversion.step/0).

  



  
    
      
    
    
      described()



        
          
        

    

  


  

      

          @type described() ::
  Feel.Value.t()
  | Feel.Type.t()
  | [described()]
  | %{optional(String.t()) => described()}


      


A value as a diagnostic keeps it: the value, with each function in it as its type.

  


        

      

      
        Functions


        


  
    
      
    
    
      arithmetic(arg, function, arguments)



        
          
        

    

  


  

      

          @spec arithmetic(Feel.Runtime.Number.result(), String.t(), [Feel.Value.t()]) ::
  {:ok, Decimal.t()} | {:error, Feel.Diagnostic.t()}


      


The outcome for a result that a number cannot hold: null with the error of the function, which has
the arguments it was given. A number that is fine is the value.
iex> Feel.Builtin.Arguments.arithmetic({:ok, Decimal.new(1)}, "sum", [])
{:ok, Decimal.new(1)}
iex> {:error, diagnostic} = Feel.Builtin.Arguments.arithmetic({:error, :overflow}, "sum", [1])
iex> diagnostic.message
"sum: the result is out of range"

  



  
    
      
    
    
      compared(signature, values)



        
          
        

    

  


  

      

          @spec compared(Feel.Builtin.Function.signature(), [Feel.Value.t()]) :: [
  Feel.Value.t()
]


      


The values that a call compares, for the message of an error: the items of a signature that says its arguments are
items (max(c1, ..., cn), max(list): for a list alone, its elements), and the arguments for any other. It is what
out_of_domain_among/3 names, so that the function, the check of a call by name (Feel.Builtin.call/4) and the
analysis say the same words (D-155).
iex> {:ok, max} = Feel.Builtin.function("max")
iex> [_of_list, of_items] = max.signatures
iex> Feel.Builtin.Arguments.compared(of_items, [["a", Decimal.new(1)]])
["a", Decimal.new(1)]
iex> Feel.Builtin.Arguments.compared(of_items, ["a", Decimal.new(1)])
["a", Decimal.new(1)]
iex> {:ok, before} = Feel.Builtin.function("before")
iex> Feel.Builtin.Arguments.compared(hd(before.signatures), [["a"], "b"])
[["a"], "b"]

  



  
    
      
    
    
      conversion_info(function, parameter, type, value, steps, span)



        
          
        

    

  


  

      

          @spec conversion_info(
  String.t(),
  String.t(),
  Feel.Type.t(),
  Feel.Value.t(),
  [Feel.Type.Conversion.step(), ...],
  Feel.Diagnostic.span() | nil
) :: Feel.Diagnostic.t()


      


The :info for a conversion of an argument (D-46): the argument, the function, the type the parameter
took it as and the steps. The cut of a fraction is a conversion to an integer, which no type is.
iex> info = Feel.Builtin.Arguments.conversion_info("contains", "string", :string, ["foobar"], [:from_singleton], {0, 5})
iex> {info.severity, info.code, info.message}
{:info, :implicit_conversion, ~s(the argument "string" of contains is converted to string: a list with one element is replaced by that element)}

  



  
    
      
    
    
      conversions(signatures, values)



        
          
        

    

  


  

      

          @spec conversions([Feel.Builtin.Function.signature()], [Feel.Value.t()]) :: [
  conversion()
]


      


The implicit conversions (section 10.3.2.9.4, D-46) by which the signatures take the values: for each argument that
a parameter takes only converted, where it is in the call, the name of the parameter, the type it took it as and the
steps. A list of one element given where a parameter takes the element is :from_singleton, a value given where it
takes a list is :to_singleton.
Of the signatures with that many parameters, if one takes the values as they are the call is not converted, and
otherwise the first that takes them converted says. If none takes them the call is [] too: that is the error of the
call (mismatch?/2) and not a conversion. A signature of an extension takes what the extension takes, so it converts
nothing.
iex> {:ok, contains} = Feel.Builtin.function("contains")
iex> Feel.Builtin.Arguments.conversions(contains.signatures, [["foobar"], "of"])
[{0, "string", :string, [:from_singleton]}]
iex> Feel.Builtin.Arguments.conversions(contains.signatures, ["foobar", "of"])
[]
iex> {:ok, count} = Feel.Builtin.function("count")
iex> Feel.Builtin.Arguments.conversions(count.signatures, [Decimal.new(5)])
[{0, "list", {:list, :any}, [:to_singleton]}]
iex> Feel.Builtin.Arguments.conversions(contains.signatures, [Decimal.new(1), "of"])
[]

  



  
    
      
    
    
      describe(function)



        
          
        

    

  


  

      

          @spec describe(Feel.Value.t()) :: described()


      


A value as a diagnostic keeps it. A function value holds an Elixir function, which two backends do not share, and a
built-in function holds its signatures, so a diagnostic has the type of a function (Feel.Value.Function.type/1).
iex> {:ok, abs} = Feel.Builtin.value("abs")
iex> Feel.Builtin.Arguments.describe([1, abs])
[1, {:function, [:any], :any}]

  



  
    
      
    
    
      integer(number)



        
          
        

    

  


  

      

          @spec integer(Feel.Value.t()) :: {:ok, integer()} | :error


      


The integer that a number stands for where an integer is wanted: the number with its fraction cut off.
A number too large to be a position or a count of anything is clamped, so it is out of range all the same
and costs nothing. Anything that is not a number is :error.
iex> Feel.Builtin.Arguments.integer(Decimal.new("2.9"))
{:ok, 2}
iex> Feel.Builtin.Arguments.integer(Decimal.new("-2.9"))
{:ok, -2}
iex> Feel.Builtin.Arguments.integer("2")
:error

  



  
    
      
    
    
      kind_name(value)



        
          
        

    

  


  

      

          @spec kind_name(Feel.Value.t()) :: String.t()


      


The name of the kind of a value, as the message of an error says it.

  



  
    
      
    
    
      list(list)



        
          
        

    

  


  

      

          @spec list(Feel.Value.t()) :: {:ok, [Feel.Value.t()]} | :error


      


A list where a list is wanted: a list is itself, any other value is the list of that one value
(the conversion to a singleton list, section 10.3.2.9.4), and null is no list, so :error.
iex> Feel.Builtin.Arguments.list([1, 2])
{:ok, [1, 2]}
iex> Feel.Builtin.Arguments.list("a")
{:ok, ["a"]}
iex> Feel.Builtin.Arguments.list(nil)
:error

  



  
    
      
    
    
      mismatch?(signature, values)



        
          
        

    

  


  

      

          @spec mismatch?(Feel.Builtin.Function.signature(), [Feel.Value.t()]) :: boolean()


      


Whether the values are arguments that the signature does not take (D-56): one of them is of a kind that its
parameter does not take, with the conversions above allowed. It is the check that Feel.Analysis.Calls.mismatch/3
makes on the types of the arguments, made on the values, for a call that the analyzer could not decide.
A function is given the values and not the signature that a call by name chose, so context put(key: ["y", "a"])
would be read as keys. A call that has a signature (Feel.Builtin.call/4) is checked against it first, and a
value that it does not take makes the result null, as it does for a call of the other signature.
null and a value of a kind that is none of FEEL's are never a mismatch, as a parameter that takes any
takes everything. A list of one element is its element, a value is the list of it, and the elements of a
list are looked at until one is taken. A signature of an extension (extension: true) takes what the extension takes.
Values that the signature says are of one kind (same_kind, D-155) and are of two, or one that has no order, are a
mismatch as well.
iex> {:ok, put} = Feel.Builtin.function("context put")
iex> [key, keys] = put.signatures
iex> context = %{"x" => Decimal.new(1)}
iex> Feel.Builtin.Arguments.mismatch?(key, [context, ["y", "a"], Decimal.new(2)])
true
iex> Feel.Builtin.Arguments.mismatch?(key, [context, ["y"], Decimal.new(2)])
false
iex> Feel.Builtin.Arguments.mismatch?(keys, [context, ["y", "a"], Decimal.new(2)])
false
iex> Feel.Builtin.Arguments.mismatch?(key, [context, nil, Decimal.new(2)])
false
iex> {:ok, before} = Feel.Builtin.function("before")
iex> [points | _] = before.signatures
iex> Feel.Builtin.Arguments.mismatch?(points, ["a", Decimal.new(2)])
true
iex> Feel.Builtin.Arguments.mismatch?(points, [["a"], "b"])
false

  



  
    
      
    
    
      number?(arg1)



        
          
        

    

  


  

      

          @spec number?(Feel.Value.t()) :: boolean()


      


Returns true for a FEEL number.

  



  
    
      
    
    
      out_of_domain(function, arguments)



        
          
        

    

  


  

      

          @spec out_of_domain(String.t(), [Feel.Value.t()]) :: {:error, Feel.Diagnostic.t()}


      


The outcome for an argument that is outside the domain of a function: null, with an error that
says which kinds of value the function was given.
iex> {:error, diagnostic} = Feel.Builtin.Arguments.out_of_domain("abs", ["x"])
iex> {diagnostic.code, diagnostic.message}
{:argument_out_of_domain, "abs is not defined for string"}

  



  
    
      
    
    
      out_of_domain(function, arguments, reason)



        
          
        

    

  


  

      

          @spec out_of_domain(String.t(), [Feel.Value.t()], String.t()) ::
  {:error, Feel.Diagnostic.t()}


      


The same, with the reason, for an argument of the right kind that the function cannot take.
iex> {:error, diagnostic} = Feel.Builtin.Arguments.out_of_domain("modulo", [1, 0], "the divisor is zero")
iex> diagnostic.message
"modulo: the divisor is zero"

  



  
    
      
    
    
      out_of_domain_among(function, arguments, compared)



        
          
        

    

  


  

      

          @spec out_of_domain_among(String.t(), [Feel.Value.t()], [Feel.Value.t()]) ::
  {:error, Feel.Diagnostic.t()}


      


As out_of_domain/2, with the kinds of the values that were compared in the message, and the arguments in the details:
the items of max(["a", 1]) are "a" and 1 (compared/2), and the message says string, number and not list.
iex> {:error, diagnostic} = Feel.Builtin.Arguments.out_of_domain_among("max", [["a", Decimal.new(1)]], ["a", Decimal.new(1)])
iex> {diagnostic.message, diagnostic.details.arguments}
{"max is not defined for string, number", [["a", Decimal.new(1)]]}

  



  
    
      
    
    
      singleton(other)



        
          
        

    

  


  

      

          @spec singleton(Feel.Value.t()) :: Feel.Value.t()


      


A list of one element is the element; anything else is as it is.
iex> Feel.Builtin.Arguments.singleton(["foobar"])
"foobar"
iex> Feel.Builtin.Arguments.singleton(["a", "b"])
["a", "b"]
iex> Feel.Builtin.Arguments.singleton("a")
"a"

  



  
    
      
    
    
      unwrapping(call)



        
          
        

    

  


  

      

          @spec unwrapping((Feel.Runtime.Env.t(), [Feel.Value.t()] -> result)) ::
  (Feel.Runtime.Env.t(), [Feel.Value.t()] ->
     result)
when result: var


      


The call of a function all of whose parameters take a scalar, made to take a list of one element as its element
(section 10.3.2.9.4, "from singleton list"; D-56): date(["2020-01-02"]) is date("2020-01-02"). The signatures
already say so (conversions/2, and the check of D-56), and the run reports it (D-46).
iex> twice = fn _env, [n] -> {:ok, Decimal.mult(n, 2)} end
iex> Feel.Builtin.Arguments.unwrapping(twice).(nil, [[Decimal.new(2)]])
{:ok, Decimal.new(4)}
iex> Feel.Builtin.Arguments.unwrapping(twice).(nil, [Decimal.new(2)])
{:ok, Decimal.new(4)}

  


        

      


  

    
Feel.Builtin.Boolean 
    



      
The boolean function of FEEL (DMN 1.6, section 10.3.4.2, Table 74).
There is one: not. It is the negation of Feel.Runtime.Logic (Table 51), which is also what a
not(...) among unary tests is, so there is one rule: not(true) is false, not(false) is true,
not(null) is null and no mistake, and not of anything else is null with a type mismatch (the
TCK, 0066: not(0), not("true")). not is an ordinary word, not a keyword (D-13), so not(x) is a
function call.
What is written (D-79)
	Call	Result
	not(negand)	the negation of a boolean


      


      
        Summary


  
    Functions
  


    
      
        functions()

      


        The functions of this module that are written, as Feel.Builtin.Functions.



    


    
      
        names()

      


        Returns the canonical names of the functions of this module, sorted.



    





      


      
        Functions


        


  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module that are written, as Feel.Builtin.Functions.

  



  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @spec names() :: [Feel.Name.t()]


      


Returns the canonical names of the functions of this module, sorted.
iex> Feel.Builtin.Boolean.names()
["not"]

  


        

      


  

    
Feel.Builtin.Context 
    



      
The context functions of FEEL (DMN 1.6, section 10.3.4.10, Table 82): get value, get entries,
context, context put and context merge.
What is written (D-79)
	Call	Result
	get value(m, key)	the value of the entry key of the context m; null if there is none
	get entries(m)	a list of contexts {key: ..., value: ...}, one for each entry
	context(entries)	the context of a list of such contexts
	context put(context, key, value)	the context with the entry key set to value, added or replaced
	context put(context, keys, value)	the same at the end of a path of keys, through the contexts in between
	context merge(contexts)	the entries of all the contexts of the list; a later one wins for a key

The result of a function is a new context: the one that was given is not changed.
An entry that is not there is null for get value, as the second example of the table has it,
and it is no error. A path (m.key) with a key the context does not have is an error (TCK, 0057 #009), and
get value is the one that is not: its example says null, and the TCK has no case for it.
context(entries) takes a list of contexts that have a key, a string, and a value, which can be
null; other entries of an item are left out. An item without a key or without a value, a key that is
null or not a string, an item that is no context, and two items with one key, make the whole result null
with an error: the first three are what the table says, and the last is what the TCK has (1145 #003)
where the notes (A16) thought of the later item winning. A context in place of the list is the list of
it (section 10.3.2.9.4), so context({key: "a", value: 1}) is {a: 1}.
context put with keys puts the value at the end of the path, context put({x: 1, y: {a: 0}}, ["y", "a"], 2)
being {x: 1, y: {a: 2}}. Every key but the last has to be an entry that is a context: where it is not
there, or is a value of another kind, the result is null with an error (TCK 1146, #nested009; the
table is silent, A18), and it makes no contexts of its own. A path with no key, or with a key that is
null or not a string, is out of the domain as well.
context merge does not look into the contexts: the entry of the later context is the entry, so
context merge([{a: {b: 1}}, {a: {c: 2}}]) is {a: {c: 2}} (TCK 1147 #004).
The order of the entries (D-135)
A context keeps the order of its entries (Feel.Value.Context), and these are the functions that show it:
	get entries has the entries in the order they have;
	context(entries) has the order of the list;
	context put puts a new entry last, and an entry that is put again stays where it was (context put({x: 1, y: 2}, "x", 3)
is {x: 3, y: 2});
	context merge keeps the entries of the first context where they are and adds the new ones of the next after them, in
their order: context merge([{x: 1, y: 0}, {z: 3, y: 2}]) is {x: 1, y: 2, z: 3}.

The specification's examples are all in this order, and the TCK has no case that tells it from the order of the keys
(D-135), so what it says is kept either way. A context that a host binds as a plain map has the
order of its keys.
What a call by name cannot tell
context put(context, key, value) and context put(context, keys, value) are two signatures that differ in
the type of the second parameter, and the function is given the values and not the signature that a call by
name chose. So a call with a list for key: would be a call with keys:, where the TCK has null for it
(1146 #nested008). It is not, since D-56: the analyzer has the signature that the names chose and the type of
the argument, and a list of two for a string is a mismatch that makes the call null with its error
(Feel.Analysis.Calls.mismatch/3); and a call by name carries that signature to the run, which checks the
values against it (Feel.Builtin.call/4), so a list that is bound to a name when the run begins is the same.
A null argument, and one of another kind, is out of the domain: the result is null with an
:argument_out_of_domain error. A list of one context is that context, for a context parameter.

      


      
        Summary


  
    Functions
  


    
      
        functions()

      


        The functions of this module that are written, as Feel.Builtin.Functions: all five.



    


    
      
        names()

      


        Returns the canonical names of the functions of this module, sorted.



    





      


      
        Functions


        


  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module that are written, as Feel.Builtin.Functions: all five.
iex> length(Feel.Builtin.Context.functions())
5

  



  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @spec names() :: [Feel.Name.t()]


      


Returns the canonical names of the functions of this module, sorted.
iex> "get value" in Feel.Builtin.Context.names()
true

  


        

      


  

    
Feel.Builtin.Conversion 
    



      
The conversion functions of FEEL (DMN 1.6, section 10.3.4.1, Table 73).
They build values of the temporal types, numbers, strings, and ranges from other
values, mostly from text: date("2020-01-01"), number("1.000,5", ".", ","),
string(x), range("[1..5]"). The temporal constructors read the lexical forms
of XML Schema.
What is written
All eight: date, time, date and time, duration, years and months duration and string (D-56),
and number and range (D-73).
	Call	Result
	date(from)	from is a string (Feel.Value.Date.parse/1), or the date of a date and time as it is written, whatever its zone; a date is a date and time at UTC midnight (D-56), so its date is itself
	date(year, month, day)	the numbers, with a fraction cut off
	time(from)	a string (Feel.Value.Time.parse/1), a time, or the time of a date and time with its zone; a date is a date and time at UTC midnight (D-56, the TCK, 1116 #053)
	time(hour, minute, second, offset)	the offset is a days and time duration in seconds, or null for a time with no zone; it can be left out
	date and time(from)	a string (Feel.Value.DateTime.parse/1); a date alone is local midnight, and a date and a zone is midnight in the zone ("2012-03-07Z", D-68)
	date and time(date, time)	the date of a date or a date and time, and the time with its zone
	date and time(date, time, timezone)	the same for a time with no zone, which gets the zone timezone: "Z", "+01:00" or the id of a zone
	duration(from)	a string, of either kind
	years and months duration(from, to)	the whole months between two dates, or dates and times, taken by their dates (see below)
	string(from)	the text of a value (Feel.Value.Format); null for null
	number(from)	a number is itself; a string is a number as a literal is (-1.5, .5, 1e3), and nothing else is
	number(from, grouping separator, decimal separator)	the string, with every grouping separator taken out and a decimal comma made a period (see below)
	range(from)	the text of an interval, [18..21), with literal endpoints (Feel.Runtime.RangeText)

A null argument is out of the domain of every function here, and the call is null with an
:argument_out_of_domain error, but for the offset of time (null is a time with no zone) and for
string(null), which is null and no error (the TCK, 1115 to 1121 and 0079). So is an argument of
the wrong kind, a string that is not a date, time, date and time or duration, and a number out of range.
number(from, grouping separator, decimal separator) is the procedure of the footnote of Table 73. The
grouping separator is a space, a comma, a period or null, the decimal separator is a period, a comma or
null, and they differ unless both are null; any other separator, and a from that is not a string, is
null with an error. Every grouping separator is taken out of from, a decimal comma is made a period, and
what is left has to be a number as a literal is. A decimal separator that is null leaves the period as it
is, so number("1,000,000.00", ",", null) is 1000000.00. Where the grouping separators stand is not
looked at ("1,0,0,0" is 1000), and the scale of the text is kept. The two-argument form does not exist.
The months between two dates are to - from in years and months, less one if to is before from in
the month (2013-08-24 to 2017-12-15 is 51). The time of day and the zone of a date and time are not
looked at (2014-12-31T23:59:59 to 2016-12-31T00:00:01 is 24, as the TCK has it), and a date can be
given for either: the date of a date and time is its fields, as written.

      


      
        Summary


  
    Functions
  


    
      
        functions()

      


        The functions of this module that are written, as Feel.Builtin.Functions.



    


    
      
        names()

      


        Returns the canonical names of the functions of this module, sorted.



    





      


      
        Functions


        


  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module that are written, as Feel.Builtin.Functions.

  



  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @spec names() :: [Feel.Name.t()]


      


Returns the canonical names of the functions of this module, sorted.
iex> "date and time" in Feel.Builtin.Conversion.names()
true

  


        

      


  

    
Feel.Builtin.Function 
    



      
A built-in function of FEEL, as the registry describes it (D-56, which settles D-56).
The area modules under Feel.Builtin list their functions with functions/0, and
Feel.Builtin.function/1 finds one by name. A function has:
	a name, canonical (see Feel.Name).
	signatures: each a list of parameters (a name, the types it accepts, and whether it
is optional) and the types that the result can be. The names let a call with named
arguments be put in order (Feel.Analysis.Calls); the number of parameters, and how many are
optional, decide how many arguments a call may have. The types are the description of the
function and what the analyzer types a call by: whether an argument is one of them is
decided by the function, when it runs.
	a result_from of a signature, if the result depends on the types of the arguments and not only on the
signature (D-151): max(xs) of a list<number> is a number and append(xs, "a") is a list of numbers and
strings, where the types of the result say Any and list<Any>. It says how the type of the result is made
from the types of the arguments (result_from/0), and Feel.Analysis.Calls.result_type/3 makes it.
	a same_kind of a signature, if some of its arguments have to be of one kind that has an order and not only each of
one that its parameter takes (D-155): the two points of before(point1, point2), the items of max(c1, c2). A
parameter says what one argument may be, and this says that the arguments agree, which Feel.Analysis.Calls
checks (same_kind/0).
	call: the function itself. It takes the environment of the run (Feel.Runtime.Env, for the
clock that now() reads) and the list of its arguments, already evaluated and in order, and
returns an outcome (Feel.Runtime.Env.outcome/0): {:ok, value}, :missing for a null
that is not a mistake, or {:error, diagnostic} for a null that is. It is called only with
a number of arguments that some signature accepts.
	pure?: whether the result depends on the arguments alone. A call of a pure function
with constants is folded by the analyzer and the optimizer; now() and today() read the
clock, so they are not.
	never_null?: whether the result is never null for an argument of a signature, as the result
of is. The analyzer types the result of any other function with a null.
	check_arguments?: whether an argument that no signature takes is null with an
:argument_out_of_domain error before the function is called, which the analyzer knows
(Feel.Analysis.Calls.mismatch/3) and a call by name checks against its signature (D-56). It is false
for a function whose own error for a wrong kind is another, as not, whose error is a type mismatch like
the operators': the function says it, and what it says does not change.


      


      
        Summary


  
    Types
  


    
      
        argument_count()

      


        A number of arguments that a function takes: exactly that many, or that many and more (the arguments
of a variadic parameter).



    


    
      
        call_outcome()

      


        What a function returns. An overload of an extension (with_overloads/2) may also say :next: the
arguments are not for it. :next does not leave Feel.Builtin.call/4: the overloads are tried by with_overloads/2, and
a function that is not an overload and says it has the arguments refused, as an error of their domain.



    


    
      
        kind_slot()

      


        What an argument that has to be of one kind may be of (same_kind/0): {:kinds, kinds} the kinds that have an order
that it can be of, which is none for a value that has no order, or :free if it is of no kind in particular (it may be
null, or anything). The analyzer says it of the type of an argument, and the run of its value.



    


    
      
        parameter()

      


    


    
      
        result_from()

      


        How the type of a result is made from the types of the arguments (D-151), by the places of the arguments (from 0; a
place at or after a variadic parameter is that argument and all that follow)



    


    
      
        same_kind()

      


        The arguments of a call that have to be of one kind that has an order (D-155), by the places of the arguments (from 0; a
place at or after a variadic parameter is that argument and all that follow): a number, a string, a date, a time, a
date and time, or a duration of one of the two kinds. The call is out of the domain when the kinds that the arguments
may be of have nothing in common, as before("a", 2) is. A part is



    


    
      
        signature()

      


        A signature. One that an extension adds (Feel.Extension, D-81) has extension: true.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        accepts?(function, arity)

      


        Returns true when a call with this many arguments is one that some signature accepts.



    


    
      
        agree?(slots)

      


        Whether the arguments, as the kinds they may be of, agree: some kind that has an order is the kind of every one of
them that is not :free. A single argument that cannot be of such a kind (it has no order) does not agree with
itself, and no argument that is not free is one that agrees.



    


    
      
        arguments_at(signature, arguments, place)

      


        The arguments (or the values) that are at a place of a signature: the one at the place, and for a variadic parameter all
that follow. A parameter that the call leaves out has none.



    


    
      
        arities(function)

      


        The numbers of arguments that a call may have: for each signature, from its required parameters to
all of them. A signature with a variadic parameter takes {:at_least, n}, and that covers the numbers
from n of the others.



    


    
      
        element_spec(arg)

      


        The type of the elements of a type of a parameter that is a list.



    


    
      
        extensions_for_names(function, names)

      


        The signatures of extensions that have a parameter of each of the names (D-81). A call by name is for one signature,
the one for_names/2 chooses, but an extension may take the call all the same, with the same names for other kinds of
argument; a call that one fits is the extension's to answer.



    


    
      
        for_names(function, names)

      


        The signature that a call with named arguments is for: the first one that has a parameter of each
of the names. The call is then put in the order of its parameters, and a parameter that the call
leaves out is null (see Feel.Analysis.Calls).



    


    
      
        index_arities(function)

      


        Returns the function with the signatures that take each number of arguments, up to 12, kept in it (D-56): the answer of
accepts?/2 and with_arity/2 is then a lookup and not a pass over the signatures, each of which works out its numbers
of arguments from its parameters. Feel.Builtin.function/1 does this once for the table it keeps. A function whose
signatures are changed has to lose it (with_overloads/2 does), since the index is of the signatures it was made from.



    


    
      
        merge_variants(signatures)

      


        The signatures with those that differ only in types made one: the same parameters (the names, and whether each is
optional, variadic, quiet or an integer) taking the types of all of them, and the same result with the types of all.



    


    
      
        ordered_kinds()

      


        The kinds of value that have an order (Table 55), which is what a same_kind is about: a number, a string, a date, a
time, a date and time, and a duration of either kind. A boolean, a list, a context, a range and a function have none.



    


    
      
        parameter(name, types, options \\ [])

      


        A parameter: its name, the types it accepts, and optional: true if a call may leave it out.



    


    
      
        parameter_at(map, index)

      


        The parameter that the argument at this place (from 0) is for: the one at that place, or for an argument past the
last, the variadic parameter that ends the signature; nil if there is none.



    


    
      
        quiet_at?(signatures, index)

      


        Whether the argument at this place (from 0) is read quietly: every one of the signatures has a quiet parameter there.



    


    
      
        same_kind(signature, parts)

      


        The signature with the arguments that have to be of one kind (same_kind/0, D-155). nil says there are none.



    


    
      
        signature(parameters, result, result_from \\ nil)

      


        A signature: its parameters and the types of its result, and how the result follows the types of the arguments if it does
(result_from/0).



    


    
      
        spec_kind(kind)

      


        The kind that a type of a parameter stands for: a primitive type is itself, and a list, a range, a context and
a function are :list, :range, :context and :function, whatever they are of. :any takes every kind.



    


    
      
        variadic?(parameter)

      


        Returns true for a variadic parameter.



    


    
      
        variants_of(function, signature)

      


        The signatures that a signature from for_names/2 stands for: those of the function that differ from it only in types
(merge_variants/1), or itself if it is one of an extension. A call by name is typed by each of them.



    


    
      
        with_arity(function, arity)

      


        The signatures that accept this many arguments.



    


    
      
        with_overloads(function, overloads)

      


        The function with the overloads of extensions added to it (Feel.Extension, D-81): its signatures are those
of the function and then those of the overloads, in the order of the extensions.



    





      


      
        Types


        


  
    
      
    
    
      argument_count()



        
          
        

    

  


  

      

          @type argument_count() :: non_neg_integer() | {:at_least, non_neg_integer()}


      


A number of arguments that a function takes: exactly that many, or that many and more (the arguments
of a variadic parameter).

  



  
    
      
    
    
      call_outcome()



        
          
        

    

  


  

      

          @type call_outcome() :: Feel.Runtime.Env.outcome() | :next


      


What a function returns. An overload of an extension (with_overloads/2) may also say :next: the
arguments are not for it. :next does not leave Feel.Builtin.call/4: the overloads are tried by with_overloads/2, and
a function that is not an overload and says it has the arguments refused, as an error of their domain.

  



  
    
      
    
    
      kind_slot()



        
          
        

    

  


  

      

          @type kind_slot() :: {:kinds, [atom()]} | :free


      


What an argument that has to be of one kind may be of (same_kind/0): {:kinds, kinds} the kinds that have an order
that it can be of, which is none for a value that has no order, or :free if it is of no kind in particular (it may be
null, or anything). The analyzer says it of the type of an argument, and the run of its value.

  



  
    
      
    
    
      parameter()



        
          
        

    

  


  

      

          @type parameter() :: %{
  :name => String.t(),
  :types => [Feel.Type.t(), ...],
  :optional? => boolean(),
  optional(:variadic?) => true,
  optional(:quiet?) => true,
  optional(:integer?) => true
}


      



  



  
    
      
    
    
      result_from()



        
          
        

    

  


  

      

          @type result_from() ::
  {:list_of, [{:elements | :flat | :items, non_neg_integer()}, ...]}
  | {:list_of, [{:elements | :flat | :items, non_neg_integer()}, ...],
     [{:elements | :items, non_neg_integer()}]}
  | {:list_of, [{:elements | :flat | :items, non_neg_integer()}, ...],
     [{:elements | :items, non_neg_integer()}],
     :always | [{:elements, non_neg_integer()}]}
  | {:element_of, non_neg_integer()}
  | {:item_of, non_neg_integer()}


      


How the type of a result is made from the types of the arguments (D-151), by the places of the arguments (from 0; a
place at or after a variadic parameter is that argument and all that follow):
	{:list_of, parts} and {:list_of, parts, non_empty_from}: a list of the elements that the parts give: {:elements, place} the elements of a list (a
value that is not a list is the list of it, section 10.3.2.9.4), {:flat, place} the same with the lists inside
them taken apart as flatten does, and {:items, place} the arguments themselves, as the items they are.
	non_empty_from of a :list_of (D-152) lists the places that make the result a list that has an element: {:elements, place}
when the argument there has one (a list that has an element, or a value, which is the list of itself), {:items, place}
when an item is given there.
	a fourth element of a :list_of says when the call is null (D-152): :always (a position out of range, a function that is
not one, ...) or the places {:elements, place} whose argument being null makes it so, for a function that fails for
nothing else (reverse, append, ...); the result is then not null when none of those may be.
	{:element_of, place}: one of the elements of the list, or null if there is none (max, min); not null when the list has an
element and they are of one kind that is ordered.
	{:item_of, place}: one of the arguments (max(a, b, c)).


  



  
    
      
    
    
      same_kind()



        
          
        

    

  


  

      

          @type same_kind() :: [{:point | :item_of | :elements, non_neg_integer()}, ...]


      


The arguments of a call that have to be of one kind that has an order (D-155), by the places of the arguments (from 0; a
place at or after a variadic parameter is that argument and all that follow): a number, a string, a date, a time, a
date and time, or a duration of one of the two kinds. The call is out of the domain when the kinds that the arguments
may be of have nothing in common, as before("a", 2) is. A part is:
	{:point, place}: the argument at the place, as a point, which is the value itself or the list of one element that is
it (section 10.3.2.9.4): before(point1, point2).
	{:item_of, place}: the arguments from the place on, as the items of max(c1, ..., cn): each is an item, except
for one argument alone, which is the list of items if it is a list (as for result_from).
	{:elements, place}: the elements of the list at the place, which are the items of max(list).

An argument that is null, of any type, or of the name of a model type, is of no kind in particular and agrees with all.

  



  
    
      
    
    
      signature()



        
          
        

    

  


  

      

          @type signature() :: %{
  :parameters => [parameter()],
  :result => [Feel.Type.t(), ...],
  optional(:result_from) => result_from(),
  optional(:same_kind) => same_kind(),
  optional(:extension) => true
}


      


A signature. One that an extension adds (Feel.Extension, D-81) has extension: true.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Builtin.Function{
  arity_index: %{required(non_neg_integer()) => [signature()]} | nil,
  call: (Feel.Runtime.Env.t(), [Feel.Value.t()] -> call_outcome()),
  check_arguments?: boolean(),
  name: Feel.Name.t(),
  never_null?: boolean(),
  pure?: boolean(),
  signatures: [signature(), ...]
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      accepts?(function, arity)



        
          
        

    

  


  

      

          @spec accepts?(t(), non_neg_integer()) :: boolean()


      


Returns true when a call with this many arguments is one that some signature accepts.

  



  
    
      
    
    
      agree?(slots)



        
          
        

    

  


  

      

          @spec agree?([kind_slot()]) :: boolean()


      


Whether the arguments, as the kinds they may be of, agree: some kind that has an order is the kind of every one of
them that is not :free. A single argument that cannot be of such a kind (it has no order) does not agree with
itself, and no argument that is not free is one that agrees.
iex> Feel.Builtin.Function.agree?([{:kinds, [:number, :string]}, {:kinds, [:string]}, :free])
true
iex> Feel.Builtin.Function.agree?([{:kinds, [:number]}, {:kinds, [:string]}])
false
iex> Feel.Builtin.Function.agree?([{:kinds, [:number, :string]}, {:kinds, [:number]}, {:kinds, [:string]}])
false
iex> Feel.Builtin.Function.agree?([{:kinds, []}])
false
iex> Feel.Builtin.Function.agree?([:free, :free])
true

  



  
    
      
    
    
      arguments_at(signature, arguments, place)



        
          
        

    

  


  

      

          @spec arguments_at(signature(), [argument], non_neg_integer()) :: [argument]
when argument: var


      


The arguments (or the values) that are at a place of a signature: the one at the place, and for a variadic parameter all
that follow. A parameter that the call leaves out has none.
iex> {:ok, sum} = Feel.Builtin.function("sum")
iex> [list, items] = sum.signatures
iex> Feel.Builtin.Function.arguments_at(list, [1, 2, 3], 0)
[1]
iex> Feel.Builtin.Function.arguments_at(items, [1, 2, 3], 0)
[1, 2, 3]
iex> Feel.Builtin.Function.arguments_at(list, [1], 3)
[]

  



  
    
      
    
    
      arities(function)



        
          
        

    

  


  

      

          @spec arities(t()) :: [argument_count()]


      


The numbers of arguments that a call may have: for each signature, from its required parameters to
all of them. A signature with a variadic parameter takes {:at_least, n}, and that covers the numbers
from n of the others.
iex> {:ok, time} = Feel.Builtin.function("time")
iex> Feel.Builtin.Function.arities(time)
[1, 3, 4]

  



  
    
      
    
    
      element_spec(arg)



        
          
        

    

  


  

      

          @spec element_spec(Feel.Type.t()) :: Feel.Type.t()


      


The type of the elements of a type of a parameter that is a list.
iex> Feel.Builtin.Function.element_spec({:list, :string})
:string

  



  
    
      
    
    
      extensions_for_names(function, names)



        
          
        

    

  


  

      

          @spec extensions_for_names(t(), [String.t()]) :: [signature()]


      


The signatures of extensions that have a parameter of each of the names (D-81). A call by name is for one signature,
the one for_names/2 chooses, but an extension may take the call all the same, with the same names for other kinds of
argument; a call that one fits is the extension's to answer.
iex> {:ok, date} = Feel.Builtin.function("date")
iex> Feel.Builtin.Function.extensions_for_names(date, ["year", "month", "day"])
[]

  



  
    
      
    
    
      for_names(function, names)



        
          
        

    

  


  

      

          @spec for_names(t(), [String.t()]) :: {:ok, signature()} | :error


      


The signature that a call with named arguments is for: the first one that has a parameter of each
of the names. The call is then put in the order of its parameters, and a parameter that the call
leaves out is null (see Feel.Analysis.Calls).
Names have no order in a call, but two signatures can have the same names in different orders, as
before(point, range) and before(range, point) do, and what the function says differs. Of the
signatures that fit, the first that has the parameters in the order in which the names are written is
the one; if there is none, the first that fits.
A signature that has exactly the names of the call goes before one that has more (D-81): the overload
date and time(date, timezone) of an extension is the one for date: ..., timezone: ..., and not the
signature (date, time, timezone) of DMN 1.6 with the time left out. This is only a choice among the
signatures that fit, and it is the same as before where none has exactly the names.
Signatures that differ only in types are one signature here (merge_variants/1): the names do not say of what kind
the arguments are.
iex> {:ok, time} = Feel.Builtin.function("time")
iex> {:ok, signature} = Feel.Builtin.Function.for_names(time, ["hour", "minute", "second"])
iex> Enum.map(signature.parameters, & &1.name)
["hour", "minute", "second", "offset"]
iex> Feel.Builtin.Function.for_names(time, ["hour", "hours"])
:error
iex> {:ok, before} = Feel.Builtin.function("before")
iex> {:ok, signature} = Feel.Builtin.Function.for_names(before, ["range", "point"])
iex> Enum.map(signature.parameters, & &1.name)
["range", "point"]

  



  
    
      
    
    
      index_arities(function)



        
          
        

    

  


  

      

          @spec index_arities(t()) :: t()


      


Returns the function with the signatures that take each number of arguments, up to 12, kept in it (D-56): the answer of
accepts?/2 and with_arity/2 is then a lookup and not a pass over the signatures, each of which works out its numbers
of arguments from its parameters. Feel.Builtin.function/1 does this once for the table it keeps. A function whose
signatures are changed has to lose it (with_overloads/2 does), since the index is of the signatures it was made from.
iex> {:ok, abs} = Feel.Builtin.function("abs")
iex> abs.arity_index |> Map.fetch!(1) |> length()
3
iex> abs.arity_index |> Map.fetch!(2)
[]

  



  
    
      
    
    
      merge_variants(signatures)



        
          
        

    

  


  

      

          @spec merge_variants([signature()]) :: [signature()]


      


The signatures with those that differ only in types made one: the same parameters (the names, and whether each is
optional, variadic, quiet or an integer) taking the types of all of them, and the same result with the types of all.
A call by name sees a function so. Its names say which parameters the call has and not of what kinds they are, so
abs(n: x) is for the three kinds that abs takes, and not for the first signature that has an n. The signatures of
an extension are never made one (D-81), and a signature that differs from every other in its parameters is as it was.
iex> {:ok, abs} = Feel.Builtin.function("abs")
iex> [merged] = Feel.Builtin.Function.merge_variants(abs.signatures)
iex> Enum.map(merged.parameters, & &1.types)
[[:number, :days_and_time_duration, :years_and_months_duration]]
iex> merged.result
[:number, :days_and_time_duration, :years_and_months_duration]
iex> {:ok, date} = Feel.Builtin.function("date")
iex> Feel.Builtin.Function.merge_variants(date.signatures) == date.signatures
true

  



  
    
      
    
    
      ordered_kinds()



        
          
        

    

  


  

      

          @spec ordered_kinds() :: [atom(), ...]


      


The kinds of value that have an order (Table 55), which is what a same_kind is about: a number, a string, a date, a
time, a date and time, and a duration of either kind. A boolean, a list, a context, a range and a function have none.
iex> :date in Feel.Builtin.Function.ordered_kinds()
true
iex> :boolean in Feel.Builtin.Function.ordered_kinds()
false

  



    

  
    
      
    
    
      parameter(name, types, options \\ [])



        
          
        

    

  


  

      

          @spec parameter(String.t(), [Feel.Type.t(), ...], keyword()) :: parameter()


      


A parameter: its name, the types it accepts, and optional: true if a call may leave it out.
A parameter that is variadic: true stands for all the arguments from its place on, so it is the last
of its signature (append(list, item...), sum(n1...)). It takes one argument at least, and none if it
is also optional: true. The map has the key :variadic? only for such a parameter.
A parameter that is quiet: true is read without reporting (D-100): what is wrong in the argument, a name that is not
bound, a path through an entry that is not there, is not reported, neither when the expression is prepared nor when it
is run, and does not end a mode: :strict run. The argument is null then, as it is without the flag. The map has the
key :quiet? only for such a parameter.
A parameter that is integer: true wants an integer: a number with a fractional part is cut to one before the function
looks at it ("from decimal to integer", DMN 1.6 section 10.3.2.9.4, Feel.Builtin.Arguments.integer/1), and the run
reports that (D-46). The map has the key :integer? only for such a parameter.
iex> Feel.Builtin.Function.parameter("offset", [:days_and_time_duration, :null], optional: true)
%{name: "offset", types: [:days_and_time_duration, :null], optional?: true}
iex> Feel.Builtin.Function.parameter("item", [:any], optional: true, variadic: true)
%{name: "item", types: [:any], optional?: true, variadic?: true}
iex> Feel.Builtin.Function.parameter("value", [:any], quiet: true)
%{name: "value", types: [:any], optional?: false, quiet?: true}
iex> Feel.Builtin.Function.parameter("scale", [:number], integer: true)
%{name: "scale", types: [:number], optional?: false, integer?: true}

  



  
    
      
    
    
      parameter_at(map, index)



        
          
        

    

  


  

      

          @spec parameter_at(signature(), non_neg_integer()) :: parameter() | nil


      


The parameter that the argument at this place (from 0) is for: the one at that place, or for an argument past the
last, the variadic parameter that ends the signature; nil if there is none.
iex> {:ok, sum} = Feel.Builtin.function("sum")
iex> [_list, variadic] = sum.signatures
iex> Feel.Builtin.Function.parameter_at(variadic, 5).name
"n1"
iex> {:ok, abs} = Feel.Builtin.function("abs")
iex> Feel.Builtin.Function.parameter_at(hd(abs.signatures), 1)
nil

  



  
    
      
    
    
      quiet_at?(signatures, index)



        
          
        

    

  


  

      

          @spec quiet_at?([signature()], non_neg_integer()) :: boolean()


      


Whether the argument at this place (from 0) is read quietly: every one of the signatures has a quiet parameter there.
iex> {:ok, abs} = Feel.Builtin.function("abs")
iex> Feel.Builtin.Function.quiet_at?(abs.signatures, 0)
false
iex> Feel.Builtin.Function.quiet_at?([], 0)
false

  



  
    
      
    
    
      same_kind(signature, parts)



        
          
        

    

  


  

      

          @spec same_kind(signature(), same_kind() | nil) :: signature()


      


The signature with the arguments that have to be of one kind (same_kind/0, D-155). nil says there are none.
iex> points = [Feel.Builtin.Function.parameter("point1", [:number, :string]), Feel.Builtin.Function.parameter("point2", [:number, :string])]
iex> signature = Feel.Builtin.Function.signature(points, [:boolean])
iex> Feel.Builtin.Function.same_kind(signature, [{:point, 0}, {:point, 1}]).same_kind
[point: 0, point: 1]
iex> Feel.Builtin.Function.same_kind(signature, nil) == signature
true

  



    

  
    
      
    
    
      signature(parameters, result, result_from \\ nil)



        
          
        

    

  


  

      

          @spec signature([parameter()], [Feel.Type.t(), ...], result_from() | nil) ::
  signature()


      


A signature: its parameters and the types of its result, and how the result follows the types of the arguments if it does
(result_from/0).
iex> param = Feel.Builtin.Function.parameter("from", [:string])
iex> Feel.Builtin.Function.signature([param], [:date])
%{parameters: [%{name: "from", types: [:string], optional?: false}], result: [:date]}
iex> list = Feel.Builtin.Function.parameter("list", [{:list, :any}])
iex> Feel.Builtin.Function.signature([list], [{:list, :any}], {:list_of, [{:elements, 0}]}).result_from
{:list_of, [{:elements, 0}]}

  



  
    
      
    
    
      spec_kind(kind)



        
          
        

    

  


  

      

          @spec spec_kind(Feel.Type.t()) :: atom()


      


The kind that a type of a parameter stands for: a primitive type is itself, and a list, a range, a context and
a function are :list, :range, :context and :function, whatever they are of. :any takes every kind.
iex> Feel.Builtin.Function.spec_kind({:list, :string})
:list
iex> Feel.Builtin.Function.spec_kind(:number)
:number

  



  
    
      
    
    
      variadic?(parameter)



        
          
        

    

  


  

      

          @spec variadic?(parameter()) :: boolean()


      


Returns true for a variadic parameter.

  



  
    
      
    
    
      variants_of(function, signature)



        
          
        

    

  


  

      

          @spec variants_of(t(), signature()) :: [signature()]


      


The signatures that a signature from for_names/2 stands for: those of the function that differ from it only in types
(merge_variants/1), or itself if it is one of an extension. A call by name is typed by each of them.
iex> {:ok, abs} = Feel.Builtin.function("abs")
iex> {:ok, signature} = Feel.Builtin.Function.for_names(abs, ["n"])
iex> length(Feel.Builtin.Function.variants_of(abs, signature))
3

  



  
    
      
    
    
      with_arity(function, arity)



        
          
        

    

  


  

      

          @spec with_arity(t(), non_neg_integer()) :: [signature()]


      


The signatures that accept this many arguments.
iex> {:ok, date} = Feel.Builtin.function("date")
iex> [signature] = Feel.Builtin.Function.with_arity(date, 3)
iex> Enum.map(signature.parameters, & &1.name)
["year", "month", "day"]

  



  
    
      
    
    
      with_overloads(function, overloads)



        
          
        

    

  


  

      

          @spec with_overloads(t(), [t()]) :: t()


      


The function with the overloads of extensions added to it (Feel.Extension, D-81): its signatures are those
of the function and then those of the overloads, in the order of the extensions.
The function runs first. If it reports an error, or if none of its signatures takes the number of
arguments, the overloads that take it are tried, in order, and the first that does not answer :next is the
result. If none does, the result is the error of the function, which is the one it would give without
the overloads (Feel.Builtin.arity_mismatch/2 when its signatures did not fit). A null that the function
gives because an argument is null (:missing) is a result, and the overloads do not see it. So what was a
result before is the result still.
The function is as pure as all of them are, and as free of null as all of them are.
iex> {:ok, number} = Feel.Builtin.function("number")
iex> overload = %Feel.Builtin.Function{
...>   name: "number",
...>   signatures: [
...>     Feel.Builtin.Function.signature(
...>       [Feel.Builtin.Function.parameter("from", [:string]), Feel.Builtin.Function.parameter("group", [:string])],
...>       [:number]
...>     )
...>   ],
...>   call: fn _env, [_from, _group] -> {:ok, Decimal.new(2)} end
...> }
iex> merged = Feel.Builtin.Function.with_overloads(number, [overload])
iex> Feel.Builtin.Function.arities(number)
[1, 3]
iex> Feel.Builtin.Function.arities(merged)
[1, 2, 3]
iex> merged.call.(Feel.Runtime.Env.new(), ["1", ","])
{:ok, Decimal.new(2)}
iex> merged.call.(Feel.Runtime.Env.new(), ["1.5"])
{:ok, Decimal.new("1.5")}

  


        

      


  

    
Feel.Builtin.List 
    



      
The list functions of FEEL (DMN 1.6, section 10.3.4.4, Table 76), and sort
(section 10.3.4.9).
What is written (D-79, D-87)
All of them. Feel.Builtin.List.Aggregate has the functions that make one value of a list
(count, sum, mean, median, mode, stddev, product, min, max, all, any), and
Feel.Builtin.List.Sequence the others (append, concatenate, distinct values, flatten,
index of, insert before, list contains, list replace, remove, reverse, sort, sublist,
union). Each says what it does with an argument that is not a list, a position that is out of range, the empty
list, and an item of the wrong kind.
What they share:
	A list is wanted, a value that is not one is the list of it (section 10.3.2.9.4): count(1) is
count([1]). null is no list, and the call is null with an :argument_out_of_domain error. The TCK
flags every null argument as an error (0059, 1155), with one exception, null among the items
of a list of booleans.
	The aggregates have two forms, sum(list) and sum(n1, ..., nN), which is what a variadic
parameter (Feel.Builtin.Function.parameter/3) is for. append, concatenate and union take any
number of arguments after the first, and none.
	Equality is that of = (Feel.Runtime.Compare), and what cannot be compared is not equal.
	A position is a whole number, a fraction being cut off (section 10.3.2.9.4), that counts from the
end when it is negative.

The functions that call a function
list replace (with a match) and sort take a function value. A built-in can call one
(Feel.Runtime.Invoke.call/4, D-82) and its outcome carries the environment (Feel.Runtime.Env.outcome/0), so
what the function reports is reported. sort is a stable merge sort that threads the environment through its
comparisons (D-87).
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        Returns the canonical names of the functions of this module, sorted.
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          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module that are written, as Feel.Builtin.Functions: all 24.
iex> length(Feel.Builtin.List.functions())
24

  



  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @spec names() :: [Feel.Name.t()]


      


Returns the canonical names of the functions of this module, sorted.
iex> "sort" in Feel.Builtin.List.names()
true

  


        

      


  

    
Feel.Builtin.List.Aggregate 
    



      
The list functions that make one value of a list of them (DMN 1.6, section 10.3.4.4, Table 76): count,
sum, mean, median, mode, stddev, product, min, max, all and any. They are a part of
Feel.Builtin.List, which has the others and says what it is that they share.
Apart from count, each has two forms, sum(list) and sum(n1, ..., nN), with at least one argument.
The arguments of the second are the items of the list, so sum(1, 2, 3) is sum([1, 2, 3]) and
sum(7) is sum([7]). An argument that is null, and the only one, is no list and no item: the call is
null with an error, as the TCK has it (all(null), 0059).
	Call	Items	Of the empty list
	count(list)	any	0
	sum, mean	numbers	null
	product	numbers	null, with an error
	median	numbers	null
	stddev	numbers, two or more	null, with an error, as it is for one
	mode	numbers	[]
	min, max	one kind that has an order (Table 55)	null
	all, any	booleans, and nulls	true and false

The empty list is null as the examples of the specification have it, except where the TCK says that it is
an error (product([]), stddev([]) and stddev([47]), 0094 and 0063): the specification has null for
those too, and the TCK takes null and an error to be the answer for a call that is out of its domain.
An item that is not of the kind the function wants (a null included) is out of the domain: null, with an
:argument_out_of_domain error. It is not left out, which is what the B-FEEL of section 11.3 does, and it
is not an "otherwise" item of all and any, which the TCK has as an error as well (all([true, 123, true])).
A null among the booleans is an item as any other: all([true, null]) is null.
The numbers
The arithmetic is that of Feel.Runtime.Number, so each operation rounds to 34 digits, and the order of
the items can be seen in a sum of numbers of very different size. mean is the sum divided by the count.
stddev is the sample standard deviation: the square root of the sum of the squares of the differences
from the mean, divided by the count less one. median of an even count is the mean of the two in the
middle. mode has the numbers that are most frequent, ascending, equal by value (1 and 1.0), and the
first of each as written.
A result that is too large for a number is out of range: null, with an error.
min and max
The items are compared with < and > (Feel.Runtime.Compare), so they have to be of one kind with an
order: numbers, strings, dates, times, dates and times, or durations of one kind. A list of booleans, of
lists, a null, and a mix of kinds are out of the domain, and so is a single item that has no order
(min([[1]])). Of equal items it is the first that is the result.
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          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module, as Feel.Builtin.Functions.

  


        

      


  

    
Feel.Builtin.List.Sequence 
    



      
The list functions that make a list of a list or ask about its items (DMN 1.6, section 10.3.4.4, Table 76):
append, concatenate, distinct values, flatten, index of, insert before, list contains,
list replace, remove, reverse, sort (section 10.3.4.9), sublist and union. They are a part of
Feel.Builtin.List, which has the others and says what it is that they share.
Positions
insert before, remove, list replace and sublist take a position as footnotes 1 to 3 of the table
have it. It is a whole number, a fraction being cut off, that is not 0 and from -L to L for a list of
L items: 1 is the first item and -1 the last. Anything else, an empty list included, is out of the domain:
null, with an :argument_out_of_domain error. So insert before cannot put an item after the last one,
and insert before([], 1, x) is null (notes, AE-31).
sublist takes a length from 1 to what is left from the start on, or none, or null, which is none.
The items
append adds each argument after the first as one item, a list as well: append([1], [2]) is [1, [2]].
concatenate and union put the items of the lists after one another, and union leaves out those that
have been before. flatten takes every list out of every list. reverse, distinct values, index of
and list contains are as their names say; index of gives [] where there is no match.
Items are equal as = says (Feel.Runtime.Compare): 1 and 1.0 are, so are two lists of equal items. Two
items that cannot be compared, a number and a string, are not equal here, and neither are two that are
null in = (notes, AE-34); null is equal to null (Table 50), so index of([1, null], null) is [2].
distinct values keeps the first of equal items, and it and union do not compare every pair of them
(Feel.Runtime.EqualItems).
The length of the result of concatenate and flatten is counted while their lists are walked, and a result over
max_list_length is refused at the first item past it, with the error that the finished list would get, and is not
made: the same list can be an argument a thousand times, or in a list a thousand times (for i in 1..1000 return xs).
union cannot be refused by the length of the lists together, for union(xs, xs) is the items of xs, and takes the
lists one after the other when they are over the limit together. The others make a list that is not longer
than their argument, or than their argument and the items that the call itself has, and are checked when they are made.
list replace
Both forms are written. The one that takes a function, list replace(list, match, newItem), calls match(item, newItem) for each item, in order, and the item is replaced by newItem where that is true (Feel.Runtime.Invoke,
D-82). A match that is not a function of two parameters that gives a boolean, by its signature (function(item, newItem) item gives what item is, so it is not one), is out of the domain, as it is in the TCK (1155); the types
it declares for its parameters do not matter. What the
calls report is reported, and the call of match for an item that is null or an error is not true, so that item stays.
A list argument is a list, and a value that is not a list is the list of it (section 10.3.2.9.4), so
list replace(1, 1, 5) is [5] (the TCK, 1155). null is neither: the call is out of the domain.
sort
sort(list, precedes) is a new list of the items, in an order in which precedes(x, y) being true puts x
before y (Table 81). It is a stable merge sort (D-87, was D-87 for sort): of two items for which neither
precedes the other the one that came first stays first, so sort(rows, function(x, y) x.k < y.k) keeps the
order of the rows with one k. Only a precedes that is true counts: where it is false, null or an error
the pair is taken to be in order, and what the call reported is reported (as for list replace), so
sort([3, null, 1], function(x, y) x < y) does not end the run, and where the null goes depends on where it was,
as the table warns ("be careful with nulls"). precedes is asked about a pair of different items, n log n
times at the most; the length of the list is limited by max_list_length, and that is the limit of the work.
precedes is checked as match of list replace is: a function of two parameters that gives a boolean by its
signature. Another value, a function of another number of parameters, and a function that gives what its
parameter is (function(x, y) x), make the call null with an :argument_out_of_domain error, even for a list
that has nothing to sort. A list that is not a list is the list of it, and null is out of the domain.
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          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module, as Feel.Builtin.Functions.

  


        

      


  

    
Feel.Builtin.Number 
    



      
The numeric functions of FEEL (DMN 1.6, section 10.3.4.5, Table 77).
What is written (D-79)
All fourteen.
	Call	Result
	decimal(n, scale)	n with scale digits after the point, rounded half to even
	floor(n), floor(n, scale)	toward negative infinity
	ceiling(n), ceiling(n, scale)	toward positive infinity
	round up(n), round up(n, scale)	away from zero
	round down(n), round down(n, scale)	toward zero
	round half up(n), round half up(n, scale)	to the nearest, a tie away from zero
	round half down(n), round half down(n, scale)	to the nearest, a tie toward zero
	abs(n)	the absolute value of a number, or of a duration of either kind
	modulo(dividend, divisor)	dividend - divisor * floor(dividend / divisor), which has the sign of the divisor
	sqrt(number)	the square root, null for a negative number
	log(number)	the natural logarithm, null unless the number is positive
	exp(number)	e raised to the number
	odd(number), even(number)	the parity of a whole number, null for one with a fraction

The rounding functions share one rule (the examples of the specification force the mode of each,
section 6 of the notes): the result has exactly scale digits after the point, so decimal(1, 2) is
1.00, and a negative scale rounds to tens, hundreds and so on (decimal(1234, -2) is 1.2E+3). The
scale is a whole number: a fraction is cut off (section 10.3.2.9.4), and it has to be in -6111..6176.
A result with more than 34 digits is null (Table 60); a number that has no more digits after the
point than the scale is not rounded, and is written with the zeros up to the scale when they fit (so
decimal(1, 2) is 1.00 and round up(5.5, 6176) is 5.5). Without a scale it is 0, and floor(n: x) is
floor(x), not floor(x, null): a call with named arguments is for the signature that has exactly those
names (notes, AE-37), while floor(x, null) is null.
modulo is worked out on the integers behind the two numbers, so it is exact whatever their size:
modulo(10.1, 4.5) is 1.1, modulo(-12, 5) is 3 and modulo(12, -5) is -3. A divisor of zero is out
of the domain, and so is a rest that needs more than 34 digits (modulo(-1E-6176, 7), whose rest is 7 less 1E-6176); the
zeros at the end of a rest that two operands written with different scales leave are not digits it needs.
A null argument, and one of another kind than the function takes, is out of its domain: the result is
null, with an :argument_out_of_domain error, as for the conversion functions (the TCK flags
abs(null), floor(null, 1) and modulo(10, null) as errors). A list of one number is that number
(section 10.3.2.9.4).
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          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module that are written, as Feel.Builtin.Functions.
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          @spec names() :: [Feel.Name.t()]


      


Returns the canonical names of the functions of this module, sorted.
iex> "round half even" in Feel.Builtin.Number.names()
false
iex> "round half up" in Feel.Builtin.Number.names()
true

  


        

      


  

    
Feel.Builtin.Range 
    



      
The range functions of FEEL (DMN 1.6, section 10.3.4.7, Table 79): before, after, meets, met by,
overlaps, overlaps before, overlaps after, finishes, finished by, includes, during, starts,
started by and coincides.
They are the relations of Allen's interval algebra, as the HL7 CQL has them, between points and ranges, and
they give true or false. A point is a value that has an order (Table 55): a number, a string, a date, a
time, a date and time, or a duration. A signature takes a point or a range in each place, and which one it is
is told by the kind of the argument, so before(1, [5..10]) and before([1..10], 15) are two signatures of
one function; the parameters of each have the names of the specification (point, range, point1,
range2...), which a call by name tells apart.
What is written (D-79)
All fourteen, each signature by the formula of the table as it is printed. Not one is turned into another
through a conversion of a point to a range: the point and the range forms of a function agree on every range
that holds something, and they differ on an empty one, [p..p) (notes, 3.7). starts(1, [1..1)) is what the
formula says.
Range-domain choices (D-79)
The table has no column for the domain, and the notes read (A1, A5, A6) as follows.
	An endpoint that is not there (< 10 has no start, >= 5 has no end, and [1..null] has none) is
minus infinity as a start and plus infinity as an end, its side never included. Two starts that are not
there are equal, so are two ends. before(5, < 3) is false, after(5, < 3) is true and
includes(< 3, 2) is true; during(< 3, < 4) is true.
	A null, or an argument that is neither a point nor a range (a boolean, a list, a context, a
function) is out of the domain: the call is null with an :argument_out_of_domain error. before(date, null)
is null in FEEL; it is false in B-FEEL (section 11.2), and the dialects of this library are FEEL.
	Endpoints that cannot be compared with one another (a number and a string, a date and a date and time)
are out of the domain as well. It is checked on all that are given, so a call is either null for that
or has every comparison of its formula defined.
	A combination that is not a signature (meets(1, 2), finishes([1..2], 3)) is out of the domain.
	A range that holds nothing ((1..1), [5..1]) is a range as any other: the formulas are
applied to its properties, which can give odd answers (both before and after can be true of one
pair). Only a range value has the properties; (!= 10) has 10 on both sides, left out, and is read so.

A list of one point is that point (section 10.3.2.9.4).
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        The functions of this module that are written, as Feel.Builtin.Functions: all fourteen.
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        Returns the canonical names of the functions of this module, sorted.
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          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module that are written, as Feel.Builtin.Functions: all fourteen.
iex> length(Feel.Builtin.Range.functions())
14

  



  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @spec names() :: [Feel.Name.t()]


      


Returns the canonical names of the functions of this module, sorted.
iex> "overlaps before" in Feel.Builtin.Range.names()
true

  


        

      


  

    
Feel.Builtin.Size 
    



      
The size of what a built-in function is going to make, worked out before it makes it (D-154).
max_list_length and max_string_length refuse a value when it is finished (Feel.Runtime.Env.settle/3), which is
too late for a function whose result is as large as the product of the sizes of its arguments: string join of
5,000 strings of one byte with a delimiter of 100 KB makes 500 MB before the limit looks at it, and the limits would
allow 100 GB. Such a function works out the size first, counting as it walks its arguments and ending the walk at the
first count over the limit, and refuses with the function that settle/3 uses (Feel.Runtime.Env.check_string_length/2,
check_list_length/2), so the error, the diagnostics in it and its effect on the run are the same as for the
finished value, in either mode and on either backend: the result that is within the limits is the one it always was,
and the one over them is refused with nothing built.
A count that is over a limit is a lower bound of the size of the result, and that is all the error says of it.
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        check_join(env, items, delimiter, extra)

      


        Ends the run if the string that joins items with delimiter (and has extra more bytes, for a prefix and a suffix)
would be longer than max_string_length; the bytes are added up as the items come, so the walk ends at the first
item that passes the limit, and the string is not made. items are strings and not null.



    


    
      
        refuse_list(env, length)

      


        Ends the run with the error of a list that is longer than max_list_length, for a function that has counted length
items of a list it was going to make. The same as refuse_string/2 is for a string.



    


    
      
        refuse_string(env, size)

      


        Ends the run with the error of a string that is longer than max_string_length, for a function that has found, with
size bytes counted, that the string it was going to make is. size is over the limit, and a call that is not
is a mistake of the caller.
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          @spec check_join(Feel.Runtime.Env.t(), [String.t()], String.t(), non_neg_integer()) ::
  Feel.Runtime.Env.t()


      


Ends the run if the string that joins items with delimiter (and has extra more bytes, for a prefix and a suffix)
would be longer than max_string_length; the bytes are added up as the items come, so the walk ends at the first
item that passes the limit, and the string is not made. items are strings and not null.
iex> env = Feel.Runtime.Env.new(limits: Feel.Limits.new(max_string_length: 5))
iex> ^env = Feel.Builtin.Size.check_join(env, ["ab", "cd"], "+", 0)
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env -> {Feel.Builtin.Size.check_join(env, ["ab", "cd"], "+", 1), env} end)
iex> {error.kind, hd(error.diagnostics).details}
{:limit, %{limit: :max_string_length}}
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          @spec refuse_list(Feel.Runtime.Env.t(), non_neg_integer()) :: no_return()


      


Ends the run with the error of a list that is longer than max_list_length, for a function that has counted length
items of a list it was going to make. The same as refuse_string/2 is for a string.
iex> env = Feel.Runtime.Env.new(limits: Feel.Limits.new(max_list_length: 2))
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env -> {Feel.Builtin.Size.refuse_list(env, 3), env} end)
iex> {error.kind, hd(error.diagnostics).details}
{:limit, %{limit: :max_list_length}}
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          @spec refuse_string(Feel.Runtime.Env.t(), non_neg_integer()) :: no_return()


      


Ends the run with the error of a string that is longer than max_string_length, for a function that has found, with
size bytes counted, that the string it was going to make is. size is over the limit, and a call that is not
is a mistake of the caller.
iex> env = Feel.Runtime.Env.new(limits: Feel.Limits.new(max_string_length: 5))
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env -> {Feel.Builtin.Size.refuse_string(env, 6), env} end)
iex> {error.kind, hd(error.diagnostics).details}
{:limit, %{limit: :max_string_length}}

  


        

      


  

    
Feel.Builtin.String 
    



      
The string functions of FEEL (DMN 1.6, section 10.3.4.3, Table 75).
What is written (D-79)
All thirteen.
	Call	Result
	substring(string, start position, length)	length characters from start position (1 is the first, -1 the last); all that is left without length
	string length(string)	the number of code points
	upper case(string), lower case(string)	the full Unicode case mapping, with no locale
	substring before(string, match), substring after(string, match)	what is before or after the first occurrence of match; "" if there is none
	contains(string, match), starts with(string, match), ends with(string, match)	on the text; every string has the empty string in each of these places
	replace(input, pattern, replacement, flags)	every match of the pattern replaced; $1 is a group
	matches(input, pattern, flags)	whether some part of the input matches the pattern
	split(string, delimiter)	the parts between the matches of the delimiter, a pattern
	string join(list, delimiter), string join(list)	the strings of the list, nulls left out, with the delimiter between them

Characters are code points, as in the examples of the specification (string length("\U01F40Eab") is 3):
not UTF-16 units, and not the graphemes of String.length/1.
substring follows footnote 1 of the table: the start is a whole number (a fraction is cut off,
section 10.3.2.9.4) from -L to L and not 0, L being the length of the string, and the length from 1
to what is left. Anything else is null with an error, so substring("foobar", 3, 10) is null and so is
every call on "" (notes, AE-21). A null length is no length.
The patterns of replace, matches and split are the regular expressions of XPath, read by
Feel.Runtime.Regex (D-80); one that is not in that dialect, a flag that is none of smix, a replacement
with a stray $, and (for replace and split) a pattern that matches the empty string, are null with
an error, which is what footnote 2 says to do with an error of XPath. A null flags is no flags. The
engine is stopped after regex_match_limit of Feel.Limits, and that ends the run.
match of contains, substring before and the like is a text and not a pattern.
The size of the result of string join, replace and split is worked out before the result is made, and a result
over max_string_length or max_list_length is refused with the error that the finished value would get
(Feel.Builtin.Size, Feel.Runtime.Regex). 5,000 strings of one byte joined by 100 KB are 500 MB, and the
replacement of every a of a megabyte of them by 100 KB is a hundred gigabytes: both are refused, and neither is made.
A null argument, and one of another kind, is out of the domain: the result is null with an
:argument_out_of_domain error. A list of one string is that string (section 10.3.2.9.4), and a string is
a list of one where string join wants a list.

      


      
        Summary


  
    Functions
  


    
      
        functions()

      


        The functions of this module that are written, as Feel.Builtin.Functions.



    


    
      
        names()

      


        Returns the canonical names of the functions of this module, sorted.



    





      


      
        Functions


        


  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module that are written, as Feel.Builtin.Functions.

  



  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @spec names() :: [Feel.Name.t()]


      


Returns the canonical names of the functions of this module, sorted.
iex> "string length" in Feel.Builtin.String.names()
true

  


        

      


  

    
Feel.Builtin.Temporal 
    



      
The functions of FEEL that read date and time values: is (section 10.3.4.6),
day of week, day of year, week of year, and month of year (section
10.3.4.8), and now and today (section 10.3.4.11).
is is printed under the date and time functions, but it compares any two values
for identity in the semantic domain, and time("23:00:50z") is not
time("23:00:50") for it. A date and time with and without an offset is D-54.
now and today read the clock of the run, which is read once per run so that
repeated calls agree (see the :clock option of Feel.run/3).
What is written (D-56)
All seven.
	Call	Result
	now()	the clock as a date and time, with the offset it has (DateTime.utc_now/0 has 0), in microseconds
	today()	the date of the clock, in its own zone
	day of week(date)	"Monday" to "Sunday"
	day of year(date)	1 to 366
	week of year(date)	the week of ISO 8601, 1 to 53: week 1 is the one with the first Thursday of the year, so 2010-01-01 is in week 53 (of 2009)
	month of year(date)	"January" to "December"
	is(value1, value2)	true for two values that are the same element of the semantic domain, and never null

The argument of the calendar functions is a date or a date and time, whose fields are read as
they are written. Anything else, null included, is out of the domain: the call is null with an
:argument_out_of_domain error.
is is identity, not equality: two numbers or two durations of one kind are the same when they have
the same value, but a time or a date and time is the same only with the same fields and the same
zone. So is(@"23:00:50Z", @"23:00:50+00:00") is true (both are the offset 0), and
is(@"23:00:50@Etc/GMT", @"23:00:50Z") and is(@"2002-04-02T12:00:00-01:00", @"2002-04-02T17:00:00+04:00") are
false, as is is(@"P0Y", @"P0D") (the kinds differ). Lists and contexts are the same when their
elements are. The TCK (0103) has all of it.

      


      
        Summary


  
    Functions
  


    
      
        functions()

      


        The functions of this module that are written, as Feel.Builtin.Functions.



    


    
      
        names()

      


        Returns the canonical names of the functions of this module, sorted.



    





      


      
        Functions


        


  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @spec functions() :: [Feel.Builtin.Function.t()]


      


The functions of this module that are written, as Feel.Builtin.Functions.

  



  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @spec names() :: [Feel.Name.t()]


      


Returns the canonical names of the functions of this module, sorted.
iex> "today" in Feel.Builtin.Temporal.names()
true

  


        

      


  

    
Feel.Diagnostic 
    



      
A report about a problem in a FEEL expression.
DMN requires an implementation to report diagnostic information whenever a
semantic error makes a result null (section 7.3.8). Diagnostics are also
produced when an expression is prepared, for problems found without running it.
Fields
	:severity - :error for a problem that makes a result null or an
expression unusable, :warning for a suspicious construct, and :info for
something that was done on a value's behalf and is worth knowing, such as an
implicit conversion (D-46). An :info is never a problem: it does not end a
strict run, and it does not make a result null.
	:code - an atom identifying the kind of problem, such as
:type_mismatch. The codes used or planned so far are
:syntax_error, :unterminated_string, :unterminated_comment,
:invalid_escape, :unexpected_character, :number_out_of_range,
:invalid_encoding, :source_too_large, :nesting_too_deep, :name_too_long, :too_many_facts, :too_large_to_compile, :unknown_name,
:unknown_function, :not_a_function, :arity_mismatch,
:type_mismatch, :undefined_operation, :division_by_zero,
:overflow, :argument_out_of_domain, :duplicate_key,
:cyclic_reference, :invalid_type_expression, :invalid_property,
:date_out_of_range, :limit_exceeded, and :not_implemented (a construct the
analyzer does not handle yet), :invalid_allowed_values and :value_not_allowed
(D-138), :null_not_allowed (a name declared ! has no value, or null, D-48; it is the
diagnostic of an :input error), :native_function_failed (a function of the host raised
when it was called, D-82), :implicit_conversion (D-46), :outside_s_feel (a construct that is not in
S-FEEL, D-49), and :offset_mismatch (a subtraction of a time, or a date and time, that has an
offset or a zone from one that has none, D-54), and :decided_condition (the condition of an if
reads a name and can still be only one thing, so a branch never runs, D-194), :unreachable_branch (a branch that the type of the
condition leaves, in which a read finds that the facts of the conditions leave its name no value, so it never runs, D-173),
and :operand_near_zero, :operand_too_large, :operand_unbounded and :null_possible (infos: an
operation on operands that are not null can be null for some of their values, and the details have the reasons, each
a pair of values of the operands for which the run gives null and the cause, D-161; the first three are the ones that
tighter allowed values rule out, D-161). An :overflow is also a warning of prepare/2, for an operation on constants (D-161). The list is
not final.
	:message - a human-readable description.
	:span - {from, to}, the byte range of the source text the diagnostic
refers to (from inclusive, to exclusive), or nil when it has no
single location.
	:hint - a suggestion, such as ~s(did you mean "people"?), or nil.
	:details - extra facts, such as the types that mismatched.
	:origin - which text :span is a range of, when a run is of more than one. nil is the text of the expression that
was run, unless the host gave the run an origin (Feel.run/3, :origin, D-201). A function written in an expression keeps
the origin of the run it is made in, wherever it is called, and what is reported in its body while it runs has it, so
that the host can find the span in the text it came from and not in the caller's. A host that binds a function value
made by a run that had none can give it one (Feel.Value.Function.with_origin/2). The term is the host's.


      


      
        Summary


  
    Types
  


    
      
        severity()

      


        How serious a diagnostic is.



    


    
      
        span()

      


        A byte range in the source text: from inclusive, to exclusive.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        error?(diagnostic)

      


        Returns true for a diagnostic with :error severity.



    


    
      
        new(code, message, options \\ [])

      


        Builds a diagnostic.



    





      


      
        Types


        


  
    
      
    
    
      severity()



        
          
        

    

  


  

      

          @type severity() :: :error | :warning | :info


      


How serious a diagnostic is.

  



  
    
      
    
    
      span()



        
          
        

    

  


  

      

          @type span() :: {from :: non_neg_integer(), to :: non_neg_integer()}


      


A byte range in the source text: from inclusive, to exclusive.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Diagnostic{
  code: atom(),
  details: %{optional(atom()) => term()},
  hint: String.t() | nil,
  message: String.t(),
  origin: term(),
  severity: severity(),
  span: span() | nil
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      error?(diagnostic)



        
          
        

    

  


  

      

          @spec error?(t()) :: boolean()


      


Returns true for a diagnostic with :error severity.
iex> Feel.Diagnostic.error?(Feel.Diagnostic.new(:type_mismatch, "expected a number"))
true
iex> Feel.Diagnostic.error?(Feel.Diagnostic.new(:unknown_name, "x", severity: :warning))
false
iex> Feel.Diagnostic.error?(Feel.Diagnostic.new(:implicit_conversion, "x", severity: :info))
false

  



    

  
    
      
    
    
      new(code, message, options \\ [])



        
          
        

    

  


  

      

          @spec new(atom(), String.t(), keyword()) :: t()


      


Builds a diagnostic.
Options
	:severity - :error (default), :warning, or :info.
	:span - see span/0.
	:hint - a suggestion.
	:details - a map of extra facts.

Raises ArgumentError for any other option.
iex> diagnostic = Feel.Diagnostic.new(:unknown_name, ~s(unknown name "peeple"), span: {0, 6})
iex> {diagnostic.severity, diagnostic.code, diagnostic.span}
{:error, :unknown_name, {0, 6}}

  


        

      


  

    
Feel.Dialect 
    



      
The dialects of FEEL that an expression can be prepared in (D-49).
	:feel - FEEL as clause 10 of DMN 1.6 defines it. The default.
	:s_feel - S-FEEL, the subset of clause 9. It is a restriction of the syntax: what it
accepts, FEEL runs with its own semantics, so it changes how an expression is read
(Feel.Syntax.SFeel) and nothing about how it runs.
	:b_feel - B-FEEL, clause 11. It has the grammar of FEEL and different semantics: an
error does not make a result null but gives a value of the type the operation returns. It
is not written yet, and runs as FEEL.

The dialect is chosen when an expression is prepared, as a model chooses it with the language of
an expression, and it goes with the prepared expression (Feel.Expression.dialect/1) into every run
of it. A run cannot choose another.
iex> Feel.Dialect.all()
[:feel, :s_feel, :b_feel]

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A dialect of FEEL.



    





  
    Functions
  


    
      
        all()

      


        Returns every dialect.



    


    
      
        valid?(dialect)

      


        Returns true for a dialect.



    


    
      
        validate!(dialect)

      


        Returns the dialect, or raises ArgumentError when it is not one.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: :feel | :s_feel | :b_feel


      


A dialect of FEEL.

  


        

      

      
        Functions


        


  
    
      
    
    
      all()



        
          
        

    

  


  

      

          @spec all() :: [t(), ...]


      


Returns every dialect.

  



  
    
      
    
    
      valid?(dialect)



        
          
        

    

  


  

      

          @spec valid?(term()) :: boolean()


      


Returns true for a dialect.
iex> Feel.Dialect.valid?(:s_feel)
true
iex> Feel.Dialect.valid?(:feel_2)
false

  



  
    
      
    
    
      validate!(dialect)



        
          
        

    

  


  

      

          @spec validate!(term()) :: t()


      


Returns the dialect, or raises ArgumentError when it is not one.
iex> Feel.Dialect.validate!(:b_feel)
:b_feel
iex> Feel.Dialect.validate!(:bogus)
** (ArgumentError) expected :dialect to be :feel, :s_feel, or :b_feel, got: :bogus

  


        

      


  

    
Feel.Expression 
    



      
A prepared FEEL expression.
Feel.prepare/2 returns one. It holds everything that does not depend on the
data: the syntax tree, the resolved form that Feel.run/3 executes, the names
the expression reads, its inferred type, and the diagnostics found while
preparing it. Preparing once and running many times avoids repeating that work
on every call.
Preparation options are retained internally so Feel.Recursion can prepare members with evidence about the
single-signature links it constructs, while keeping the caller's analysis, declaration and optimization settings.
Treat the struct as opaque and read it through the functions of this module.

      


      
        Summary


  
    Types
  


    
      
        dialect()

      


    


    
      
        entry()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        ast(expression)

      


        Returns the syntax tree.



    


    
      
        diagnostics(expression)

      


        Returns the diagnostics found while preparing the expression.



    


    
      
        dialect(expression)

      


        Returns the FEEL dialect the expression was prepared with.



    


    
      
        entry(expression)

      


        Returns the grammar entry point the expression was prepared with.



    


    
      
        extensions(expression)

      


        Returns the extensions the expression was prepared with (Feel.Extension, D-81), as the modules that
implement them. Every run of the expression has them.



    


    
      
        free_names(expression)

      


        Returns the names the expression reads from its bindings.



    


    
      
        source(expression)

      


        Returns the source text the expression was prepared from.



    


    
      
        type(expression)

      


        Returns the inferred result type, or :any when it cannot be determined statically.



    


    
      
        unoptimized_ir(expression)

      


        Returns the IR as the analyzer made it, before Feel.Optimizer: the :ir field is the one the
backend compiled, and is the same when the expression was prepared with optimize: false.
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      dialect()



        
          
        

    

  


  

      

          @type dialect() :: Feel.Dialect.t()


      



  



  
    
      
    
    
      entry()



        
          
        

    

  


  

      

          @type entry() :: :expression | :unary_tests


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Expression{
  ast: Feel.AST.t() | nil,
  backend: atom() | nil,
  diagnostics: [Feel.Diagnostic.t()],
  dialect: dialect(),
  entry: entry(),
  executable: term(),
  extensions: Feel.Extensions.t(),
  free_names: MapSet.t(Feel.Name.t()),
  ir: Feel.IR.t() | nil,
  linked_peers: [Feel.Name.t()],
  preparation: keyword() | nil,
  source: String.t(),
  type: Feel.Type.t(),
  unoptimized_ir: Feel.IR.t() | nil
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      ast(expression)



        
          
        

    

  


  

      

          @spec ast(t()) :: Feel.AST.t() | nil


      


Returns the syntax tree.

  



  
    
      
    
    
      diagnostics(expression)



        
          
        

    

  


  

      

          @spec diagnostics(t()) :: [Feel.Diagnostic.t()]


      


Returns the diagnostics found while preparing the expression.

  



  
    
      
    
    
      dialect(expression)



        
          
        

    

  


  

      

          @spec dialect(t()) :: dialect()


      


Returns the FEEL dialect the expression was prepared with.

  



  
    
      
    
    
      entry(expression)



        
          
        

    

  


  

      

          @spec entry(t()) :: entry()


      


Returns the grammar entry point the expression was prepared with.

  



  
    
      
    
    
      extensions(expression)



        
          
        

    

  


  

      

          @spec extensions(t()) :: [module()]


      


Returns the extensions the expression was prepared with (Feel.Extension, D-81), as the modules that
implement them. Every run of the expression has them.

  



  
    
      
    
    
      free_names(expression)



        
          
        

    

  


  

      

          @spec free_names(t()) :: MapSet.t(Feel.Name.t())


      


Returns the names the expression reads from its bindings.

  



  
    
      
    
    
      source(expression)



        
          
        

    

  


  

      

          @spec source(t()) :: String.t()


      


Returns the source text the expression was prepared from.

  



  
    
      
    
    
      type(expression)



        
          
        

    

  


  

      

          @spec type(t()) :: Feel.Type.t()


      


Returns the inferred result type, or :any when it cannot be determined statically.

  



  
    
      
    
    
      unoptimized_ir(expression)



        
          
        

    

  


  

      

          @spec unoptimized_ir(t()) :: Feel.IR.t() | nil


      


Returns the IR as the analyzer made it, before Feel.Optimizer: the :ir field is the one the
backend compiled, and is the same when the expression was prepared with optimize: false.

  


        

      


  

    
Feel.Extension behaviour
    



      
A set of additions to FEEL that a caller switches on when it prepares an expression (D-81).
DMN 1.6 defines FEEL, and the engines that run it add to it: functions that DMN does not have, more
signatures for the ones it has, other spellings of a date. An extension is a module that says what it
adds, and the core asks the extensions that are on, at the few places where it decides. Nothing in the
core names an extension.
Feel.prepare("shout(name)", extensions: [MyApp.Shout])
The option takes modules that implement this behaviour, and names (registry/0) that stand for one or
more of them. It is [] by default, and then the library is DMN 1.6 and nothing else. The extensions go
with the prepared expression into every run of it, as the dialect does (D-49), and a run cannot choose
other ones.
What an extension can do
An extension adds: it never changes the result of an expression that is valid without it. What it
adds was an error before (an unknown function, a call with a number of arguments that no signature
takes, a string that is not a date), or was not FEEL at all. This is what makes it safe to switch on, and
apps/bdm_tck/scripts/tck.exs --extensions checks it: with an extension on, every result of the TCK that was
right stays right. The TCK pins a few errors, though (number("1.000.000,01", ".") is "an error when too few params", 0058
#016), and an extension that accepts such a call deviates from it on purpose: it names the nodes, and any other
that stops passing is a bug of the extension (D-81).
	Callback	Adds
	functions/0	functions with names that DMN 1.6 does not have. A name of several words is read as one name wherever the extension is on, as string length is
	overloads/0	signatures for a function that DMN 1.6 has (Feel.Builtin.Function.with_overloads/2)
	temporal_text/1	other spellings of the text of a time or a date and time, which time(...), date and time(...) and @"..." then read as DMN 1.6 writes them, and report

The first two are lists of Feel.Builtin.Functions, with parameters, types and a call, like the built-in
functions (D-56), and are called in the same way. The third is the spelling of a text, and is reported when it
is used (D-81). Syntax is not an extension: names in backticks are read always, and reported (D-83).
data_only?/0 is not an addition but a declaration (D-222): an extension that never returns a function and makes no
diagnostic with an :origin can say so, and a host that copies a run into a worker then need not copy the source of the
elements the run does not use. An extension that does not declare it is taken to be able to return a function written
elsewhere.
An overload is the second choice
The function of DMN 1.6 runs first. Only when it reports an error does an overload get its turn, in the
order of the extensions, and its call may return :next to say that the arguments are not for it. If
every overload does, the error of the function of DMN 1.6 is the result, as it is with the extensions
off. A function of DMN 1.6 that gives null because an argument is null (:missing) is not asked
about again: that is a result and not an error.
A module
defmodule MyApp.Shout do
  @behaviour Feel.Extension
  alias Feel.Builtin.Function

  @impl true
  def name, do: :shout

  @impl true
  def functions do
    [
      %Function{
        name: "shout",
        signatures: [Function.signature([Function.parameter("text", [:string])], [:string])],
        call: fn _env, [text] -> {:ok, String.upcase(text) <> "!"} end
      }
    ]
  end
end

      


      
        Summary


  
    Callbacks
  


    
      
        data_only?()

      


        Whether the extension adds data only: what it returns is a value that is not a function (and has none inside), and a
diagnostic it makes has no :origin (Feel.Diagnostic), so it never brings a text of another expression into a run.
A host that copies a run into a worker (Dmn.Execution) then need not copy the sources of the elements the run does not
use. An extension that does not say so, or says false, is taken to be able to (a function that returns a function
written elsewhere, with its origin, is one). Wrong true loses the element in the diagnostics of such a function in a
worker; it does not change a value. It is called once, when the set of extensions is prepared (Feel.Extensions.new/1),
inside the protected preparation, and its answer is recorded; keep it a constant. A callback that raises counts as false.



    


    
      
        functions()

      


        The functions that the extension adds. Their names are not among those of DMN 1.6 (a function of DMN 1.6
gets more signatures with overloads/0), and no other extension that is on defines them.



    


    
      
        name()

      


        The name of the extension, for the messages about it.



    


    
      
        overloads()

      


        More signatures for functions of DMN 1.6, each as a Feel.Builtin.Function of the name of the function.
The call of an overload gets the arguments of a call that one of its signatures accepts, and returns an
outcome or :next.



    


    
      
        temporal_text(t)

      


        Other spellings of text, which a function or a literal could not read, as DMN 1.6 writes them, best first
(Feel.Value.Temporal.Spellings): none if the extension does not know the text. The library reads the first that
the function or the literal reads, and reports the spelling as an :info with the code :temporal_spelling;
if there is none that it reads, the error is the one it gave.



    





  
    Functions
  


    
      
        registry()

      


        The extensions that extensions: knows by name, each with the modules it stands for.



    





      


      
        Callbacks


        


  
    
      
    
    
      data_only?()


        (optional)


        
          
        

    

  


  

      

          @callback data_only?() :: boolean()


      


Whether the extension adds data only: what it returns is a value that is not a function (and has none inside), and a
diagnostic it makes has no :origin (Feel.Diagnostic), so it never brings a text of another expression into a run.
A host that copies a run into a worker (Dmn.Execution) then need not copy the sources of the elements the run does not
use. An extension that does not say so, or says false, is taken to be able to (a function that returns a function
written elsewhere, with its origin, is one). Wrong true loses the element in the diagnostics of such a function in a
worker; it does not change a value. It is called once, when the set of extensions is prepared (Feel.Extensions.new/1),
inside the protected preparation, and its answer is recorded; keep it a constant. A callback that raises counts as false.

  



  
    
      
    
    
      functions()


        (optional)


        
          
        

    

  


  

      

          @callback functions() :: [Feel.Builtin.Function.t()]


      


The functions that the extension adds. Their names are not among those of DMN 1.6 (a function of DMN 1.6
gets more signatures with overloads/0), and no other extension that is on defines them.

  



  
    
      
    
    
      name()



        
          
        

    

  


  

      

          @callback name() :: atom()


      


The name of the extension, for the messages about it.

  



  
    
      
    
    
      overloads()


        (optional)


        
          
        

    

  


  

      

          @callback overloads() :: [Feel.Builtin.Function.t()]


      


More signatures for functions of DMN 1.6, each as a Feel.Builtin.Function of the name of the function.
The call of an overload gets the arguments of a call that one of its signatures accepts, and returns an
outcome or :next.

  



  
    
      
    
    
      temporal_text(t)


        (optional)


        
          
        

    

  


  

      

          @callback temporal_text(String.t()) :: [String.t()]


      


Other spellings of text, which a function or a literal could not read, as DMN 1.6 writes them, best first
(Feel.Value.Temporal.Spellings): none if the extension does not know the text. The library reads the first that
the function or the literal reads, and reports the spelling as an :info with the code :temporal_spelling;
if there is none that it reads, the error is the one it gave.

  


        

      

      
        Functions


        


  
    
      
    
    
      registry()



        
          
        

    

  


  

      

          @spec registry() :: %{optional(atom()) => [module()]}


      


The extensions that extensions: knows by name, each with the modules it stands for.
Any module that implements the behaviour can be given as well, so a name is only a convenience.

  


        

      


  

    
Feel.Extension.Camunda.Functions 
    



      
The functions that Camunda has and DMN 1.6 does not (D-81).
	Function	Camunda
	is defined(value)	false if the value is null, else true
	get or else(value, default)	the value, or the default if it is null
	assert(value, condition), assert(value, condition, cause)	the value if the condition is true; else the evaluation fails, with the cause
	is empty(list), is blank(string)	whether the list has no item, or the string no character but white space
	trim(string)	the string without the white space at its ends
	partition(list, size)	the consecutive sublists of that size, the last one the rest; a size below 1 is an error
	duplicate values(list)	the values that occur more than once, each once, in the order they first occur; two values are the same as = says (1 and 1.0 are), and one that cannot be compared is not (Feel.Runtime.EqualItems)
	last day of month(date)	the last day of the month of a date, or of a date and time, as a date
	to base64(value), from base64(value)	the Base64 of a string, and the string of a Base64 text
	to json(value), from json(value)	the value as JSON text and back, see Feel.Extension.Camunda.Json
	extract(string, pattern)	the text of every match of the pattern (the regular expressions of XPath, D-80)
	uuid(), random number()	a version 4 UUID, and a number from 0 to under 1; both from the :entropy of the run

A null or an argument of another kind than the function takes is null with an :argument_out_of_domain error, as
for the functions of DMN 1.6 (D-79), where the documentation says nothing else. Four things that are decisions:
is defined reads its argument without reporting (D-100). is defined(x) for a name that is not bound, and
is defined(x.y) for a path through an entry that is not there, are false, as the documentation says, and nothing
is reported: no warning for the unknown name when the expression is prepared, no :invalid_property error when it is
run, so a mode: :strict run goes on. The parameter is quiet: true (Feel.Builtin.Function.parameter/3). An
error that is not a report still ends the run (a limit, Feel.Runtime.Env.abort/3), and so does an error of the
analysis, as an unknown name does with the option unknown_names: :error. get or else reads its argument as any
function does: the documentation of Camunda says it handles a null, not a missing entry.
assert fails by the error. Its failure is null with an :assertion_failed error, which ends a strict run, where
Camunda ends the evaluation. The message is the cause, if there is one.
partition(list, 0) is an error, as in the documentation's example, though its text says "less than 0".
random number() is a number of 53 random bits over 2 to the 53rd, so it is exact as a number of FEEL and
never 1. Neither it nor uuid() is pure, and neither is folded (Feel.Builtin.Function).
It is :camunda_functions, and part of :camunda.

      




  

    
Feel.Extension.Camunda.Json 
    



      
FEEL values as JSON text and the other way (D-81): what to json(value) and from json(value) of Camunda do.
A value as JSON. null is null; a boolean, a number and a string are theirs (a number as it is written in FEEL, never
with an exponent); a list is an array and a context an object, with its keys in the order of the entries (D-135). A date, a time, a date and time and a duration are a string of their text: "2023-06-14", "10:00:00+02:00", "P3Y",
and a date and time in a zone that has an id has the offset and then the id, as Java writes it,
"2025-11-24T10:00:00+01:00[Europe/Berlin]". A value with no JSON, a range or a function, is :error.
JSON as a value. An object is a context, an array a list, a number a number (the digits are kept, 2.50 has the scale of
two), a string a string: a string that looks like a date is a string, as in the documentation's
from json("\"2023-06-14\""). Text that is not JSON, and text with anything after the value but white space, is :error,
and so is a number outside the range of a number of FEEL.
iex> Feel.Extension.Camunda.Json.encode(%{"b" => [Decimal.new("1.50"), nil, true], "a" => "x"})
{:ok, ~s({"a":"x","b":[1.50,null,true]})}
iex> context = Feel.Value.Context.new([{"b", Decimal.new(1)}, {"a", "x"}])
iex> Feel.Extension.Camunda.Json.encode(context)
{:ok, ~s({"b":1,"a":"x"})}
iex> {:ok, value} = Feel.Extension.Camunda.Json.decode(~s({"b": [1, 2.50, "2023-06-14", null], "a": 1}))
iex> Feel.Value.Context.keys(value)
["b", "a"]
iex> Feel.Value.Context.to_host(value)
%{"a" => Decimal.new("1"), "b" => [Decimal.new("1"), Decimal.new("2.50"), "2023-06-14", nil]}
iex> Feel.Extension.Camunda.Json.decode("{")
:error

      


      
        Summary


  
    Functions
  


    
      
        decode(text)

      


        The value of a JSON text, or :error if it is not one, or has a number that FEEL cannot have.



    


    
      
        encode(value, max \\ :infinity)

      


        The JSON text of a value, or :error if it has none.



    





      


      
        Functions


        


  
    
      
    
    
      decode(text)



        
          
        

    

  


  

      

          @spec decode(String.t()) :: {:ok, Feel.Value.t()} | :error


      


The value of a JSON text, or :error if it is not one, or has a number that FEEL cannot have.

  



    

  
    
      
    
    
      encode(value, max \\ :infinity)



        
          
        

    

  


  

      

          @spec encode(Feel.Value.t(), non_neg_integer() | :infinity) ::
  {:ok, String.t()} | {:over, pos_integer()} | :error


      


The JSON text of a value, or :error if it has none.
With max (:infinity for none) a text that is longer than that many bytes is {:over, size}, with the bytes counted
when it passed max, and the rest of it is not written: a list can hold the same string a hundred thousand times,
and the text is as long as the product of their sizes. The walk goes on to the end all the same, as far as it looks for
a value that has no JSON, which is :error wherever it is: it is the answer when the text is short, and the cap is
not a reason to give another.
iex> Feel.Extension.Camunda.Json.encode([Decimal.new(1), "foo"], 100)
{:ok, ~s([1,"foo"])}
iex> Feel.Extension.Camunda.Json.encode([Decimal.new(1), "foo"], 6)
{:over, 9}
iex> Feel.Extension.Camunda.Json.encode(["foo", Feel.Value.Range.new(1, 2)], 3)
:error

  


        

      


  

    
Feel.Extension.Camunda.Overloads 
    



      
The signatures that Camunda gives to functions of DMN 1.6 (D-81).
The function of DMN 1.6 runs first. Each of these answers only an error of it, or a number of arguments it does not
take, and says :next when the arguments are not its own (Feel.Builtin.Function.with_overloads/2, D-81), so a call
that DMN 1.6 answers gives what it gave.
	Call	Camunda
	number("1,500", ",")	the text with the grouping separator taken out, as number(from, grouping separator, null)
	date and time(date and time, timezone)	the same instant at the zone: Z, an offset or the id of a zone
	string join(list, delimiter, prefix, suffix)	the joined text with the prefix before and the suffix after
	get value(context, keys)	the entry at the path of the keys, null if there is none or the keys are none
	context put(context, keys, value)	the entries of the path that are not there are made
	substring(string, start position, length)	a length past the end is the rest of the string

Three of them answer a call that DMN 1.6 refuses by what it asks for, and are deviations from the TCK where it has a
case; apps/bdm_tck/test/fixtures/tck/deviations/camunda_overloads.txt names each, with the reason.
date and time(date and time, timezone) does not take a date and time without a zone. It has no instant, and
Camunda reads it in the zone of the machine it runs on, so the result depends on the machine: the example of its
documentation, date and time(@"2020-07-31T14:27:30", "Z") is 12:27:30Z where the zone is Berlin in summer. Here that
is the error of DMN 1.6.
Nor does it take an instant that its zone cannot write. Where the clocks go back, a local time happens twice and the
library reads it as the earlier (Feel.Value.Zone), so the later of the two instants has no date and time in that
zone and is the error of DMN 1.6, and not the other instant.
context put makes the entries that are not there, and only those. A key of the path that is an entry which is not
a context stays the error of DMN 1.6, as the TCK has it (1146#nested009).
It is :camunda_overloads, and part of :camunda.

      




  

    
Feel.Extension.Camunda.TemporalFormats 
    



      
The spellings of a time and of a date and time that Camunda reads and DMN 1.6 does not (D-81).
Camunda's FEEL reads time("13:30"), @"2020-01-01T00:00Z" and date and time("2018-04-29T09:30:00+02:00[Europe/Berlin]"),
which is the text that Java writes for a date and time in a zone, and the T before a time that
time("T23:59:00") has in its documentation. DMN 1.6 reads none of these, and a text that is none of its strings
is null, with an error. With this extension on they are read, as the DMN 1.6 string that they stand for
(Feel.Value.Temporal.Spellings has the rules), by time(...), date and time(...) and @"...", and each one that
was read as another spelling is reported once, as an :info with the code :temporal_spelling: a model that uses
it is one that an engine which follows only the specification does not read.
A text that DMN 1.6 reads is read as it was. This is an extension and not what the library does, because it
turns a null into a value, and a model can depend on the null: date(input) = null is how a decision
checks a string that came from outside.
It is :camunda_temporal_formats, and part of :camunda.

      




  

    
Feel.Extensions 
    



      
The extensions that are on for an expression, resolved (D-81).
Feel.prepare/2 turns its :extensions option into this once, and every stage that has to decide
something asks it: the parser which words are a function name, the analyzer which functions there are and
which signatures they have, and a run which function to call. It is part of the prepared expression and of
its executable, and a run cannot change it, as with the dialect (D-49).
new/1 checks what is given:
	a name is one of Feel.Extension.registry/0; anything else that is an atom is a module that
implements Feel.Extension;
	a function of Feel.Extension.functions/0 has a name that DMN 1.6 does not, and that no other
extension defines;
	an overload of Feel.Extension.overloads/0 has the name of a function of DMN 1.6.

It raises ArgumentError otherwise: a wrong extension is a mistake of the caller, found when the expression
is prepared and not when it runs.
The signatures of everything an extension adds carry extension: true. The analyzer reads it to mark a
call that an extension may answer in its metadata (Feel.IR): the analyzer and the optimizer fold such a call with
the extensions of the expression, and Feel.Analysis.Analyzer does not fold it as one of DMN 1.6, which it would
take for an error (D-45).
iex> Feel.Extensions.none() == Feel.Extensions.new([])
true

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        data_only?(extensions)

      


        Returns true when every extension in the set says it adds data only (Feel.Extension.data_only?/0); so does an empty
set. For a resolved set this reads what new/1 recorded and runs no extension code, so a host may ask it where nothing of
the extension may run (a caller that has not started its worker yet). For a list of names and modules, as new/1 takes it,
the callbacks are called here, so ask where new/1 could be called; something that is no extension is not data only.



    


    
      
        function(extensions, name)

      


        Finds a function that an extension adds, by its name. A function of DMN 1.6 is never found here: its
overloads are overloads/2.



    


    
      
        function?(extensions, name)

      


        Returns true when an extension adds a function of this name.



    


    
      
        function_names(extensions)

      


        The names of the functions that the extensions add, which the parser needs to read a name of several
words as one.



    


    
      
        lenient_temporal(extensions, text, parse)

      


        Reads the text of a time or a date and time as an extension spells it (Feel.Extension.temporal_text/1): the
first other spelling of text, in the order of the extensions, that parse reads. Returns the value and the text
that was read, and :error if no extension has a spelling that parse reads.



    


    
      
        modules(extensions)

      


        The extensions, as modules, in the order they were given.



    


    
      
        new(extensions)

      


        Resolves a list of extension names and modules. An already resolved set is returned as it is, so every
function that takes the option can be given either.



    


    
      
        none()

      


        No extension: DMN 1.6 and nothing else.



    


    
      
        none?(extensions)

      


        Returns true when no extension is on.



    


    
      
        overloads(extensions, name)

      


        The overloads that the extensions add to the function of DMN 1.6 of this name, in the order of the extensions.



    


    
      
        spelling_diagnostic(text, candidate)

      


        The :info for a text that was read as another spelling (D-81), with the code :temporal_spelling. Its span is
the one of the operation that read it.



    


    
      
        spells?(extensions, name)

      


        Returns true when the function reads a text that an extension that is on may spell another way (D-81): a call of it
may give a value where DMN 1.6 gives null, so the analyzer marks the call (Feel.IR, meta.extension) and folds it
with the extensions, and not as a call of DMN 1.6 (D-45). range is one: the endpoints of its text are such texts.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Extensions{
  data_only: boolean(),
  functions: %{optional(Feel.Name.t()) => Feel.Builtin.Function.t()},
  modules: [module()],
  overloads: %{optional(Feel.Name.t()) => [Feel.Builtin.Function.t()]},
  temporal: [module()]
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      data_only?(extensions)



        
          
        

    

  


  

      

          @spec data_only?(t() | [atom()]) :: boolean()


      


Returns true when every extension in the set says it adds data only (Feel.Extension.data_only?/0); so does an empty
set. For a resolved set this reads what new/1 recorded and runs no extension code, so a host may ask it where nothing of
the extension may run (a caller that has not started its worker yet). For a list of names and modules, as new/1 takes it,
the callbacks are called here, so ask where new/1 could be called; something that is no extension is not data only.

  



  
    
      
    
    
      function(extensions, name)



        
          
        

    

  


  

      

          @spec function(t(), Feel.Name.t()) :: {:ok, Feel.Builtin.Function.t()} | :error


      


Finds a function that an extension adds, by its name. A function of DMN 1.6 is never found here: its
overloads are overloads/2.

  



  
    
      
    
    
      function?(extensions, name)



        
          
        

    

  


  

      

          @spec function?(t(), Feel.Name.t()) :: boolean()


      


Returns true when an extension adds a function of this name.

  



  
    
      
    
    
      function_names(extensions)



        
          
        

    

  


  

      

          @spec function_names(t()) :: [Feel.Name.t()]


      


The names of the functions that the extensions add, which the parser needs to read a name of several
words as one.

  



  
    
      
    
    
      lenient_temporal(extensions, text, parse)



        
          
        

    

  


  

      

          @spec lenient_temporal(t(), String.t(), Feel.Value.Temporal.Spellings.parser()) ::
  {:ok, Feel.Value.Temporal.t(), String.t()} | :error


      


Reads the text of a time or a date and time as an extension spells it (Feel.Extension.temporal_text/1): the
first other spelling of text, in the order of the extensions, that parse reads. Returns the value and the text
that was read, and :error if no extension has a spelling that parse reads.
The caller has tried parse on text, and says what it read with spelling_diagnostic/2.

  



  
    
      
    
    
      modules(extensions)



        
          
        

    

  


  

      

          @spec modules(t()) :: [module()]


      


The extensions, as modules, in the order they were given.

  



  
    
      
    
    
      new(extensions)



        
          
        

    

  


  

      

          @spec new(t() | [atom()]) :: t()


      


Resolves a list of extension names and modules. An already resolved set is returned as it is, so every
function that takes the option can be given either.

  



  
    
      
    
    
      none()



        
          
        

    

  


  

      

          @spec none() :: t()


      


No extension: DMN 1.6 and nothing else.

  



  
    
      
    
    
      none?(extensions)



        
          
        

    

  


  

      

          @spec none?(t()) :: boolean()


      


Returns true when no extension is on.

  



  
    
      
    
    
      overloads(extensions, name)



        
          
        

    

  


  

      

          @spec overloads(t(), Feel.Name.t()) :: [Feel.Builtin.Function.t()]


      


The overloads that the extensions add to the function of DMN 1.6 of this name, in the order of the extensions.

  



  
    
      
    
    
      spelling_diagnostic(text, candidate)



        
          
        

    

  


  

      

          @spec spelling_diagnostic(String.t(), String.t()) :: Feel.Diagnostic.t()


      


The :info for a text that was read as another spelling (D-81), with the code :temporal_spelling. Its span is
the one of the operation that read it.

  



  
    
      
    
    
      spells?(extensions, name)



        
          
        

    

  


  

      

          @spec spells?(t(), Feel.Name.t()) :: boolean()


      


Returns true when the function reads a text that an extension that is on may spell another way (D-81): a call of it
may give a value where DMN 1.6 gives null, so the analyzer marks the call (Feel.IR, meta.extension) and folds it
with the extensions, and not as a call of DMN 1.6 (D-45). range is one: the endpoints of its text are such texts.

  


        

      


  

    
Feel.IR 
    



      
The resolved form of an expression: what Feel.prepare/2 builds from the syntax
tree, and what the backends run.
The syntax tree (Feel.AST) describes the source as written. The analyzer turns it
into this: names are resolved to variables, locals, or built-in functions; dates
and times in @"..." literals are decoded; calls with named arguments to a known
function are reordered into positional ones; the entries of a context are put in
the order they can be evaluated; and every node carries its inferred type.
Every node is a tuple {kind, meta, ...}, as in the tree. meta is a map with
the node's :span in the source (so a diagnostic raised at run time can point at
the text) and its :type, a Feel.Type.Union.t/0 that is [:any, :null] when it cannot be
known without running. The type of a node that cannot run (a branch of an if that is never taken) is
Feel.Type.Union.never/0, the union of no value (unreachable/1, D-173).
Nodes
	Node	Meaning
	{:const, meta, value}	a constant, including decoded dates and times
	{:var, meta, name}	a name bound in the bindings
	{:local, meta, name}	a name bound by an enclosing for, some, every, function, or context entry; meta.structure is what the analyzer knows of the list or the context it is: the shapes of what is in it (D-193), also when it is bound to a path or a descendant of a node that has one (D-193); meta.id is the depth of the context that binds it, which a fact about it (Feel.Analysis.Narrowing) is kept with (D-193); meta.callees is the functions its value says it can be, for a call to find (Feel.Analysis.Callees, D-193): of a key of a context, a parameter that a call gives an if, an item or a key of functions, and the iterator of a loop over a list of them (D-193); a shape of meta.structure has callees for the item or the entry in the same way
	{:item, meta}	the element in the brackets of a filter (item); meta.depth is the depth of the filter (D-71)
	{:item_field, meta, name}	an entry of that element, known to be there (every element has it); meta.depth as above
	{:dynamic_name, meta, name, fallback}	a name that some of the elements of the filters around may have: the entry of the first element, of the filters in meta.frames (depths, innermost first), that has it, and else fallback, the node of what the name is without them
	{:builtin, meta, name}	a built-in function: the callee of a call of one, and its value where its name stands alone (D-82), which is a Feel.Value.Function of the kind :builtin, made with the extensions of the run; meta.type is the function type of each of its signatures. meta.from_binding is true when a call through a local binding is resolved to this builtin; its written name may resolve differently without that binding
	{:negate, meta, expr}	-expr
	{:arithmetic, meta, op, left, right}	+ - * / **
	{:compare, meta, op, left, right}	= != < <= > >=. = and != of two operands that are the same read, and cannot report, are not this node but the constant (D-170)
	{:logic, meta, :and | :or, left, right}	three-valued and, or
	{:between, meta, value, low, high}	value between low and high: value >= low and value <= high, with the value evaluated once (D-69)
	{:in, meta, subject, tests}	subject in test, subject in (a, b): the tests are expressions of the input ?, which is the value of subject, and the node is the three-valued OR of their values (D-61)
	{:prefix_test, meta, op, endpoint}	< 5, >= x, = 3, != 3 as a value: the Feel.Value.Range it says, null with an error for an endpoint of a kind with no order (D-61). In a test it is the comparison of ?
	{:range, meta, start_included, from, to, end_included}	[1..5) as a value: a Feel.Value.Range, or null with an error when the endpoints are of kinds that cannot make one (D-61)
	{:instance_of, meta, expr, type}	expr instance of type
	{:if, meta, condition, then, otherwise}	if … then … else …. meta.boxed (also of :filter and :quantified) is the strict reading of a boxed expression: null with an error for a condition that is a value other than a boolean and null (D-212, Feel.Runtime.Boxed)
	{:for, meta, iterators, body}	for x in xs return body; meta.partial is how the body reads partial: false (not at all), true (as a value, the list of the results so far) or :view (only as partial[index] and count(partial), which are the two nodes below, D-86)
	{:partial_at, meta, index}	partial[index] in the body of a for whose meta.partial is :view: the result at the index, as a filter with that index takes the element of the list of the results (the first for 1, the last for -1, null past the ends and for 0, null with an error for an index that is not a whole number). meta is that of the filter
	{:partial_count, meta}	count(partial) in such a body: the number of results so far. meta is that of the call
	{:quantified, meta, :some | :every, bindings, test}	some x in xs satisfies test
	{:filter, meta, mode, source, brackets}	source[brackets]; meta.depth is 1 for a filter that is in no other, and one more for each that it is in
	{:path, meta, source, key}	source.name, key the canonical name (D-65)
	{:descendant, meta, source, key}	source...name, key as for a path (D-65)
	{:call, meta, callee, arguments}	callee(…). A built-in function is {:builtin, meta, name}, with the arguments in the order of its parameters as a list. Anything else is a value: the callee is any node, and the arguments are {:positional, [node]} or {:named, [{name, node}]}, matched to the parameters when the call runs (D-82). meta.error carries a fixed structural error, such as invalid arity, that the call reports instead of calling. Static argument-type mismatches retain runtime value validation; the inferred types appear in preparation warnings, not runtime diagnostics. meta.extension is true on a call of a built-in function that a signature of an extension may answer (D-81): it is folded with the extensions of the expression (D-45), and not as a call of DMN 1.6. meta.signature is the signature that the names of a call by name chose (D-56): the function is given the values and not the signature, so the run checks the values against it first (Feel.Builtin.call/4); a call by position and a call that an extension may answer have none
	{:function, meta, parameters, body}	function(a, b) body: parameters are {name, type}, the type being :any if none was declared; the parameters are {:local, meta, name} in the body. The node is a closure of the bindings it is evaluated in, so a function value (Feel.Value.Function, kind :feel) is made when the node is evaluated (D-82); meta.closure numbers it in the analysis, which a call of a callee that has the node finds the place it was written in by (D-193)
	{:list, meta, items}	[a, b]
	{:context, meta, entries}	{a: 1, "b": 2}, entries in evaluation order; meta.order has the keys in the order they are written in (D-135), when that is another
	{:unary_tests, meta, kind, tests}	the root of a list of unary tests: each test is an expression of the input ?, and the node is true or false
	{:decision_table, meta, policy, aggregation, inputs, rules, outputs}	a decision table, as in Feel.AST: inputs are {expression, input_values}, rules are {id, entries, results} and outputs are {name, order, default}, each part an IR node or nil. The entries are :unary_tests nodes whose ? is the value of the input of their column; the parts run only when the policy asks for them (Feel.Runtime.DecisionTable)
	{:match, meta, uses_input?, input, expr}	a test whose meaning depends on the value of expr: a list, a range, or a value
	{:member, meta, uses_input?, input, expr}	the same for a test of in (D-61): a list is list contains, an element of another kind is not equal to the input and not an error
	{:conform_bindings, meta, mode, conforms, body}	body run with the bound values of the names in conforms ([{name, span, type}], D-138) converted to the declared type and verified to conform to it: a value that can be made to is converted, null stays null, and one that cannot is null in body, with an error at span, the first read of the name With the mode {:report, severity} (D-138), nothing is converted and a value that does not conform as it is stays, with a :type_mismatch of that severity.
	{:verify_bindings, meta, mode, verifications, body}	body run with the bound values of the names in verifications ([{name, span, tests}], D-138; {name, span, tests, marks} for a name that is declared ! (:non_null, D-48) or as a list whose elements the tests are for (:each, D-51), or for the member of the value at the end of a path ({:path, steps}, D-161: a key of a context, :each for every element of a list; there are several entries for a name that has constraints for several members)) verified first: a value that is not null and that the unary tests do not accept is null in body, with an error at span, the first read of the name With the mode {:report, severity} (D-138), the value stays and only a :value_not_allowed of that severity is given. For a name declared ! the value is not null but the run ends with an error of kind :input. With :each, the tests are run on each element that is not null, and the first that they do not accept makes the value not allowed; with a path, on what is there, and a member that is not there or is null is exempt.
	{:allowed, meta, subject, expr, tests}	the result of an expression with allowed values (D-138), subject being :result (or a name): expr unless it is not null and the unary tests do not accept it, then null with an error. With meta.each the result is a list and the tests are for its elements (D-51): the first that they do not accept makes the result null, with the error that says which element. With meta.path (a list of keys of contexts and :each) the tests are for the member of the result at the end of the path, and with each too for the elements of that member; what is null or not there is exempt (a component constraint of a declared value)
	{:conform, meta, expr, type}	the result of expr converted to the declared type (D-138): as it is, or converted so that it conforms, or null with an error
	{:quiet, meta, expr}	expr read without reporting (D-100): what it reports when it is run, an error, a warning or an info, is dropped, and does not end a mode: :strict run. It is the argument of a built-in function whose parameter is quiet (Feel.Builtin.Function.parameter/3), and has the type of expr
	{:type, meta, type}	the root of a type expression

A literal function's meta.type keeps its observable runtime signature bound separate from its more
precise body result: the former is an arrow, the latter a call refinement in an overload where
needed (Feel.Type.Arrows). Signature tests read only the arrows. Literal closures retain this
distinction in lists and contexts; known-callee and shape metadata support additional reanalysis.
Its meta.returns is the public result type of that signature, captured by kind-only analysis
in its written environment and used by both backends. Refinement, call specialization and
optimization preserve it even when they narrow the body's inferred type.
An enforced recursive result stays exact in runtime metadata (result_spec/1); its observable
analysis result is widened to Any | Null, with structural body bounds used only for calls.
A filter has a mode, decided at analysis from the type of the brackets (Feel.Analysis.Filters.mode/2):
:predicate when no number can come out of them (keep the elements for which they are true),
:index when only a number can and they do not read the element (take that element; they are run once,
outside the filter), and :dynamic when it cannot be known and the evaluator must decide from the value
(Feel.Runtime.Filter.dynamic/5). The brackets are run for each element with the element bound under the
depth of the filter, so that a filter inside the brackets of another can read both.
Not every node is produced yet
The set is bigger than what the analyzer makes of the syntax tree, and the nodes it makes are the ones
both backends run. :type is not produced by any entry point (a type is read on its own by
Feel.Type.parse/2). :builtin is only ever the callee of a :call.
A new kind of node needs a clause in Feel.Backend.Interpreter.Walk (its value_of/3) and one in Feel.Backend.Beam.Emitter.

      


      
        Summary


  
    Types
  


    
      
        arguments()

      


        The arguments of a call. A call to a built-in function has them as a list, in the
order of its parameters (Feel.Analysis.Calls); a call to a function only known at
run time keeps them as they were written, by position or with the names (D-82).



    


    
      
        arithmetic_operator()

      


    


    
      
        binding_mode()

      


        What a node that verifies the bound values does with one that does not hold: :enforce makes it
null (converted first, for a type), and {:report, severity} leaves it and reports it (D-138).
The analyzer decides it, once, from the :declarations option (D-138).



    


    
      
        comparison_operator()

      


    


    
      
        domain()

      


        What a for iterator ranges over: a list, or from..to.



    


    
      
        filter_mode()

      


    


    
      
        iterator()

      


    


    
      
        key()

      


        What a path or descendant selects: a canonical name, or tokens resolved at run time. The analyzer
makes a path's key a canonical name always (D-65); the other form is for a name that only the keys of the
value can end (D-27).



    


    
      
        meta()

      


    


    
      
        piece()

      


        A piece of the IR that names are looked for in (local_names/1): a node, the domain of an iterator, or a list of them.



    


    
      
        span()

      


        A byte range in the source: from inclusive, to exclusive.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        callable_type(node)

      


        Returns the type of a node as a reader that compares and calls functions sees it: plain_type/1 with the overloads kept
(Feel.Type.Union.positive_keeping_overloads/1, D-171). A built-in function with a signature for each kind it takes is all of its
function types, and what is passed to a parameter of a function type, or called, has to be asked as that.



    


    
      
        domain_span(node)

      


        Returns the byte range of the domain of an iterator (D-86): the node, or the two ends of from..to.



    


    
      
        kind(node)

      


        Returns the kind of a node, the first element of its tuple.



    


    
      
        local_names(piece)

      


        Returns the names that the :local nodes in a piece of the IR read (D-86): the iterators, parameters and keys of
contexts that it names, wherever they are bound. A name that a construct inside the piece binds again is in it too, so
these are the names the piece may read from outside, and perhaps more.



    


    
      
        plain_type(node)

      


        Returns the type of a node as a reader that looks into it sees it: the exact type, with the kinds that are a kind less some of
it (Feel.Type.Except, D-152) as the whole kind (Feel.Type.Union.positive/1). It holds every value that type/1 holds. What
only passes a type on (the branches of an if, the entries of a context) reads type/1, and what asks what the type is (is it
a list, which entries has it) reads this one.



    


    
      
        result_spec(node)

      


        The result type exposed by a closure's runtime signature. An enforced recursive result
declaration retains its exact graph; an analysis approximation cannot replace that evidence.
Checks around the result preserve it, while another conversion establishes a new boundary.
The analyzer stores this selection in the function node's meta.returns before optimization;
backends use the stored type rather than selecting again from a rewritten body.



    


    
      
        span(node)

      


        Returns the byte range of a node's source text.



    


    
      
        type(node)

      


        Returns the inferred type of a node, a Feel.Type.Union.



    


    
      
        unreachable(node)

      


        Returns a piece of the IR as it is when it cannot run (D-173): the type of every node in it is
Feel.Type.Union.never/0, the union of no value. The analyzer does it to a branch of an if that the type of the
condition rules out, or in which a read finds that the facts of the conditions around it leave its name no value, so
that nothing in the branch keeps a type that is true of no run (a name that the facts empty would be the type it had
before the conditions).



    





      


      
        Types


        


  
    
      
    
    
      arguments()



        
          
        

    

  


  

      

          @type arguments() :: {:positional, [t()]} | {:named, [{Feel.Name.t(), t()}]}


      


The arguments of a call. A call to a built-in function has them as a list, in the
order of its parameters (Feel.Analysis.Calls); a call to a function only known at
run time keeps them as they were written, by position or with the names (D-82).

  



  
    
      
    
    
      arithmetic_operator()



        
          
        

    

  


  

      

          @type arithmetic_operator() :: :add | :subtract | :multiply | :divide | :power


      



  



  
    
      
    
    
      binding_mode()



        
          
        

    

  


  

      

          @type binding_mode() :: :enforce | {:report, :error | :warning}


      


What a node that verifies the bound values does with one that does not hold: :enforce makes it
null (converted first, for a type), and {:report, severity} leaves it and reports it (D-138).
The analyzer decides it, once, from the :declarations option (D-138).

  



  
    
      
    
    
      comparison_operator()



        
          
        

    

  


  

      

          @type comparison_operator() :: :eq | :neq | :lt | :lte | :gt | :gte


      



  



  
    
      
    
    
      domain()



        
          
        

    

  


  

      

          @type domain() :: t() | {:through, t(), t()}


      


What a for iterator ranges over: a list, or from..to.

  



  
    
      
    
    
      filter_mode()



        
          
        

    

  


  

      

          @type filter_mode() :: :predicate | :index | :dynamic


      



  



  
    
      
    
    
      iterator()



        
          
        

    

  


  

      

          @type iterator() :: {Feel.Name.t(), domain()}


      



  



  
    
      
    
    
      key()



        
          
        

    

  


  

      

          @type key() :: Feel.Name.t() | {:dynamic, Feel.AST.tokens()}


      


What a path or descendant selects: a canonical name, or tokens resolved at run time. The analyzer
makes a path's key a canonical name always (D-65); the other form is for a name that only the keys of the
value can end (D-27).

  



  
    
      
    
    
      meta()



        
          
        

    

  


  

      

          @type meta() :: %{
  :span => span(),
  :type => Feel.Type.Union.t() | Feel.Type.Union.never(),
  optional(atom()) => term()
}


      



  



  
    
      
    
    
      piece()



        
          
        

    

  


  

      

          @type piece() :: domain() | [piece()]


      


A piece of the IR that names are looked for in (local_names/1): a node, the domain of an iterator, or a list of them.

  



  
    
      
    
    
      span()



        
          
        

    

  


  

      

          @type span() :: Feel.Diagnostic.span()


      


A byte range in the source: from inclusive, to exclusive.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() ::
  {:const, meta(), Feel.Value.t()}
  | {:var, meta(), Feel.Name.t()}
  | {:local, meta(), Feel.Name.t()}
  | {:item, meta()}
  | {:item_field, meta(), Feel.Name.t()}
  | {:dynamic_name, meta(), Feel.Name.t(), t()}
  | {:builtin, meta(), Feel.Name.t()}
  | {:negate, meta(), t()}
  | {:arithmetic, meta(), arithmetic_operator(), t(), t()}
  | {:compare, meta(), comparison_operator(), t(), t()}
  | {:logic, meta(), :and | :or, t(), t()}
  | {:between, meta(), t(), t(), t()}
  | {:in, meta(), t(), [t()]}
  | {:prefix_test, meta(), comparison_operator(), t()}
  | {:range, meta(), boolean(), t(), t(), boolean()}
  | {:instance_of, meta(), t(), Feel.Type.t()}
  | {:if, meta(), t(), t(), t()}
  | {:for, meta(), [iterator(), ...], t()}
  | {:partial_at, meta(), t()}
  | {:partial_count, meta()}
  | {:quantified, meta(), :some | :every, [{Feel.Name.t(), t()}, ...], t()}
  | {:filter, meta(), filter_mode(), t(), t()}
  | {:path, meta(), t(), key()}
  | {:descendant, meta(), t(), key()}
  | {:call, meta(), t(), arguments() | [t()]}
  | {:function, meta(), [{Feel.Name.t(), Feel.Type.t()}], t()}
  | {:list, meta(), [t()]}
  | {:context, meta(), [{String.t(), t()}]}
  | {:unary_tests, meta(), :any | :positive | :negated, [t()]}
  | {:decision_table, meta(), Feel.AST.decision_policy(),
     Feel.AST.decision_aggregation(), [{t(), t() | nil}],
     [{String.t(), [t() | nil], [t()]}],
     [{String.t() | nil, t() | nil, t() | nil}]}
  | {:match, meta(), boolean(), t(), t()}
  | {:member, meta(), boolean(), t(), t()}
  | {:conform_bindings, meta(), binding_mode(),
     [{Feel.Name.t(), span(), Feel.Type.t()}], t()}
  | {:verify_bindings, meta(), binding_mode(),
     [
       {Feel.Name.t(), span(), t()}
       | {Feel.Name.t(), span(), t(),
          [:non_null | :each | {:path, [String.t() | :each]}]}
     ], t()}
  | {:allowed, meta(), Feel.Name.t() | :result, t(), t()}
  | {:conform, meta(), t(), Feel.Type.t()}
  | {:quiet, meta(), t()}
  | {:type, meta(), Feel.Type.t()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      callable_type(node)



        
          
        

    

  


  

      

          @spec callable_type(t()) :: Feel.Type.Union.t()


      


Returns the type of a node as a reader that compares and calls functions sees it: plain_type/1 with the overloads kept
(Feel.Type.Union.positive_keeping_overloads/1, D-171). A built-in function with a signature for each kind it takes is all of its
function types, and what is passed to a parameter of a function type, or called, has to be asked as that.
iex> {:ok, abs} = Feel.Builtin.value("abs")
iex> node = {:const, %{span: {0, 1}, type: Feel.Type.Union.of_value(abs)}, abs}
iex> length(Feel.IR.callable_type(node))
1
iex> length(Feel.IR.plain_type(node))
1
iex> match?([{:overload, _, _}], Feel.IR.callable_type(node))
true

  



  
    
      
    
    
      domain_span(node)



        
          
        

    

  


  

      

          @spec domain_span(t() | {:through, t(), t()}) :: span()


      


Returns the byte range of the domain of an iterator (D-86): the node, or the two ends of from..to.
iex> from = {:const, %{span: {9, 10}, type: [:null]}, nil}
iex> to = {:const, %{span: {12, 14}, type: [:null]}, nil}
iex> Feel.IR.domain_span({:through, from, to})
{9, 14}

  



  
    
      
    
    
      kind(node)



        
          
        

    

  


  

      

          @spec kind(t()) :: atom()


      


Returns the kind of a node, the first element of its tuple.
iex> Feel.IR.kind({:item, %{span: {0, 4}, type: :any}})
:item

  



  
    
      
    
    
      local_names(piece)



        
          
        

    

  


  

      

          @spec local_names(piece()) :: MapSet.t(Feel.Name.t())


      


Returns the names that the :local nodes in a piece of the IR read (D-86): the iterators, parameters and keys of
contexts that it names, wherever they are bound. A name that a construct inside the piece binds again is in it too, so
these are the names the piece may read from outside, and perhaps more.
The nodes are looked for in tuples and lists. Metadata (a map) is not looked in, and nor is a constant, whose value is
data and not code.
iex> local = fn name -> {:local, %{span: {0, 1}, type: [:number]}, name} end
iex> sum = {:arithmetic, %{span: {0, 5}, type: [:number]}, :add, local.("a"), local.("b")}
iex> Feel.IR.local_names({:list, %{span: {0, 9}, type: [:list]}, [sum, local.("a")]})
MapSet.new(["a", "b"])

  



  
    
      
    
    
      plain_type(node)



        
          
        

    

  


  

      

          @spec plain_type(t()) :: Feel.Type.Union.t() | Feel.Type.Union.never()


      


Returns the type of a node as a reader that looks into it sees it: the exact type, with the kinds that are a kind less some of
it (Feel.Type.Except, D-152) as the whole kind (Feel.Type.Union.positive/1). It holds every value that type/1 holds. What
only passes a type on (the branches of an if, the entries of a context) reads type/1, and what asks what the type is (is it
a list, which entries has it) reads this one.
iex> except = {:except, {:list, [:any, :null]}, [{:list, [:number, :null]}]}
iex> node = {:const, %{span: {0, 1}, type: [except, :null]}, nil}
iex> Feel.IR.plain_type(node)
[{:list, [:any, :null]}, :null]

  



  
    
      
    
    
      result_spec(node)



        
          
        

    

  


  

      

          @spec result_spec(t()) :: Feel.Type.t()


      


The result type exposed by a closure's runtime signature. An enforced recursive result
declaration retains its exact graph; an analysis approximation cannot replace that evidence.
Checks around the result preserve it, while another conversion establishes a new boundary.
The analyzer stores this selection in the function node's meta.returns before optimization;
backends use the stored type rather than selecting again from a rewritten body.

  



  
    
      
    
    
      span(node)



        
          
        

    

  


  

      

          @spec span(t()) :: span()


      


Returns the byte range of a node's source text.
iex> Feel.IR.span({:item, %{span: {0, 4}, type: :any}})
{0, 4}

  



  
    
      
    
    
      type(node)



        
          
        

    

  


  

      

          @spec type(t()) :: Feel.Type.Union.t() | Feel.Type.Union.never()


      


Returns the inferred type of a node, a Feel.Type.Union.
iex> Feel.IR.type({:const, %{span: {0, 1}, type: [:number]}, Decimal.new(1)})
[:number]

  



  
    
      
    
    
      unreachable(node)



        
          
        

    

  


  

      

          @spec unreachable(t()) :: t()


      


Returns a piece of the IR as it is when it cannot run (D-173): the type of every node in it is
Feel.Type.Union.never/0, the union of no value. The analyzer does it to a branch of an if that the type of the
condition rules out, or in which a read finds that the facts of the conditions around it leave its name no value, so
that nothing in the branch keeps a type that is true of no run (a name that the facts empty would be the type it had
before the conditions).
A constant keeps its value, and metadata other than the type stays as it is. A node that has never for its type is
taken to have nothing in it that has not (the analyzer makes them only here), and is not looked into. A node of this
type that a run reaches is a wrong type, which Feel.Paranoid reports.
iex> const = fn value -> {:const, %{span: {0, 1}, type: Feel.Type.Union.of_value(value)}, value} end
iex> sum = {:arithmetic, %{span: {0, 5}, type: [:number]}, :add, const.(Decimal.new(1)), const.(Decimal.new(2))}
iex> {:arithmetic, meta, :add, {:const, left, _}, _right} = Feel.IR.unreachable(sum)
iex> {meta.type, left.type}
{[], []}

  


        

      


  

    
Feel.ItemDefinitions 
    



      
The item definitions of a DMN model, read into the types and the allowed values of a Feel.Scope (DMN 1.6,
section 7.3.2, "Item definition"; D-99).
feel has no DMN reader, so a definition is given as data, the way a model layer reads it from the model:
%{
  name: "tPerson",
  components: [
    %{name: "name", type_ref: "string"},
    %{name: "age", type_ref: "number", allowed_values: "[0..150]"}
  ]
}
	Key	Is
	:name	the name of the item definition (required)
	:type_ref	a built-in type ("string", "date and time", "Any"...), or the name of another item definition
	:collection?	true for isCollection="true": a list of the type
	:components	the itemComponents: definitions of their own, with a :name; the type is a context of them
	:allowed_values	the allowedValues, the source text of a list of unary tests ("[0..255]", "\"FOO\", \"BAR\""); for a collection they are for each element
	:type_constraint	the typeConstraint, the same for the value as a whole: for a collection, the list ("count(?) > 0")
	:function	a functionItem: %{output: type_ref, parameters: [%{name: name, type_ref: type_ref}]}

A definition has one of :type_ref, :components and :function, or none of them, which is the type Any (it
constrains nothing). The definitions may refer to one another in any order, and a component may be of a type that
is defined later.
What is read
	The type of each definition (types/1): the built-in type, a list of it for a collection, a context of the
types of its components ({:context, %{"name" => :string, "age" => :number}}), or a function type
({:function, [:string, :number], :string}). A type that refers to another is the type of that. A
context type is what instance of and the declared types of a scope make of it: a value is an instance
if it has the components ({a: 1, b: 2, c: 3} is an instance of the type of a and b), and a function type
is one of the parameter types and the output type. Allowed values play no part in instance of: 256 instance of t255 is true for a number with the allowed values [0..255] (TCK, 0070 number_013).
	The constraints (constraints/1) that a variable declared with the definition has to satisfy (D-138, D-51,
D-161): its allowed values and its type constraint, those of the definition and those of the one it refers to,
and those of the components, each for the member it is for (steps: the key of a component, and :each for the
elements of a collection). They all have to hold, and each is a part of the type of what it is for, when it is
read. A collection's allowedValues are for each element, as they are for a variable declared as a list, and so are
those of a collection of collections for the elements of the elements.
	What cannot be read (problems/1). An undefined reference or incompatible definition kinds
leave a definition without a type. Recursive references are rejected by default (:recursive).
	Legacy approximate recursion, with recursive: :any, replaces the reference closing a loop
with Any (D-189). For tNode with value: number and children: list<tNode>, the cut can produce
context<children: list<Any>, value: number>. This deliberately accepts descendants that the full
declaration would reject. It is distinct from guarded data validation.
	Guarded recursive data, with recursive: :guarded, retains a finite graph instead of discarding back
references. Every cycle must consume a context member or list element and cannot cross a function signature.
Runtime membership and declaration constraints check every finite descendant. Analysis uses only a finite upper
approximation and retains uncertain recursive checks. Alias-only cycles report :unguarded_recursion;
cycles through function signatures report :recursive_function. A finite function item may still
accept or return recursive data. Type conformance between different recursive graphs is conservative.

A scope
scope/2 makes a Feel.Scope of the variables of a model, as name => type_ref: the types are all the item
definitions that could be read, so that x instance of tFooBar and function(a: tPerson) mean what they say,
and each variable is of its type, with the allowed values of it. A variable that cannot be given its type is left
out and reported, so that the caller can tell the expressions that read it.
iex> definitions = Feel.ItemDefinitions.new([%{name: "tAge", type_ref: "number", allowed_values: "[0..150]"}])
iex> {scope, unread} = Feel.ItemDefinitions.scope(definitions, %{"age" => "tAge", "name" => "string"})
iex> {scope.names, Feel.Scope.allowed_values(scope), unread}
{%{"age" => :number, "name" => :string}, %{"age" => "[0..150]"}, %{}}

      


      
        Summary


  
    Types
  


    
      
        constraint()

      


        What a value has to satisfy: unary tests (source) of the kind :allowed_values or :type_constraint, for the
member of the value at the end of steps (see Feel.Scope.step/0), or for the value itself with none.



    


    
      
        definition()

      


        An item definition, or an item component, as data.



    


    
      
        problem()

      


        Why a definition has no type.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        base_scope(item_definitions)

      


        The scope that has the types of the definitions and no variable: what scope/3 adds the variables of an expression to.



    


    
      
        constraints(item_definitions)

      


        What a value of each item definition that has any has to satisfy, as the source text of unary tests: its own, those of the
definition it refers to, and those of its components, by the member they are for.



    


    
      
        new(definitions, options \\ [])

      


        Reads the item definitions of a model. Raises ArgumentError for two with one name.



    


    
      
        problems(item_definitions)

      


        Why the item definitions that have no type have none, by name. They are not in types/1.



    


    
      
        scope(definitions, variables, base \\ nil)

      


        A scope of the variables of a model, given as name => typeRef, and the ones that could not be given a type, with why.



    


    
      
        types(item_definitions)

      


        The type of each item definition that could be read, by its name.



    


    
      
        variable(definitions, type_ref)

      


        The type and the constraints of a variable that is declared with this typeRef, or why it cannot be had.



    





      


      
        Types


        


  
    
      
    
    
      constraint()



        
          
        

    

  


  

      

          @type constraint() :: %{
  steps: [Feel.Scope.step()],
  kind: Feel.Scope.kind(),
  source: String.t()
}


      


What a value has to satisfy: unary tests (source) of the kind :allowed_values or :type_constraint, for the
member of the value at the end of steps (see Feel.Scope.step/0), or for the value itself with none.

  



  
    
      
    
    
      definition()



        
          
        

    

  


  

      

          @type definition() :: %{
  :name => String.t(),
  optional(:type_ref) => String.t() | nil,
  optional(:collection?) => boolean(),
  optional(:components) => [definition()],
  optional(:allowed_values) => String.t() | nil,
  optional(:type_constraint) => String.t() | nil,
  optional(:function) => %{
    optional(:output) => String.t() | nil,
    optional(:parameters) => [
      %{:name => String.t(), optional(:type_ref) => String.t() | nil}
    ]
  }
}


      


An item definition, or an item component, as data.

  



  
    
      
    
    
      problem()



        
          
        

    

  


  

      

          @type problem() ::
  {:undefined_type, String.t()}
  | :recursive
  | :more_than_one_kind
  | :duplicate_component
  | :unguarded_recursion
  | :recursive_function


      


Why a definition has no type.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.ItemDefinitions{
  constraints: %{optional(String.t()) => [constraint()]},
  problems: %{optional(String.t()) => [problem()]},
  types: %{optional(String.t()) => Feel.Type.t()}
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      base_scope(item_definitions)



        
          
        

    

  


  

      

          @spec base_scope(t()) :: Feel.Scope.t()


      


The scope that has the types of the definitions and no variable: what scope/3 adds the variables of an expression to.

  



  
    
      
    
    
      constraints(item_definitions)



        
          
        

    

  


  

      

          @spec constraints(t()) :: %{optional(String.t()) => [constraint()]}


      


What a value of each item definition that has any has to satisfy, as the source text of unary tests: its own, those of the
definition it refers to, and those of its components, by the member they are for.
iex> definitions = Feel.ItemDefinitions.new([
...>   %{name: "tPerson", components: [%{name: "age", type_ref: "number", allowed_values: "[0..150]"}]},
...>   %{name: "tPeople", type_ref: "tPerson", collection?: true, type_constraint: "count(?) > 0"}
...> ])
iex> Feel.ItemDefinitions.constraints(definitions)["tPeople"]
[
  %{steps: [:each, "age"], kind: :allowed_values, source: "[0..150]"},
  %{steps: [], kind: :type_constraint, source: "count(?) > 0"}
]

  



    

  
    
      
    
    
      new(definitions, options \\ [])



        
          
        

    

  


  

      

          @spec new([definition()], [{:recursive, :error | :any | :guarded}]) :: t()


      


Reads the item definitions of a model. Raises ArgumentError for two with one name.
The option :recursive is :error by default, and a definition that refers to itself has no type (problems/1). With
:any it has the type that the loop is cut at, the reference that closes it being Any (D-189): the definitions are
read in the order of their names, so that what the cut is does not depend on the order the model gave them in.
iex> definitions = Feel.ItemDefinitions.new([
...>   %{name: "tNames", type_ref: "string", collection?: true},
...>   %{name: "tPerson", components: [%{name: "name", type_ref: "string"}, %{name: "friends", type_ref: "tNames"}]}
...> ])
iex> Feel.ItemDefinitions.types(definitions)
%{"tNames" => {:list, :string}, "tPerson" => {:context, %{"name" => :string, "friends" => {:list, :string}}}}
The option :guarded retains guarded data recursion as a finite graph, checks full finite values and recursive
component constraints, and rejects unguarded or function-type cycles. Type relations remain conservative.
iex> definitions = Feel.ItemDefinitions.new([
...>   %{name: "Node", components: [%{name: "next", type_ref: "Node"}]}
...> ], recursive: :guarded)
iex> type = Feel.ItemDefinitions.types(definitions)["Node"]
iex> {Feel.Type.value_conforms?(%{"next" => %{"next" => nil}}, type),
...>  Feel.Type.value_conforms?(%{"next" => %{}}, type)}
{true, false}

  



  
    
      
    
    
      problems(item_definitions)



        
          
        

    

  


  

      

          @spec problems(t()) :: %{optional(String.t()) => [problem()]}


      


Why the item definitions that have no type have none, by name. They are not in types/1.

  



    

  
    
      
    
    
      scope(definitions, variables, base \\ nil)



        
          
        

    

  


  

      

          @spec scope(t(), %{optional(String.t()) => String.t() | nil}, Feel.Scope.t() | nil) ::
  {Feel.Scope.t(), %{optional(String.t()) => [problem()]}}


      


A scope of the variables of a model, given as name => typeRef, and the ones that could not be given a type, with why.
The types of the scope are all the item definitions that could be read, so that their names mean something in an
expression; the names are the variables, each of its declared type, and their constraints are those of the
definition it is declared with, for the variable and for its members.
Making the types of a scope costs what the definitions are (every name is canonicalized), so a caller that makes a scope for
each of many expressions over one set of definitions makes base_scope/1 once and gives it as the third argument: the scope
is the same, and the types are not made again.
iex> definitions = Feel.ItemDefinitions.new([%{name: "tAge", type_ref: "number", allowed_values: "[0..150]"}])
iex> variables = %{"age" => "tAge", "nobody" => "tNowhere"}
iex> {scope, unread} = Feel.ItemDefinitions.scope(definitions, variables)
iex> {Feel.Scope.fetch_name(scope, "age"), Feel.Scope.allowed_values(scope), Map.keys(unread)}
{{:ok, :number}, %{"age" => "[0..150]"}, ["nobody"]}
iex> base = Feel.ItemDefinitions.base_scope(definitions)
iex> {^scope, ^unread} = Feel.ItemDefinitions.scope(definitions, variables, base)
Use scope/3 to carry guarded recursive constraints into an expression. Passing only the type
returned by types/1 checks structure, but does not attach the declaration's allowed values or
type constraints. Under the default declarations: :enforce, an invalid descendant makes the
bound value null; its diagnostic identifies the concrete path. Other declaration stances
retain their ordinary meaning (Feel.Scope).
iex> definitions = Feel.ItemDefinitions.new([
...>   %{name: "Node", components: [
...>     %{name: "value", type_ref: "number", allowed_values: "[0..9]"},
...>     %{name: "next", type_ref: "Node"}
...>   ]}
...> ], recursive: :guarded)
iex> {scope, unread} = Feel.ItemDefinitions.scope(definitions, %{"node" => "Node"})
iex> unread
%{}
iex> {:ok, expression} = Feel.prepare("node", scope: scope)
iex> bad = %{"value" => Decimal.new(1), "next" => %{"value" => Decimal.new(20), "next" => nil}}
iex> {:ok, nil, [diagnostic]} = Feel.run(expression, %{"node" => bad})
iex> {diagnostic.code, diagnostic.details.path}
{:value_not_allowed, ["next", "value"]}
For an expression's result boundary, use variable/2 to obtain both the type and its constraints,
and pass them as :result_type and :result_allowed_values to Feel.prepare/2.

  



  
    
      
    
    
      types(item_definitions)



        
          
        

    

  


  

      

          @spec types(t()) :: %{optional(String.t()) => Feel.Type.t()}


      


The type of each item definition that could be read, by its name.

  



  
    
      
    
    
      variable(definitions, type_ref)



        
          
        

    

  


  

      

          @spec variable(t(), String.t() | nil) ::
  {:ok, Feel.Type.t(), [constraint()]} | {:error, [problem()]}


      


The type and the constraints of a variable that is declared with this typeRef, or why it cannot be had.
nil is no declaration, which is the type Any. A built-in type has no constraints.
iex> definitions = Feel.ItemDefinitions.new([%{name: "tFooBar", type_ref: "string", allowed_values: ~s("FOO", "BAR")}])
iex> Feel.ItemDefinitions.variable(definitions, "tFooBar")
{:ok, :string, [%{steps: [], kind: :allowed_values, source: ~s("FOO", "BAR")}]}
iex> Feel.ItemDefinitions.variable(definitions, "number")
{:ok, :number, []}
iex> Feel.ItemDefinitions.variable(definitions, "tNowhere")
{:error, [{:undefined_type, "tNowhere"}]}
iex> Feel.ItemDefinitions.variable(definitions, "list<number!>")
{:ok, {:list, {:non_null, :number}}, []}
iex> Feel.ItemDefinitions.variable(definitions, "tFooBar!")
{:ok, {:non_null, :string}, [%{steps: [], kind: :allowed_values, source: ~s("FOO", "BAR")}]}
iex> Feel.ItemDefinitions.variable(definitions, "list<tFooBar>")
{:error, [{:undefined_type, "list<tFooBar>"}]}

  


        

      


  

    
Feel.Limits 
    



      
Caps on how much work an expression may cause.
Expressions can be hostile or simply mistaken: for i in 1..1000000000 return i
would otherwise try to build a billion-element list. Limits are checked in the
shared runtime, so every backend enforces them. A limit is a non-negative
integer or :infinity.
The defaults are provisional and need tuning against real workloads.
Fields
	:max_source_bytes - the size of the source text. Checked when parsing.
	:max_nesting_depth - how deeply expressions may nest. Checked when parsing. The nesting of a type counts with the
expression it is in: list<list<number>>, the member types of a context<>, the parameters and the result of a
function<> (D-154).
	:max_name_tokens - how many tokens a name that the expression itself gives may have: the name of a parameter
of a function, of the variable of a for, some or every, and a key of a context written as a name
(first name is two tokens, a-b three). Checked when parsing, with the code :name_too_long. The names of
the :scope are the host's and are not limited, and nor is a key written as a string, which is a key whatever
its length and can be read as a name if it is not longer than this (D-154).
	:max_narrowing_facts - how many facts the conditions of an expression may compose about one subject (a name, a local, a
path from one) that cannot be answered from what is known of the type the subject is read at, and have to be applied to it
at each read (x > 1 and 1 / x > 0 and x > 2 …, with x read in an operation): the work for a subject is the square of the
number. The facts that are answered cost no more for the next and are not counted, so a thousand x = "a" or x = "b" or …
is within any limit. Checked when analyzing, with the code :too_many_facts (D-154).
	:max_generated_statements - how many statements the BEAM backend may generate for one expression (the statements of
all the functions of the module, the run_1, run_2, … that a long body is cut into among them). The Erlang compiler
takes about 20 000 reductions and 6 to 28 KB of memory for each, whatever the expression is: 10 000 of them
are about 200 million reductions and 60 to 280 MB at the peak, and the 100 000 bytes that :max_source_bytes lets in can make
50 000 (x + x + …: 1.4 GB). The interpreter makes none, and ignores this. Checked when preparing with backend: :beam, with the
code :too_large_to_compile (D-154).
	:max_list_length - the length of any list a run builds. A for is held to it as it makes its list, and ends at
the first result over it (D-154), and so is a built-in function whose list can be as long as the product of the sizes
of its arguments (flatten, concatenate, union, split, extract, get entries): it is refused when the
items counted pass it, and the list is not made. Any other list is checked when it is made.
Lists nested in the returned value are also checked, including folded constants and host bindings.
	:max_string_length - the byte size of any string a run builds. A built-in function whose string can be as long
as the product of the sizes of its arguments (string join, replace, string and to json of a list or a
context) is refused when the bytes counted pass it, and the string is not made. Any other string is checked
when it is made. Strings nested in the returned value are checked as well.
	:max_iterations - the total number of elements that the iterators of for, some and every take in
one run, across all of them and the ones inside them; a range from..to is walked and not made, so it counts
as it goes (D-86).
	:regex_match_limit - the backtracking budget handed to the regular-expression
engine for matches, replace, and split.
	:max_call_depth - how many calls of a function value may be inside one another (D-82).
	:max_calls - the total number of calls of a function of FEEL in one run, nested or not (D-154). The depth
does not bound it: a function that calls itself twice at each level makes about 2ⁿ calls at a depth of n.
The default leaves room for sort of the longest list a run can build with a function of FEEL as its order
(about 1.5 million comparisons).
	:max_diagnostics - how many diagnostics a run may report, warnings and infos with the errors (D-154). A run that
reports one in every turn of a loop or call of a function makes as many as it has turns, each about 300 bytes,
and max_iterations and max_calls do not bound them. The run that would report one more ends, in either mode,
with the diagnostics it has in the error. A strict run ends at its first error whatever this is.
A deadline or process heap cap is not part of this struct. Public Feel calls supply
these by default through Feel.Worker, with shared binaries included at garbage collection.
Early per-value construction checks remain active with either sandbox setting. There is no
cumulative allocation quota; a process heap policy is not a complete VM memory bound.
See the security model for
worker ownership, nested policies and host responsibilities.


      


      
        Summary


  
    Types
  


    
      
        limit()

      


        A non-negative integer, or :infinity for no limit.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        default()

      


        Returns the default limits.



    


    
      
        new(overrides \\ [])

      


        Builds limits from the defaults, overriding the given fields.



    


    
      
        valid?(limits)

      


        Whether a value is a limits struct with valid fields, including structs built without new/1.
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      limit()



        
          
        

    

  


  

      

          @type limit() :: non_neg_integer() | :infinity


      


A non-negative integer, or :infinity for no limit.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Limits{
  max_call_depth: limit(),
  max_calls: limit(),
  max_diagnostics: limit(),
  max_generated_statements: limit(),
  max_iterations: limit(),
  max_list_length: limit(),
  max_name_tokens: limit(),
  max_narrowing_facts: limit(),
  max_nesting_depth: limit(),
  max_source_bytes: limit(),
  max_string_length: limit(),
  regex_match_limit: limit()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      default()



        
          
        

    

  


  

      

          @spec default() :: t()


      


Returns the default limits.
iex> Feel.Limits.default().max_nesting_depth
100

  



    

  
    
      
    
    
      new(overrides \\ [])



        
          
        

    

  


  

      

          @spec new(keyword(limit())) :: t()


      


Builds limits from the defaults, overriding the given fields.
Raises ArgumentError for an unknown field or for a value that is neither a
non-negative integer nor :infinity.
iex> Feel.Limits.new(max_list_length: 10, max_iterations: :infinity).max_list_length
10

  



  
    
      
    
    
      valid?(limits)



        
          
        

    

  


  

      

          @spec valid?(term()) :: boolean()


      


Whether a value is a limits struct with valid fields, including structs built without new/1.

  


        

      


  

    
Feel.Name 
    



      
Names in FEEL.
A FEEL name is a sequence of tokens, not a string: it may contain spaces and
the characters . / - ' + * (and the typographic apostrophe), so Phone Number
and Phone Number are the same name, and so are a-b and a - b. White space
is not part of a name's token list, so the identity of a name is its token
list (DMN 1.6, sections 10.3.1.4 and 10.3.1.6).
A name is represented as a string in its canonical form: the tokens joined
with a single space only between two adjacent word tokens, and no space
around the symbols. Context keys, scope entries, and binding keys all use
canonical names, and the library canonicalizes the names it is given at its
boundaries. This is the reading recommended for the specification's silence
on how names become keys.
The canonical form is computed from the two small character sets that matter
here, white space and the additional name symbols, so it does not depend on
the lexer. It assumes it is given a name; it does not check that the text is
one. A text that may be no name, such as a string used as a context key, is
first asked of Feel.Syntax.Lexer.name_tokens/1 (D-213).

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A name in canonical form.



    





  
    Functions
  


    
      
        blank?(name)

      


        Whether a text is no name at all, which is the text that canonical/1 raises for: it has no character that is not white space.



    


    
      
        canonical(name)

      


        Returns the canonical form of a name.



    


    
      
        join(list)

      


        Returns the canonical name for the texts of a name's tokens, as the lexer split
them.



    


    
      
        same?(left, right)

      


        Returns true when two names are the same token list.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: String.t()


      


A name in canonical form.

  


        

      

      
        Functions


        


  
    
      
    
    
      blank?(name)



        
          
        

    

  


  

      

          @spec blank?(String.t()) :: boolean()


      


Whether a text is no name at all, which is the text that canonical/1 raises for: it has no character that is not white space.
iex> {Feel.Name.blank?(""), Feel.Name.blank?("   "), Feel.Name.blank?("a")}
{true, true, false}

  



  
    
      
    
    
      canonical(name)



        
          
        

    

  


  

      

          @spec canonical(String.t()) :: t()


      


Returns the canonical form of a name.
Names that are the same token list have the same canonical form. Raises
ArgumentError when the name has no characters other than white space.
iex> Feel.Name.canonical("  Phone    Number ")
"Phone Number"
iex> Feel.Name.canonical("a - b")
"a-b"
iex> Feel.Name.canonical("Profit and  loss")
"Profit and loss"

  



  
    
      
    
    
      join(list)



        
          
        

    

  


  

      

          @spec join([String.t(), ...]) :: t()


      


Returns the canonical name for the texts of a name's tokens, as the lexer split
them.
Words are never adjacent without white space between them, so the only question
is whether a space was there, and canonically there is one between two words and
none next to a symbol. This gives the same result as canonical/1 on the source
text.
iex> Feel.Name.join(["date", "and", "time"])
"date and time"
iex> Feel.Name.join(["a", "-", "b"])
"a-b"

  



  
    
      
    
    
      same?(left, right)



        
          
        

    

  


  

      

          @spec same?(String.t(), String.t()) :: boolean()


      


Returns true when two names are the same token list.
iex> Feel.Name.same?("a-b", "a  -  b")
true
iex> Feel.Name.same?("first name", "first-name")
false

  


        

      


  

    
Feel.Optimizer 
    



      
The step between the analyzer and the backends: it removes from the IR what the analysis has
already settled (D-45).
Feel.prepare/2 parses an expression, analyzes it, optimizes the IR that the analyzer
produced, and has a backend compile the result. The optimizer is a function from IR to IR,
and both backends run what it gives. It changes nothing a run can observe: the value, the
diagnostics and where they point, and the point at which a strict run ends are those of the IR
it was given. A test runs the same expressions both ways, on both backends, to check it.
What it does
	Folds closed subtrees. An operation whose operands are constants is evaluated, and
the constant that comes out takes its place: 1 + 2 is 3, 1 < 2 is true, and
1 + null is null. A list or a context of constants is the list or the context, so
[1, 2 + 3] is the list [1, 5]. So are a path or a descendant of a constant, a range, between,
instance of and a filter whose brackets read nothing but its elements, and the call of a built-in
function that depends on its arguments alone (Feel.Builtin.Function, pure?), on constants:
abs(-3) is 3, but now() reads the clock and stays. Subtrees are taken from the bottom, so
x + (1 + 2) becomes x + 3.
The evaluation is the runtime's own (Feel.Backend.Interpreter), with the limits of the
expression. It is only used when the run reports nothing: 1 / 0 is null with an
error, and a strict run ends there, so it stays an operation. So does a result that is
past a limit (a string that is too long).
	Settles a value compared with itself (D-170). = of two operands that are the same read and cannot report is
true, and != is false, for every value, null included (Feel.Analysis.Identity). The analyzer does it for
the operands it sees to be the same; here it is done again after the operands are folded, which can make two
operands the same: [i, -1] = [i, 0 - 1], or (if 1 < 2 then i else 0) = i. A name of the bindings is not
settled, since the read of it reports a name that is not bound (D-37).
	Takes the branch of a conditional whose condition is a constant. if true then a else b
is a, and so is if false then b else a, null and a value that is not a boolean being
as false. The choice reports nothing and the other branch never runs, so the branch that
is left is the conditional, with its own node and so its own spans. A branch is optimized
only if it is the one that is left. A condition that is not a constant is left as it is,
even when its type settles it: reading a name reports a name that is not bound.
	Drops a conversion that is not needed. The :conform node of the declared type of the
result (D-138) goes when the type of the expression is already within the declared one, as
it is for 1 + 2 and number. A value of that type is not changed by the conversion.
	Drops the verification of the result's allowed values (D-138) when the analysis has shown that
every value the expression can have satisfies them, and that the tests report nothing
while they do (an if among them reports nothing if its condition and the branches it can take
do not). For a result that is 3 and the tests [0..10] that is so. It also goes
when the result is null for sure, which is exempt, so the tests are never run.

What it leaves
Optimizing a function body preserves its captured meta.returns (D-219). Narrowing or folding the
body cannot change runtime signature inspection or make a previously rejected callback acceptable.
Body call refinements can remain more precise than this observable signature. A result check stays
whenever the inferred possible values do not establish that the conversion or verification is redundant.
It does not look at what the types say for an expression with a name in it: the read of a name
reports a name that is not bound (D-37), and the order of evaluation is observable (D-53). A
result that certainly fails its allowed values keeps its verification, which reports the error; the
analyzer is where that is warned about. The verifications and conversions of the names at the start of
a run (D-138) stay. A call that is a certain error is left for the run to report, a call that reports
something is left too (the spelling of a text that an extension reads, an :info of every run, D-81), a call of
a function that is not pure is left (uuid()), and the call of a function value is never folded, since the callee
is only known when the run begins (D-82).
The fold is evaluated with the :dialect and the :extensions of the expression (D-45), as its run will be, so a
call of a function that an extension adds, or one that an extension gives a signature, is folded as a call of
DMN 1.6 is: trim(" a ") is "a" where :camunda is on.
Nothing in the IR changes in kind: a constant has the span of the operation it replaces and
the exact type of its value.
iex> {:ok, ast} = Feel.parse("1 + 2 * 3")
iex> {:ok, %{ir: ir}} = Feel.Analysis.Analyzer.analyze(ast, [])
iex> Feel.IR.kind(ir)
:arithmetic
iex> {:const, _meta, value} = Feel.Optimizer.optimize(ir)
iex> Decimal.equal?(value, 7)
true

      


      
        Summary


  
    Types
  


    
      
        optimize_option()

      


    





  
    Functions
  


    
      
        optimize(ir, options \\ [])

      


        Optimizes an IR. The options are the ones that a fold is evaluated with: :limits, a Feel.Limits.t/0 that
a fold is evaluated within (a result past a limit is not folded), and the :dialect and the :extensions of the
expression (D-81), so that a call of a function that an extension adds, or overloads, is the one the run will make.
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          @type optimize_option() ::
  {:limits, Feel.Limits.t()}
  | {:dialect, Feel.Dialect.t()}
  | {:extensions, Feel.Extensions.t() | [atom()]}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      optimize(ir, options \\ [])



        
          
        

    

  


  

      

          @spec optimize(Feel.IR.t(), [optimize_option()]) :: Feel.IR.t()


      


Optimizes an IR. The options are the ones that a fold is evaluated with: :limits, a Feel.Limits.t/0 that
a fold is evaluated within (a result past a limit is not folded), and the :dialect and the :extensions of the
expression (D-81), so that a call of a function that an extension adds, or overloads, is the one the run will make.

  


        

      


  

    
Feel.Paranoid 
    



      
Inspection for trusted fixtures; execution and monitoring run in the caller.
Use the ordinary Feel APIs for default containment of untrusted input.
The paranoid run (D-159): the proof that the analysis made of an expression, checked on the values of one run.
The analysis gives every node of the IR a type, and the optimizer takes out checks that those types make unneeded. A mistake in
a type is a wrong answer and not a missed warning, and the sweeps (scripts/sweep/) only look at the type of the root of an
expression. run/3 runs the IR as the analyzer made it (Feel.Expression.unoptimized_ir/1, with nothing taken out) on the
interpreter, and for every node checks that the value it made is in its type with the exact Feel.Type.Union.contains?/2. It
also runs the expression as it is prepared (optimized, on its own backend) and checks that the value and the diagnostics are the same.
It returns the result and the violations: a node whose value is not in its type (:type), or an optimized run that gave another
result (:optimizer). A violation is a bug of the analysis or the optimizer. An empty list is no proof, and a run that has none
has shown that this input is not a counterexample.
It runs at the speed of the interpreter and of a check at each node, so it is for tests and for finding out why an answer is
wrong. Nothing else reads the monitor: it is told by Feel.Backend.Interpreter.Monitored, a walk of the nodes of its own, so a run
without one (Feel.Backend.Interpreter.Plain) pays nothing for it (D-159).
iex> {:ok, expression} = Feel.prepare("for x in [1, 2, 3] return x * 2")
iex> {{:ok, _value, []}, []} = Feel.Paranoid.run(expression)

      


      
        Summary


  
    Types
  


    
      
        violation()

      


        A node whose value is not in its type, or is not a multiple of the grain the node says it has (D-161), or an optimized run
that disagrees with the one without the optimizer.



    





  
    Functions
  


    
      
        run(expression, bindings \\ %{}, options \\ [])

      


        Runs a prepared expression as the interpreter runs the IR the analyzer made, and returns the result with the violations.



    


    
      
        same?(arg1, arg2)

      


        Whether two results of Feel.run/3 are the same: the same value (a number at any scale is the same number, a function of FEEL is
the same when its parameters and its result type are) and matching diagnostics, or the same error.
Diagnostic fields are compared recursively, using value equality for embedded numbers and functions.
Function comparison checks signature metadata, not behavior; test returned functions by calling them.
The optimized run and the run of the IR as the analyzer made it are held to this; so is any other pair of runs of one expression.
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      violation()



        
          
        

    

  


  

      

          @type violation() ::
  %{
    kind: :type,
    node: atom(),
    span: Feel.Diagnostic.span() | nil,
    type: Feel.Type.Union.t(),
    value: term()
  }
  | %{
      kind: :grain,
      node: atom(),
      span: Feel.Diagnostic.span() | nil,
      grain: integer(),
      value: Decimal.t()
    }
  | %{kind: :optimizer, optimized: term(), unoptimized: term()}


      


A node whose value is not in its type, or is not a multiple of the grain the node says it has (D-161), or an optimized run
that disagrees with the one without the optimizer.

  


        

      

      
        Functions


        


    

    

  
    
      
    
    
      run(expression, bindings \\ %{}, options \\ [])



        
          
        

    

  


  

      

          @spec run(Feel.Expression.t(), Feel.bindings(), [Feel.run_option()]) ::
  {Feel.result(Feel.Value.t()), [violation()]}


      


Runs a prepared expression as the interpreter runs the IR the analyzer made, and returns the result with the violations.
Takes the bindings and the run options of Feel.run/3.

  



  
    
      
    
    
      same?(arg1, arg2)



        
          
        

    

  


  

      

          @spec same?(Feel.result(Feel.Value.t()), Feel.result(Feel.Value.t())) :: boolean()


      


Whether two results of Feel.run/3 are the same: the same value (a number at any scale is the same number, a function of FEEL is
the same when its parameters and its result type are) and matching diagnostics, or the same error.
Diagnostic fields are compared recursively, using value equality for embedded numbers and functions.
Function comparison checks signature metadata, not behavior; test returned functions by calling them.
The optimized run and the run of the IR as the analyzer made it are held to this; so is any other pair of runs of one expression.
iex> Feel.Paranoid.same?({:ok, Decimal.new("4.0"), []}, {:ok, Decimal.new("4"), []})
true
iex> Feel.Paranoid.same?({:ok, Decimal.new("4"), []}, {:ok, nil, []})
false

  


        

      


  

    
Feel.Recursion 
    



      
Functions that call one another, each prepared on its own (D-188).
A function of FEEL reads the functions it calls as names: fib(n - 1) reads fib from the bindings, as n is read
from the parameters. Where the host binds fib to a function that was made before, nothing is special. A function
that calls itself, or two that call each other, have no such value to bind: the value of fib is a closure that
holds the bindings of its own body, fib among them, and an immutable value cannot hold itself. FEEL has no node for
it (fib in {fib: function(n) fib(n - 1)} is the name outside the context, D-58), and none is added: what
an expression means does not change.
This module makes the value that a name stands for by a link. The host gives the expressions that are to call
one another, each with the bindings of its other names, and says which of its names are the others (link/1). A
name that stands for another member is bound to a function that has the parameters of the member and, when it is
called, makes the member's closure from its expression on the spot, with its own names bound the same way, and
calls it. Nothing is made until a call is made, so there is no end to what is linked, and the call is a call of FEEL
in every other respect: its arguments are converted to the declared types of the parameters, it is one level
deeper than the call it is made in, and it counts as a call, so Feel.Limits ends a recursion that does not
(max_call_depth, max_calls) in either mode, as it ends any other.
iex> odd = Feel.Scope.new(%{"odd" => {:function, [:number], :boolean}})
iex> even = Feel.Scope.new(%{"even" => {:function, [:number], :boolean}})
iex> {:ok, is_even} = Feel.prepare("function(n: number) if n = 0 then true else odd(n - 1)", scope: odd, backend: :interpreter)
iex> {:ok, is_odd} = Feel.prepare("function(n: number) if n = 0 then false else even(n - 1)", scope: even, backend: :interpreter)
iex> linked =
...>   Feel.Recursion.link(%{
...>     even: %{expression: is_even, bindings: %{}, peers: [{"odd", :odd}]},
...>     odd: %{expression: is_odd, bindings: %{}, peers: [{"even", :even}]}
...>   })
iex> {:ok, function, []} = Feel.Recursion.run(linked, :even, [])
iex> f = Feel.Scope.new(%{"f" => {:function, [:number], :boolean}})
iex> {:ok, ten} = Feel.prepare("f(10)", scope: f, backend: :interpreter)
iex> {:ok, seven} = Feel.prepare("f(7)", scope: f, backend: :interpreter)
iex> {Feel.run(ten, %{"f" => function}), Feel.run(seven, %{"f" => function})}
{{:ok, true, []}, {:ok, false, []}}
What a host gets, and what it must not expect
The value of a member is its closure with the links bound in it. It is a function value like any other: a decision
that reads it calls it, and its result is the same as if the names were bound to values made by hand. A name that
stands for a member that has no function (its expression gave something else, or nothing) is bound to null, as a name
with no value is.
The expressions are run by the interpreter only, as the call of a link makes a closure inside the run it is
called in, which is what keeps the limits and the diagnostics of that run. link/1 raises ArgumentError for an
expression of another backend, and for expressions that were prepared with other dialects or extensions: they run
in one environment.
The text of a member is run inside the text of the one that calls it, so what the body of a member reports has a span of
the member's text and not of the caller's. The function of a member, and a call through a link to it, report with the origin
that is the key of the member (Feel.Diagnostic, :origin, D-201), and the host puts the span in the text of the member it
names.
The closure of a member is made at the first call of a link to it in a run, and kept in the environment of the run
(Feel.Runtime.Env, :links): the nodes that make it (the conversion of its bindings to their declared types, and the
function node) and the map of its links are paid for once, and the calls after it are the calls of a function that
was written out. The environment is the one thing that a run threads, so nothing outlives the run: a function value
that a run gives back, and that is called in another, makes its closure again there.

      


      
        Summary


  
    Types
  


    
      
        key()

      


        What identifies a member: whatever the host likes, a term that compares by value.



    


    
      
        member()

      


        A member: its prepared expression, which gives a function, the values it reads that are not links, and the names that
stand for other members, each with the key of the member.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        link(members, options \\ [])

      


        Links the members: each expression is to be run with its bindings, and with each name in peers bound to the function
of the member whose key it has (null for a key that is not a member, or a member that gives no function).



    


    
      
        run(recursion, key, options \\ [])

      


        Runs the expression of a member of a link, as Feel.run/3 does, with its links bound: the result is the function value
of the member when its expression is a function. A function that the run made without an origin is given the key of
the member as its origin (D-201), and one that it only gives back (it has one already) keeps its own.
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      key()



        
          
        

    

  


  

      

          @type key() :: term()


      


What identifies a member: whatever the host likes, a term that compares by value.

  



  
    
      
    
    
      member()



        
          
        

    

  


  

      

          @type member() :: %{
  expression: Feel.Expression.t(),
  bindings: Feel.bindings(),
  peers: [{Feel.Name.t(), key()}]
}


      


A member: its prepared expression, which gives a function, the values it reads that are not links, and the names that
stand for other members, each with the key of the member.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @opaque t()


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      link(members, options \\ [])



        
          
        

    

  


  

      

          @spec link(%{optional(key()) => member()}, [Feel.run_option()]) :: t()


      


Links the members: each expression is to be run with its bindings, and with each name in peers bound to the function
of the member whose key it has (null for a key that is not a member, or a member that gives no function).
The expressions are probed once, with null for their peers, for the parameters and the result type of the function
they make, which the function of a link has. Raises ArgumentError for an expression that is not run by the
interpreter, and for members of different dialects or extensions. Preparation and signature probes accept
the run options of Feel.run/3, including sandbox: false for trusted callers. The default keeps
containment enabled, and opting out cannot leave an enclosing worker.
Before probing, members are prepared again from their saved AST and preparation options, with internal evidence that
only their peers are single-signature FEEL functions (or null). This keeps recursive calls precise without treating
ordinary host function declarations as exhaustive. The original prepared expressions are not changed.
Expressions already prepared for those peers, as DMN compilation does, are reused without reanalysis.

  



    

  
    
      
    
    
      run(recursion, key, options \\ [])



        
          
        

    

  


  

      

          @spec run(t(), key(), [Feel.run_option()]) :: Feel.result(Feel.Value.t())


      


Runs the expression of a member of a link, as Feel.run/3 does, with its links bound: the result is the function value
of the member when its expression is a function. A function that the run made without an origin is given the key of
the member as its origin (D-201), and one that it only gives back (it has one already) keeps its own.
Raises KeyError for a key that is not a member.

  


        

      


  

    
Feel.Rules 
    



      
Questions about a table of rules whose entries are unary tests, the input entries of a decision table: does the table cover
the inputs, do two rules share an input, is a rule never reached.
These queries need no DMN model: each column has a type for its input and each rule has a unary
test for each column ("[18..150]", "\"gold\"", "-"). A rule is then a set of inputs, and the questions are about sets,
which Feel.Type.Verdict answers (D-158):
	coverage/3 is whether every input of the columns matches a rule;
	overlaps/3 is the pairs of rules that match a common input (the hit policy unique needs none);
	dead/3 is, for each rule, whether the rules before it take every input it could take (the policy first).

Each answer is proved or refuted with an input, or it is :unknown. A rule is bounded from outside and from inside by
two types, as the analysis of unary tests gives them: the inputs it may match (Feel.Analysis.Refinement.restrict/2, a
superset) and the inputs it certainly matches (Feel.Analysis.Refinement.certain/2, a subset). A table covers the inputs
if they are within what the rules certainly match; an input that is in no rule's superset shows it does not; two rules are
apart if their supersets are, and share an input that is in both subsets.
The entries that are read exactly are the comparisons of the input with one number, string, boolean, date or duration, an
interval, a list of them, - and not(...) of those. An entry that is not (a name, a function, a time) is not a subset for
certain, so a table with one may be :unknown where a person can see the answer; and a name makes its rule open: it may
match any input, and certainly none. Whether a rule matches null is found by running its entry on null.
The columns are {name, type} with the type a union of the input (Feel.Type.Union, for example
Feel.Type.Union.from_spec(:number) or one narrowed by its allowed values); a rule is a list of sources, one for each
column in order. An entry may instead be :unknown when its meaning depends on bindings or extensions that the caller
cannot preserve in source preparation. It may match any input of its column, including null, and certainly none;
other entries and rules can still establish a conclusion. An input is a map from the name of a column to a value.
All three queries accept an optional :types map of named types, with the same descriptors as
Feel.Scope.new/2. Supply the original type definitions when a source uses instance of, including
aliases and qualified or multiword names: both parsing and type resolution depend on this map.
These types remain available even when analysis has folded away the original type reference.
Source entries are prepared without the caller's value bindings and without its extensions.
The caller must supply the effective runtime test and use :unknown when that meaning cannot be
preserved. This module does not resolve DMN inputValues or recognize model-local function aliases.
Dmn.Compiler.Checks performs that adaptation from prepared table IR (DMN DD-43).
An unknown answer produces no proof; absence of a reported pair alone is meaningful only when
overlaps/2 actually returns {:ok, []}, rather than an error or pairs whose verdict is unknown.
iex> number = Feel.Type.Union.from_spec(:number) |> List.delete(:null)
iex> columns = [{"age", number}]
iex> Feel.Rules.coverage(columns, [["< 18"], [">= 18"]])
:covered
iex> {:uncovered, %{"age" => age}} = Feel.Rules.coverage(columns, [["< 18"], ["> 18"]])
iex> Decimal.equal?(age, 18)
true
iex> Feel.Rules.overlaps(columns, [["< 18"], [">= 18"]])
{:ok, []}
iex> {:ok, [%{rules: {0, 1}, verdict: {:overlap, _input}}]} = Feel.Rules.overlaps(columns, [["< 10"], ["[5..30]"], [">= 40"]])
iex> {:ok, [{0, {:live, _input}}, {1, :dead}]} = Feel.Rules.dead(columns, [["> 5"], ["> 10"]])

      


      
        Summary


  
    Types
  


    
      
        column()

      


        An input of the table: the name of a column and the type of its values.



    


    
      
        input()

      


        An input: a value for each column.



    


    
      
        option()

      


        Named types used to parse and resolve source entries, including aliases and qualified names.



    


    
      
        problem()

      


        What was wrong with a rule: its position, the column, and the error of the parse.



    


    
      
        rule()

      


        A rule: a unary-test source or :unknown for each column, in the order of the columns.



    





  
    Functions
  


    
      
        coverage(columns, rules, options \\ [])

      


        Whether every input of the columns matches a rule.



    


    
      
        dead(columns, rules, options \\ [])

      


        For each rule, in order: :dead if the rules before it take every input it could take, {:live, input} with an input it
takes that no rule before it can, or :unknown. Pass named type definitions with types: map.



    


    
      
        overlaps(columns, rules, options \\ [])

      


        The pairs of rules that are not shown to be apart, each with {:overlap, input} if an input matches both, or :unknown if
none was found. A table where every pair is apart is {:ok, []}. Pass named type definitions with types: map.



    





      


      
        Types


        


  
    
      
    
    
      column()



        
          
        

    

  


  

      

          @type column() :: {String.t(), Feel.Type.Union.t()}


      


An input of the table: the name of a column and the type of its values.

  



  
    
      
    
    
      input()



        
          
        

    

  


  

      

          @type input() :: %{optional(String.t()) => term()}


      


An input: a value for each column.

  



  
    
      
    
    
      option()



        
          
        

    

  


  

      

          @type option() :: {:types, %{optional(String.t()) => Feel.Type.t()}}


      


Named types used to parse and resolve source entries, including aliases and qualified names.

  



  
    
      
    
    
      problem()



        
          
        

    

  


  

      

          @type problem() ::
  {:error, {:entry, non_neg_integer(), String.t(), Feel.Error.t()}}
  | {:error, :columns}


      


What was wrong with a rule: its position, the column, and the error of the parse.

  



  
    
      
    
    
      rule()



        
          
        

    

  


  

      

          @type rule() :: [String.t() | :unknown]


      


A rule: a unary-test source or :unknown for each column, in the order of the columns.
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      coverage(columns, rules, options \\ [])



        
          
        

    

  


  

      

          @spec coverage([column()], [rule()], [option()]) ::
  :covered | {:uncovered, input()} | :unknown | problem()


      


Whether every input of the columns matches a rule.
:covered is a proof. {:uncovered, input} is an input that no rule can match. :unknown is neither (the table is too
large for the search, or an entry is not read exactly). Pass named type definitions with types: map.

  



    

  
    
      
    
    
      dead(columns, rules, options \\ [])



        
          
        

    

  


  

      

          @spec dead([column()], [rule()], [option()]) ::
  {:ok, [{non_neg_integer(), :dead | {:live, input()} | :unknown}]} | problem()


      


For each rule, in order: :dead if the rules before it take every input it could take, {:live, input} with an input it
takes that no rule before it can, or :unknown. Pass named type definitions with types: map.

  



    

  
    
      
    
    
      overlaps(columns, rules, options \\ [])



        
          
        

    

  


  

      

          @spec overlaps([column()], [rule()], [option()]) ::
  {:ok,
   [
     %{
       rules: {non_neg_integer(), non_neg_integer()},
       verdict: {:overlap, input()} | :unknown
     }
   ]}
  | problem()


      


The pairs of rules that are not shown to be apart, each with {:overlap, input} if an input matches both, or :unknown if
none was found. A table where every pair is apart is {:ok, []}. Pass named type definitions with types: map.

  


        

      


  

    
Feel.Runtime 
    



      
The shared runtime and generated-code cache stamp.
FEEL's semantics live in the runtime: arithmetic with decimal128 rounding, the
three-valued logic, comparison across temporal types, filters, the built-in
functions. The interpreter calls it directly, and the code that the BEAM backend
generates calls nothing else. That makes it the contract between the compiler
and the code it produces.
Generated code
abi/0 is a cache-generation stamp used in generated module names. It changes
when compiler/runtime changes make existing generated code unsuitable for reuse.
Only code generated by the current compiler is supported. Regenerate prepared
expressions on upgrade; persisting generated .beam files is not supported.
There is no multi-version runtime or compatibility negotiation.
The runtime functions
The runtime is a set of modules under Feel.Runtime, one per area of the
specification. They are pure functions on FEEL values (Feel.Value), each citing
the tables of DMN 1.6 it implements. A function that can fail returns an
Feel.Runtime.Env.outcome/0 and the caller settles it with Feel.Runtime.Env,
so the operations themselves touch no state.
	Module	Area
	Feel.Runtime.Env	mode, dialect, extensions, clock, limits, and the diagnostics of one run
	Feel.Runtime.Bindings	the values an expression reads by name
	Feel.Runtime.Kind	the kind of a value, which the tables dispatch on
	Feel.Runtime.Number	decimal128 arithmetic, rounding, scale checks
	Feel.Runtime.Number.Power	**, ln and exp, correctly rounded to 34 digits
	Feel.Runtime.Logic	three-valued and, or, not (Tables 51-52)
	Feel.Runtime.Compare	equality and ordering (Tables 50, 53-55)
	Feel.Runtime.Arithmetic	+ - * / ** and negation (Tables 57-61, 63)
	Feel.Runtime.Temporal	date, time, and duration arithmetic and comparison (Tables 54, 55, 58)
	Feel.Runtime.Path	e.name and e...name: entries and properties (Tables 65-68, 71)
	Feel.Runtime.Filter	filters and indexes (Table 69)
	Feel.Runtime.TypeCheck	instance of (Table 62)
	Feel.Runtime.Invoke	function values and calls, parameter conversion (Table 64)
	Feel.Runtime.Iteration	for, some and every: the loops, partial, the domains (Table 50, 10.3.2.14)
	Feel.Runtime.Partial	the results of a for so far, for a body that only indexes partial (D-86)
	Feel.Runtime.Interpret	the interpreter's walk, for generated code that began a guarded fast path and cannot finish it (D-164)
	Feel.Runtime.UnaryTests	what it means for a value to satisfy unary tests, and in
	Feel.Runtime.RangeLiteral	the value of a range literal such as [1..10) or (< 10)
	Feel.Runtime.RangeText	reading the text of a range, for range(from)
	Feel.Runtime.TemporalText	reading the text of a time and a date and time, as the extensions spell it (D-81)
	Feel.Runtime.Regex	the regular expressions of XPath, for matches, replace and split
	Feel.Runtime.AllowedValues, BindingTypes, ResultType	the run-time half of what a scope declares: allowed values, types of the names, type of the result

A module says in its own documentation what it leaves out. A case that the specification
defines and that is not written raises RuntimeError; a call of a built-in function that is not
written is caught earlier, as an :analysis error of Feel.prepare/2.
The built-in functions are in the modules under Feel.Builtin, one per area of
section 10.3.4 (see Feel.Builtin.areas/0). Generated code calls them as well, so
they are part of that runtime contract too.
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    Functions
  


    
      
        abi()

      


        Returns the current generated-code cache stamp. It is part of the name of every generated module, so changing it when the
runtime functions that generated code calls change in arity or meaning keeps the code of the old runtime from being reused.
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          @spec abi() :: pos_integer()


      


Returns the current generated-code cache stamp. It is part of the name of every generated module, so changing it when the
runtime functions that generated code calls change in arity or meaning keeps the code of the old runtime from being reused.
iex> Feel.Runtime.abi()
1

  


        

      


  

    
Feel.Runtime.AllowedValues 
    



      
The verification of a value against allowed values (D-138).
A variable of a Feel.Scope can have allowed values: unary tests that a bound value has
to satisfy, and so can the result of an expression. Feel.Analysis.Analyzer puts one
:verify_bindings node around the expression, with the variables it reads that have them,
and an :allowed node around the whole expression for its result. A backend calls
verify_bindings/3 for the first when the run starts, and verify/5 for the second. Both are
functions of the runtime, and not a part of a backend, because generated code may call only
Feel.Runtime and both backends have to give the same result.
	null is exempt, as it is a value of every type.
	A value that the tests accept is the value.
	A value that they do not is null, with an error (:value_not_allowed) that ends a run
in strict mode. That is :enforce. In the mode {:report, severity} (D-138) the value
stays as it is and only the diagnostic is given, with that severity: an :error ends a
strict run, and a :warning does not.
	A variable whose declared type is marked ! (D-48) cannot be null, so a value that the
tests do not accept ends the run with an error of kind :input in the mode :enforce,
instead of becoming null. The entry of the variable says so (the mark :non_null).
	A variable declared as a list (list<number>) has the tests applied to each element, as the
allowedValues of a DMN item definition with isCollection are (notes 03, section 4.3).
The entry says so (the mark :each). A null element is exempt, as a null is. The first element
that the tests do not accept makes the whole value not allowed, which is null with the error
:value_not_allowed that says which element it is, and the report in the mode
{:report, severity} is the same one error.
	The constraint of a member of a variable (a component of a context, the elements of a list in it, D-161 step E)
has the tests applied to what is at the end of its path (the mark {:path, steps}), :each in the steps being each
element of a list. A member that is not there, or is null, is exempt; the first that the tests do not accept makes
the whole variable not allowed, as for an element, and the error says where it is (details.path, [2, "total"] for
the total of the second element).

Guarded recursive declarations use graph selectors in those paths (Feel.Scope.step/0). A selector
visits every finite occurrence of its target declaration, including aliases and nested collections.
Diagnostics contain the concrete member names and one-based list indexes, rather than the graph
selector. Null occurrences are exempt. Missing members are rejected by structural conformance,
not by allowed-value verification; membership alone does not enforce these constraints.
Traversal is incremental and stops at the first rejected occurrence. Reversed paths share their
tails while checks succeed; only the failing diagnostic constructs a complete forward path.
The tests are run with a lenient environment of their own, and what they report is given
the span of the variable (its first read in the expression), or of the expression for its
result, since the spans of the tests are those of their own text. The tests are alternatives,
and one that does not apply to a value of another kind ([0..150] for a string or a boolean, which
the comparison reports as a type mismatch) is not an error of the run when another accepts the
value. So the errors that the tests report are not given when the value is accepted, and when it
is not, they are the causes of the one :value_not_allowed (in its details), and the first of
them is its hint. Their warnings and infos are given as they are in the mode :enforce.
The variables are verified once, before anything is evaluated, against the values as they
were bound. A test that reads another variable sees it as the expression does (D-170): converted to its declared type and
verified, so a variable that is not allowed is null in the test (age with <= max age, for a max age that
[18..65] turns down, is not allowed either). That is in the IR of the test, which has the :conform_bindings and
:verify_bindings nodes of the variables it reads, so a backend runs it with nothing more; the constraints that are
being verified, and the ones whose tests read them, are not applied to a variable that a test reads. The stances that
leave a value as it is ({:report, _}) read every variable as it was bound. The expression then sees null for each
value that is not allowed.

      


      
        Summary


  
    Types
  


    
      
        binding_tests()

      


        Runs the tests of a variable with ? bound to a value, and gives whether they are satisfied.



    


    
      
        mark()

      


        What is known of a variable besides its tests: that it cannot be null (:non_null), that the tests are for the
elements of a list (:each), and the path from the variable down to what the tests are for ({:path, steps}): the
key of a member of a context, or :each for every element of a list.



    


    
      
        mode()

      


        What is done with a value that is not allowed: :enforce makes it null, with an error, and
{:report, severity} leaves it and reports it with that severity (D-138).



    


    
      
        subject()

      


        What is verified: a variable, by its name, or the result of the expression.



    


    
      
        tests()

      


        Runs the tests with ? bound to the value, and gives whether they are satisfied.



    


    
      
        verification()

      


        What is verified of a variable: its canonical name, the span of its first read, and its tests.
The fourth element is there when the variable has marks: :non_null if its declared type is
marked !, and :each if it is declared as a list and the tests are for the elements.



    





  
    Functions
  


    
      
        report(env, arg2, subject, span, tests, severity)

      


        Reports a value that the tests do not accept, and leaves it as it is (the mode
{:report, severity}, D-138). null is exempt. Only the one diagnostic is given, with
severity and at span; the errors the tests gave for a value of the wrong kind are its causes.



    


    
      
        verify(env, value, subject, span, tests)

      


        Verifies a value against the tests of its subject, found at span.



    


    
      
        verify_bindings(env, bindings, verifications, mode \\ :enforce)

      


        Verifies the bound values of the variables that have allowed values, once, at the start of a run.



    


    
      
        verify_each(env, value, subject, span, tests)

      


        Verifies a result that is a list against the tests of its elements (the :allowed node with each: true, D-51).



    


    
      
        verify_member(env, value, subject, span, steps, each?, tests)

      


        Verifies a result against the tests of a member of it (the :allowed node with meta.path): the value at the end of steps,
a key of a context, or :each for every element of a list, or each element of what is there when each? is true.



    





      


      
        Types


        


  
    
      
    
    
      binding_tests()



        
          
        

    

  


  

      

          @type binding_tests() :: (Feel.Value.t(), Feel.Runtime.Env.t() ->
                      {boolean(), Feel.Runtime.Env.t()})


      


Runs the tests of a variable with ? bound to a value, and gives whether they are satisfied.

  



  
    
      
    
    
      mark()



        
          
        

    

  


  

      

          @type mark() :: :non_null | :each | {:path, [Feel.Scope.step()]}


      


What is known of a variable besides its tests: that it cannot be null (:non_null), that the tests are for the
elements of a list (:each), and the path from the variable down to what the tests are for ({:path, steps}): the
key of a member of a context, or :each for every element of a list.

  



  
    
      
    
    
      mode()



        
          
        

    

  


  

      

          @type mode() :: :enforce | {:report, :error | :warning}


      


What is done with a value that is not allowed: :enforce makes it null, with an error, and
{:report, severity} leaves it and reports it with that severity (D-138).

  



  
    
      
    
    
      subject()



        
          
        

    

  


  

      

          @type subject() :: Feel.Name.t() | :result


      


What is verified: a variable, by its name, or the result of the expression.

  



  
    
      
    
    
      tests()



        
          
        

    

  


  

      

          @type tests() :: (Feel.Runtime.Env.t() -> {boolean(), Feel.Runtime.Env.t()})


      


Runs the tests with ? bound to the value, and gives whether they are satisfied.

  



  
    
      
    
    
      verification()



        
          
        

    

  


  

      

          @type verification() ::
  {Feel.Name.t(), Feel.Diagnostic.span(), binding_tests()}
  | {Feel.Name.t(), Feel.Diagnostic.span(), binding_tests(), [mark()]}


      


What is verified of a variable: its canonical name, the span of its first read, and its tests.
The fourth element is there when the variable has marks: :non_null if its declared type is
marked !, and :each if it is declared as a list and the tests are for the elements.

  


        

      

      
        Functions


        


  
    
      
    
    
      report(env, arg2, subject, span, tests, severity)



        
          
        

    

  


  

      

          @spec report(
  Feel.Runtime.Env.t(),
  Feel.Value.t(),
  subject(),
  Feel.Diagnostic.span(),
  tests(),
  :error | :warning
) :: Feel.Runtime.Env.t()


      


Reports a value that the tests do not accept, and leaves it as it is (the mode
{:report, severity}, D-138). null is exempt. Only the one diagnostic is given, with
severity and at span; the errors the tests gave for a value of the wrong kind are its causes.
iex> env = Feel.Runtime.Env.new()
iex> tests = fn env -> {false, env} end
iex> env = Feel.Runtime.AllowedValues.report(env, Decimal.new(200), "age", {0, 3}, tests, :warning)
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> {diagnostic.severity, diagnostic.code, diagnostic.span}
{:warning, :value_not_allowed, {0, 3}}
iex> env = Feel.Runtime.Env.new()
iex> env == Feel.Runtime.AllowedValues.report(env, nil, "age", {0, 3}, tests, :error)
true

  



  
    
      
    
    
      verify(env, value, subject, span, tests)



        
          
        

    

  


  

      

          @spec verify(
  Feel.Runtime.Env.t(),
  Feel.Value.t(),
  subject(),
  Feel.Diagnostic.span(),
  tests()
) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


Verifies a value against the tests of its subject, found at span.
iex> env = Feel.Runtime.Env.new()
iex> tests = fn env -> {false, env} end
iex> {nil, ^env} = Feel.Runtime.AllowedValues.verify(env, nil, "age", {0, 3}, tests)
iex> {nil, env} = Feel.Runtime.AllowedValues.verify(env, Decimal.new(200), "age", {0, 3}, tests)
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> {diagnostic.code, diagnostic.span}
{:value_not_allowed, {0, 3}}
iex> {"ok", _} = Feel.Runtime.AllowedValues.verify(env, "ok", "age", {0, 3}, fn env -> {true, env} end)
iex> {nil, env} = Feel.Runtime.AllowedValues.verify(env, "no", :result, {0, 9}, tests)
iex> hd(Enum.reverse(Feel.Runtime.Env.diagnostics(env))).message
"the result is not one of its allowed values"

  



    

  
    
      
    
    
      verify_bindings(env, bindings, verifications, mode \\ :enforce)



        
          
        

    

  


  

      

          @spec verify_bindings(Feel.Runtime.Env.t(), Feel.bindings(), [verification()], mode()) ::
  {Feel.bindings(), Feel.Runtime.Env.t()}


      


Verifies the bound values of the variables that have allowed values, once, at the start of a run.
verifications has an entry for each variable: its canonical name, the span of its first read in the
expression, a function that runs its tests with ? bound to the value it is given, and
a list of marks if it has any (:non_null for a type marked !, D-48, and :each for a list whose
elements the tests are for), see the top of this module. Returns
the bindings that the expression is to run with, which have null for a value that is not
allowed, and the environment with what was reported. A variable that is not bound is left
for the read to report, and a null is exempt (see verify/5). mode is :enforce, the
default, or {:report, severity}, which leaves the bindings as they are and only reports
(see report/6).
iex> env = Feel.Runtime.Env.new()
iex> tests = fn value, env -> {Decimal.compare(value, 150) != :gt, env} end
iex> verifications = [{"age", {0, 3}, tests}]
iex> {bindings, env} = Feel.Runtime.AllowedValues.verify_bindings(env, %{"age" => Decimal.new(200), "id" => 7}, verifications)
iex> bindings
%{"age" => nil, "id" => 7}
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> {diagnostic.code, diagnostic.span}
{:value_not_allowed, {0, 3}}
iex> {same, ^env} = Feel.Runtime.AllowedValues.verify_bindings(env, %{"age" => Decimal.new(20)}, verifications)
iex> Decimal.equal?(same["age"], 20)
true
iex> required = [{"age", {0, 3}, tests, [:non_null]}]
iex> {:error, error} = Feel.Runtime.Env.run(env, &Feel.Runtime.AllowedValues.verify_bindings(&1, %{"age" => Decimal.new(200)}, required))
iex> {error.kind, error.code, error.span}
{:input, :value_not_allowed, {0, 3}}
iex> each = [{"ages", {0, 4}, tests, [:each]}]
iex> {bindings, env} = Feel.Runtime.AllowedValues.verify_bindings(Feel.Runtime.Env.new(), %{"ages" => [Decimal.new(20), nil, Decimal.new(200)]}, each)
iex> bindings
%{"ages" => nil}
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> {diagnostic.code, diagnostic.details}
{:value_not_allowed, %{name: "ages", index: 3}}
iex> total = [{"orders", {0, 6}, tests, [{:path, [:each, "total"]}]}]
iex> orders = [%{"total" => Decimal.new(20)}, %{"total" => nil}, %{"total" => Decimal.new(200)}]
iex> {bindings, env} = Feel.Runtime.AllowedValues.verify_bindings(Feel.Runtime.Env.new(), %{"orders" => orders}, total)
iex> bindings
%{"orders" => nil}
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> {diagnostic.message, diagnostic.details}
{~s(the value of "orders[3].total" is not one of its allowed values), %{name: "orders", path: [3, "total"]}}

  



  
    
      
    
    
      verify_each(env, value, subject, span, tests)



        
          
        

    

  


  

      

          @spec verify_each(
  Feel.Runtime.Env.t(),
  Feel.Value.t(),
  subject(),
  Feel.Diagnostic.span(),
  binding_tests()
) :: {Feel.Value.t(), Feel.Runtime.Env.t()}


      


Verifies a result that is a list against the tests of its elements (the :allowed node with each: true, D-51).
tests runs the tests with ? bound to the element it is given. A null element is exempt, and the first element
that the tests do not accept makes the whole result null, with the one error :value_not_allowed that says which
element it is (details.index).
iex> env = Feel.Runtime.Env.new()
iex> tests = fn value, env -> {Decimal.compare(value, 150) != :gt, env} end
iex> {same, ^env} = Feel.Runtime.AllowedValues.verify_each(env, [Decimal.new(20), nil], :result, {0, 9}, tests)
iex> same == [Decimal.new(20), nil]
true
iex> {nil, env} = Feel.Runtime.AllowedValues.verify_each(env, [Decimal.new(20), Decimal.new(200)], :result, {0, 9}, tests)
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> {diagnostic.code, diagnostic.message, diagnostic.details}
{:value_not_allowed, "element 2 of the result is not one of its allowed values", %{result: true, index: 2}}

  



  
    
      
    
    
      verify_member(env, value, subject, span, steps, each?, tests)



        
          
        

    

  


  

      

          @spec verify_member(
  Feel.Runtime.Env.t(),
  Feel.Value.t(),
  subject(),
  Feel.Diagnostic.span(),
  [Feel.Scope.step()],
  boolean(),
  binding_tests()
) :: {Feel.Value.t(), Feel.Runtime.Env.t()}


      


Verifies a result against the tests of a member of it (the :allowed node with meta.path): the value at the end of steps,
a key of a context, or :each for every element of a list, or each element of what is there when each? is true.
tests runs the tests with ? bound to the member it is given. What is null, or is not there, is exempt, so a result that
has no such member is not rejected; the first member that the tests do not accept makes the whole result null, with the one
error :value_not_allowed that says where it is (details.path, [2, "total"] for the total of the second element).
iex> env = Feel.Runtime.Env.new()
iex> tests = fn value, env -> {Decimal.compare(value, 150) != :gt, env} end
iex> person = %{"name" => "Ann", "age" => Decimal.new(20)}
iex> {^person, ^env} = Feel.Runtime.AllowedValues.verify_member(env, person, :result, {0, 9}, ["age"], false, tests)
iex> {%{"name" => "Ann"}, ^env} = Feel.Runtime.AllowedValues.verify_member(env, %{"name" => "Ann"}, :result, {0, 9}, ["age"], false, tests)
iex> {nil, env} = Feel.Runtime.AllowedValues.verify_member(env, %{"age" => Decimal.new(200)}, :result, {0, 9}, ["age"], false, tests)
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> {diagnostic.code, diagnostic.message, diagnostic.details}
{:value_not_allowed, ~s(the value of "result.age" is not one of its allowed values), %{name: :result, path: ["age"]}}
iex> people = [%{"age" => Decimal.new(20)}, %{"age" => Decimal.new(200)}]
iex> {nil, env} = Feel.Runtime.AllowedValues.verify_member(Feel.Runtime.Env.new(), people, :result, {0, 9}, [:each, "age"], false, tests)
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> diagnostic.details.path
[2, "age"]

  


        

      


  

    
Feel.Runtime.Arithmetic 
    



      
The arithmetic operators of FEEL: +, -, *, /, and negation (DMN 1.6,
Tables 57 to 61 and 63).
Each function takes the operand values and returns an Feel.Runtime.Env.outcome/0.
The result is null, with an error, when an operand is null (:null_operand, D-103: the TCK flags
every null operand of an operator of 0100) and when the kinds of
the operands are not one of the pairs that the tables define:
"a" - "b", 1 + "1", and [1] + [2] are all null with a diagnostic.
Operators take operands as they are and do not apply declaration conversions (D-24);
a one-element list is not unwrapped.
What is defined
	Operator	Operands	Result
	+	number, number	number (Feel.Runtime.Number)
		string, string	the strings joined
		years and months duration, the same	years and months duration
		days and time duration, the same	days and time duration
		date, time, or date and time, and a duration, either way (not a time and a years and months duration)	the date, time, or date and time moved (Feel.Runtime.Temporal)
	-	number, number	number
		the two durations of one kind	duration of that kind
		date, time, or date and time, minus a duration (not a time minus a years and months duration)	the date, time, or date and time moved
		two dates, two times, two dates and times, or a date and a date and time	a days and time duration
	*	number, number	number
		days and time duration and number, either way	days and time duration
		years and months duration and number, either way	years and months duration, rounded to a whole month (D-54)
	/	number, number	number; null when the divisor is zero
		days and time duration, number	days and time duration; null for zero
		years and months duration, number	years and months duration, rounded to a whole month; null for zero
		days and time duration, the same	number; null when the divisor is zero
		years and months duration, the same	number; null when the divisor is zero
	**	number, number	number, as one correctly rounded power (Feel.Runtime.Number.power/2, D-62); null for a zero base and a negative exponent, and for a negative base and an exponent that is not a whole number
	-x	number, either duration	the same kind, as x * -1

Division of a days and time duration by a duration is the quotient of their lengths
in seconds. The table in the specification prints * for the division of a duration
by a number (Table 60, row 5); that is a copy of the row above, and division is meant
(notes 05, [E31]).
A number of months that is the product or the quotient of a years and months duration is
rounded to the nearest whole number of months, a half towards positive infinity, as XPath's
fn:round does it: P1Y11M * -2.5 is -57.5 months, and -57 is what the TCK has (D-54).
Results that are not a number
A result that is a number outside the range of decimal128 is null with an
:overflow diagnostic, and a division by zero is null with :division_by_zero. The power of a
negative number to an exponent that is not a whole number has no real value: it is null with an
:argument_out_of_domain diagnostic.

      


      
        Summary


  
    Functions
  


    
      
        add(a, b)

      


        Adds two values: numbers, strings, or durations of one kind.



    


    
      
        divide(a, b)

      


        Divides the first value by the second.



    


    
      
        multiply(a, b)

      


        Multiplies two values: two numbers, or a days and time duration and a number.



    


    
      
        negate(value)

      


        Negates a number or a duration.



    


    
      
        operate(atom, left, right)

      


        Applies the arithmetic operator of an IR :arithmetic node to two values.



    


    
      
        power(a, b)

      


        Raises a number to a power: two numbers, as one correctly rounded power (D-62).



    


    
      
        subtract(a, b)

      


        Subtracts the second value from the first: numbers, or durations of one kind.



    





      


      
        Functions


        


  
    
      
    
    
      add(a, b)



        
          
        

    

  


  

      

          @spec add(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Adds two values: numbers, strings, or durations of one kind.
iex> Feel.Runtime.Arithmetic.add("ab", "c")
{:ok, "abc"}
iex> {:error, diagnostic} = Feel.Runtime.Arithmetic.add(Decimal.new(1), nil)
iex> diagnostic.code
:null_operand
iex> {:error, diagnostic} = Feel.Runtime.Arithmetic.add(Decimal.new(1), "1")
iex> diagnostic.message
"cannot apply + to a number and a string"

  



  
    
      
    
    
      divide(a, b)



        
          
        

    

  


  

      

          @spec divide(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Divides the first value by the second.
iex> {:ok, quotient} = Feel.Runtime.Arithmetic.divide(Decimal.new(3), Decimal.new(2))
iex> Decimal.to_string(quotient)
"1.5"
iex> {:error, diagnostic} = Feel.Runtime.Arithmetic.divide(Decimal.new(1), Decimal.new(0))
iex> diagnostic.code
:division_by_zero

  



  
    
      
    
    
      multiply(a, b)



        
          
        

    

  


  

      

          @spec multiply(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Multiplies two values: two numbers, or a days and time duration and a number.
iex> {:ok, product} = Feel.Runtime.Arithmetic.multiply(Decimal.new("0.10"), Decimal.new("30.00"))
iex> Decimal.to_string(product)
"3.0000"

  



  
    
      
    
    
      negate(value)



        
          
        

    

  


  

      

          @spec negate(Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Negates a number or a duration.
iex> {:ok, negated} = Feel.Runtime.Arithmetic.negate(Decimal.new(3))
iex> Decimal.to_string(negated)
"-3"
iex> Feel.Runtime.Arithmetic.negate(Feel.Value.YearsAndMonthsDuration.new(14))
{:ok, Feel.Value.YearsAndMonthsDuration.new(-14)}

  



  
    
      
    
    
      operate(atom, left, right)



        
          
        

    

  


  

      

          @spec operate(Feel.IR.arithmetic_operator(), Feel.Value.t(), Feel.Value.t()) ::
  Feel.Runtime.Env.outcome()


      


Applies the arithmetic operator of an IR :arithmetic node to two values.
iex> Feel.Runtime.Arithmetic.operate(:add, "a", "b")
{:ok, "ab"}
iex> {:error, diagnostic} = Feel.Runtime.Arithmetic.operate(:divide, Decimal.new(1), Decimal.new(0))
iex> diagnostic.code
:division_by_zero

  



  
    
      
    
    
      power(a, b)



        
          
        

    

  


  

      

          @spec power(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Raises a number to a power: two numbers, as one correctly rounded power (D-62).
iex> {:ok, power} = Feel.Runtime.Arithmetic.power(Decimal.new(5), Decimal.new(2))
iex> Decimal.to_string(power)
"25"
iex> {:error, diagnostic} = Feel.Runtime.Arithmetic.power(Decimal.new(5), nil)
iex> diagnostic.code
:null_operand
iex> {:error, diagnostic} = Feel.Runtime.Arithmetic.power(Decimal.new(0), Decimal.new(-1))
iex> diagnostic.code
:division_by_zero
iex> {:error, diagnostic} = Feel.Runtime.Arithmetic.power("5", Decimal.new(2))
iex> diagnostic.message
"cannot apply ** to a string and a number"

  



  
    
      
    
    
      subtract(a, b)



        
          
        

    

  


  

      

          @spec subtract(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Subtracts the second value from the first: numbers, or durations of one kind.
A date and a date and time: the date is a date and time at UTC midnight (Table 58), and the outcome says it, as
{:ok, difference, [info]} (Feel.Runtime.Env.settle/3, D-56).
iex> {:ok, difference} = Feel.Runtime.Arithmetic.subtract(Decimal.new(5), Decimal.new(2))
iex> Decimal.to_string(difference)
"3"
iex> date_time = %Feel.Value.DateTime{date: ~D[2020-01-01], time: %Feel.Value.Time{hour: 1, minute: 0, second: Decimal.new(0), zone: {:offset, 0}}}
iex> {:ok, _difference, [info]} = Feel.Runtime.Arithmetic.subtract(date_time, ~D[2020-01-01])
iex> info.message
"the right operand of - is converted to a date and time: a date becomes a date and time at midnight UTC"

  


        

      


  

    
Feel.Runtime.BindingTypes 
    



      
The conversion of bound values to the types that were declared for them (D-138).
A Feel.Scope says what type each name has. When a run starts, Feel.Analysis.Analyzer's
:conform_bindings node has each value that is bound to a name the expression reads
converted to its declared type by the implicit conversions of DMN 1.6, section 10.3.2.9.4, and
verified to conform to it, as the result is (Feel.Runtime.ResultType, D-138). A backend calls
conform_bindings/3. It is a function of the runtime, and not a part of a backend, because
generated code may call only Feel.Runtime and both backends have to give the same result.
	null conforms to every type, and is the value as it is. So does a name that is not bound,
which is left for its read to report. A type marked ! (D-48) is the exception: null
does not conform to number!, and neither does a name that has no value. In the mode
:enforce that ends the run with an error of kind :input, in either mode of the run, because
the type says that the value is there and the expression was analyzed on it. In the mode
{:report, severity} it is reported with that severity and the value stays.
	A value that conforms is the value. One that does after a conversion is converted
(Feel.Type.Conversion.convert/3: conformance first, then a singleton list is unwrapped, a
value is wrapped in a list, a date becomes a date and time), and the conversion is reported
as an :info (:implicit_conversion, D-46), which does not end a strict run.
	A value that cannot be made to conform is null, with an error (:type_mismatch) that ends
a run in strict mode. For a type marked ! it cannot be null either, so it ends the run
with an error of kind :input, as a null does.

This is what lets the type of a name be relied on: every read sees a value of its type, or
null. That is the mode :enforce. In the mode {:report, severity} (D-138) nothing is
converted and nothing becomes null: a value that does not conform as it is gets a
:type_mismatch diagnostic with that severity, and stays. The type is then an assertion of the
caller's, and the report says when it does not hold.

      


      
        Summary


  
    Types
  


    
      
        mode()

      


        What is done with a value that does not conform: :enforce converts it or makes it null, and
{:report, severity} leaves it and reports it with that severity (D-138).



    





  
    Functions
  


    
      
        conform_bindings(env, bindings, conforms, mode \\ :enforce)

      


        Converts the bound values of the names in conforms to their types.



    





      


      
        Types


        


  
    
      
    
    
      mode()



        
          
        

    

  


  

      

          @type mode() :: :enforce | {:report, :error | :warning}


      


What is done with a value that does not conform: :enforce converts it or makes it null, and
{:report, severity} leaves it and reports it with that severity (D-138).

  


        

      

      
        Functions


        


    

  
    
      
    
    
      conform_bindings(env, bindings, conforms, mode \\ :enforce)



        
          
        

    

  


  

      

          @spec conform_bindings(
  Feel.Runtime.Env.t(),
  Feel.bindings(),
  [{Feel.Name.t(), Feel.Diagnostic.span(), Feel.Type.t()}],
  mode()
) :: {Feel.bindings(), Feel.Runtime.Env.t()}


      


Converts the bound values of the names in conforms to their types.
Each entry is the canonical name, the span of its first read in the expression, which goes on the
error, and the declared type, with the names of types resolved. Returns the bindings that the
expression is to run with, and the environment. mode is :enforce, the default, or
{:report, severity}.
iex> env = Feel.Runtime.Env.new()
iex> conforms = [{"age", {0, 3}, :number}, {"tags", {4, 8}, {:list, :string}}]
iex> bindings = %{"age" => [Decimal.new(30)], "tags" => "a", "id" => 7}
iex> {converted, converted_env} = Feel.Runtime.BindingTypes.conform_bindings(env, bindings, conforms)
iex> converted
%{"age" => Decimal.new(30), "tags" => ["a"], "id" => 7}
iex> for d <- Feel.Runtime.Env.diagnostics(converted_env), do: {d.severity, d.code, d.span}
[{:info, :implicit_conversion, {0, 3}}, {:info, :implicit_conversion, {4, 8}}]
iex> {converted, env} = Feel.Runtime.BindingTypes.conform_bindings(env, %{"age" => "x"}, conforms)
iex> converted
%{"age" => nil}
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> {diagnostic.code, diagnostic.span, diagnostic.message}
{:type_mismatch, {0, 3}, "the value of \"age\" is a string, which cannot be converted to the declared type number"}

  


        

      


  

    
Feel.Runtime.Bindings 
    



      
The values an expression reads by name.
Feel.run/3 takes a map from name to value. A :var node of the IR is looked up
there by its canonical name (Feel.Name). It is a function of the runtime, and not
a private part of a backend, because generated code may call only Feel.Runtime
and both backends have to find the same value.
A binding whose key is the same name written differently ("a - b" for "a-b") is
found too, after the exact key. A name that has no binding is null, with a warning
(:unknown_name) that does not end a strict run.

      


      
        Summary


  
    Functions
  


    
      
        bind_input(bindings, value)

      


        Binds the input ? of unary tests to a value, in a copy of the bindings.



    


    
      
        fetch(bindings, name)

      


        Looks a name up in the bindings, as lookup/4 does, but reports nothing when it has no
binding.



    


    
      
        lookup(env, bindings, name, span)

      


        Looks a name up in the bindings.



    





      


      
        Functions


        


  
    
      
    
    
      bind_input(bindings, value)



        
          
        

    

  


  

      

          @spec bind_input(Feel.bindings(), Feel.Value.t()) :: Feel.bindings()


      


Binds the input ? of unary tests to a value, in a copy of the bindings.
The tests of allowed values (D-138) run with the value that is verified as ?. It is a
function of the runtime for the same reason lookup/4 is: the interpreter and the generated
code of the BEAM backend have to bind it alike.
iex> Feel.Runtime.Bindings.bind_input(%{"x" => 1}, 2)
%{"x" => 1, "?" => 2}

  



  
    
      
    
    
      fetch(bindings, name)



        
          
        

    

  


  

      

          @spec fetch(Feel.bindings(), Feel.Name.t()) :: {:ok, Feel.Value.t()} | :error


      


Looks a name up in the bindings, as lookup/4 does, but reports nothing when it has no
binding.
iex> Feel.Runtime.Bindings.fetch(%{"a - b" => 1}, "a-b")
{:ok, 1}
iex> Feel.Runtime.Bindings.fetch(%{}, "a")
:error

  



  
    
      
    
    
      lookup(env, bindings, name, span)



        
          
        

    

  


  

      

          @spec lookup(
  Feel.Runtime.Env.t(),
  Feel.bindings(),
  Feel.Name.t(),
  Feel.Diagnostic.span()
) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


Looks a name up in the bindings.
Returns the value and the environment. span is where the name is in the source;
it goes on the warning for a name that is not bound.
iex> env = Feel.Runtime.Env.new()
iex> {"x", ^env} = Feel.Runtime.Bindings.lookup(env, %{"x" => "x"}, "x", {0, 1})
iex> {nil, env} = Feel.Runtime.Bindings.lookup(env, %{}, "y", {4, 5})
iex> [warning] = Feel.Runtime.Env.diagnostics(env)
iex> {warning.severity, warning.code, warning.span}
{:warning, :unknown_name, {4, 5}}

  


        

      


  

    
Feel.Runtime.Boxed 
    



      
The strict reading of the condition of a boxed expression (DMN 1.6, 10.2.1.8 to 10.2.1.10; D-212).
The if of a boxed conditional, the brackets of a boxed filter and the satisfies of a boxed some or every MUST resolve to
a boolean. Written as text, FEEL takes a condition that is not true as false (Table 50: if "abc" then 1 else 2 is 2), and a
layer above feel that builds the node from a box marks it boxed: true in its meta, which says that a condition that is a
value other than a boolean is null and an error, for the whole node, as the DMN TCK has it (1150 #003, 1151 #004 and #005,
1153 #006).
null is not this case: it is the result of a comparison with a missing value, and it is taken as false (the else branch, the
element is dropped), as it is in the text. Only a value that is neither a boolean nor null is a violation. A number in the
brackets of a filter is an index, as it is in the text, and is decided before this module is asked.
Both backends ask this module, so they report the same.

      


      
        Summary


  
    Types
  


    
      
        part()

      


        The part of the box that must be a boolean.



    





  
    Functions
  


    
      
        allowed?(value)

      


        Whether the value of a condition is allowed: a boolean, or null.



    


    
      
        diagnostic(value, part)

      


        The diagnostic of a condition that is not a boolean: a :type_mismatch, with the part of the box in its details.



    


    
      
        violation(env, value, part, span)

      


        The result of a boxed node whose condition is not a boolean: null and the error, at the span of the node.



    





      


      
        Types


        


  
    
      
    
    
      part()



        
          
        

    

  


  

      

          @type part() :: :if | :match | :satisfies


      


The part of the box that must be a boolean.

  


        

      

      
        Functions


        


  
    
      
    
    
      allowed?(value)



        
          
        

    

  


  

      

          @spec allowed?(Feel.Value.t()) :: boolean()


      


Whether the value of a condition is allowed: a boolean, or null.
iex> Feel.Runtime.Boxed.allowed?(true)
true
iex> Feel.Runtime.Boxed.allowed?(nil)
true
iex> Feel.Runtime.Boxed.allowed?("abc")
false

  



  
    
      
    
    
      diagnostic(value, part)



        
          
        

    

  


  

      

          @spec diagnostic(Feel.Value.t(), part()) :: Feel.Diagnostic.t()


      


The diagnostic of a condition that is not a boolean: a :type_mismatch, with the part of the box in its details.
iex> diagnostic = Feel.Runtime.Boxed.diagnostic("abc", :if)
iex> {diagnostic.code, diagnostic.severity, diagnostic.details}
{:type_mismatch, :error, %{boxed: :if}}

  



  
    
      
    
    
      violation(env, value, part, span)



        
          
        

    

  


  

      

          @spec violation(Feel.Runtime.Env.t(), Feel.Value.t(), part(), Feel.Diagnostic.span()) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


The result of a boxed node whose condition is not a boolean: null and the error, at the span of the node.
iex> env = Feel.Runtime.Env.new()
iex> {nil, env} = Feel.Runtime.Boxed.violation(env, "abc", :if, {0, 3})
iex> Enum.map(Feel.Runtime.Env.diagnostics(env), & &1.code)
[:type_mismatch]

  


        

      


  

    
Feel.Runtime.Budget 
    



      
A cumulative budget for sequential runs in one process.
within/1 owns and removes the counters, including on an exception. Pass its handle as
budget: to each FEEL run. Each environment receives the remaining limits and reports
its consumption once, without adding a lookup to every runtime operation. Diagnostics
and call depth remain local to the expression; their count and total calls share the budget.
A handle cannot be used outside its scope or from another process.
An unexpected exception, throw or exit invalidates the handle: the partial environment
is unavailable for metering, so later runs fail closed instead of receiving a fresh budget.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        within(fun)

      


        Runs a function with a fresh, process-owned budget handle and always removes its counters.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @opaque t()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      within(fun)



        
          
        

    

  


  

      

          @spec within((t() -> result)) :: result when result: term()


      


Runs a function with a fresh, process-owned budget handle and always removes its counters.

  


        

      


  

    
Feel.Runtime.Compare 
    



      
Equality and ordering: =, !=, <, <=, >, and >= (DMN 1.6, Tables 50
and 53 to 55).
Each function takes the two values and returns an Feel.Runtime.Env.outcome/0.
Equality
Two values are equal only when they are of the same kind (Feel.Runtime.Kind);
"1" = 1 is null, with a type mismatch. null is the exception (Table 50):
null = null is true, and null = x is false for any other value, so =
and != never give null because of a null operand. Within a kind:
	numbers are equal by value, not by scale: 1 = 1.000.
	strings are equal when they are the same code points: no case folding, no
normalization.
	dates, and the durations of one kind, are equal by value. A years and months
duration and a days and time duration are different kinds, so they never compare
(D-54).
	times, and dates and times, are equal as Feel.Runtime.Temporal.compare/3 says:
by instant when both have a time offset or a zone, and by their local fields when
one has none (D-54). A date and a date and time are different kinds.
	lists are equal when they have the same length and equal elements, contexts when
they have the same keys and equal values, ranges when they have the same
endpoints, the same inclusion of them, and were written the same way ((< 10) is not
(null..10), D-61). An element that cannot be compared
makes the result null, unless another element is already unequal; then it is
false. A list or a context that is the same term as the other, or has the same terms in it, is equal without its
elements being compared (D-168), so it is equal if a term in it is not a value of FEEL (an atom, a float, a NaN:
Feel.Runtime.Kind.of/1 is :unknown for it) and is the same one on both sides, where that term alone is not equal to itself.

!= is not (=).
Ordering
<, <=, >, and >= are defined for numbers, strings, dates, times, dates and times, and
durations of one kind (Table 55), and give null for everything else. Strings compare by code point,
with the shorter of two strings that start alike first (the specification pads with
U+0000, so trailing U+0000 characters do not count). A null operand of < or > gives
:missing, and one of <= or >= is null with an error, :null_operand, as the TCK flags the one and not
the other (Feel.Runtime.NullOperand, D-103); operands of different kinds, or of a kind that has no order (booleans,
lists, contexts, ranges, functions), give a type mismatch.
This is the specification's sentence that the operators "are defined only for the
datatypes listed in Table 55". Its other sentence, that <= is < or =, still holds
within those types, but it is not applied to the others: null <= null and
true <= true are null, not true. The two readings differ only there, and the TCK
has no test for either (decision D-04, D-103). Reading the formula literally is the
order/5 clause for the unordered kinds.
Functions
Two functions are equal when they are the same function value, and unequal otherwise (notes 05, [E13];
D-82): the specification says "the same parameters, body and scope", and the identity of the closure is
that, taken for a function that was written once and bound to a name. Two functions that are written alike in
two places are two values, so they are unequal. A function has no order.

      


      
        Summary


  
    Functions
  


    
      
        equal(a, b)

      


        Tests two values for equality.



    


    
      
        greater_or_equal(a, b)

      


        Tests whether the first value is greater than or equal to the second.



    


    
      
        greater_than(a, b)

      


        Tests whether the first value is greater than the second.



    


    
      
        less_or_equal(a, b)

      


        Tests whether the first value is less than or equal to the second.



    


    
      
        less_than(a, b)

      


        Tests whether the first value is less than the second.



    


    
      
        not_equal(a, b)

      


        Tests two values for inequality: the negation of equal/2.



    


    
      
        ordering(atom, a, b)

      


        The comparison of an IR node (Feel.IR.comparison_operator/0) that is an ordering: :lt, :lte,
:gt or :gte.



    





      


      
        Functions


        


  
    
      
    
    
      equal(a, b)



        
          
        

    

  


  

      

          @spec equal(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Tests two values for equality.
iex> Feel.Runtime.Compare.equal(Decimal.new("1"), Decimal.new("1.000"))
{:ok, true}
iex> Feel.Runtime.Compare.equal(nil, nil)
{:ok, true}
iex> Feel.Runtime.Compare.equal(Decimal.new(1), nil)
{:ok, false}
iex> {:error, diagnostic} = Feel.Runtime.Compare.equal("1", Decimal.new(1))
iex> diagnostic.message
"cannot compare a string with a number"

  



  
    
      
    
    
      greater_or_equal(a, b)



        
          
        

    

  


  

      

          @spec greater_or_equal(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Tests whether the first value is greater than or equal to the second.
iex> Feel.Runtime.Compare.greater_or_equal(Decimal.new(2), Decimal.new(3))
{:ok, false}

  



  
    
      
    
    
      greater_than(a, b)



        
          
        

    

  


  

      

          @spec greater_than(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Tests whether the first value is greater than the second.
iex> Feel.Runtime.Compare.greater_than("b", "a")
{:ok, true}

  



  
    
      
    
    
      less_or_equal(a, b)



        
          
        

    

  


  

      

          @spec less_or_equal(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Tests whether the first value is less than or equal to the second.
iex> Feel.Runtime.Compare.less_or_equal(Decimal.new(1), Decimal.new(1))
{:ok, true}
iex> {:error, diagnostic} = Feel.Runtime.Compare.less_or_equal(nil, nil)
iex> diagnostic.code
:null_operand
iex> {:error, diagnostic} = Feel.Runtime.Compare.less_or_equal(Decimal.new(1), nil)
iex> diagnostic.message
"an operand of <= is null"

  



  
    
      
    
    
      less_than(a, b)



        
          
        

    

  


  

      

          @spec less_than(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Tests whether the first value is less than the second.
iex> Feel.Runtime.Compare.less_than("a", "ab")
{:ok, true}
iex> Feel.Runtime.Compare.less_than(Decimal.new(1), nil)
:missing

  



  
    
      
    
    
      not_equal(a, b)



        
          
        

    

  


  

      

          @spec not_equal(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Tests two values for inequality: the negation of equal/2.
iex> Feel.Runtime.Compare.not_equal(Decimal.new(1), nil)
{:ok, true}
iex> Feel.Runtime.Compare.not_equal("a", "a")
{:ok, false}

  



  
    
      
    
    
      ordering(atom, a, b)



        
          
        

    

  


  

      

          @spec ordering(:lt | :lte | :gt | :gte, Feel.Value.t(), Feel.Value.t()) ::
  Feel.Runtime.Env.outcome()


      


The comparison of an IR node (Feel.IR.comparison_operator/0) that is an ordering: :lt, :lte,
:gt or :gte.
iex> Feel.Runtime.Compare.ordering(:lte, "a", "b")
{:ok, true}
iex> Feel.Runtime.Compare.ordering(:gt, "a", "b")
{:ok, false}

  


        

      


  

    
Feel.Runtime.DecisionTable 
    



      
The run of a decision table (DMN 1.6, clause 8 and 10.3.2.10), for both backends.
A backend gives the table its parts as functions, and this module does what the specification says of them:
	The input expressions have been evaluated, in order, and inputs are their values, each with the function that
tests it against the inputValues of its column, if it has some.
	A rule matches when every input satisfies the input entry of its column. An entry is a function of the input value
and the environment that gives true or false (the unary tests of an entry are satisfied or not, never null, and
not(…) is satisfied by an input that none of its tests matches). No entry is -, and satisfied by any input; if the
column has input values it is satisfied by an input that satisfies them. A rule stops at the first entry that is not
satisfied.
	The hit policy chooses among the rules that match, and the outputs of those are computed, and only those: an output
entry of a rule that does not count is not run.
	No rule counts: the default output, or null.

	Policy	Result
	:unique	the output of the one rule; more than one is null with the error :unique_hit_policy_violated
	:first	the output of the first rule
	:any	the output of the first rule, if the outputs of all of them are equal (=), else null with :any_hit_policy_violated
	:priority	the output that comes first in the output values; one that is not among them is null with :output_not_in_values
	:output_order	the outputs in the order of the output values
	:rule_order	the list of the outputs, in the order of the rules
	:collect	the list of the outputs, or sum, count, min or max of it with an aggregation

The output of a rule is its output entry, or, for a table of several outputs, a context of them by the names of the outputs. The
order of the priority policies is by the output values of the first output, then of the second, and so on; an output that has
none is not part of it.
Every error here is null for the table, reported at the span of the node, as the errors of the operators are (and ends a
mode: :strict run).

      


      
        Summary


  
    Types
  


    
      
        entry()

      


        A function of an input and the environment that tells whether the input satisfies the entry of a rule.



    


    
      
        input()

      


        An input: its value, and the test against the input values of its column, if it has one.



    


    
      
        options()

      


    


    
      
        output()

      


        An output: the output values (the order of the priority policies) and the default output entry, if it has them.



    


    
      
        rule()

      


        A rule: its id, one entry for each input (nil is -), and one output entry for each output.



    


    
      
        thunk()

      


        A function of the environment that computes a part of the table.



    





  
    Functions
  


    
      
        run(env, options, inputs, rules, outputs)

      


        Runs a table.



    





      


      
        Types


        


  
    
      
    
    
      entry()



        
          
        

    

  


  

      

          @type entry() :: (Feel.Value.t(), Feel.Runtime.Env.t() ->
              {boolean(), Feel.Runtime.Env.t()})


      


A function of an input and the environment that tells whether the input satisfies the entry of a rule.

  



  
    
      
    
    
      input()



        
          
        

    

  


  

      

          @type input() :: {Feel.Value.t(), entry() | nil}


      


An input: its value, and the test against the input values of its column, if it has one.

  



  
    
      
    
    
      options()



        
          
        

    

  


  

      

          @type options() :: %{
  policy:
    :unique | :first | :any | :priority | :output_order | :rule_order | :collect,
  aggregation: :sum | :count | :min | :max | nil,
  names: [String.t() | nil],
  span: Feel.Diagnostic.span()
}


      



  



  
    
      
    
    
      output()



        
          
        

    

  


  

      

          @type output() :: {thunk() | nil, thunk() | nil}


      


An output: the output values (the order of the priority policies) and the default output entry, if it has them.

  



  
    
      
    
    
      rule()



        
          
        

    

  


  

      

          @type rule() :: {String.t(), [entry() | nil], [thunk()]}


      


A rule: its id, one entry for each input (nil is -), and one output entry for each output.

  



  
    
      
    
    
      thunk()



        
          
        

    

  


  

      

          @type thunk() :: (Feel.Runtime.Env.t() -> {Feel.Value.t(), Feel.Runtime.Env.t()})


      


A function of the environment that computes a part of the table.

  


        

      

      
        Functions


        


  
    
      
    
    
      run(env, options, inputs, rules, outputs)



        
          
        

    

  


  

      

          @spec run(Feel.Runtime.Env.t(), options(), [input()], [rule()], [output()]) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


Runs a table.
iex> env = Feel.Runtime.Env.new()
iex> equals = fn expected -> fn input, env -> {input == expected, env} end end
iex> rules = [{"r1", [equals.("a")], [fn env -> {1, env} end]}, {"r2", [equals.("b")], [fn env -> {2, env} end]}]
iex> options = %{policy: :unique, aggregation: nil, names: [nil], span: {0, 1}}
iex> {value, _env} = Feel.Runtime.DecisionTable.run(env, options, [{"b", nil}], rules, [{nil, nil}])
iex> value
2

  


        

      


  

    
Feel.Runtime.Env 
    



      
The environment of one run: its mode, its dialect, its extensions, its clock, its limits, and the
diagnostics it has produced so far.
The runtime is made of pure functions on values, and the environment is the one
thing that is threaded through a run. Everything that depends on the run and not
on the expression lives here:
	:mode - :lenient (the default) or :strict, as in Feel.run/3.
	:dialect - the dialect the expression was prepared in (Feel.Dialect, D-49). It is a
property of the prepared expression, not of a run: the backend puts it here. What is
defined for an error in FEEL is null; B-FEEL will read this to give the value of the
type instead. S-FEEL has the semantics of FEEL, so nothing reads it for that.
	:extensions - the Feel.Extensions the expression was prepared with (D-81). Like the dialect, it is a
property of the prepared expression: the backend puts it here, and a call of a function finds the function
through it (Feel.Builtin.call/3).
	:clock - the moment now() and today() see. It is fixed when the environment is built, so repeated calls
in one run agree. A DateTime that was given is kept as it is. Without one (D-148), the instant is taken as a number
of microseconds ({:os_time, microseconds}), and made into a DateTime only when clock/1 is asked, since
most expressions never ask and a DateTime costs about as much as everything else a run does. Read it with
clock/1. It is nil in the template of an executable (template/1), which has no moment yet.
	:limits - the Feel.Limits.t/0 of the run.
	:entropy - where random bytes come from, for the functions of an extension that are random (D-81): a function from
a number of bytes to that many bytes, :crypto.strong_rand_bytes/1 by default. A run can be given its own to be
repeatable. Nothing in DMN 1.6 is random.
	:diagnostics - what has been reported, newest first. Use diagnostics/1.
	:diagnostic_count - how many there are in :diagnostics, kept so that the ones that an operation reported
can be told from the ones before it without counting the list (D-103). Whoever puts another list in
:diagnostics puts its length here.
	:declared - the errors that the checks of the bound values reported when the run began (declared/2, D-103),
newest first. They are at the span of the first read of each name, and so inside the operations that read it.
	:call_depth - how many calls of a function value the run is in (D-82), which max_call_depth of the limits caps.
	:calls - how many calls of a function of FEEL the run has made, nested or not (D-154), which max_calls of the
limits caps.
	:iterations - how many elements the iterators of for, some and every have taken in the run (D-86), which
max_iterations of the limits caps.
	:links - the closures that Feel.Recursion has made in this run (D-200), by the link and the member they are
for. A function that calls itself needs its closure at each call, and makes it at the first: the closure is
a value of the run like the diagnostics, and a function value that outlives the run finds this empty in the next
one and makes it again.
	:origin - the origin of the text that is being run (D-201): the :origin option of the run (nil unless the host
gave one) for the expression of the run, and for the body of a function the origin that function has, which a
function written in an expression takes from the run it is made in. A diagnostic is reported with it
(Feel.Diagnostic, :origin), so that its span can be found in the text it is of.

Outcomes
A runtime operation does not touch the environment. It returns an outcome/0,
and settle/3 turns that into a value and a new environment:
	{:ok, value} - the result. The value may be null: some results are defined
to be.
	{:ok, value, env} - the result, from a function that called a function value on the way, as
list replace calls its match (D-82). The environment it gives back has what those calls reported, and
the diagnostics in it that have no span are given the one of the operation.
	{:ok, value, [diagnostic]} - the result, with what the operation did on a value's behalf and says (the implicit
conversion of a date in a subtraction, D-56): the diagnostics are reported, with the span of the operation if they
have none, and then the value is the result.
	:missing - the result is null because an operand is null: missing data,
not a mistake. Nothing is reported.
	{:error, diagnostic} - the result is null because of a semantic error, such
as a type mismatch or a division by zero (DMN 1.6, section 7.3.8). It is
reported.

Which null results count as errors is D-103 (was D-103), after the TCK's flags: a null operand of
an arithmetic operator, and of <= and >=, is {:error, _} (Feel.Runtime.NullOperand), and one of
<, >, and, or and not is :missing; settle/3 is the one place that applies the split. In lenient mode a reported diagnostic is collected and evaluation goes on. In
strict mode the first error ends the run, and warnings and infos do not. run/2 is where
that ends up as {:error, error}.
Limits
settle/3 also checks the size of the value it is given against :limits, since
every backend passes its results through it. A string or list that is too long ends
the run with an error of kind :limit, in either mode. A function whose result can be as long as the product of
the sizes of its arguments asks the same question before it makes the result, with check_string_length/2 and
check_list_length/2 (D-154 does it for a loop), so that the error is the same and nothing is built that the limit
refuses (Feel.Builtin.Size).
report/2 counts the diagnostics against max_diagnostics.

      


      
        Summary


  
    Types
  


    
      
        mode()

      


    


    
      
        outcome()

      


        What a runtime operation returns; see the module documentation.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        abort(env, kind, diagnostic)

      


        Ends the run with an error, in either mode.



    


    
      
        check_list_length(env, length)

      


        Ends the run, in either mode, with an error of kind :limit if a list of length elements is longer than
max_list_length, and gives the environment back if it is not (D-154).



    


    
      
        check_string_length(env, size)

      


        Ends the run, in either mode, with an error of kind :limit if a string of size bytes is longer than
max_string_length, and gives the environment back if it is not.



    


    
      
        clock(env)

      


        The moment now() and today() see: the DateTime that was given as the :clock, or, without one, the instant at which
the environment was built, as a DateTime in UTC with the precision of a microsecond (what DateTime.utc_now/0 gives).
Every call on one environment gives the same moment (D-148).



    


    
      
        count_iteration(env)

      


        Counts one element taken by an iterator of for, some or every (D-86). A run in which they have taken more than
max_iterations ends, in either mode, with an error of kind :limit.



    


    
      
        declared(env, since)

      


        Keeps the errors that were reported since since as the ones of the declarations of the names (D-103).



    


    
      
        diagnostics(env)

      


        Returns the diagnostics reported so far, oldest first.



    


    
      
        enter_call(env)

      


        Enters a call of a function of FEEL (D-82): the depth of the run goes up by one, and so does the number of calls
it has made (D-154). A run that passes max_call_depth or max_calls ends in either mode, as one that passes
any other limit does.



    


    
      
        leave_call(env, depth)

      


        Leaves a call: the depth is the one that the run was at before it (depth). The number of calls is not: they
have been made.



    


    
      
        new(options \\ [])

      


        Builds the environment of a run.



    


    
      
        quietly(env, fun)

      


        Runs fun on the environment and keeps what it reports out of it (D-100).



    


    
      
        random_bytes(env, count)

      


        count random bytes, from the :entropy of the environment. A source that gives anything but that many bytes is a
mistake of its caller and raises ArgumentError.



    


    
      
        report(env, diagnostic)

      


        Reports a diagnostic.



    


    
      
        run(env, fun)

      


        Runs fun on the environment and returns the result in the form Feel.run/3 does.



    


    
      
        settle(env, outcome, span \\ nil, since \\ nil)

      


        Turns the outcome of an operation into a value and an environment.



    


    
      
        start(template, options)

      


        The environment of one run, from the template of its executable (D-148) and the run options :mode, :clock, :limits
:entropy and :origin, which mean what they mean for new/1, with the same errors. It is what new/1 gives for the options of
the template and these, and does the work of checking only the options that are given: a run with none takes the clock
and nothing else.



    


    
      
        template(options \\ [])

      


        The environment that the runs of one executable start from (D-148): new/1 with the options of the executable (its
:dialect and :extensions) and no clock, which start/2 takes at each run. An executable makes it once, when it is
compiled, and so a run does not check and build the same options again. It has no clock so that two executables of the
same expression are equal.



    


    
      
        within(env, origin, fun)

      


        Runs fun with origin as the origin of the text, and gives the environment back with the origin it had (D-201).



    





      


      
        Types


        


  
    
      
    
    
      mode()



        
          
        

    

  


  

      

          @type mode() :: :lenient | :strict


      



  



  
    
      
    
    
      outcome()



        
          
        

    

  


  

      

          @type outcome() ::
  {:ok, Feel.Value.t()}
  | {:ok, Feel.Value.t(), t()}
  | {:ok, Feel.Value.t(), [Feel.Diagnostic.t(), ...]}
  | :missing
  | {:error, Feel.Diagnostic.t()}


      


What a runtime operation returns; see the module documentation.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Runtime.Env{
  budget: Feel.Runtime.Budget.t() | nil,
  call_depth: non_neg_integer(),
  calls: non_neg_integer(),
  clock: DateTime.t() | {:os_time, integer()} | nil,
  declared: [Feel.Diagnostic.t()],
  diagnostic_count: non_neg_integer(),
  diagnostics: [Feel.Diagnostic.t()],
  dialect: Feel.Dialect.t(),
  entropy: (non_neg_integer() -> binary()) | nil,
  extensions: Feel.Extensions.t(),
  iterations: non_neg_integer(),
  limits: Feel.Limits.t(),
  links: %{optional({reference(), term()}) => Feel.Value.t()},
  mode: mode(),
  monitor: (Feel.IR.t(), Feel.Value.t() -> term()) | nil,
  origin: term()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      abort(env, kind, diagnostic)



        
          
        

    

  


  

      

          @spec abort(t(), Feel.Error.kind(), Feel.Diagnostic.t()) :: no_return()


      


Ends the run with an error, in either mode.
A strict run ends at its first error (report/2), and a run that passes a limit ends in
either mode; this is for a mistake that is not the expression's and that makes the run
worthless, as a value that is not allowed by the declaration of the scope. run/2 returns
{:error, error}. The error has the diagnostic and, after it, those reported so far.
iex> env = Feel.Runtime.Env.new()
iex> diagnostic = Feel.Diagnostic.new(:null_not_allowed, "x")
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env -> Feel.Runtime.Env.abort(env, :input, diagnostic) end)
iex> {error.kind, error.code}
{:input, :null_not_allowed}

  



  
    
      
    
    
      check_list_length(env, length)



        
          
        

    

  


  

      

          @spec check_list_length(t(), non_neg_integer()) :: t()


      


Ends the run, in either mode, with an error of kind :limit if a list of length elements is longer than
max_list_length, and gives the environment back if it is not (D-154).
A list is checked when it is finished (settle/3), and a loop that makes one checks it as it makes it, with the
number of results so far, so that a loop that passes the limit ends at the first result over it and not when
it is done. A built-in function that makes a list out of lists, as flatten and concatenate do, counts the items as it
walks them. The diagnostics reported until then are in the error, as for any limit.
iex> env = Feel.Runtime.Env.new(limits: Feel.Limits.new(max_list_length: 2))
iex> ^env = Feel.Runtime.Env.check_list_length(env, 2)
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env -> {Feel.Runtime.Env.check_list_length(env, 3), env} end)
iex> {error.kind, error.code}
{:limit, :limit_exceeded}

  



  
    
      
    
    
      check_string_length(env, size)



        
          
        

    

  


  

      

          @spec check_string_length(t(), non_neg_integer()) :: t()


      


Ends the run, in either mode, with an error of kind :limit if a string of size bytes is longer than
max_string_length, and gives the environment back if it is not.
settle/3 checks a string when it is finished, and a built-in function whose result is longer than its arguments
checks the size it is going to make before it makes anything, so that a result that the limit refuses is not built.
It is the same function, so the error is the same (D-154 does it for a list). size need not be the exact size
of the string to come: a count that has passed the limit already (the bytes added up until then) is enough.
iex> env = Feel.Runtime.Env.new(limits: Feel.Limits.new(max_string_length: 2))
iex> ^env = Feel.Runtime.Env.check_string_length(env, 2)
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env -> {Feel.Runtime.Env.check_string_length(env, 3), env} end)
iex> {error.kind, hd(error.diagnostics).details}
{:limit, %{limit: :max_string_length}}

  



  
    
      
    
    
      clock(env)



        
          
        

    

  


  

      

          @spec clock(t()) :: DateTime.t()


      


The moment now() and today() see: the DateTime that was given as the :clock, or, without one, the instant at which
the environment was built, as a DateTime in UTC with the precision of a microsecond (what DateTime.utc_now/0 gives).
Every call on one environment gives the same moment (D-148).
iex> env = Feel.Runtime.Env.new(clock: ~U[2026-10-13 12:00:00Z])
iex> Feel.Runtime.Env.clock(env)
~U[2026-10-13 12:00:00Z]

iex> env = Feel.Runtime.Env.new()
iex> Feel.Runtime.Env.clock(env) == Feel.Runtime.Env.clock(env)
true

  



  
    
      
    
    
      count_iteration(env)



        
          
        

    

  


  

      

          @spec count_iteration(t()) :: t()


      


Counts one element taken by an iterator of for, some or every (D-86). A run in which they have taken more than
max_iterations ends, in either mode, with an error of kind :limit.
iex> env = Feel.Runtime.Env.new(limits: Feel.Limits.new(max_iterations: 2))
iex> env = env |> Feel.Runtime.Env.count_iteration() |> Feel.Runtime.Env.count_iteration()
iex> env.iterations
2
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env -> {Feel.Runtime.Env.count_iteration(env), env} end)
iex> {error.kind, error.code}
{:limit, :limit_exceeded}

  



  
    
      
    
    
      declared(env, since)



        
          
        

    

  


  

      

          @spec declared(t(), t()) :: t()


      


Keeps the errors that were reported since since as the ones of the declarations of the names (D-103).
The checks of the bound values (Feel.Runtime.BindingTypes, Feel.Runtime.AllowedValues) run before the
expression, and report at the span of the first read of each name. An operation that reads the name has that span
inside its own without its operands having reported anything, and the error explains its null operand all the
same (settle/4), in whatever turn of a loop or call of a function it is. There is one for a name at most, so
looking through them costs the names and not the diagnostics of the run.
iex> env = Feel.Runtime.Env.new()
iex> {nil, checked} = Feel.Runtime.Env.settle(env, {:error, Feel.Diagnostic.new(:value_not_allowed, "x")}, {0, 3})
iex> operand = Feel.Runtime.NullOperand.error("+")
iex> {nil, kept} = Feel.Runtime.Env.settle(checked, operand, {0, 7}, checked)
iex> Enum.map(Feel.Runtime.Env.diagnostics(kept), & &1.code)
[:value_not_allowed, :null_operand]
iex> declared = Feel.Runtime.Env.declared(checked, env)
iex> {nil, explained} = Feel.Runtime.Env.settle(declared, operand, {0, 7}, declared)
iex> Enum.map(Feel.Runtime.Env.diagnostics(explained), & &1.code)
[:value_not_allowed]

  



  
    
      
    
    
      diagnostics(env)



        
          
        

    

  


  

      

          @spec diagnostics(t()) :: [Feel.Diagnostic.t()]


      


Returns the diagnostics reported so far, oldest first.
iex> env = Feel.Runtime.Env.new()
iex> {nil, env} = Feel.Runtime.Env.settle(env, {:error, Feel.Diagnostic.new(:division_by_zero, "x")})
iex> Enum.map(Feel.Runtime.Env.diagnostics(env), & &1.code)
[:division_by_zero]

  



  
    
      
    
    
      enter_call(env)



        
          
        

    

  


  

      

          @spec enter_call(t()) :: t()


      


Enters a call of a function of FEEL (D-82): the depth of the run goes up by one, and so does the number of calls
it has made (D-154). A run that passes max_call_depth or max_calls ends in either mode, as one that passes
any other limit does.
iex> env = Feel.Runtime.Env.new(limits: Feel.Limits.new(max_call_depth: 1))
iex> env = Feel.Runtime.Env.enter_call(env)
iex> {env.call_depth, env.calls}
{1, 1}
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env -> {Feel.Runtime.Env.enter_call(env), env} end)
iex> {error.kind, error.code}
{:limit, :limit_exceeded}

iex> env = Feel.Runtime.Env.new(limits: Feel.Limits.new(max_calls: 1))
iex> env = env |> Feel.Runtime.Env.enter_call() |> Feel.Runtime.Env.leave_call(0)
iex> {env.call_depth, env.calls}
{0, 1}
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env -> {Feel.Runtime.Env.enter_call(env), env} end)
iex> {error.kind, hd(error.diagnostics).details}
{:limit, %{limit: :max_calls}}

  



  
    
      
    
    
      leave_call(env, depth)



        
          
        

    

  


  

      

          @spec leave_call(t(), non_neg_integer()) :: t()


      


Leaves a call: the depth is the one that the run was at before it (depth). The number of calls is not: they
have been made.

  



    

  
    
      
    
    
      new(options \\ [])



        
          
        

    

  


  

      

          @spec new(keyword()) :: t()


      


Builds the environment of a run.
Options
	:mode - :lenient (default) or :strict.
	:dialect - :feel (default), :s_feel, or :b_feel.
	:extensions - a list of extensions or a Feel.Extensions.t/0, none by default.
	:clock - a DateTime, or a function of no arguments that returns one. It
defaults to the current time, and a function is called once, here.
	:limits - a Feel.Limits.t/0. It defaults to Feel.Limits.default/0.
	:entropy - a function from a number of bytes to that many bytes, for the random functions of an extension.
It defaults to :crypto.strong_rand_bytes/1, and is called each time a function wants bytes (the clock is read
once).
	:origin - which text the run is of, for the host to find the span of a diagnostic in (D-201). It is nil by
default. A function written in the expression keeps it, wherever the function is called.

Raises ArgumentError for an unknown option or a value of the wrong kind.
iex> env = Feel.Runtime.Env.new(mode: :strict, clock: ~U[2026-10-13 12:00:00Z])
iex> {env.mode, env.dialect, env.clock}
{:strict, :feel, ~U[2026-10-13 12:00:00Z]}

  



  
    
      
    
    
      quietly(env, fun)



        
          
        

    

  


  

      

          @spec quietly(t(), (t() -> {Feel.Value.t(), t()})) :: {Feel.Value.t(), t()}


      


Runs fun on the environment and keeps what it reports out of it (D-100).
fun takes the environment and returns {value, environment}, as the code of an expression does. In fun the
run is lenient, so an error does not end it, and what it reports is dropped: the diagnostics and the mode are the
ones of env. What it counted (the iterations and the depth of the calls) is kept, and so is the end of a run by a
limit or by abort/3, which is not a report.
iex> env = Feel.Runtime.Env.new(mode: :strict)
iex> {nil, quiet} = Feel.Runtime.Env.quietly(env, fn env ->
...>   {nil, Feel.Runtime.Env.report(env, Feel.Diagnostic.new(:invalid_property, "x"))}
...> end)
iex> {quiet.mode, Feel.Runtime.Env.diagnostics(quiet)}
{:strict, []}

  



  
    
      
    
    
      random_bytes(env, count)



        
          
        

    

  


  

      

          @spec random_bytes(t(), non_neg_integer()) :: binary()


      


count random bytes, from the :entropy of the environment. A source that gives anything but that many bytes is a
mistake of its caller and raises ArgumentError.
iex> env = Feel.Runtime.Env.new(entropy: fn count -> :binary.copy(<<7>>, count) end)
iex> Feel.Runtime.Env.random_bytes(env, 3)
<<7, 7, 7>>
iex> byte_size(Feel.Runtime.Env.random_bytes(Feel.Runtime.Env.new(), 16))
16

  



  
    
      
    
    
      report(env, diagnostic)



        
          
        

    

  


  

      

          @spec report(t(), Feel.Diagnostic.t()) :: t()


      


Reports a diagnostic.
In lenient mode it is collected, and so is a warning or an info (D-46) in either mode. In strict mode
an error ends the run: this function does not return, and the run's run/2 returns
{:error, error} of kind :strict, whose diagnostics start with this one and go on
with the ones reported before.
A run that has reported max_diagnostics already ends, in either mode, with an error of kind :limit and the
diagnostics it has (D-154).
iex> env = Feel.Runtime.Env.new(limits: Feel.Limits.new(max_diagnostics: 1))
iex> env = Feel.Runtime.Env.report(env, Feel.Diagnostic.new(:invalid_property, "x"))
iex> env.diagnostic_count
1
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env ->
...>   {nil, Feel.Runtime.Env.report(env, Feel.Diagnostic.new(:invalid_property, "y"))}
...> end)
iex> {error.kind, hd(error.diagnostics).details, length(error.diagnostics)}
{:limit, %{limit: :max_diagnostics}, 2}

  



  
    
      
    
    
      run(env, fun)



        
          
        

    

  


  

      

          @spec run(t(), (t() -> {Feel.Value.t(), t()})) :: Feel.result(Feel.Value.t())


      


Runs fun on the environment and returns the result in the form Feel.run/3 does.
fun takes the environment and returns {value, environment}. The result is
{:ok, value, diagnostics}, or {:error, error} if the run was ended by a strict
mode error or by a limit.
iex> env = Feel.Runtime.Env.new()
iex> Feel.Runtime.Env.run(env, fn env -> {1, env} end)
{:ok, 1, []}

iex> env = Feel.Runtime.Env.new(mode: :strict)
iex> {:error, error} = Feel.Runtime.Env.run(env, fn env ->
...>   Feel.Runtime.Env.settle(env, {:error, Feel.Diagnostic.new(:type_mismatch, "x")})
...> end)
iex> error.kind
:strict

  



    

    

  
    
      
    
    
      settle(env, outcome, span \\ nil, since \\ nil)



        
          
        

    

  


  

      

          @spec settle(t(), outcome(), Feel.Diagnostic.span() | nil, t() | nil) ::
  {Feel.Value.t(), t()}


      


Turns the outcome of an operation into a value and an environment.
span is the byte range of the source the operation came from; it is put on a
diagnostic that has none. A value that is too long for the limits ends the run, as
described in the module documentation. Construction checks apply to each string and list.
A null operand (Feel.Runtime.NullOperand) is not reported when an error has been reported inside the
operation already. since is the environment from before the operands of the operation were evaluated, and what
was reported after it is what they can have reported (D-103):
iex> env = Feel.Runtime.Env.new()
iex> since = env
iex> {nil, env} = Feel.Runtime.Env.settle(env, {:error, Feel.Diagnostic.new(:division_by_zero, "x")}, {1, 6})
iex> {nil, env} = Feel.Runtime.Env.settle(env, Feel.Runtime.NullOperand.error("+"), {0, 11}, since)
iex> Enum.map(Feel.Runtime.Env.diagnostics(env), & &1.code)
[:division_by_zero]
An error that was reported before the operands were evaluated, in an earlier turn of a loop or by an earlier call of
the same function, has the span of this operation around it too, and is not the reason for this null. Without
since, nothing is:
iex> env = Feel.Runtime.Env.new()
iex> {nil, env} = Feel.Runtime.Env.settle(env, {:error, Feel.Diagnostic.new(:division_by_zero, "x")}, {1, 6})
iex> since = env
iex> {nil, env} = Feel.Runtime.Env.settle(env, Feel.Runtime.NullOperand.error("+"), {0, 11}, since)
iex> Enum.map(Feel.Runtime.Env.diagnostics(env), & &1.code)
[:division_by_zero, :null_operand]

  



  
    
      
    
    
      start(template, options)



        
          
        

    

  


  

      

          @spec start(t(), keyword()) :: t()


      


The environment of one run, from the template of its executable (D-148) and the run options :mode, :clock, :limits
:entropy and :origin, which mean what they mean for new/1, with the same errors. It is what new/1 gives for the options of
the template and these, and does the work of checking only the options that are given: a run with none takes the clock
and nothing else.
Options of any other kind (a :dialect, an unknown one, one given twice) are left to new/1, which raises for the ones
that are wrong and lets the options of the executable win.
iex> template = Feel.Runtime.Env.template(dialect: :s_feel)
iex> env = Feel.Runtime.Env.start(template, mode: :strict, clock: ~U[2026-10-13 12:00:00Z])
iex> {env.mode, env.dialect, env.clock}
{:strict, :s_feel, ~U[2026-10-13 12:00:00Z]}
iex> Feel.Runtime.Env.start(template, []).mode
:lenient

  



    

  
    
      
    
    
      template(options \\ [])



        
          
        

    

  


  

      

          @spec template(keyword()) :: t()


      


The environment that the runs of one executable start from (D-148): new/1 with the options of the executable (its
:dialect and :extensions) and no clock, which start/2 takes at each run. An executable makes it once, when it is
compiled, and so a run does not check and build the same options again. It has no clock so that two executables of the
same expression are equal.
iex> template = Feel.Runtime.Env.template(dialect: :s_feel)
iex> {template.dialect, template.mode, template.clock}
{:s_feel, :lenient, nil}

  



  
    
      
    
    
      within(env, origin, fun)



        
          
        

    

  


  

      

          @spec within(t(), term(), (t() -> {Feel.Value.t(), t()})) :: {Feel.Value.t(), t()}


      


Runs fun with origin as the origin of the text, and gives the environment back with the origin it had (D-201).
What fun reports has origin (Feel.Diagnostic, :origin) unless a function it calls has one of its own. It is how
the body of a function that another expression made (Feel.Value.Function.with_origin/2) says whose text its spans are in.
iex> env = Feel.Runtime.Env.new()
iex> {nil, inner} = Feel.Runtime.Env.within(env, :member, fn env ->
...>   {nil, Feel.Runtime.Env.report(env, Feel.Diagnostic.new(:invalid_property, "x", span: {0, 1}))}
...> end)
iex> {inner.origin, Enum.map(Feel.Runtime.Env.diagnostics(inner), & &1.origin)}
{nil, [:member]}

  


        

      


  

    
Feel.Runtime.EqualItems 
    



      
Which items of a list are the first of several that are equal, and which are equal to one before them
(occurrences/1), and the list without the items that are equal to one that was kept
(distinct/1), without comparing
every pair.
Two items are equal when Feel.Runtime.Compare.equal/2 says {:ok, true}: two that cannot be compared are not equal,
and nothing is reported of them. Asking that of every pair of a list of n items is n * n / 2 comparisons, and a run
may build a list of max_list_length items. An item that has a key, a term that two items share exactly when they
are equal, is told from the others by it, in a map: each item is read once.
	Kind	Key
	number	the sign, the coefficient without the zeros at its end, and the exponent that goes with it (1 and 1.00 are equal), or 0
	string, boolean, null	the value
	date	the year, month and day
	years and months duration	the months
	days and time duration	the key of the seconds, as for a number
	time, date and time	the whole seconds (the resolution of =, D-54) of the local time if it has no time offset or zone, and of the instant if it has one (Feel.Runtime.Temporal.seconds/1)
	list	the keys of the items, in order
	context	the keys of the values by name: the order of the entries is not a part of it
	range	the keys of the endpoints, and whether each is included, and how the range was written (D-61)

A list, context or range has a key if every value in it has one, to any depth. The values that have none are of three
sorts, and each is dealt with as Compare.equal/2 would deal with it:
	A value of no kind (Feel.Runtime.Kind: a float or an atom that a host bound) is not equal to any value,
itself included, for it cannot be compared. That is known without a comparison. A range that holds one is the
same. A list or a context that holds one is not equal to a value that is not the same term, or does not have the
same terms in it, and is equal to one that does (Compare.equal/2, D-168): it is compared with the others of its
sort, as a function is.
	A function is equal to a function that is the same term. The term holds the bindings it was written in, so it
is not hashed: it is compared with the others of its sort, as is a list, context or range that holds one.
	A time or a date and time, if the list has both ones with a time offset or a zone and ones with none. A time
with a zone is equal to another by their instants, and one with none to either by its local fields, so
10:00:00+01:00 is equal to 10:00:00, and that is equal to 10:00:00Z, and the first is not equal to the third:
no key is shared by all that are equal. Such a value is compared with the others of its sort, as is a list, context
or range that holds one. A list that has the one sort of times only has a key for each.

The items that are compared are compared in pairs, n * n / 2 for n of them, and with each other only: an item that
has a key is never equal to one without, since the two are not of one kind or have a part that is not. So a list of
functions is as long to work through as ever it was, and a list of numbers with one function in it is not.
A term that is not a value of its kind has no key and may be equal to a value that has one (a duration whose
months are not an integer, 1.0 == 1; a date of another calendar than the ISO one). One such term anywhere in the
list makes it compared in pairs, all of it, so that the answer is the one of Compare.equal/2 for any list.

      


      
        Summary


  
    Functions
  


    
      
        distinct(items)

      


        The items that are not equal to an item that was kept before them: the first of each group of equal items, in order.



    


    
      
        occurrences(items)

      


        What each item is, in order: :again if an item before it is equal, else :first if an item after it is, else
:alone. So :first and :alone items are the distinct values of the list, and the :first ones those of them that
occur more than once.



    





      


      
        Functions


        


  
    
      
    
    
      distinct(items)



        
          
        

    

  


  

      

          @spec distinct([Feel.Value.t()]) :: [Feel.Value.t()]


      


The items that are not equal to an item that was kept before them: the first of each group of equal items, in order.
It is the items of occurrences/1 that are not :again, but for the times that have no key, and so are compared: an
item is left out for an item that was kept, and not for one that was left out. With a and b equal, and b and
c, and a and c not equal (a time without a zone, one with an offset, and one with another), [a, b, c] has a
and c, where c is :again for occurrences/1, being equal to b.
iex> Feel.Runtime.EqualItems.distinct([Decimal.new(1), nil, Decimal.new("1.0"), nil, 1.5, 1.5])
[Decimal.new(1), nil, 1.5, 1.5]
iex> {:ok, floating} = Feel.Value.Time.parse("10:00:00")
iex> {:ok, plus_one} = Feel.Value.Time.parse("10:00:00+01:00")
iex> {:ok, utc} = Feel.Value.Time.parse("09:00:00Z")
iex> Feel.Runtime.EqualItems.distinct([floating, plus_one, utc]) == [floating, utc]
true

  



  
    
      
    
    
      occurrences(items)



        
          
        

    

  


  

      

          @spec occurrences([Feel.Value.t()]) :: [:alone | :first | :again]


      


What each item is, in order: :again if an item before it is equal, else :first if an item after it is, else
:alone. So :first and :alone items are the distinct values of the list, and the :first ones those of them that
occur more than once.
iex> numbers = [Decimal.new(1), Decimal.new("2.0"), Decimal.new("1.00"), Decimal.new(3)]
iex> Feel.Runtime.EqualItems.occurrences(numbers)
[:first, :alone, :again, :alone]
iex> Feel.Runtime.EqualItems.occurrences([nil, "a", nil])
[:first, :alone, :again]
iex> Feel.Runtime.EqualItems.occurrences([1.5, 1.5])
[:alone, :alone]

  


        

      


  

    
Feel.Runtime.Filter 
    



      
Filters and indexes: source[predicate] (DMN 1.6, section 10.3.2.5 and Table 69).
The functions are the part of a filter that both backends share. What differs is how the part in
brackets is run for an element, so the backends pass it as a function; the rest is here.
The source
null filters to null, a list is a list, and any other value is a list of one (the implicit
conversion of a filter context, section 10.3.2.9.4: 3[item > 2] is [3], Table 45). So a value
that is not a list is its own only element, and 100[1] is 100. The conversion is reported, once for the
filter, as an :info :implicit_conversion at its span (D-46).
A predicate
predicate/4 runs the part in brackets for each element, with the element as item and, if it is a
context, its entries as names (the backend binds both), and keeps the elements for which it is
exactly true: false, null, and anything that is not a boolean drop the element, and report only
what the part itself reports ([{x: 1}, {x: null}][x < 2] is [{x: 1}], 0069 #029). The result is a
list, [] if nothing is kept. The order is kept.
A strict predicate
A filter of a boxed expression (strict, Feel.Runtime.Boxed, D-212) is null with an error, for the whole filter, when the
brackets are a value that is neither a boolean nor null for any element: the other elements do not change it. A number is an
index, decided before this (dynamic/6), and null drops the element, as without it.
An index
index/2 takes the element: the first for 1, the last for -1, and null for 0 and for a
number that is past the ends, with nothing reported (0069 #002, #003, #008). A number with a scale
but an integral value (1.0) is an index; one that is not integral, and a value that is neither a
number nor null, are null with an error, since the specification does not give them a meaning
(notes 05, E40). A source that is not a list has one element, so x[1] is x, and any other number
is null (0069 #018 to #023).
When it is not known which
Whether the brackets hold an index or a predicate is decided by the analysis when the types say
(Feel.Analysis.Filters). When they do not, dynamic/5 decides by the value (notes 05, E40, D13):
the part is run once for the first element (null for an empty list), and silently; if that is a
number, the brackets hold an index, which is then run outside the filter, where item and the
entries of an element are not names; anything else, and it is a predicate.
Names
The entries of an element are found by member/2 among the elements of the filters around, the
innermost first. field/2 is the entry of a context that is known to have it.

      


      
        Summary


  
    Types
  


    
      
        for_item()

      


        Runs the part in brackets for one element, in the environment.



    


    
      
        outside()

      


        Runs the part in brackets once, outside the filter.



    





  
    Functions
  


    
      
        at(env, source, index, span)

      


        source[index] as the backends run it: index/2 settled at the span, with the conversion of a source that is not a
list reported (D-46).



    


    
      
        bind_item(bindings, depth, item)

      


        Binds the element of the filter of depth depth in a copy of the bindings. A filter inside a
filter has the depth one more, so both elements are there.



    


    
      
        dynamic(env, source, for_item, outside, span, strict \\ false)

      


        source[brackets] where it is not known whether the brackets hold an index or a predicate: the
part is run once for the first element (null for none), without anything it reports, and if it
gives a number it is an index, run outside the filter with outside; otherwise it is a predicate.



    


    
      
        field(item, name)

      


        The entry of an element that is known to have it; null for an element that is not a context
(there is none outside the filter).



    


    
      
        index(source, index)

      


        source[index]: the outcome of taking the element.



    


    
      
        item(bindings, depth)

      


        The element of the filter of that depth, or null where there is none (outside the filter).



    


    
      
        items(list)

      


        The elements of the source of a filter: a list is itself, null is none, and any other value is its
own only element.



    


    
      
        member(list, name)

      


        The entry that a context has under a name, where the contexts are the elements of the filters around
(innermost first) and a value that is not a context has none.



    


    
      
        position(number)

      


        The position that an index says: a whole number, which is from the end when it is negative and no element when it is 0.
null is no position, and so is a number with a fraction and a value that is not a number, which are an error.



    


    
      
        predicate(env, source, for_item, span, strict \\ false)

      


        source[predicate] for a predicate: the elements for which for_item gives true.



    





      


      
        Types


        


  
    
      
    
    
      for_item()



        
          
        

    

  


  

      

          @type for_item() :: (Feel.Value.t(), Feel.Runtime.Env.t() ->
                 {Feel.Value.t(), Feel.Runtime.Env.t()})


      


Runs the part in brackets for one element, in the environment.

  



  
    
      
    
    
      outside()



        
          
        

    

  


  

      

          @type outside() :: (Feel.Runtime.Env.t() -> {Feel.Value.t(), Feel.Runtime.Env.t()})


      


Runs the part in brackets once, outside the filter.

  


        

      

      
        Functions


        


  
    
      
    
    
      at(env, source, index, span)



        
          
        

    

  


  

      

          @spec at(Feel.Runtime.Env.t(), Feel.Value.t(), Feel.Value.t(), Feel.Diagnostic.span()) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


source[index] as the backends run it: index/2 settled at the span, with the conversion of a source that is not a
list reported (D-46).
iex> env = Feel.Runtime.Env.new()
iex> {value, env} = Feel.Runtime.Filter.at(env, "a", Decimal.new(1), {0, 4})
iex> {value, Enum.map(Feel.Runtime.Env.diagnostics(env), &{&1.severity, &1.code, &1.span})}
{"a", [{:info, :implicit_conversion, {0, 4}}]}
iex> {value, env} = Feel.Runtime.Filter.at(Feel.Runtime.Env.new(), ["a"], Decimal.new(1), {0, 4})
iex> {value, Feel.Runtime.Env.diagnostics(env)}
{"a", []}

  



  
    
      
    
    
      bind_item(bindings, depth, item)



        
          
        

    

  


  

      

          @spec bind_item(Feel.bindings(), pos_integer(), Feel.Value.t()) :: Feel.bindings()


      


Binds the element of the filter of depth depth in a copy of the bindings. A filter inside a
filter has the depth one more, so both elements are there.
iex> bindings = Feel.Runtime.Filter.bind_item(%{}, 1, "a")
iex> Feel.Runtime.Filter.item(bindings, 1)
"a"
iex> Feel.Runtime.Filter.item(bindings, 2)
nil

  



    

  
    
      
    
    
      dynamic(env, source, for_item, outside, span, strict \\ false)



        
          
        

    

  


  

      

          @spec dynamic(
  Feel.Runtime.Env.t(),
  Feel.Value.t(),
  for_item(),
  outside(),
  Feel.Diagnostic.span(),
  boolean()
) :: {Feel.Value.t(), Feel.Runtime.Env.t()}


      


source[brackets] where it is not known whether the brackets hold an index or a predicate: the
part is run once for the first element (null for none), without anything it reports, and if it
gives a number it is an index, run outside the filter with outside; otherwise it is a predicate.
iex> env = Feel.Runtime.Env.new()
iex> list = [Decimal.new(10), Decimal.new(20)]
iex> as_index = fn _item, env -> {Decimal.new(2), env} end
iex> outside = fn env -> {Decimal.new(2), env} end
iex> {value, _env} = Feel.Runtime.Filter.dynamic(env, list, as_index, outside, {0, 1})
iex> value
Decimal.new(20)
iex> as_predicate = fn item, env -> {Decimal.compare(item, 10) == :gt, env} end
iex> {kept, _env} = Feel.Runtime.Filter.dynamic(env, list, as_predicate, outside, {0, 1})
iex> kept
[Decimal.new(20)]

  



  
    
      
    
    
      field(item, name)



        
          
        

    

  


  

      

          @spec field(Feel.Value.t(), Feel.Name.t()) :: Feel.Value.t()


      


The entry of an element that is known to have it; null for an element that is not a context
(there is none outside the filter).
iex> Feel.Runtime.Filter.field(%{"a" => 1}, "a")
1
iex> Feel.Runtime.Filter.field(nil, "a")
nil

  



  
    
      
    
    
      index(source, index)



        
          
        

    

  


  

      

          @spec index(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


source[index]: the outcome of taking the element.
iex> list = [Decimal.new(10), Decimal.new(20), Decimal.new(30)]
iex> Feel.Runtime.Filter.index(list, Decimal.new(1))
{:ok, Decimal.new(10)}
iex> Feel.Runtime.Filter.index(list, Decimal.new(-1))
{:ok, Decimal.new(30)}
iex> Feel.Runtime.Filter.index(list, Decimal.new(0))
{:ok, nil}
iex> Feel.Runtime.Filter.index(list, Decimal.new(4))
{:ok, nil}
iex> Feel.Runtime.Filter.index("a", Decimal.new(1))
{:ok, "a"}
iex> Feel.Runtime.Filter.index("a", Decimal.new(2))
{:ok, nil}
iex> Feel.Runtime.Filter.index(nil, Decimal.new(1))
:missing
iex> {:error, %Feel.Diagnostic{code: :type_mismatch}} = Feel.Runtime.Filter.index(list, "a")

  



  
    
      
    
    
      item(bindings, depth)



        
          
        

    

  


  

      

          @spec item(Feel.bindings(), pos_integer()) :: Feel.Value.t()


      


The element of the filter of that depth, or null where there is none (outside the filter).

  



  
    
      
    
    
      items(list)



        
          
        

    

  


  

      

          @spec items(Feel.Value.t()) :: {:ok, [Feel.Value.t()]} | :null


      


The elements of the source of a filter: a list is itself, null is none, and any other value is its
own only element.
iex> Feel.Runtime.Filter.items([1, 2])
{:ok, [1, 2]}
iex> Feel.Runtime.Filter.items("a")
{:ok, ["a"]}
iex> Feel.Runtime.Filter.items(nil)
:null

  



  
    
      
    
    
      member(list, name)



        
          
        

    

  


  

      

          @spec member([Feel.Value.t()], Feel.Name.t()) :: {:ok, Feel.Value.t()} | :error


      


The entry that a context has under a name, where the contexts are the elements of the filters around
(innermost first) and a value that is not a context has none.
iex> Feel.Runtime.Filter.member([%{"a" => 1}, %{"b" => 2}], "b")
{:ok, 2}
iex> Feel.Runtime.Filter.member([%{"a" => 1}, "x", nil], "b")
:error
iex> Feel.Runtime.Filter.member([%{"a" => nil}], "a")
{:ok, nil}

  



  
    
      
    
    
      position(number)



        
          
        

    

  


  

      

          @spec position(Feel.Value.t()) ::
  {:ok, integer()} | :missing | {:error, Feel.Diagnostic.t()}


      


The position that an index says: a whole number, which is from the end when it is negative and no element when it is 0.
null is no position, and so is a number with a fraction and a value that is not a number, which are an error.
The elements of a list are found with it by index/2, and the results of a loop by Feel.Runtime.Partial.at/4, so
that they take the same index in the same way.
iex> Feel.Runtime.Filter.position(Decimal.new("-2.0"))
{:ok, -2}
iex> Feel.Runtime.Filter.position(nil)
:missing
iex> {:error, %Feel.Diagnostic{code: :type_mismatch}} = Feel.Runtime.Filter.position(Decimal.new("1.5"))
iex> {:error, %Feel.Diagnostic{code: :type_mismatch}} = Feel.Runtime.Filter.position(true)

  



    

  
    
      
    
    
      predicate(env, source, for_item, span, strict \\ false)



        
          
        

    

  


  

      

          @spec predicate(
  Feel.Runtime.Env.t(),
  Feel.Value.t(),
  for_item(),
  Feel.Diagnostic.span(),
  boolean()
) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


source[predicate] for a predicate: the elements for which for_item gives true.
iex> env = Feel.Runtime.Env.new()
iex> keep_big = fn item, env -> {Decimal.compare(item, 1) == :gt, env} end
iex> {kept, env} = Feel.Runtime.Filter.predicate(env, [Decimal.new(1), Decimal.new(2)], keep_big, {0, 1})
iex> kept
[Decimal.new(2)]
iex> {nil, ^env} = Feel.Runtime.Filter.predicate(env, nil, keep_big, {0, 1})

  


        

      


  

    
Feel.Runtime.Interpret 
    



      
The run of an expression by the interpreter's walk, for generated code that has begun one and cannot finish it
(D-164).
The BEAM backend runs some expressions through a guarded fast path (Feel.Backend.Beam.Scalar): it reads the
names it needs from the bindings, checks that they are what it expects, and does the operations without an
environment, which is how it saves the work of the interpreter's. It stays pure until it returns, so when a value is
not what it expects (a null, a name that is not bound, a value that has to be converted), when an operation does not
give a value (an overflow, a division by zero) or when the counts of the run could pass a limit, it has changed
nothing, and the generated function calls run/3 with the IR of the expression, the bindings it was given and the
environment it was given. The answer is the interpreter's, with its diagnostics and where a limit ends the run, and
so is the answer of the whole.
It is in the runtime, and not in a backend, because generated code may call only Feel.Runtime and the built-in
functions.

      


      
        Summary


  
    Functions
  


    
      
        run(ir, bindings, env)

      


        Evaluates the IR on the bindings and the environment, as the interpreter does, and returns the value and the environment.



    





      


      
        Functions


        


  
    
      
    
    
      run(ir, bindings, env)



        
          
        

    

  


  

      

          @spec run(Feel.IR.t(), Feel.bindings(), Feel.Runtime.Env.t()) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


Evaluates the IR on the bindings and the environment, as the interpreter does, and returns the value and the environment.
iex> ir = {:const, %{span: {0, 1}}, Decimal.new(7)}
iex> Feel.Runtime.Interpret.run(ir, %{}, Feel.Runtime.Env.new()) |> elem(0)
Decimal.new(7)
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Function values, and the call of one (DMN 1.6, section 10.3.2.13, Table 64; D-82).
A function is a Feel.Value.Function of one of three kinds, and a call runs any of them the same
way: call/4 takes the value of the callee, the values of the arguments, and the span of the call.
	:feel, a closure. closure/3 builds it from the parameters, the type of the result, and a
function of the environment and the values of the arguments that evaluates the body in the scope
the function was written in. Both backends build it: the interpreter from a function that walks the
body, and the generated code from a fun of its own.
	:native, a function of the host (Feel.Value.Function.native/2). Its arguments are converted to
the boundary types it was built with, and its result back.
	:builtin, a built-in function, which a name stands for where nothing else has it (builtin/2, D-82). A call
finds the function by its name and calls it as the call of the built-in does, by position or by name: the
function takes the arguments as they are, and does not convert them to the types of its parameters. The one
that a declared function type was given in place of a built-in with a signature for each kind (abs for a
function<number> -> number, D-197) is the exception: it has the one signature, and takes the arguments as a
function of FEEL with those parameters does, as below.

The arguments
A call has its arguments by position, {:positional, values}, or by name, {:named, pairs}. By
position they are all supplied (Table 64): a number that is not the arity of the function is null
with an :arity_mismatch error. By name, the names have to be parameters of the function, and the ones
a call leaves out are null. An argument is then converted to the declared type of its parameter by
the implicit conversions of section 10.3.2.9.4 (Feel.Type.Conversion, reported as an :info, as
D-46 has them), and one that cannot be made to conform makes the whole call null with a
:type_mismatch error (Table 64: "the result of the invocation is null"). null conforms to every
type, and a parameter without a declared type is Any.
What is not a function
The callee of a call that is not a function value, null included, gives null with a
:not_a_function error (section 10.3.2.13.2).
Depth
A call is one level deeper than the call it is made in, and Feel.Limits has max_call_depth: a run
that passes it ends in either mode, with an error of kind :limit. A function can call itself only by
being passed to itself (a context entry cannot refer to its own key, D-58), and
{f: function(g) g(g), r: f(f)}.r would otherwise not end.
The number of calls
The depth does not bound how many calls a run makes (a function that calls itself twice at each level makes about
2ⁿ at a depth of n), so every call of a function of FEEL is counted too, and a run that passes max_calls ends
the same way (D-154). The calls that sort and list replace make of the function they are given are counted, as
their outcome carries the environment. A call of a built-in or of a host function runs no expression and is not
counted; a loop of them is bounded by max_iterations.

      


      
        Summary


  
    Types
  


    
      
        arguments()

      


        The values of the arguments of a call: in the order of the parameters, or with the names they were given.



    


    
      
        body()

      


        What a closure runs: the environment and the values of the arguments, one for each parameter.



    





  
    Functions
  


    
      
        builtin(env, name)

      


        The built-in function of this name as a value (D-82), with the signatures that the extensions of the run give it.
The analyzer has seen that there is one.



    


    
      
        call(env, function, arguments, span)

      


        Calls the value of a callee on the values of the arguments, and settles the outcome at span.



    


    
      
        closure(parameters, returns, body)

      


        Builds the value of function(...) body: a closure with these parameters (names and declared types,
:any for a parameter without one), the type of what its body gives, and the function that runs the
body.



    


    
      
        closure(parameters, returns, body, env)

      


        Builds the value of function(...) body written in the text that env is running (D-201): the closure of closure/3,
with the origin of env as its own. A call runs its body under that origin, whatever origin the text that calls it has,
so the diagnostics of the body say whose text their spans are in. Only the origin is kept of env, so the function
holds nothing of the run that made it.



    





      


      
        Types


        


  
    
      
    
    
      arguments()



        
          
        

    

  


  

      

          @type arguments() ::
  {:positional, [Feel.Value.t()]} | {:named, [{Feel.Name.t(), Feel.Value.t()}]}


      


The values of the arguments of a call: in the order of the parameters, or with the names they were given.

  



  
    
      
    
    
      body()



        
          
        

    

  


  

      

          @type body() :: (Feel.Runtime.Env.t(), [Feel.Value.t()] ->
             {Feel.Value.t(), Feel.Runtime.Env.t()})


      


What a closure runs: the environment and the values of the arguments, one for each parameter.

  


        

      

      
        Functions


        


  
    
      
    
    
      builtin(env, name)



        
          
        

    

  


  

      

          @spec builtin(Feel.Runtime.Env.t(), Feel.Name.t()) :: Feel.Value.Function.t()


      


The built-in function of this name as a value (D-82), with the signatures that the extensions of the run give it.
The analyzer has seen that there is one.
iex> env = Feel.Runtime.Env.new()
iex> function = Feel.Runtime.Invoke.builtin(env, "abs")
iex> {value, _env} = Feel.Runtime.Invoke.call(env, function, {:positional, [Decimal.new(-3)]}, {0, 3})
iex> Decimal.equal?(value, 3)
true

  



  
    
      
    
    
      call(env, function, arguments, span)



        
          
        

    

  


  

      

          @spec call(
  Feel.Runtime.Env.t(),
  Feel.Value.t(),
  arguments(),
  Feel.Diagnostic.span() | nil
) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


Calls the value of a callee on the values of the arguments, and settles the outcome at span.
iex> env = Feel.Runtime.Env.new()
iex> double = Feel.Runtime.Invoke.closure([{"a", :number}], :number, fn env, [a] ->
...>   {:ok, twice} = Feel.Runtime.Arithmetic.multiply(a, Decimal.new(2))
...>   {twice, env}
...> end)
iex> {value, _env} = Feel.Runtime.Invoke.call(env, double, {:positional, [Decimal.new(4)]}, {0, 4})
iex> Decimal.equal?(value, 8)
true
iex> {nil, env} = Feel.Runtime.Invoke.call(env, Decimal.new(1), {:positional, []}, {0, 3})
iex> Enum.map(Feel.Runtime.Env.diagnostics(env), & &1.code)
[:not_a_function]

  



  
    
      
    
    
      closure(parameters, returns, body)



        
          
        

    

  


  

      

          @spec closure([{Feel.Name.t(), Feel.Type.t()}], Feel.Type.t(), body()) ::
  Feel.Value.Function.t()


      


Builds the value of function(...) body: a closure with these parameters (names and declared types,
:any for a parameter without one), the type of what its body gives, and the function that runs the
body.
iex> impl = fn env, [a] -> {a, env} end
iex> function = Feel.Runtime.Invoke.closure([{"a", :number}], :number, impl)
iex> {function.kind, Feel.Value.Function.type(function)}
{:feel, {:function, [:number], :number}}

  



  
    
      
    
    
      closure(parameters, returns, body, env)



        
          
        

    

  


  

      

          @spec closure(
  [{Feel.Name.t(), Feel.Type.t()}],
  Feel.Type.t(),
  body(),
  Feel.Runtime.Env.t()
) ::
  Feel.Value.Function.t()


      


Builds the value of function(...) body written in the text that env is running (D-201): the closure of closure/3,
with the origin of env as its own. A call runs its body under that origin, whatever origin the text that calls it has,
so the diagnostics of the body say whose text their spans are in. Only the origin is kept of env, so the function
holds nothing of the run that made it.
iex> impl = fn env, [a] -> {a, env} end
iex> env = Feel.Runtime.Env.new(origin: :decision)
iex> function = Feel.Runtime.Invoke.closure([{"a", :number}], :number, impl, env)
iex> function.origin
{:origin, :decision}
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for, some and every (DMN 1.6, section 10.3.2.14 and Table 50; D-86).
A backend does not loop. It gives this module the domains, the body, and where they are in the source,
and this module runs the loops, so both backends iterate in the same way, count the same iterations, and end
at the same limit. A domain and the body are functions of the environment, because they are code of the
expression: the interpreter's walk of a node, and a fun of the generated code.
	a domain is fn env, earlier -> {raw, env} end, where earlier is the list of the values of the
iterators before it. A later domain reads the earlier iterators (for x in [[1, 2], [3, 4]], y in x, TCK
0084 #015), so it is evaluated again for each of their values. raw is a value, or {:through, from, to}
for from..to, which has no value of its own. With the :reads option (below) earlier is only the values
the domain reads.
	the body is fn env, values, partial -> {value, env} end, with the value of each iterator, in
order, and the results so far (partial; [] when the body does not read it). With the :partial option
(below) the results are given as the list, oldest first (true), or as the results a body indexes
(:view).

What a domain is given
A domain is given the values of the iterators before it, all of them, as a list. That is a list of k values for
the domain of the kth iterator, and the backend that binds them by name does k things with it, so a loop of n
iterators costs n * n / 2 whatever its domains read (D-86). The :reads option of for_loop/4, some/4 and
every/4 is a list with one entry for each domain, :all or the places (0 for the first iterator) of the ones
the domain reads, and a domain with places is given the values at them, in that order, and no others. The
backends give places to the domains that have many iterators before them (more than 16) and leave :all for the
rest. Without the option every domain is given all of them, as it was before it, so code that was made without it
runs as it did.
What a body is given as partial
A body that reads partial as a value (sum(partial), partial as an argument, a path, a filter that is not an
index, a nested loop over it) is given the list of the results so far, oldest first: the loop keeps them newest first,
to put one in with a cons, and makes the list for each run of the body, which is m cells for the mth. That is
what the :partial option true says. A body that reads it only as partial[expr] or count(partial) says :view,
and is given the results as Feel.Runtime.Partial (D-86), that the loop puts each result in as it makes it and the
reads look in, so there is no list to make and a read does not depend on how many results there are
(Feel.Analysis.Iterations.view/2 is where that is decided, and the backends read it with Partial.at/4 and
Partial.count/3). A loop that is told true and does not read partial is as it was.
The loops
The first iterator is the outermost loop and the last varies fastest, so
for i in [1, 2], j in [3, 4] is (1, 3), (1, 4), (2, 3), (2, 4). for is the list of the bodies, in that order;
some is false or r1 or r2 or ... and every is true and r1 and r2 and ..., in the three-valued logic
(Feel.Runtime.Logic): a true decides a some and a false an every, whatever else is null. Every
iteration is evaluated, as every operand of an operator is (D-53), so what a body reports is reported. A
product with no element is [], false for some and true for every.
A strict quantifier
some and every of a boxed expression (strict: true, Feel.Runtime.Boxed, D-212) are null with an error, for the whole
expression, when the body is a value that is neither a boolean nor null: the loop ends there. Without the option a body that is
not a boolean is null for the fold, as the three-valued logic has it.
The domains
	The domain	The elements
	a list	its elements, in order
	from..to of whole numbers	from, from + 1, ..., to, or down by 1 when to is below
	from..to of dates	each day from from to to, or down
	any other value, not null	the value alone, as a list of one (section 10.3.2.9.4), as an info

Both ends of from..to are included. These are null, with an error, for the whole expression, and
nothing runs: null as a domain; a range value, [1..2], which is not 1..2 (TCK 0084 #023 to #025); and
from..to of anything but two whole numbers or two dates ("a".."z", 1.5..4, times, date and times,
durations, null, a number and a date).
Limits
Every element that an iterator takes counts as an iteration, and the run ends, in either mode, with an error of
kind :limit when they pass max_iterations (Feel.Runtime.Env.count_iteration/1). A range is walked, and
not made, so for i in 1..1000000000 return i stops at the limit and not at the memory.
The list that a for makes is counted as it grows, and the run ends in the same way at the first result over
max_list_length (Feel.Runtime.Env.check_list_length/2), where it ended when the finished list was refused. The error
is the same, and carries the diagnostics of the run until that result and not those of the iterations that were left
(D-154). A for inside another has a list of its own, and some and every make none.
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        body()

      


    


    
      
        domain()

      


    


    
      
        options()

      


        What the loop is told besides the code: the span of the expression, the span of each domain (for the
diagnostics about it), whether the body reads partial and how (:partial: false, true for the list of the
results, :view for Feel.Runtime.Partial), and what each domain reads (:reads, above).



    


    
      
        raw()

      


        What a domain gives: a value, or the two ends of from..to.



    





  
    Functions
  


    
      
        every(env, domains, body, options)

      


        every: true and r1 and r2 ... for the results of the body.



    


    
      
        for_loop(env, domains, body, options)

      


        for: the list of the values of the body for each iteration, or null with the error of a domain that cannot be
iterated.



    


    
      
        some(env, domains, body, options)

      


        some: false or r1 or r2 ... for the results of the body.
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          @type body() :: (Feel.Runtime.Env.t(), [Feel.Value.t()], [Feel.Value.t()] ->
             {Feel.Value.t(), Feel.Runtime.Env.t()})
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          @type domain() :: (Feel.Runtime.Env.t(), [Feel.Value.t()] ->
               {raw(), Feel.Runtime.Env.t()})


      



  



  
    
      
    
    
      options()



        
          
        

    

  


  

      

          @type options() :: %{
  :span => Feel.Diagnostic.span(),
  :spans => [Feel.Diagnostic.span()],
  optional(:partial) => boolean() | :view,
  optional(:strict) => boolean(),
  optional(:reads) => [:all | [non_neg_integer()]]
}


      


What the loop is told besides the code: the span of the expression, the span of each domain (for the
diagnostics about it), whether the body reads partial and how (:partial: false, true for the list of the
results, :view for Feel.Runtime.Partial), and what each domain reads (:reads, above).
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          @type raw() :: Feel.Value.t() | {:through, Feel.Value.t(), Feel.Value.t()}


      


What a domain gives: a value, or the two ends of from..to.

  


        

      

      
        Functions


        


  
    
      
    
    
      every(env, domains, body, options)



        
          
        

    

  


  

      

          @spec every(Feel.Runtime.Env.t(), [domain()], body(), options()) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


every: true and r1 and r2 ... for the results of the body.
iex> env = Feel.Runtime.Env.new()
iex> options = %{span: {0, 5}, spans: [{0, 1}]}
iex> body = fn env, [i], _partial -> {i != nil and i > 0, env} end
iex> {false, _env} = Feel.Runtime.Iteration.every(env, [fn env, [] -> {[1, nil], env} end], body, options)
iex> {true, _env} = Feel.Runtime.Iteration.every(env, [fn env, [] -> {[], env} end], body, options)

  



  
    
      
    
    
      for_loop(env, domains, body, options)



        
          
        

    

  


  

      

          @spec for_loop(Feel.Runtime.Env.t(), [domain()], body(), options()) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


for: the list of the values of the body for each iteration, or null with the error of a domain that cannot be
iterated.
iex> env = Feel.Runtime.Env.new()
iex> domains = [fn env, [] -> {[Decimal.new(1), Decimal.new(2)], env} end]
iex> body = fn env, [i], _partial -> {Decimal.add(i, 10), env} end
iex> {values, _env} = Feel.Runtime.Iteration.for_loop(env, domains, body, %{span: {0, 5}, spans: [{0, 1}]})
iex> Enum.map(values, &Decimal.to_integer/1)
[11, 12]

  



  
    
      
    
    
      some(env, domains, body, options)



        
          
        

    

  


  

      

          @spec some(Feel.Runtime.Env.t(), [domain()], body(), options()) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


some: false or r1 or r2 ... for the results of the body.
iex> env = Feel.Runtime.Env.new()
iex> options = %{span: {0, 5}, spans: [{0, 1}]}
iex> body = fn env, [i], _partial -> {i == 2, env} end
iex> {true, _env} = Feel.Runtime.Iteration.some(env, [fn env, [] -> {[1, 2, 3], env} end], body, options)
iex> {false, _env} = Feel.Runtime.Iteration.some(env, [fn env, [] -> {[], env} end], body, options)

  


        

      


  

    
Feel.Runtime.Kind 
    



      
The kind of a value: which row of the semantic tables of DMN 1.6 (section
10.3.2.15) applies to it.
The tables speak of "kinds" and "datatypes": two operands must be of the same
kind for = and <, and + is defined for some pairs of kinds only. The kind of
a value is one of the atoms that Feel.Type uses for the primitive types, or
:list, :context, :range, :function, or :null. A term that is not a FEEL
value at all, such as a float or an atom, has the kind :unknown, so a host that
binds one gets a type mismatch and not a crash.
A kind is looked up from the outermost shape of the value alone: the elements of
a list are not examined.
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        name(kind)

      


        Returns the name of a kind as FEEL writes it, for messages.



    


    
      
        of(value)

      


        Returns the kind of a value.



    


    
      
        string?(value)

      


        Returns true for a string of FEEL: a binary that is valid UTF-8 (Feel.Value.String.value?/1).
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          @type t() ::
  :null
  | :boolean
  | :string
  | :number
  | :date
  | :time
  | :date_and_time
  | :years_and_months_duration
  | :days_and_time_duration
  | :range
  | :list
  | :context
  | :function
  | :unknown
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          @spec name(t()) :: String.t()


      


Returns the name of a kind as FEEL writes it, for messages.
iex> Feel.Runtime.Kind.name(:date_and_time)
"date and time"
iex> Feel.Runtime.Kind.name(:null)
"null"

  



  
    
      
    
    
      of(value)



        
          
        

    

  


  

      

          @spec of(term()) :: t()


      


Returns the kind of a value.
iex> Feel.Runtime.Kind.of(Decimal.new(1))
:number
iex> Feel.Runtime.Kind.of(nil)
:null
iex> Feel.Runtime.Kind.of(%{"a" => 1})
:context
iex> Feel.Runtime.Kind.of(1.5)
:unknown
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          @spec string?(term()) :: boolean()


      


Returns true for a string of FEEL: a binary that is valid UTF-8 (Feel.Value.String.value?/1).
of/1 calls any binary a string, since the operators take it as one, and a value that is bound to a name declared as a
string has to be a valid one (Feel.Runtime.BindingTypes, D-138): this is that test, for the code that checks it itself
(the BEAM backend's fast path, D-164).
iex> Feel.Runtime.Kind.string?("é")
true
iex> Feel.Runtime.Kind.string?(<<0xFF>>)
false
iex> Feel.Runtime.Kind.string?(1)
false

  


        

      


  

    
Feel.Runtime.Logic 
    



      
Three-valued logic: conjunction, disjunction, and negation (DMN 1.6, section
10.3.2.4 and Tables 51 and 52).
The operations are total. An operand is true, false, or "otherwise", which
means any other value, null included:
	a	b	a and b	a or b
	true	true	true	true
	true	false	false	true
	true	otherwise	null	true
	false	true	false	true
	false	false	false	false
	false	otherwise	false	null
	otherwise	true	null	true
	otherwise	false	false	null
	otherwise	otherwise	null	null

not is true for false, false for true, and null otherwise. The result
does not depend on the order of the operands, so a chain a and b and c has one
value however it is grouped. A false decides a conjunction and a true decides
a disjunction whatever the other operand is, an error included.
A result of null is not an error of and and or: the tables give null for an operand that is
neither a boolean nor null too, as in true and "x", and the TCK flags none of the cases of
0064 and 0065 (D-103). It is one of not for a value that is neither a boolean nor null, which is a
call of a function with an argument out of its domain (0066#003_b to #003_d).
The functions are named after the tables because and, or, and not are
Elixir operators.

      


      
        Summary


  
    Functions
  


    
      
        conjunction(arg1, arg2)

      


        Returns the conjunction of two values.



    


    
      
        disjunction(arg1, arg2)

      


        Returns the disjunction of two values.



    


    
      
        negation(value)

      


        Returns the negation of a value.
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          @spec conjunction(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Returns the conjunction of two values.
iex> Feel.Runtime.Logic.conjunction(true, false)
{:ok, false}
iex> Feel.Runtime.Logic.conjunction(false, nil)
{:ok, false}
iex> Feel.Runtime.Logic.conjunction(true, nil)
:missing
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          @spec disjunction(Feel.Value.t(), Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Returns the disjunction of two values.
iex> Feel.Runtime.Logic.disjunction(nil, true)
{:ok, true}
iex> Feel.Runtime.Logic.disjunction(false, false)
{:ok, false}
iex> Feel.Runtime.Logic.disjunction(false, "x")
:missing
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          @spec negation(Feel.Value.t()) :: Feel.Runtime.Env.outcome()


      


Returns the negation of a value.
iex> Feel.Runtime.Logic.negation(true)
{:ok, false}
iex> Feel.Runtime.Logic.negation(nil)
:missing

  


        

      


  

    
Feel.Runtime.NullOperand 
    



      
A null operand that is an error (D-103, was D-103).
Every operator gives null when an operand is null, and the question of D-103 is whether that is a
mistake of the expression (a diagnostic, which stops a strict run) or only missing data (nothing is
reported). The specification does not say, and the TCK's flag errorResult is the evidence:
	The operand is null	The result is	TCK
	of + - * / ** and -x, whatever the other operand is	null with :null_operand	all 125 cases of 0100 with a null are flagged
	of <= and >=, so of between and of a closed range (null between 1 and 10, 5 in [1..null])	null with :null_operand	0071#null_001 to #null_003, 0072#null_001, #null_001_c, #null_001_d are flagged
	of < and >, so of an open end of a range (5 in (null..10])	a plain null	0072#null_001_a and #null_001_b are not
	of and, or and not	a plain null	0064, 0065, 0066#003_a are not
	= and !=	never null (Table 50)	

The difference between the inclusive and the strict comparison has no reason in the specification: it is
what the cases of the TCK have, all of them, and nothing else has a case. error/1 is the one place that
makes the error, and Feel.Runtime.Compare is the one that says for which comparisons.
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        error(operator)

      


        The outcome of an operator that is given a null: null, with the error.
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          @spec error(String.t()) :: {:error, Feel.Diagnostic.t()}


      


The outcome of an operator that is given a null: null, with the error.
iex> {:error, diagnostic} = Feel.Runtime.NullOperand.error("+")
iex> {diagnostic.code, diagnostic.message}
{:null_operand, "an operand of + is null"}

  


        

      


  

    
Feel.Runtime.Number 
    



      
Arithmetic on FEEL numbers: decimal128, with the scale rules of DMN 1.6 (Tables
58 and 60).
A number is a Decimal with a coefficient of at most 34 digits and a last digit
whose exponent is at least -6176, with its first digit at exponent 6144 or lower
(see Feel.Value.Number). Every result here is rounded to that format, half to
even, and keeps as much scale as fits:
	add/2, subtract/2: the scale of the operand that has more of it, so
.25 + .2 is 0.45.
	multiply/2: the scales added, so .10 * 30.00 is 3.0000.
	divide/2: the exact quotient when it has at most 34 digits, with the scale
closest to the difference of the scales that does not lose digits, so 3 / 2
is 1.5 and 1.01 / 2 is 0.505; otherwise the quotient rounded to 34 digits,
so 1 / 3 is 0.3333333333333333333333333333333333. The specification's
"s ≤ s1 - s2" cannot hold for 3 / 2; this is the rule of IEEE 754 decimal128
division, which its own examples follow (decision D-59).
	power/2: one power rounded once, not a product rounded at each step. An integer
exponent gives the exact power, with the scale of the product (and of the quotient, for
a negative one), so 5.5 ** 2 is 30.25 and 5 ** -2 is 0.04; any other exponent
gives the value exp(y * ln x) with the zeros of its fraction removed, so 2.25 ** 0.5
is 1.5.

A result outside the range of the format has no value in FEEL, and null takes its
place: these functions return {:error, :overflow}. There is no infinity and no
"not a number". A division by zero is {:error, :division_by_zero}, and so is a zero to a
negative power. A negative base to a power with a fraction has no real value:
{:error, :out_of_domain}. An operand that is not a FEEL number (too many digits, or out
of range) is {:error, :invalid_operand}; it can only come from outside, since no result
here is one.
A result is outside the range if its value is (D-59), after the rounding to 34 digits.
1E-6176 * 1.0 is the coefficient 10 at -6177, and the number 1E-6176; zeros below
-6176 are dropped, and a digit other than zero there (1.5E-6176, 1E-6177, the 34
digits of 1E-6170 / 3) is an overflow. The upper end goes by the first digit in the
same way, so 1E+6144 is a number although its coefficient is 1 at an exponent above 6111.
There is no negative zero: a result of zero is positive.
The functions use no process state and no Decimal context, so the precision does
not depend on who calls them. compare/2 is exact, with no rounding.
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        add(a, b)

      


        Adds two numbers.



    


    
      
        compare(a, b)

      


        Compares two numbers by value, exactly: 1 and 1.000 are equal, and numbers that
differ in their 34th digit are not.



    


    
      
        digit_count(integer)

      


        The number of decimal digits of a non-negative integer.



    


    
      
        divide(a, b)

      


        Divides the first number by the second.



    


    
      
        is_plain_number(coef, exp)

      


        A guard for a coefficient and an exponent that make a number whatever the digits are: a coefficient of at most 34
digits and an exponent from -6176 to 6111, which is a test of integers. A number can have an exponent above 6111
and be one (1E+6144), and valid?/1 says; so a clause that has this guard needs another for the rest.



    


    
      
        multiply(a, b)

      


        Multiplies two numbers.



    


    
      
        negate(number)

      


        Negates a number. Zero stays positive.



    


    
      
        power(base, exponent)

      


        Raises the first number to the power of the second, as one correctly rounded result and not
as repeated multiplication (see Feel.Runtime.Number.Power).



    


    
      
        subtract(a, b)

      


        Subtracts the second number from the first.



    


    
      
        valid?(arg1)

      


        Returns true for a finite Decimal that is a FEEL number: a coefficient of at
most 34 digits, a last digit not below exponent -6176, a first digit not above
exponent 6144.
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          @type error() :: :overflow | :division_by_zero | :invalid_operand | :out_of_domain
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          @type result() :: {:ok, t()} | {:error, error()}
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          @type t() :: Decimal.t()
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          @spec add(t(), t()) :: result()


      


Adds two numbers.
iex> {:ok, sum} = Feel.Runtime.Number.add(Decimal.new("0.25"), Decimal.new("0.2"))
iex> Decimal.to_string(sum)
"0.45"

  



  
    
      
    
    
      compare(a, b)



        
          
        

    

  


  

      

          @spec compare(t(), t()) :: :lt | :eq | :gt


      


Compares two numbers by value, exactly: 1 and 1.000 are equal, and numbers that
differ in their 34th digit are not.
iex> Feel.Runtime.Number.compare(Decimal.new("1"), Decimal.new("1.000"))
:eq
iex> Feel.Runtime.Number.compare(Decimal.new("-2"), Decimal.new("1"))
:lt

  



  
    
      
    
    
      digit_count(integer)



        
          
        

    

  


  

      

          @spec digit_count(non_neg_integer()) :: pos_integer()


      


The number of decimal digits of a non-negative integer.
The coefficient of a number has at most 34, but the integer that two numbers far apart in exponent are added in (1E+6000 + 1
is written at the exponent of the second) has thousands, and writing one out as text to count them cost most of the time of an
analysis of sums whose operands are not bounded (D-59). Up to 64 digits the count is found by comparing with the powers of
ten: from the smallest for an integer that is a single word (almost every one: 5 ns for it where writing it out took 20), and
by halving the range of counts for a larger one (90 ns where writing it out took 195, D-59). Above 64 digits the count is
found from the size of the integer in bits, which gives a count that is never above the right one (log10(2) is more than
0.30102), and then made exact against the powers of ten, one or two steps.
iex> Feel.Runtime.Number.digit_count(0)
1
iex> Feel.Runtime.Number.digit_count(999)
3
iex> Feel.Runtime.Number.digit_count(1000)
4
iex> Feel.Runtime.Number.digit_count(Integer.pow(10, 6000))
6001
iex> Feel.Runtime.Number.digit_count(Integer.pow(10, 6000) - 1)
6000
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          @spec divide(t(), t()) :: result()


      


Divides the first number by the second.
iex> {:ok, quotient} = Feel.Runtime.Number.divide(Decimal.new(3), Decimal.new(2))
iex> Decimal.to_string(quotient)
"1.5"
iex> {:ok, quotient} = Feel.Runtime.Number.divide(Decimal.new(1), Decimal.new(3))
iex> Decimal.to_string(quotient)
"0.3333333333333333333333333333333333"
iex> Feel.Runtime.Number.divide(Decimal.new(1), Decimal.new(0))
{:error, :division_by_zero}

  



  
    
      
    
    
      is_plain_number(coef, exp)


        (macro)


        
          
        

    

  


  

A guard for a coefficient and an exponent that make a number whatever the digits are: a coefficient of at most 34
digits and an exponent from -6176 to 6111, which is a test of integers. A number can have an exponent above 6111
and be one (1E+6144), and valid?/1 says; so a clause that has this guard needs another for the rest.
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          @spec multiply(t(), t()) :: result()


      


Multiplies two numbers.
iex> {:ok, product} = Feel.Runtime.Number.multiply(Decimal.new("0.10"), Decimal.new("30.00"))
iex> Decimal.to_string(product)
"3.0000"
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          @spec negate(t()) :: result()


      


Negates a number. Zero stays positive.
iex> {:ok, negated} = Feel.Runtime.Number.negate(Decimal.new("1.50"))
iex> Decimal.to_string(negated)
"-1.50"
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          @spec power(t(), t()) :: result()


      


Raises the first number to the power of the second, as one correctly rounded result and not
as repeated multiplication (see Feel.Runtime.Number.Power).
iex> {:ok, power} = Feel.Runtime.Number.power(Decimal.new("5.5"), Decimal.new(2))
iex> Decimal.to_string(power, :normal)
"30.25"
iex> {:ok, power} = Feel.Runtime.Number.power(Decimal.new(5), Decimal.new(-2))
iex> Decimal.to_string(power, :normal)
"0.04"
iex> Feel.Runtime.Number.power(Decimal.new(0), Decimal.new(-1))
{:error, :division_by_zero}
iex> Feel.Runtime.Number.power(Decimal.new(-2), Decimal.new("0.5"))
{:error, :out_of_domain}
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          @spec subtract(t(), t()) :: result()


      


Subtracts the second number from the first.
iex> {:ok, difference} = Feel.Runtime.Number.subtract(Decimal.new("1.50"), Decimal.new("1.5"))
iex> Decimal.to_string(difference)
"0.00"
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          @spec valid?(term()) :: boolean()


      


Returns true for a finite Decimal that is a FEEL number: a coefficient of at
most 34 digits, a last digit not below exponent -6176, a first digit not above
exponent 6144.
iex> Feel.Runtime.Number.valid?(Decimal.new("1.5"))
true
iex> Feel.Runtime.Number.valid?(Decimal.new(1, 1, 6145))
false
iex> Feel.Runtime.Number.valid?(Decimal.new("NaN"))
false

  


        

      


  

    
Feel.Runtime.Number.Power 
    



      
The power base ** exponent of two FEEL numbers, as one correctly rounded result
(DMN 1.6, decision D-62).
A power is not a repeated multiplication with a rounding at each step: the example
of the specification (the payment PMT, section 10.6) comes out right only if the
exact power is rounded once, to 34 digits, half to even. Feel.Runtime.Number.power/2
checks the operands and calls power/2 here, which assumes they are numbers.
An integer exponent (its value is, so 2, 2.0 and 1E+1 are; it may be
negative) takes the exact power of the base and rounds that. The scale follows from
the exactness, as it does for a product: 5 ** 2 is 25, 5.5 ** 2 is 30.25,
5.50 ** 2 is 30.2500, 10 ** 5 is 100000. A negative exponent divides one by
the exact power with the scale rule of Feel.Runtime.Number.divide/2: the exact
quotient when it has at most 34 digits, otherwise the quotient rounded, so 5 ** -2
is 0.04 and 10 ** -5 is 0.00001. A negative base has the sign of the parity
of the exponent.
Any other exponent is exp(y * ln x), which has a real value only for a positive
base, so a negative base is {:error, :out_of_domain}. It is computed in integer
arithmetic with fixed-point numbers of more than 130 decimal digits, which is far
more than the 34 digits of the result, and the result is rounded from that. The
working precision is raised, until the rounding is certain, if the digits after the
34th are too near to a tie for the error of the computation to decide. The value is
irrational unless the root is exact, so the coefficient of an exact result such as
4 ** 0.5 has its trailing zeros removed down to the scale of an integer: 2, 1.5
for 2.25 ** 0.5, and 10 for 100 ** 0.5.
The special cases. Any base to the power zero is 1, zero included. Zero to a
positive power is zero, with the scale of the product for an integer exponent (0.0 ** 2
is 0.00), and zero to a negative power is {:error, :division_by_zero}. One to a
fractional power is 1.
The range. A result outside the format is {:error, :overflow}, as for the
other operations, and so is a nonzero result too small to write (D-59): 10 ** 6145,
0.1 ** 6177. A power of ten is worked out from its exponent alone, the other
results by an exact integer power while that has at most 10,000 digits and by
logarithms beyond, so that no exponent makes the call slow or large:
7 ** 99999999999, 1E+6000 ** 1000000 and 1.000 ** 1000000000 return at once.
There is no process state and no Decimal context, and the floating point numbers
that appear are only the estimate of a size, never a digit of a result.
iex> {:ok, power} = Feel.Runtime.Number.power(Decimal.new("5.5"), Decimal.new(2))
iex> Decimal.to_string(power, :normal)
"30.25"
iex> {:ok, power} = Feel.Runtime.Number.power(Decimal.new(10), Decimal.new(-5))
iex> Decimal.to_string(power, :normal)
"0.00001"
iex> {:ok, power} = Feel.Runtime.Number.power(Decimal.new(2), Decimal.new("0.5"))
iex> Decimal.to_string(power, :normal)
"1.414213562373095048801688724209698"
iex> {:ok, power} = Feel.Runtime.Number.power(Decimal.new("2.25"), Decimal.new("0.5"))
iex> Decimal.to_string(power, :normal)
"1.5"
iex> Feel.Runtime.Number.power(Decimal.new(-4), Decimal.new("0.5"))
{:error, :out_of_domain}
iex> Feel.Runtime.Number.power(Decimal.new(10), Decimal.new(6145))
{:error, :overflow}
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    Functions
  


    
      
        exp(decimal)

      


        e raised to a number, rounded to 34 digits, half to even.



    


    
      
        ln(decimal)

      


        The natural logarithm of a positive number, rounded to 34 digits, half to even.



    


    
      
        power(base, exponent)

      


        Raises base to exponent. Both must be FEEL numbers.
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      exp(decimal)



        
          
        

    

  


  

      

          @spec exp(Decimal.t()) :: Feel.Runtime.Number.result()


      


e raised to a number, rounded to 34 digits, half to even.
A result outside the format is {:error, :overflow}, as for the other operations, and so is one
too small to write.
iex> {:ok, e} = Feel.Runtime.Number.Power.exp(Decimal.new(1))
iex> Decimal.to_string(e, :normal)
"2.718281828459045235360287471352662"
iex> {:ok, e} = Feel.Runtime.Number.Power.exp(Decimal.new(5))
iex> Decimal.to_string(e, :normal)
"148.4131591025766034211155800405523"
iex> {:ok, one} = Feel.Runtime.Number.Power.exp(Decimal.new("0.0"))
iex> Decimal.to_string(one, :normal)
"1"
iex> Feel.Runtime.Number.Power.exp(Decimal.new(100000))
{:error, :overflow}

  



  
    
      
    
    
      ln(decimal)



        
          
        

    

  


  

      

          @spec ln(Decimal.t()) :: Feel.Runtime.Number.result()


      


The natural logarithm of a positive number, rounded to 34 digits, half to even.
Zero and the negative numbers have no logarithm: {:error, :out_of_domain}.
iex> {:ok, log} = Feel.Runtime.Number.Power.ln(Decimal.new(10))
iex> Decimal.to_string(log, :normal)
"2.302585092994045684017991454684364"
iex> {:ok, log} = Feel.Runtime.Number.Power.ln(Decimal.new("1.000"))
iex> Decimal.to_string(log, :normal)
"0"
iex> Feel.Runtime.Number.Power.ln(Decimal.new(0))
{:error, :out_of_domain}

  



  
    
      
    
    
      power(base, exponent)



        
          
        

    

  


  

      

          @spec power(Decimal.t(), Decimal.t()) :: Feel.Runtime.Number.result()


      


Raises base to exponent. Both must be FEEL numbers.
iex> {:ok, power} = Feel.Runtime.Number.Power.power(Decimal.new(5), Decimal.new(-2))
iex> Decimal.to_string(power, :normal)
"0.04"

  


        

      


  

    
Feel.Runtime.Partial 
    



      
The results of a for so far, for a body that only indexes partial (partial[i - 1], count(partial)).
A body that reads partial as a list is given a list of the results, made again for each iteration: m cells for
the mth result, m * m / 2 for a loop of m, and a read partial[k] is k steps in it (D-86, D-154). A body whose
every read is an index or a count (Feel.Analysis.Iterations.view/2) is given these results instead: an array that
the loop puts each result in, as it makes it, and that the reads look in. A result costs a few steps to put in, a
read costs a few steps whichever result it is of (the first, the last, the one in the middle), and the count is
the size. The array is a value that a result does not change (:array is functional), so the body keeps the one it
was given, as it kept its list.
The reads give what Feel.Runtime.Filter.at/4 gives for the list of the results, for any index: the same value,
the same diagnostic and the same span. A newest-first list and its count would do for the reads of the last
results, and not for partial[1], which is as far from the newest as the loop is long.
iex> results = Enum.reduce([10, 20, 30], Feel.Runtime.Partial.new(), &Feel.Runtime.Partial.push(&2, &1))
iex> Feel.Runtime.Partial.to_list(results)
[10, 20, 30]
iex> env = Feel.Runtime.Env.new()
iex> {value, _env} = Feel.Runtime.Partial.at(env, results, Decimal.new(-1), {0, 10})
iex> value
30
iex> {count, _env} = Feel.Runtime.Partial.count(env, results, {0, 14})
iex> Decimal.to_integer(count)
3
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        t()

      


    





  
    Functions
  


    
      
        at(env, results, index, span)

      


        partial[index]: the result at the index, as Feel.Runtime.Filter.at/4 takes an element of the list of the results:
the first for 1, the last for -1, and null for 0 and for a position that is not there; null with an error for
an index that is not a whole number, and for a value that is not a number.



    


    
      
        count(env, results, span)

      


        count(partial): the number of results, as count of the list of them gives it.



    


    
      
        new()

      


        No results.



    


    
      
        push(results, value)

      


        The results with one more, after the others.



    


    
      
        to_list(results)

      


        The results as a list, oldest first, which is what partial is for a body that reads it as a list.
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          @opaque t()
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      at(env, results, index, span)



        
          
        

    

  


  

      

          @spec at(Feel.Runtime.Env.t(), t(), Feel.Value.t(), Feel.Diagnostic.span()) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


partial[index]: the result at the index, as Feel.Runtime.Filter.at/4 takes an element of the list of the results:
the first for 1, the last for -1, and null for 0 and for a position that is not there; null with an error for
an index that is not a whole number, and for a value that is not a number.
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          @spec count(Feel.Runtime.Env.t(), t(), Feel.Diagnostic.span()) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


count(partial): the number of results, as count of the list of them gives it.
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          @spec new() :: t()


      


No results.

  



  
    
      
    
    
      push(results, value)



        
          
        

    

  


  

      

          @spec push(t(), Feel.Value.t()) :: t()


      


The results with one more, after the others.

  



  
    
      
    
    
      to_list(results)



        
          
        

    

  


  

      

          @spec to_list(t()) :: [Feel.Value.t()]


      


The results as a list, oldest first, which is what partial is for a body that reads it as a list.

  


        

      


  

    
Feel.Runtime.Path 
    



      
Selecting from a value by a name: e.name (DMN 1.6, Tables 65 to 68 and section 10.3.2.5, D-65).
select/2 takes the value of e and the canonical name (Feel.Name) and returns an
Feel.Runtime.Env.outcome/0. What it selects depends on the kind of the value:
	The value	e.name
	a context	the entry of that key; null if the entry is null; an error if there is none
	a list	a list of the same length: the selection from each element (see below)
	a date	year, month, day, weekday, value
	a time	hour, minute, second, time offset, timezone, value
	a date and time	all of those
	a years and months duration	years, months, value
	a days and time duration	days, hours, minutes, seconds, value
	a range	start, end, start included, end included
	null	an error (null.b is null, flagged as an error: TCK 0057#010)
	anything else	an error

A name that the kind does not have is an error with the code :invalid_property, and so is a key that
a context does not have ({a: 1}.b, TCK 0057#009). So is a component of the other kind of duration
(duration("P1Y").days): Table 67 says null for it, and the TCK flags an error (0074#ym_duration_003
to #006, dt_duration_001, #002), which is what the run reports (D-65). What Table 67 says is null
and the TCK does not flag is not an error: time offset and timezone of a value that has none. The
components of a duration carry its sign, and are the normalized ones (duration("P1DT25H").days is 2,
and duration("-P1Y2M").months is -2, notes 05, E36).
A list
The selection from a list is the list of the selections from its elements (section 10.3.2.5):
[{x: 1, y: 2}, {x: 2}].y is [2, null]. Inside a list a missing entry is null and not an error
(TCK 0069#033, #034), and so is an element that has no such entry because it is no context, a
date with no such property, null, or a list: there is no rule for a list of lists, and it is not
looked into (notes 02, A-29). An empty list gives the empty list.
The descendant
e...name is the values that a context has under the key name, at any depth (section 10.3.2.5, Table 71): the
context's own entry first, then those of the contexts nested in its entries, each in turn
({a: {b: {b: 1}}}...b is [{b: 1}, 1]). It is a list always, and [] when there is none (notes 05, E38).
descend/3 reads it as the notes do, where the text is silent (D-65); with the environment of the run it also holds
the list of a context to max_list_length as it makes it:
	The order is a pre-order walk, with the entries of a context taken in the order they have (D-135).
	Contexts nested in a list are not looked into; the text speaks of nested contexts. An entry whose value is a
list is a value like any other, and is in the result if it is the key.
	A list on the left is the list of the descendants of each element, as a path is ([c1, c2]...b is a
list of two lists), with null for an element that is no context.
	null, and a value that is not a context, are an error, as for a path.

value
The value of a duration is its months or its seconds. That of a date, a time and a date and time is the
number of seconds that Feel.Runtime.Temporal.value/1 gives (D-68): from the epoch
1970-01-01T00:00:00Z, for a date and for a date and time with an offset or a zone id, and the seconds of the
day less the offset for a time. A date and time with no zone has none, and is null with an error (:invalid_property).
iex> Feel.Runtime.Path.select(%{"a" => Decimal.new(1)}, "a")
{:ok, Decimal.new(1)}
iex> {:error, %Feel.Diagnostic{code: :invalid_property}} = Feel.Runtime.Path.select(%{"a" => 1}, "b")
iex> Feel.Runtime.Path.select([%{"y" => Decimal.new(2)}, %{"x" => Decimal.new(1)}], "y")
{:ok, [Decimal.new(2), nil]}
iex> Feel.Runtime.Path.select(~D[2018-12-10], "weekday")
{:ok, Decimal.new(1)}
iex> Feel.Runtime.Path.select(Feel.Value.DaysAndTimeDuration.new(93_784), "minutes")
{:ok, Decimal.new(3)}
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        descend(value, key, env \\ nil)

      


        Selects the values under a key from a context and from the contexts nested in it. See the module documentation.



    


    
      
        select(list, key)

      


        Selects the entry or the property of a name from a value. See the module documentation.
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      descend(value, key, env \\ nil)



        
          
        

    

  


  

      

          @spec descend(Feel.Value.t(), Feel.Name.t(), Feel.Runtime.Env.t() | nil) ::
  Feel.Runtime.Env.outcome()


      


Selects the values under a key from a context and from the contexts nested in it. See the module documentation.
With the environment of the run, the descendants of a context are counted as they are found, and the walk ends at the
first one over max_list_length, which is the error that a finished list gets
(Feel.Runtime.Env.check_list_length/2). A context that is in a context twice is walked twice, so n levels of
it are 2ⁿ descendants, and the list is made whole before the limit looks at it. The descendants of the contexts in a
list are lists of their own, and are not looked at: no list but the one that a run gives is checked.
iex> inner = %{"b" => Decimal.new(1)}
iex> Feel.Runtime.Path.descend(%{"a" => %{"b" => inner}}, "b")
{:ok, [inner, Decimal.new(1)]}
iex> Feel.Runtime.Path.descend(%{"a" => 1}, "b")
{:ok, []}
iex> {:error, %Feel.Diagnostic{code: :invalid_property}} = Feel.Runtime.Path.descend(nil, "b")
iex> shared = %{"a" => %{"b" => 1}}
iex> env = Env.new(limits: Limits.new(max_list_length: 2))
iex> {:ok, _} = Feel.Runtime.Path.descend(%{"x" => shared, "y" => shared}, "b", env)
iex> {:error, %Error{kind: :limit}} = Feel.Runtime.Env.run(env, fn env ->
...>   {Feel.Runtime.Path.descend(%{"x" => shared, "y" => shared, "z" => shared}, "b", env), env}
...> end)

  



  
    
      
    
    
      select(list, key)



        
          
        

    

  


  

      

          @spec select(Feel.Value.t(), Feel.Name.t()) :: Feel.Runtime.Env.outcome()


      


Selects the entry or the property of a name from a value. See the module documentation.

  


        

      


  

    
Feel.Runtime.RangeLiteral 
    



      
Builds the value of a range literal such as [1..10) (DMN 1.6, grammar rule 66, section 10.3.2.7;
decision D-61).
The endpoints are expressions, so what they are is only known when the literal is run. The range is
a Feel.Value.Range when the endpoints that are not null are of one kind that has an order, and
that kind is a number, a string, a date, a time, a date and time, or a duration of one of the two
kinds. Anything else is null with a type mismatch: [1.."a"], [1..true], and [[1]..[2]] have
no value.
A null endpoint is an endpoint that is not there (Feel.Value.Range): [1..null) has a start and
no end, and its side is never included, whatever its bracket says. So [1..null] and [1..null) are
the same range. The order of the endpoints is not checked: [5..1] is a range that nothing is in.
The endpoints are not compared with each other here, and so a range of date and times with an offset and
one without is built; whether such a value is in the range is a question for the comparison.
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        build(start, finish, start_included, end_included)

      


        Builds the range between two endpoint values, with the inclusion that the brackets say.



    


    
      
        build_prefix(operator, endpoint)

      


        Builds the range that a prefix test says, as a value: (< 10), (>= x), (= 10) (Table 42, D-61).
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          @spec build(Feel.Value.t(), Feel.Value.t(), boolean(), boolean()) ::
  Feel.Runtime.Env.outcome()


      


Builds the range between two endpoint values, with the inclusion that the brackets say.
iex> Feel.Runtime.RangeLiteral.build(Decimal.new(1), Decimal.new(10), true, false)
{:ok, %Feel.Value.Range{start: Decimal.new(1), end: Decimal.new(10), start_included: true, end_included: false}}
iex> Feel.Runtime.RangeLiteral.build(Decimal.new(1), nil, true, true)
{:ok, %Feel.Value.Range{start: Decimal.new(1), end: nil, start_included: true, end_included: false}}
iex> {:error, diagnostic} = Feel.Runtime.RangeLiteral.build(Decimal.new(1), "a", true, true)
iex> diagnostic.message
"the endpoints of a range cannot be a number and a string"

  



  
    
      
    
    
      build_prefix(operator, endpoint)



        
          
        

    

  


  

      

          @spec build_prefix(:lt | :lte | :gt | :gte | :eq | :neq, Feel.Value.t()) ::
  Feel.Runtime.Env.outcome()


      


Builds the range that a prefix test says, as a value: (< 10), (>= x), (= 10) (Table 42, D-61).
The endpoint has to be of a kind that has an order, as the endpoints of an interval do, or be null, which is no
endpoint. The range has the properties of Table 42, and remembers the comparison it was written as
(Feel.Value.Range), so that it is not equal to the interval with the same ends:
	The test	start included, start	end, end included
	< 10	false, undefined	10, false
	<= 10	false, undefined	10, true
	> 10	false, 10	undefined, false
	>= 10	true, 10	undefined, false
	= 10	true, 10	10, true
	!= 10	false, 10	10, false

The last is a decision (D-61): the endpoint on both sides and in neither, as the TCK's 0074#range_012 had it, which
the TCK has since commented out (dmn-tck/tck PR 671). (!= 10) is an equal range to another (!= 10) (0068#range_012)
and a value is in it when it is not equal to the endpoint.
iex> Feel.Runtime.RangeLiteral.build_prefix(:lt, Decimal.new(10))
{:ok, %Feel.Value.Range{start: nil, end: Decimal.new(10), start_included: false, end_included: false, operator: :lt}}
iex> Feel.Runtime.RangeLiteral.build_prefix(:gte, Decimal.new(10))
{:ok, %Feel.Value.Range{start: Decimal.new(10), end: nil, start_included: true, end_included: false, operator: :gte}}
iex> {:ok, range} = Feel.Runtime.RangeLiteral.build_prefix(:lt, nil)
iex> {range.start, range.end, range.operator}
{nil, nil, :lt}
iex> {:error, diagnostic} = Feel.Runtime.RangeLiteral.build_prefix(:eq, [Decimal.new(1)])
iex> diagnostic.message
"the endpoints of a range cannot be a list"

  


        

      


  

    
Feel.Runtime.RangeText 
    



      
Reads the text of a range, as range(from) does (DMN 1.6, Table 73, grammar rules 66 and 67; decision D-73).
The text is an interval: a bracket, an endpoint, .., an endpoint, and a bracket. [ is a closed start,
( and ] an open one; ] is a closed end, ) and [ an open one. An endpoint is a literal, which is
not an expression that is run: a number (-5, 1.5, 1e3), a string ("a"), an @ literal
(@"2020-01-01"), or date, time, date and time or duration called on one string
(date("2020-01-01")). A name, an operation, a call of anything else and null are not endpoints, so no
expression is evaluated and nothing of the run is read.
	The text	The range
	[18..21)	the interval, as [18..21) is
	[2..), (2..[	>= 2 and > 2: the end is not there, and its bracket must be open
	(..2), (..2], ]..2]	< 2 and <= 2: the start is not there, and its bracket must be open
	[..2], [1..], [..], "", [1..2, >= 10	none: the text is not a range
	[1.."b"], [1..@"2020-01-01"]	none: the endpoints are of kinds that are not one
	[3..1]	none: the start is after the end (section 10.3.2.7). [1..1] and (1..1) are ranges

The interval is the value that the literal [18..21) is (Feel.Runtime.RangeLiteral.build/4). A range with an
end that is not there is the one that the test >= 2 is (build_prefix/2), as the specification's examples have
it (range("[2..)") is >=2), and not the interval [2..null), which is not equal to it (D-61).
The text is read with the lexer and the parser of the expressions, so the white space around the parts, the
escapes of a string and the forms of a number are those of FEEL. A text that is not a range is a diagnostic
with the code :argument_out_of_domain, and the reason.
An endpoint that is a time or a date and time is read as the extensions that are on spell it (D-81):
[@"13:30"..@"14:00"] and [time("13:30")..time("14:00")] are ranges of times where :camunda is on, with the
:info :temporal_spelling reported for each text, and the error of the specification where it is not.
iex> env = Feel.Runtime.Env.new()
iex> {:ok, range} = Feel.Runtime.RangeText.parse(~s|[18..21)|, env)
iex> {range.start, range.end, range.start_included, range.end_included}
{Decimal.new(18), Decimal.new(21), true, false}
iex> {:ok, range} = Feel.Runtime.RangeText.parse(~s|(..2)|, env)
iex> {range.start, range.end, range.operator}
{nil, Decimal.new(2), :lt}
iex> {:error, diagnostic} = Feel.Runtime.RangeText.parse(~s|[3..1]|, env)
iex> diagnostic.details.reason
"the start is after the end"

      


      
        Summary


  
    Functions
  


    
      
        parse(text, env)

      


        Reads the text of a range. {:error, diagnostic} for a text that is not one, and {:ok, range, env} for a range
whose reading reported something (the spelling of an endpoint, D-81): env is the one given, with it.
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          @spec parse(String.t(), Feel.Runtime.Env.t()) ::
  {:ok, Feel.Value.Range.t()}
  | {:ok, Feel.Value.Range.t(), Feel.Runtime.Env.t()}
  | {:error, Feel.Diagnostic.t()}


      


Reads the text of a range. {:error, diagnostic} for a text that is not one, and {:ok, range, env} for a range
whose reading reported something (the spelling of an endpoint, D-81): env is the one given, with it.

  


        

      


  

    
Feel.Runtime.Regex 
    



      
The regular expressions of matches, replace and split (DMN 1.6, section 10.3.4.3, footnote 2 of
Table 75; D-80, was D-80).
The specification says that pattern, replacement and flags conform to clause 7.6 of XQuery 1.0 and
XPath 2.0 Functions and Operators, and that where XPath gives an error FEEL gives null. That dialect is
the regular expressions of XML Schema (appendix F of XSD part 2) with a few additions, and it is not the
one of Erlang (PCRE): \s is four characters and not the Unicode spaces, . leaves out the carriage
return, $ is only the end of the string, there are character classes with a subtraction
([A-Z-[OI]]) and blocks (\p{IsBasicLatin}), and there is no look-around, no \b, no inline flags and
no possessive quantifier. So a pattern is read here, strictly, in the dialect of XPath, and written
as a PCRE pattern that means the same; a pattern that is not in the dialect is :error, and the function
is null. Nothing of the pattern reaches the engine as it was written.
The dialect
	Atoms. A character (not one of . \ ? * + { } ( ) | [ ] ^ $), . (any character but a line feed
or a carriage return, or any with the flag s), an escape, a class, or a group. The escapes are
\n \r \t, a character that is special (\\ \| \. \- \^ \? \* \+ \{ \} \( \) \[ \]), \s \S \d \D \w \W
(as XML Schema has them: \s is a space, a tab, a line feed or a carriage return), \i \I \c \C (the
characters of XML names), \p{..} and \P{..} (a category such as L or Nd, or a block such as
IsBasicLatin), and \1 to \9, which is the text of a group that has been closed.

	Classes. [a-z0-9_], [^...], and [base-[subtracted]], the characters of the first that are not
in the second. A - that is not the dash of a range or of a subtraction is a character only first in
the class or last; anywhere else it has to be escaped ([a-c-e] is an error, as XML Schema has it).
	Groups. ( ) captures and (?: ) does not. Any other (? is an error.
	Quantifiers. ? * + {n} {n,} {n,m}, each with an optional ? after it for the shortest match.
	Anchors. ^ and $ are the start and the end of the string; with the flag m, the start and the
end of a line (a line ends at a line feed).
	Flags. s (a dot is any character), m, i (a letter is its other case too, for the whole of
Unicode: the Kelvin sign is a k) and x (the white space of the pattern is taken out first, but for
what is in a class). Another character is an error.

A range whose end is before its start, a quantifier that has nothing to repeat, a back-reference to a
group that is not closed, an unbalanced bracket or parenthesis, an escape that is none of the above, and a
block that is not listed (the names of blocks/0, which are most of the scripts) are errors.
What is done with a pattern
compile/2 reads it. matches?/3 is true if some part of the input matches (the pattern is not anchored).
replace/4 replaces every match, left to right, the replacement having $0, $1, ... for the text of a
group (empty if the group did not take part or does not exist; the number takes as many digits as there are
groups to hold it), \$ for a dollar and \\ for a backslash, and any other $ or \ an error. split/3 cuts
the input at every match, and keeps the empty parts, those at the end included. replace and split need a
pattern that does not match the empty string (a* does), which is an error as in XPath. The input is data and
not a pattern.
The engine is told how long it may look (regex_match_limit of Feel.Limits); a match that takes more is
{:error, :limit}. It has to be asked to say so (:report_errors): otherwise the engine answers that
there is no match, which is a wrong answer and not an end of the run.
The size of the result
replace/5, split/4 and scan/4 take the most that their result may have (bytes for replace/5, items for the
others) and answer {:error, {:over, size}} where it would be more, with the count at which it passed. The walk over the
matches adds up what the result is as it goes and ends at the first match that makes it too long, and nothing is built
that is not within the cap: a replacement of 100 KB for each of a million matches is 100 GB, and the limit of a finished
string would look at it after it was made.
A pattern that is only text (,, ab, é: no character of the syntax, and no flag i or x) is searched for one
match at a time with :binary.match/3, so the walk costs what it walks: a megabyte of a split by a ends at the
100,001st part, in 26 ms and a few megabytes, where the engine took 600 ms and 380 MB for the million.
Any other pattern is run by the engine one match at a time too, so the walk costs what it walks (D-215): the
engine is asked for the first match from a byte offset of the whole text (the text is not cut, so ^, $ and the
characters before the offset mean what they mean in the whole), and for the next from where that one ended, with an
empty match stepped over as the engine's own :global run steps over it. The public :re.run/3 cannot do this
cheaply: a run for each match checks the whole text for UTF-8 again every time (80 KB took 3.5 s, and 1 MB does not
end). The function internal_run of :re (four arguments) is what the engine's own loop calls for each match after
the first, and its last argument says that the text has been checked; the first call checks it, as a :global run
does, and a text that is not UTF-8 raises as before. That function is not documented, and the loop that steps over an
empty match is that of OTP 28 and later, so where a version of OTP does not have the function, or is before 28, the
matches are listed whole as before (about 360 bytes of heap for a match, 360 MB for a megabyte of a and the pattern
[a]), and the cap and the engine's limit are crossed in the list, not on the walk.

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A pattern that is read: the program of the engine, the number of groups, and the text it is when it is only that text
(nil if it is more).



    





  
    Functions
  


    
      
        blocks()

      


        The names of the blocks that a pattern may use after Is, sorted.



    


    
      
        compile(pattern, flags)

      


        Reads a pattern and its flags (nil for none), or says that they are not in the dialect.



    


    
      
        matches?(regex, input, limit)

      


        Whether some part of the input matches. {:error, :limit} if the engine gave up (limit is the
regex_match_limit of the run).



    


    
      
        matches_empty?(regex)

      


        Whether the pattern matches the empty string, which replace and split do not allow.



    


    
      
        replace(regex, input, replacement, limit, max \\ :infinity)

      


        Replaces every match with the replacement, or :error if the replacement is not in the dialect (a $
not followed by a digit, a \\ not followed by a $ or a \\) or the pattern matches the empty string.



    


    
      
        scan(regex, input, limit, max \\ :infinity)

      


        The text of every match, left to right: none is {:ok, []}. A pattern that matches the empty string is :error, as
for replace/5 and split/4: it would match everywhere.



    


    
      
        split(regex, input, limit, max \\ :infinity)

      


        Cuts the input at every match, keeping the empty parts. The empty string is no parts.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Runtime.Regex{
  groups: non_neg_integer(),
  literal: String.t() | nil,
  program: :re.mp()
}


      


A pattern that is read: the program of the engine, the number of groups, and the text it is when it is only that text
(nil if it is more).

  


        

      

      
        Functions


        


  
    
      
    
    
      blocks()



        
          
        

    

  


  

      

          @spec blocks() :: [String.t()]


      


The names of the blocks that a pattern may use after Is, sorted.

  



  
    
      
    
    
      compile(pattern, flags)



        
          
        

    

  


  

      

          @spec compile(String.t(), String.t() | nil) :: {:ok, t()} | :error


      


Reads a pattern and its flags (nil for none), or says that they are not in the dialect.
iex> {:ok, regex} = Feel.Runtime.Regex.compile("a(b)c", nil)
iex> regex.groups
1
iex> Feel.Runtime.Regex.compile("a(", nil)
:error
iex> Feel.Runtime.Regex.compile("a", "q")
:error

  



  
    
      
    
    
      matches?(regex, input, limit)



        
          
        

    

  


  

      

          @spec matches?(t(), String.t(), non_neg_integer() | :infinity) ::
  {:ok, boolean()} | {:error, :limit}


      


Whether some part of the input matches. {:error, :limit} if the engine gave up (limit is the
regex_match_limit of the run).
iex> {:ok, regex} = Feel.Runtime.Regex.compile("^fo*b", nil)
iex> Feel.Runtime.Regex.matches?(regex, "foobar", :infinity)
{:ok, true}
iex> Feel.Runtime.Regex.matches?(regex, "a foobar", :infinity)
{:ok, false}

  



  
    
      
    
    
      matches_empty?(regex)



        
          
        

    

  


  

      

          @spec matches_empty?(t()) :: boolean()


      


Whether the pattern matches the empty string, which replace and split do not allow.
iex> {:ok, regex} = Feel.Runtime.Regex.compile("a*", nil)
iex> Feel.Runtime.Regex.matches_empty?(regex)
true

  



    

  
    
      
    
    
      replace(regex, input, replacement, limit, max \\ :infinity)



        
          
        

    

  


  

      

          @spec replace(
  t(),
  String.t(),
  String.t(),
  non_neg_integer() | :infinity,
  non_neg_integer() | :infinity
) ::
  {:ok, String.t()}
  | :error
  | {:error, :limit}
  | {:error, {:over, pos_integer()}}


      


Replaces every match with the replacement, or :error if the replacement is not in the dialect (a $
not followed by a digit, a \\ not followed by a $ or a \\) or the pattern matches the empty string.
max is the most bytes the text may have (:infinity for no cap): a result that would be longer is
{:error, {:over, size}}, where size is the count of bytes when it passed max, and is not made.
iex> {:ok, regex} = Feel.Runtime.Regex.compile("(ab)|(a)", nil)
iex> Feel.Runtime.Regex.replace(regex, "abcd", "[1=$1][2=$2]", :infinity)
{:ok, "[1=ab][2=]cd"}
iex> Feel.Runtime.Regex.replace(regex, "abcd", "$", :infinity)
:error
iex> Feel.Runtime.Regex.replace(regex, "abcd", "xyz", :infinity, 4)
{:error, {:over, 5}}

  



    

  
    
      
    
    
      scan(regex, input, limit, max \\ :infinity)



        
          
        

    

  


  

      

          @spec scan(
  t(),
  String.t(),
  non_neg_integer() | :infinity,
  non_neg_integer() | :infinity
) ::
  {:ok, [String.t()]}
  | :error
  | {:error, :limit}
  | {:error, {:over, pos_integer()}}


      


The text of every match, left to right: none is {:ok, []}. A pattern that matches the empty string is :error, as
for replace/5 and split/4: it would match everywhere.
max is the most matches there may be (:infinity for no cap): more are {:error, {:over, count}}, and are not made.
iex> {:ok, regex} = Feel.Runtime.Regex.compile("12[0-9]*", nil)
iex> Feel.Runtime.Regex.scan(regex, "references are 1234, 1256, 1378", :infinity)
{:ok, ["1234", "1256"]}
iex> Feel.Runtime.Regex.scan(regex, "nothing", :infinity)
{:ok, []}
iex> Feel.Runtime.Regex.scan(regex, "references are 1234, 1256, 1378", :infinity, 1)
{:error, {:over, 2}}
iex> {:ok, empty} = Feel.Runtime.Regex.compile("a*", nil)
iex> Feel.Runtime.Regex.scan(empty, "baaa", :infinity)
:error

  



    

  
    
      
    
    
      split(regex, input, limit, max \\ :infinity)



        
          
        

    

  


  

      

          @spec split(
  t(),
  String.t(),
  non_neg_integer() | :infinity,
  non_neg_integer() | :infinity
) ::
  {:ok, [String.t()]}
  | :error
  | {:error, :limit}
  | {:error, {:over, pos_integer()}}


      


Cuts the input at every match, keeping the empty parts. The empty string is no parts.
max is the most parts there may be (:infinity for no cap): more are {:error, {:over, count}}, and are not made.
iex> {:ok, regex} = Feel.Runtime.Regex.compile(";", nil)
iex> Feel.Runtime.Regex.split(regex, "a;b;c;;", :infinity)
{:ok, ["a", "b", "c", "", ""]}
iex> Feel.Runtime.Regex.split(regex, "", :infinity)
{:ok, []}
iex> Feel.Runtime.Regex.split(regex, "a;b;c;;", :infinity, 4)
{:error, {:over, 5}}

  


        

      


  

    
Feel.Runtime.ResultType 
    



      
The conversion of a result to the type that was declared for it (D-138).
When a decision gives its value to its variable, the value is converted to the type of the
variable by the implicit conversions of DMN 1.6, section 10.3.2.9.4, and then has to conform
to it. Feel.Analysis.Analyzer puts a :conform node around an expression that has a
declared type, and a backend calls conform/4 with the value it got. It is a function of the
runtime, and not a part of a backend, because generated code may call only Feel.Runtime and
both backends have to give the same result.
	null conforms to every type, and is the result as it is.
	A value that conforms is the result. One that does after a conversion is converted
(Feel.Type.Conversion.convert/3: conformance first, then a singleton list is unwrapped, a
value is wrapped in a list, a date becomes a date and time), and the conversion is reported
as an :info (:implicit_conversion, D-46), which does not end a strict run.
	A value that cannot be made to conform is null, with an error (:type_mismatch) that
ends a run in strict mode.


      


      
        Summary


  
    Functions
  


    
      
        conform(env, value, type, span)

      


        Converts a result to the declared type, found at span.



    





      


      
        Functions


        


  
    
      
    
    
      conform(env, value, type, span)



        
          
        

    

  


  

      

          @spec conform(
  Feel.Runtime.Env.t(),
  Feel.Value.t(),
  Feel.Type.t(),
  Feel.Diagnostic.span()
) ::
  {Feel.Value.t(), Feel.Runtime.Env.t()}


      


Converts a result to the declared type, found at span.
iex> env = Feel.Runtime.Env.new()
iex> {"a", converted_env} = Feel.Runtime.ResultType.conform(env, ["a"], :string, {0, 5})
iex> for d <- Feel.Runtime.Env.diagnostics(converted_env), do: {d.severity, d.code, d.message}
[{:info, :implicit_conversion, "the result is converted to the declared type string: a list with one element is replaced by that element"}]
iex> {nil, ^env} = Feel.Runtime.ResultType.conform(env, nil, :string, {0, 5})
iex> {nil, env} = Feel.Runtime.ResultType.conform(env, "a", :number, {0, 5})
iex> [diagnostic] = Feel.Runtime.Env.diagnostics(env)
iex> {diagnostic.code, diagnostic.message}
{:type_mismatch, "the result is a string, which cannot be converted to the declared type number"}

  


        

      


  

    
Feel.Runtime.Temporal 
    



      
Arithmetic and comparison of dates, times, dates and times, and durations (DMN 1.6, Tables 54,
55 and 58; decision D-54).
Feel.Runtime.Arithmetic and Feel.Runtime.Compare call this for the operations whose operands
are a date, a time or a date and time. The functions take the values and return {:ok, value}
or {:error, diagnostic}; a null operand never gets here.
Exact time
A time of day or a date and time is counted in ticks of 10^-34 of a second, as an integer, so
that nothing is rounded on the way: a second is a decimal of FEEL with up to 34 digits, and a
year can be nine digits long. A result that is a duration is rounded to the 34 digits of a number
at the end (half to even, as a number is).
Three kinds of date and time, and of time
A time or a date and time has no zone (floating), a fixed offset from UTC, or the id of a zone
of the IANA database (Feel.Value.Zone). A floating one is a local time at some place and has no
instant; the other two do, and the offset of a zone id is the one it has on that date.
	The operation	Both have a zone	Neither has one	One has, one has not
	= < <= > >=	the instants	the local fields	the local fields (the one without adopts the offset of the other, Table 55)
	- of dates and times, or times	the difference of instants	the difference of local fields	null, with an error (Table 58)

Equality of times and dates and times that have an offset is by instant, not by what is written:
10:00:00+01:00 = 09:00:00Z. A date is UTC midnight where an operation converts it to a date and
time, so date - date and time is null if the date and time is floating (notes 02, A-18).
Arithmetic
	Operation	Result
	date and time ± years and months duration	the months are added to the year and month, and the day, the time of day and the zone are kept; a day the month does not have is the last day of it
	date ± years and months duration	the same, on a date
	date and time ± days and time duration	the seconds are added as elapsed time, and the zone is kept
	date ± days and time duration	the date is UTC midnight, the seconds are added, and the date of that is the result: the days are the floor of the seconds over 86,400
	time ± days and time duration	the seconds are added to the time of day, round the clock (modulo 24 hours), and the zone is kept
	date and time - date and time, date - date and time, date and time - date, date - date, time - time	a days and time duration of the seconds between them
	a duration + a date, a time or a date and time	the same as the other way round

A result with a year outside -999,999,999 to 999,999,999 is null, with a :date_out_of_range
error (notes 05, E29).
A date and time in a zone id that is added seconds is moved as elapsed time: the local time is made
an instant (see Feel.Value.Zone for the gap and the overlap), the seconds are added, and the instant
is made a local time again, so a day across a change to daylight saving time can be 23 or 25 hours
of the clock. Months and a time of day are not elapsed time: the local fields are changed and the
zone id is kept.
Times with a zone id
A time of day has no date, so a zone id does not give it an offset (notes 02, A-16). Between two
times, the offset of a zone id is the standard offset of the zone (Feel.Value.Zone.standard_offset/1),
so that two times in one zone compare as their local fields do, and 10:00:00@Etc/UTC is
10:00:00Z. A time with an offset is compared with the offset taken off, without wrapping at the
edge of the day: 00:30:00+01:00 is the time -1,800 seconds, which is before 00:00:00Z (notes 02,
A-15).

      


      
        Summary


  
    Types
  


    
      
        outcome()

      


        What an operation gives: a value, or the diagnostic of the error that makes it null.



    





  
    Functions
  


    
      
        add(date_time, date_time)

      


        Adds two values, one of which is a date, a time or a date and time and the other a duration.



    


    
      
        compare(atom, left, right)

      


        Compares two times, or two dates and times, and says whether the first is before, equal to or
after the second: {:ok, :lt | :eq | :gt}. It is {:error, diagnostic} for a zone that is not in
the time zone database.



    


    
      
        seconds(time)

      


        The whole seconds that compare/3 looks at in a time or a date and time: {:floating, local} for one with no time
offset or zone, and {:zoned, instant} for one that has either. Two floating values are equal as compare/3 says
exactly when their local is the same, and two zoned ones when their instant is (a time of day less the offset for a
time, the seconds since the start of year 0 for a date and time). A floating value and a zoned one are compared by their
local fields, which this does not give, and equality between them is not transitive (see the table above):
10:00:00+01:00 is equal to 10:00:00 and that to 10:00:00Z, and the first is not equal to the third. It is
{:error, diagnostic} for a zone that is not in the time zone database.



    


    
      
        subtract(date_time, right)

      


        Subtracts the second value from the first: a duration from a date, a time or a date and time, or
a date, a time or a date and time from another of the same kind (a date and a date and time
mix).



    


    
      
        value(date)

      


        The value property of a date, a time or a date and time (Table 67, D-68): the number that the
specification's value function gives, in seconds.



    





      


      
        Types


        


  
    
      
    
    
      outcome()



        
          
        

    

  


  

      

          @type outcome() :: {:ok, Feel.Value.t()} | {:error, Feel.Diagnostic.t()}


      


What an operation gives: a value, or the diagnostic of the error that makes it null.

  


        

      

      
        Functions


        


  
    
      
    
    
      add(date_time, date_time)



        
          
        

    

  


  

      

          @spec add(Feel.Value.t(), Feel.Value.t()) :: outcome()


      


Adds two values, one of which is a date, a time or a date and time and the other a duration.
iex> {:ok, date} = Feel.Runtime.Temporal.add(~D[2021-01-31], Feel.Value.YearsAndMonthsDuration.new(1))
iex> date
~D[2021-02-28]
iex> {:ok, date} = Feel.Runtime.Temporal.add(~D[2021-01-01], Feel.Value.DaysAndTimeDuration.new(36 * 3600))
iex> date
~D[2021-01-02]

  



  
    
      
    
    
      compare(atom, left, right)



        
          
        

    

  


  

      

          @spec compare(
  :time | :date_and_time,
  Feel.Value.Time.t() | Feel.Value.DateTime.t(),
  Feel.Value.Time.t() | Feel.Value.DateTime.t()
) :: {:ok, :lt | :eq | :gt} | {:error, Feel.Diagnostic.t()}


      


Compares two times, or two dates and times, and says whether the first is before, equal to or
after the second: {:ok, :lt | :eq | :gt}. It is {:error, diagnostic} for a zone that is not in
the time zone database.
The instants are compared when both have a zone, and the local fields when one has none
(see the table above). The resolution is the second: 10:30:00.0001 and 10:30:00.0002 are
equal, as the TCK has it (0068#time_005), and so for the other four operators, so that they
stay consistent with =.
iex> {:ok, a} = Feel.Value.DateTime.parse("2002-04-02T12:00:00-01:00")
iex> {:ok, b} = Feel.Value.DateTime.parse("2002-04-02T17:00:00+04:00")
iex> Feel.Runtime.Temporal.compare(:date_and_time, a, b)
{:ok, :eq}
iex> {:ok, a} = Feel.Value.DateTime.parse("2018-12-08T00:00:00@Europe/Paris")
iex> {:ok, b} = Feel.Value.DateTime.parse("2018-12-08T00:00:00@Asia/Dhaka")
iex> Feel.Runtime.Temporal.compare(:date_and_time, a, b)
{:ok, :gt}

  



  
    
      
    
    
      seconds(time)



        
          
        

    

  


  

      

          @spec seconds(Feel.Value.Time.t() | Feel.Value.DateTime.t()) ::
  {:floating, integer()} | {:zoned, integer()} | {:error, Feel.Diagnostic.t()}


      


The whole seconds that compare/3 looks at in a time or a date and time: {:floating, local} for one with no time
offset or zone, and {:zoned, instant} for one that has either. Two floating values are equal as compare/3 says
exactly when their local is the same, and two zoned ones when their instant is (a time of day less the offset for a
time, the seconds since the start of year 0 for a date and time). A floating value and a zoned one are compared by their
local fields, which this does not give, and equality between them is not transitive (see the table above):
10:00:00+01:00 is equal to 10:00:00 and that to 10:00:00Z, and the first is not equal to the third. It is
{:error, diagnostic} for a zone that is not in the time zone database.
iex> {:ok, a} = Feel.Value.Time.parse("10:00:00+01:00")
iex> {:ok, b} = Feel.Value.Time.parse("09:00:00Z")
iex> Feel.Runtime.Temporal.seconds(a) == Feel.Runtime.Temporal.seconds(b)
true
iex> {:ok, floating} = Feel.Value.Time.parse("10:00:00.5")
iex> Feel.Runtime.Temporal.seconds(floating)
{:floating, 36_000}

  



  
    
      
    
    
      subtract(date_time, right)



        
          
        

    

  


  

      

          @spec subtract(Feel.Value.t(), Feel.Value.t()) :: outcome()


      


Subtracts the second value from the first: a duration from a date, a time or a date and time, or
a date, a time or a date and time from another of the same kind (a date and a date and time
mix).
iex> {:ok, difference} = Feel.Runtime.Temporal.subtract(~D[2021-01-02], ~D[2021-01-01])
iex> Decimal.to_string(difference.seconds)
"86400"
iex> {:ok, date} = Feel.Runtime.Temporal.subtract(~D[2021-01-02], Feel.Value.DaysAndTimeDuration.new(3600))
iex> date
~D[2021-01-01]

  



  
    
      
    
    
      value(date)



        
          
        

    

  


  

      

          @spec value(Date.t() | Feel.Value.Time.t() | Feel.Value.DateTime.t()) ::
  {:ok, Decimal.t()} | {:error, Feel.Diagnostic.t()}


      


The value property of a date, a time or a date and time (Table 67, D-68): the number that the
specification's value function gives, in seconds.
	The value	Its value
	a date	the seconds from 1970-01-01T00:00:00Z to midnight UTC of the date, as the date is where an operation needs a date and time (2018-12-10 is 1,544,400,000)
	a date and time with an offset or a zone id	the seconds from the epoch 1970-01-01T00:00:00Z to the instant, with the fraction (1970-01-01T01:00:00+01:00 is 0)
	a date and time with no zone	no value: {:error, diagnostic}, an :invalid_property, as the specification defines the value of a date and time with a UTC form only
	a time	the seconds of the day less the offset, not wrapped, the number that orders times (10:00:00+01:00 is 32,400, and so is 09:00:00Z; 00:30:00+01:00 is -1,800); a time with no zone is its seconds of the day, and one with a zone id has the offset of the zone in standard time, as in a comparison

The number is exact up to 34 digits, as every number is.
iex> Feel.Runtime.Temporal.value(~D[1970-01-02])
{:ok, Decimal.new(86400)}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("1970-01-01T01:00:00.5+01:00")
iex> Feel.Runtime.Temporal.value(date_time)
{:ok, Decimal.new("0.5")}
iex> {:ok, time} = Feel.Value.Time.parse("00:30:00+01:00")
iex> Feel.Runtime.Temporal.value(time)
{:ok, Decimal.new(-1800)}
iex> {:ok, floating} = Feel.Value.DateTime.parse("1970-01-01T00:00:00")
iex> {:error, %Feel.Diagnostic{code: :invalid_property}} = Feel.Runtime.Temporal.value(floating)

  


        

      


  

    
Feel.Runtime.TemporalText 
    



      
Reads the text of a time or a date and time as DMN 1.6 writes it, and as the extensions that are on spell it (D-81).
The functions time(from) and date and time(from) read their text this way (Feel.Builtin.Conversion), and so do
the endpoints of the text of range(from) (Feel.Runtime.RangeText, D-45).
iex> env = Feel.Runtime.Env.new()
iex> Feel.Runtime.TemporalText.read(env, "13:30:00", &Feel.Value.Time.parse/1) |> elem(0)
:ok
iex> Feel.Runtime.TemporalText.read(env, "13:30", &Feel.Value.Time.parse/1)
:error
iex> env = Feel.Runtime.Env.new(extensions: Feel.Extensions.new([:camunda]))
iex> {:ok, time, spelled} = Feel.Runtime.TemporalText.read(env, "13:30", &Feel.Value.Time.parse/1)
iex> {time.hour, Enum.map(Feel.Runtime.Env.diagnostics(spelled), & &1.code)}
{13, [:temporal_spelling]}

      


      
        Summary


  
    Functions
  


    
      
        read(env, text, parse)

      


        Reads text with parse, and if that does not read it, as the extensions spell it.



    





      


      
        Functions


        


  
    
      
    
    
      read(env, text, parse)



        
          
        

    

  


  

      

          @spec read(Feel.Runtime.Env.t(), String.t(), Feel.Value.Temporal.Spellings.parser()) ::
  {:ok, Feel.Value.Temporal.t()}
  | {:ok, Feel.Value.Temporal.t(), Feel.Runtime.Env.t()}
  | :error


      


Reads text with parse, and if that does not read it, as the extensions spell it.
{:ok, value} for the text as DMN 1.6 writes it, {:ok, value, env} for another spelling, with the :info
:temporal_spelling reported in env (once for a text in a run), and :error for a text that nothing reads.

  


        

      


  

    
Feel.Runtime.TypeCheck 
    



      
The instance of operator (DMN 1.6, Table 62).
value instance of type is true when the value is an instance of the type and false when
it is not. It is a question with an answer for every value, so it is never null and it cannot
report anything: the function returns the boolean and not an Feel.Runtime.Env.outcome/0.
The type is a resolved Feel.Type.t/0. The analyzer resolves it against the scope. A type that
cannot be resolved (a name that is not defined) makes the result null, as the first step of
Table 62 says, and the node carries that error: it never gets here.
Nothing is converted: a singleton list is not an instance of the type of its element.
null is an instance of Null and of no other type, not even Any (D-23); that is the one
place where instance of differs from conformance, and Feel.Type.Instance.instance?/2 has it.

      


      
        Summary


  
    Functions
  


    
      
        instance_of(value, type)

      


        Returns whether value is an instance of type.



    





      


      
        Functions


        


  
    
      
    
    
      instance_of(value, type)



        
          
        

    

  


  

      

          @spec instance_of(Feel.Value.t(), Feel.Type.t()) :: boolean()


      


Returns whether value is an instance of type.
iex> Feel.Runtime.TypeCheck.instance_of(Decimal.new(1), :number)
true
iex> Feel.Runtime.TypeCheck.instance_of(Decimal.new(1), {:list, :number})
false
iex> Feel.Runtime.TypeCheck.instance_of([Decimal.new(1)], {:list, :number})
true
iex> Feel.Runtime.TypeCheck.instance_of(nil, :null)
true
iex> Feel.Runtime.TypeCheck.instance_of(nil, :any)
false

  


        

      


  

    
Feel.Runtime.UnaryTests 
    



      
What it means for a value to satisfy unary tests (DMN 1.6, sections 7.3.2 and
10.3.2.10; notes 08 §4.6 and §4.8).
The analyzer lowers each test to an expression about the input ?: < 5 becomes
? < 5, [1..5] becomes ? >= 1 and ? <= 5, and a value such as "a" becomes
? = "a" (D-40). Two things are left for the run, and are here:
	matches/3: a test that is an expression whose value is only known at run time. Its
value decides what the test means: a list is a set of alternatives, a range is
containment, a boolean that is made from ? is the answer, and anything else is
equality with the input.
	satisfied/2: the tests together. They are alternatives, so a true decides and a
null is neither true nor false; the result is satisfied only when it is true, or
for not(...) only when it is false.

Neither function gives null. A test that gives null (a null input against < 5, or
a number against "a") is not satisfied, and a negated list of tests with such a result
is not satisfied either (U2 in the notes).

      


      
        Summary


  
    Functions
  


    
      
        any(values)

      


        The three-valued OR of the values of some tests: a true decides, and anything that is not a false
leaves it open. It is what in gives for its tests (D-61), where satisfied/2 turns the open case
into false.



    


    
      
        matches(input, value, arg3)

      


        Returns whether the input matches the value of a test that is an expression.



    


    
      
        member(input, value, uses_input?)

      


        Returns whether the value of the subject of in is a member of the value of one of its tests (D-61).



    


    
      
        satisfied(atom, values)

      


        Returns whether unary tests are satisfied, given the value of each test.



    





      


      
        Functions


        


  
    
      
    
    
      any(values)



        
          
        

    

  


  

      

          @spec any([boolean() | nil]) :: boolean() | nil


      


The three-valued OR of the values of some tests: a true decides, and anything that is not a false
leaves it open. It is what in gives for its tests (D-61), where satisfied/2 turns the open case
into false.
iex> Feel.Runtime.UnaryTests.any([false, true, nil])
true
iex> Feel.Runtime.UnaryTests.any([false, nil])
nil
iex> Feel.Runtime.UnaryTests.any([false, false])
false
iex> Feel.Runtime.UnaryTests.any([])
false

  



  
    
      
    
    
      matches(input, value, arg3)



        
          
        

    

  


  

      

          @spec matches(Feel.Value.t(), Feel.Value.t(), boolean()) :: Feel.Runtime.Env.outcome()


      


Returns whether the input matches the value of a test that is an expression.
uses_input? says whether the expression refers to ?.
	An expression that uses ? and is a boolean (or null) is the answer itself.
	A list matches when the input equals one of its elements.
	A range matches when the input lies within it.
	Any other value matches when the input equals it: a null too, if the expression does not use ?.

The value decides and the type of the expression never does (D-209): an expression of ? that is null is
null, which is not satisfied, as null < 5 is, and a null that does not come from ? (a name that is
null) is equal to a null input. The analysis lowers a test to ? = expression only where that is the same.
Examples
iex> Feel.Runtime.UnaryTests.matches(Decimal.new(2), true, true)
{:ok, true}
iex> Feel.Runtime.UnaryTests.matches(Decimal.new(2), [Decimal.new(1), Decimal.new(2)], false)
{:ok, true}
iex> range = %Feel.Value.Range{start: Decimal.new(1), end: Decimal.new(5), start_included: true, end_included: false}
iex> Feel.Runtime.UnaryTests.matches(Decimal.new(5), range, false)
{:ok, false}
iex> Feel.Runtime.UnaryTests.matches(nil, nil, false)
{:ok, true}
iex> Feel.Runtime.UnaryTests.matches(nil, nil, true)
{:ok, nil}
iex> Feel.Runtime.UnaryTests.matches(Decimal.new(2), "a", false) |> elem(0)
:error

  



  
    
      
    
    
      member(input, value, uses_input?)



        
          
        

    

  


  

      

          @spec member(Feel.Value.t(), Feel.Value.t(), boolean()) :: Feel.Runtime.Env.outcome()


      


Returns whether the value of the subject of in is a member of the value of one of its tests (D-61).
It is matches/3, except for a list, which Table 56 reads as list contains: the subject is in it when
it equals an element, or lies within an element that is a range, and an element that it cannot be
compared with is not equal to it, where matches/3 makes that an error.
iex> list = [Decimal.new(1), "a", Decimal.new(3)]
iex> Feel.Runtime.UnaryTests.member(Decimal.new(3), list, false)
{:ok, true}
iex> Feel.Runtime.UnaryTests.member(Decimal.new(2), list, false)
{:ok, false}
iex> range = %Feel.Value.Range{start: Decimal.new(5), end: Decimal.new(9), start_included: true, end_included: true}
iex> Feel.Runtime.UnaryTests.member(Decimal.new(6), [Decimal.new(1), range], false)
{:ok, true}
iex> Feel.Runtime.UnaryTests.member(true, [false, Decimal.new(2)], false)
{:ok, false}
A subject that is found at the front stops the search:
iex> list = [Decimal.new(1), "a", Decimal.new(3)]
iex> Feel.Runtime.UnaryTests.member(Decimal.new(1), list, false)
{:ok, true}

  



  
    
      
    
    
      satisfied(atom, values)



        
          
        

    

  


  

      

          @spec satisfied(:any | :positive | :negated, [boolean() | nil]) :: boolean()


      


Returns whether unary tests are satisfied, given the value of each test.
kind is :any for -, :positive for a list of tests, and :negated for
not(...). Each value is true, false or null.
iex> Feel.Runtime.UnaryTests.satisfied(:positive, [false, true])
true
iex> Feel.Runtime.UnaryTests.satisfied(:positive, [false, nil])
false
iex> Feel.Runtime.UnaryTests.satisfied(:negated, [false, false])
true
iex> Feel.Runtime.UnaryTests.satisfied(:negated, [false, nil])
false
iex> Feel.Runtime.UnaryTests.satisfied(:any, [])
true

  


        

      


  

    
Feel.Scope 
    



      
The names and types an expression may refer to, known before it runs.
Feel.prepare/2 uses a scope to resolve names, to match names that contain
spaces or operator characters, and to check calls and infer types. A scope has
these parts:
	names - the variables, with the type of each value they will be bound to.
A function is a variable whose type is a function type.
	types - the type names an expression may use, such as the item
definitions of a DMN model.
	allowed_values - for some variables, the values they may have, as the source
text of a list of unary tests, as in the allowedValues of a DMN item definition
("[0..150]", ""a", "b"", "< 100"). See below.
	constraints - the allowed values and type constraints for variables and their members,
with key steps through contexts and :each through lists (:type_constraints in new/2).
	result_type and result_allowed_values - what the expression gives: the type of its
result, and the values it may have. They are the typeRef and the allowedValues of
the variable of a DMN decision.

Allowed values
The bound value of a variable with allowed values is verified when a run starts (D-138), for
the variables that the expression reads: a value that none of the tests accepts is replaced by
null, with a :value_not_allowed error, and null itself is exempt. The tests are tested
against the value as ?, and may use the other names of the scope. They are read when an
expression that uses the variable is prepared, and a test that cannot be read is an error of that
expression, with the code :invalid_allowed_values. Their source is kept as it is written, since
a scope is data; Feel.Analysis.AllowedValues compiles it.
A variable declared as a list ({:list, :number}) has the tests applied to each element, as the
allowedValues of a DMN item definition with isCollection are (D-51): "[0..10]" for
list<number> means that every element, other than null, is in [0..10]. The first element
that is not makes the whole value null, with an error that says which. So are the allowed values of
the result, when its result_type is a list (D-138).
Type constraints, and the members of a value
The typeConstraint of a DMN item definition is a list of unary tests like the allowed values, but for the value as a whole:
for a list, "count(?) > 0" says the list has an element, where allowed values are for each element. They are given as
type_constraints, by the name of the variable. For a value that is not a list the two are the same.
Both can be given for a member of a value, by a subject {name, steps}: the steps are the keys of the context to
go down, and :each to go to the elements of a list. {"person", ["age"]} is the age of a person, {"orders", [:each, "total"]} the total of each order. The tests are for the member as the tests of a variable are for the variable, and a
member that is not there or is null is exempt. A value with a member that is not allowed is not allowed, as a list with
an element that is not (the whole value is null, with an error that says which member). They narrow the type of the
member, so person.age is a number in [0..150].
Names that are never null
In the specification null is a value of every type, so a variable declared :number may be
null, and so is anything computed from it. A type marked not null ({:non_null, :number}, or
"number!" for Feel.Type.parse/2, D-48) says that the variable is never null: with the default
declarations: :enforce the analysis types the expression without the null that the variable would
bring, and a run ends with an error of the kind :input if the bound value is null, is not
bound, cannot be converted to the type, or is not one of its allowed values. This is an extension
to standard FEEL: expression type syntax also accepts the mark in function parameters and
instance of targets. Preparation currently rejects an outer non-null result declaration
with :not_implemented; result constraints are not a guarantee that evaluation cannot return null.
Types the lattice cannot say
The types of the specification have no union and no negation. A name that is anything but a number is {:not, :number}
("Any except number"), and one that is a number or a string is {:union, [:number, :string]} ("number | string"), for
Feel.Type.parse/2 (D-178). They are declared like any other type, in the names, the :types, the :result_type and the
:input, inside a list or a context, and under the mark: {:non_null, {:union, [:number, :string]}}. null is in them as it is in every
declared type, unless the whole is marked. The type of the name in the analysis is the union they make, and with the default
declarations: :enforce the run makes it true: a value that is not in it is null with a :type_mismatch error. See
Feel.Type.Composite.
The result
The result of the expression is converted to the result_type and has to conform to it, and
then it has to satisfy the result_allowed_values (D-138). In DMN this is how a decision gives
its value to its variable. A scope is shared by the expressions that see the same names, so the
scope of one expression is made with put_result/2 from the scope of the others, which is
cheap. The options :result_type and :result_allowed_values of Feel.prepare/2 take the
place of those of the scope.
The built-in functions are not stored here; they are always in scope, in the
outermost layer, and a name in this scope shadows them.
All names in a scope are canonical (see Feel.Name). new/2 canonicalizes
the names it is given. The functions that put and fetch single entries expect
canonical names already, since the analyzer gets them from the parser.

      


      
        Summary


  
    Types
  


    
      
        kind()

      


        The allowed values (for each element of a list) or the type constraint (for the value as a whole).



    


    
      
        step()

      


        A context key, :each for list elements, or a guarded declaration graph selector. The latter visits
each occurrence of its target declaration from the root, retaining concrete runtime paths.



    


    
      
        subject()

      


        What is constrained: the variable itself (no steps), or a member of it.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        allowed_values(scope)

      


        Returns the allowed values of the scope: a map from variable name to source text.



    


    
      
        constraints(scope, name)

      


        Everything that is constrained of a variable, whole or by member: the allowed values of the variable itself, its type
constraint, and those of its members, each with the steps down to it, the kind and the source text. The name must be
canonical.



    


    
      
        fetch_allowed_values(scope, name)

      


        Looks up the allowed values of a variable. The name must be canonical.



    


    
      
        fetch_name(scope, name)

      


        Looks up the type of a variable. The name must be canonical.



    


    
      
        fetch_type(scope, name)

      


        Looks up a type by name. The name must be canonical.



    


    
      
        merge(left, right)

      


        Merges two scopes. Entries of the second scope replace those of the first.



    


    
      
        names(scope)

      


        Returns the variable names in the scope, sorted.



    


    
      
        new(names \\ %{}, options \\ [])

      


        Builds a scope from variable names and, optionally, type names and allowed values.



    


    
      
        put_allowed_values(scope, subject, source)

      


        Sets the allowed values of a variable: the source text of a list of unary tests.



    


    
      
        put_name(scope, name, type)

      


        Adds or replaces a variable. The name must be canonical.



    


    
      
        put_not_null(scope, names)

      


        Marks the types of variables as not null (D-48): :all of them, or the ones in a list of canonical names.



    


    
      
        put_result(scope, options)

      


        Sets what the expression gives: the type of its result, and its allowed values.



    


    
      
        put_type(scope, name, type)

      


        Adds or replaces a type name. The name must be canonical.



    


    
      
        put_type_constraint(scope, subject, source)

      


        Sets the type constraint of a variable or of a member of it: the source text of a list of unary tests for the value as a
whole, which for a list is the list ("count(?) > 0") and not each element.



    


    
      
        result_allowed_values(scope)

      


        Returns the allowed values of the result, as source text, or nil when there are none.



    


    
      
        result_type(scope)

      


        Returns the type of the result of the expression, or nil when there is none.



    


    
      
        type_names(scope)

      


        Returns the type names in the scope, sorted.



    





      


      
        Types


        


  
    
      
    
    
      kind()



        
          
        

    

  


  

      

          @type kind() :: :allowed_values | :type_constraint


      


The allowed values (for each element of a list) or the type constraint (for the value as a whole).

  



  
    
      
    
    
      step()



        
          
        

    

  


  

      

          @type step() ::
  Feel.Name.t()
  | :each
  | {:recursive, String.t(), String.t(), Feel.Type.Recursive.graph()}


      


A context key, :each for list elements, or a guarded declaration graph selector. The latter visits
each occurrence of its target declaration from the root, retaining concrete runtime paths.

  



  
    
      
    
    
      subject()



        
          
        

    

  


  

      

          @type subject() :: Feel.Name.t() | {Feel.Name.t(), [step()]}


      


What is constrained: the variable itself (no steps), or a member of it.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Scope{
  allowed_values: %{optional(Feel.Name.t()) => String.t()},
  constraints: %{
    optional({Feel.Name.t(), [step()], kind()}) => [String.t(), ...]
  },
  names: %{optional(Feel.Name.t()) => Feel.Type.t()},
  result_allowed_values: String.t() | nil,
  result_type: Feel.Type.t() | nil,
  types: %{optional(Feel.Name.t()) => Feel.Type.t()}
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      allowed_values(scope)



        
          
        

    

  


  

      

          @spec allowed_values(t()) :: %{optional(Feel.Name.t()) => String.t()}


      


Returns the allowed values of the scope: a map from variable name to source text.

  



  
    
      
    
    
      constraints(scope, name)



        
          
        

    

  


  

      

          @spec constraints(t(), Feel.Name.t()) :: [
  %{steps: [step()], kind: kind(), source: String.t(), index: non_neg_integer()}
]


      


Everything that is constrained of a variable, whole or by member: the allowed values of the variable itself, its type
constraint, and those of its members, each with the steps down to it, the kind and the source text. The name must be
canonical.
iex> scope = Feel.Scope.new(%{"p" => {:context, %{"age" => :number}}}, allowed_values: %{{"p", ["age"]} => "[0..150]"})
iex> Feel.Scope.constraints(scope, "p")
[%{steps: ["age"], kind: :allowed_values, source: "[0..150]", index: 0}]

  



  
    
      
    
    
      fetch_allowed_values(scope, name)



        
          
        

    

  


  

      

          @spec fetch_allowed_values(t(), Feel.Name.t()) :: {:ok, String.t()} | :error


      


Looks up the allowed values of a variable. The name must be canonical.

  



  
    
      
    
    
      fetch_name(scope, name)



        
          
        

    

  


  

      

          @spec fetch_name(t(), Feel.Name.t()) :: {:ok, Feel.Type.t()} | :error


      


Looks up the type of a variable. The name must be canonical.

  



  
    
      
    
    
      fetch_type(scope, name)



        
          
        

    

  


  

      

          @spec fetch_type(t(), Feel.Name.t()) :: {:ok, Feel.Type.t()} | :error


      


Looks up a type by name. The name must be canonical.

  



  
    
      
    
    
      merge(left, right)



        
          
        

    

  


  

      

          @spec merge(t(), t()) :: t()


      


Merges two scopes. Entries of the second scope replace those of the first.

  



  
    
      
    
    
      names(scope)



        
          
        

    

  


  

      

          @spec names(t()) :: [Feel.Name.t()]


      


Returns the variable names in the scope, sorted.

  



    

    

  
    
      
    
    
      new(names \\ %{}, options \\ [])



        
          
        

    

  


  

      

          @spec new(%{optional(String.t()) => Feel.Type.t()},
  types: %{optional(String.t()) => Feel.Type.t()},
  allowed_values: %{optional(subject()) => String.t() | [String.t()]},
  type_constraints: %{optional(subject()) => String.t() | [String.t()]},
  result_type: Feel.Type.t(),
  result_allowed_values: String.t(),
  not_null: :all | [String.t()]
) :: t()


      


Builds a scope from variable names and, optionally, type names and allowed values.
Options
	:types - a map from type name to Feel.Type.t/0.
	:allowed_values - a map from the name of a variable, or a subject {name, steps} (a member of it), to the source text of
its allowed values, a list of unary tests, or a list of such texts, which all have to hold (a definition that has
allowed values and refers to one that has). Every name must be a variable of the scope.
	:type_constraints - the same for the type constraint, which is for the value as a whole.
	:result_type - the type of the result of the expression, a Feel.Type.t/0.
	:result_allowed_values - the allowed values of the result, as above.
	:not_null - :all, or a list of names: the variables whose types are marked not null (put_not_null/2, D-48).

Names are canonicalized with Feel.Name.canonical/1. Raises ArgumentError for an
allowed value that is not a string, or that is for a name that is not in the scope.
iex> scope = Feel.Scope.new(%{"age" => :number}, allowed_values: %{"age" => "[0..150]"})
iex> Feel.Scope.fetch_allowed_values(scope, "age")
{:ok, "[0..150]"}
iex> scope = Feel.Scope.new(%{"age" => :number, "name" => :string}, not_null: ["age"])
iex> {Feel.Scope.fetch_name(scope, "age"), Feel.Scope.fetch_name(scope, "name")}
{{:ok, {:non_null, :number}}, {:ok, :string}}

  



  
    
      
    
    
      put_allowed_values(scope, subject, source)



        
          
        

    

  


  

      

          @spec put_allowed_values(t(), subject(), String.t()) :: t()


      


Sets the allowed values of a variable: the source text of a list of unary tests.
The name must be canonical and a variable of the scope. Raises ArgumentError when it
is not, or when the source is not a string.
iex> scope = Feel.Scope.put_name(%Feel.Scope{}, "age", :number)
iex> scope = Feel.Scope.put_allowed_values(scope, "age", "[0..150]")
iex> Feel.Scope.allowed_values(scope)
%{"age" => "[0..150]"}

  



  
    
      
    
    
      put_name(scope, name, type)



        
          
        

    

  


  

      

          @spec put_name(t(), Feel.Name.t(), Feel.Type.t()) :: t()


      


Adds or replaces a variable. The name must be canonical.

  



  
    
      
    
    
      put_not_null(scope, names)



        
          
        

    

  


  

      

          @spec put_not_null(t(), :all | [Feel.Name.t()]) :: t()


      


Marks the types of variables as not null (D-48): :all of them, or the ones in a list of canonical names.
A caller whose inputs are all required says so once, and not for each type. The mark is the one of a type written
with !: with the default declarations: :enforce the analysis types an expression without the null that the variable would
bring, and a run ends with an error of the kind :input if the bound value is null or is not bound. A type that is
marked already stays as it is, and a variable of the type Null, which has no value but null, is left as it is. Raises
ArgumentError for a name that is not a variable of the scope.
iex> scope = Feel.Scope.new(%{"age" => :number, "ages" => {:list, :number}})
iex> scope = Feel.Scope.put_not_null(scope, :all)
iex> {Feel.Scope.fetch_name(scope, "age"), Feel.Scope.fetch_name(scope, "ages")}
{{:ok, {:non_null, :number}}, {:ok, {:non_null, {:list, :number}}}}
iex> Feel.Scope.put_not_null(scope, ["other"])
** (ArgumentError) not_null for "other", which is not a name of the scope

  



  
    
      
    
    
      put_result(scope, options)



        
          
        

    

  


  

      

          @spec put_result(t(),
  result_type: Feel.Type.t() | nil,
  result_allowed_values: String.t() | nil
) :: t()


      


Sets what the expression gives: the type of its result, and its allowed values.
Options
	:result_type - a Feel.Type.t/0. A type that names a type of the scope
({:named, "tAge"}) is resolved when the expression is prepared.
	:result_allowed_values - the source text of a list of unary tests, as for a variable.

An option that is not given, or is nil, leaves what the scope has. Raises ArgumentError
for allowed values that are not a string.
iex> scope = Feel.Scope.put_result(%Feel.Scope{}, result_type: :number, result_allowed_values: "[0..100]")
iex> {Feel.Scope.result_type(scope), Feel.Scope.result_allowed_values(scope)}
{:number, "[0..100]"}

  



  
    
      
    
    
      put_type(scope, name, type)



        
          
        

    

  


  

      

          @spec put_type(t(), Feel.Name.t(), Feel.Type.t()) :: t()


      


Adds or replaces a type name. The name must be canonical.

  



  
    
      
    
    
      put_type_constraint(scope, subject, source)



        
          
        

    

  


  

      

          @spec put_type_constraint(t(), subject(), String.t()) :: t()


      


Sets the type constraint of a variable or of a member of it: the source text of a list of unary tests for the value as a
whole, which for a list is the list ("count(?) > 0") and not each element.
iex> scope = Feel.Scope.new(%{"xs" => {:list, :number}}, type_constraints: %{"xs" => "count(?) > 0"})
iex> Feel.Scope.constraints(scope, "xs")
[%{steps: [], kind: :type_constraint, source: "count(?) > 0", index: 0}]

  



  
    
      
    
    
      result_allowed_values(scope)



        
          
        

    

  


  

      

          @spec result_allowed_values(t()) :: String.t() | nil


      


Returns the allowed values of the result, as source text, or nil when there are none.

  



  
    
      
    
    
      result_type(scope)



        
          
        

    

  


  

      

          @spec result_type(t()) :: Feel.Type.t() | nil


      


Returns the type of the result of the expression, or nil when there is none.

  



  
    
      
    
    
      type_names(scope)



        
          
        

    

  


  

      

          @spec type_names(t()) :: [Feel.Name.t()]


      


Returns the type names in the scope, sorted.

  


        

      


  

    
Feel.Syntax.Characters 
    



      
The character classes of the FEEL lexical grammar (DMN 1.6, section 10.3.1.2).
The ranges are those of grammar rules 28 (name start characters), 29 (name part
characters), 61 (white space), and 62 (vertical space), in the normalized form
recorded in the specification notes: the printed rules have stray spaces and
some short hex values.
Two classes overlap: U+1680, U+180E and U+FEFF are both white space and inside
the name ranges. White space wins, since it is stated to separate tokens.
is_word_char/1 applies that rule, so a word never contains white space.
All of the guards work on a Unicode code point (an integer).

      


      
        Summary


  
    Functions
  


    
      
        is_digit(c)

      


        A decimal digit, 0 to 9.



    


    
      
        is_name_part(c)

      


        A name part character (rule 29): a name start character, a digit, or a combining mark.



    


    
      
        is_name_start(c)

      


        A name start character (rule 28): letters, _, ?, and most of Unicode above Latin-1.



    


    
      
        is_vertical_space(c)

      


        Vertical space (rule 62): the line terminators U+000A to U+000D.



    


    
      
        is_whitespace(c)

      


        White space (rule 61), which includes vertical space.



    


    
      
        is_word_char(c)

      


        A character that can be part of a word: a name part character that is not white space.



    


    
      
        name_part?(c)

      


        Returns true for a name part character (rule 29).



    


    
      
        name_start?(c)

      


        Returns true for a name start character (rule 28).



    


    
      
        vertical_space?(c)

      


        Returns true for vertical space (rule 62).



    


    
      
        whitespace?(c)

      


        Returns true for white space (rule 61).



    


    
      
        word_char?(c)

      


        Returns true for a character that can be part of a word.



    





      


      
        Functions


        


  
    
      
    
    
      is_digit(c)


        (macro)


        
          
        

    

  


  

A decimal digit, 0 to 9.

  



  
    
      
    
    
      is_name_part(c)


        (macro)


        
          
        

    

  


  

A name part character (rule 29): a name start character, a digit, or a combining mark.

  



  
    
      
    
    
      is_name_start(c)


        (macro)


        
          
        

    

  


  

A name start character (rule 28): letters, _, ?, and most of Unicode above Latin-1.

  



  
    
      
    
    
      is_vertical_space(c)


        (macro)


        
          
        

    

  


  

Vertical space (rule 62): the line terminators U+000A to U+000D.

  



  
    
      
    
    
      is_whitespace(c)


        (macro)


        
          
        

    

  


  

White space (rule 61), which includes vertical space.

  



  
    
      
    
    
      is_word_char(c)


        (macro)


        
          
        

    

  


  

A character that can be part of a word: a name part character that is not white space.

  



  
    
      
    
    
      name_part?(c)



        
          
        

    

  


  

      

          @spec name_part?(integer()) :: boolean()


      


Returns true for a name part character (rule 29).

  



  
    
      
    
    
      name_start?(c)



        
          
        

    

  


  

      

          @spec name_start?(integer()) :: boolean()


      


Returns true for a name start character (rule 28).

  



  
    
      
    
    
      vertical_space?(c)



        
          
        

    

  


  

      

          @spec vertical_space?(integer()) :: boolean()


      


Returns true for vertical space (rule 62).

  



  
    
      
    
    
      whitespace?(c)



        
          
        

    

  


  

      

          @spec whitespace?(integer()) :: boolean()


      


Returns true for white space (rule 61).

  



  
    
      
    
    
      word_char?(c)



        
          
        

    

  


  

      

          @spec word_char?(integer()) :: boolean()


      


Returns true for a character that can be part of a word.

  


        

      


  

    
Feel.Syntax.Lexer 
    



      
Splits FEEL source text into raw tokens (DMN 1.6, section 10.3.1.4).
The lexer is deliberately context-free. FEEL names may contain spaces and
symbols, and whether a-b is a name or a subtraction depends on the names in
scope, so the lexer cannot decide it. It emits words, numbers, strings and
symbols, each with its text, position, and whether white space came before it;
the parser groups them into names (see Feel.Syntax.Token). Scope names are
lexed with the same lexer, so a name in scope and the same name in an
expression produce the same tokens.
What the lexer does
	Words are maximal runs of name part characters (Feel.Syntax.Characters),
so IncomeTaxesAmount and x1 are one token each. A word that equals a
reserved word is flagged as a keyword; not, list, context, range,
e, and E are ordinary words.
	Numbers are unsigned: - is always a separate token, and the parser
turns it into a negation. The longest numeric literal wins (1.5, .5,
1e-3), unless name characters follow it directly. Then a shorter literal
is tried, and if none fits the whole run is a word: 2nd is one word, and
1.5x is the number 1, a dot, and the word 5x. A number is read with
Feel.Value.Number.parse/1, so one with more than 34 digits is rounded to
34, and one outside the decimal128 exponent range is an error.
	Strings are delimited by " only; typographic quotes are not
delimiters. The escapes are backslash followed by ', ", \, n, r,
or t, and \u with four hex digits or \U with six. A high and a low
surrogate written as two \u escapes make one character. A backslash before
any other character stays in the string literally, since the grammar allows
a backslash as a plain character. A string cannot contain a raw line break
(U+000A to U+000D).
	Comments are // to the end of the line and /* ... */ (not nested).
They count as white space. Comment openers win over / and *, so a//b
is a followed by a comment.
	White space is the set of grammar rule 61. It wins over name characters
where the two overlap.
	Symbols are ... .. . ** * + - / ' <= >= != -> < > = ( ) [ ] { } , : @,
longest match first, and ' or the typographic apostrophe U+2019 as the
:quote symbol. -> is one token, so a->b is not a subtraction followed
by a comparison.
	Names in backticks (D-83) are one :quoted_name token: `first name`. They are not DMN 1.6
FEEL; they say which tokens form a name without the scope having to, and the parser reports that
one was used (Feel.Analysis.QuotedNames). What is between the backticks is lexed as the rest of the
source is, and has to be a name in the canonical form of Feel.Name, which the lexer checks by
writing the name out and comparing it with the text: `first name` (two spaces) is not one,
nor is `a - b` (it is a-b), `a,b`, `2nd` or `if`. There is no escape for a
backtick.

Anything else is an error. Tokenizing stops at the first error and never raises.
Errors
The error is a list with one Feel.Diagnostic whose code is one of
:unterminated_string, :unterminated_comment, :invalid_escape,
:unexpected_character, :number_out_of_range, :invalid_encoding, :unterminated_quoted_name,
:invalid_quoted_name, or :source_too_large.
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    Types
  


    
      
        result()

      


        The result of tokenizing.



    





  
    Functions
  


    
      
        name_tokens(text)

      


        Returns the tokens of a text that is a name, written the way a name can be: a word that can start a name,
then tokens that can continue it, with nothing but white space between them and around them.



    


    
      
        tokenize(source, options \\ [])

      


        Tokenizes source.
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      result()



        
          
        

    

  


  

      

          @type result() ::
  {:ok, [Feel.Syntax.Token.t()]} | {:error, [Feel.Diagnostic.t(), ...]}


      


The result of tokenizing.

  


        

      

      
        Functions


        


  
    
      
    
    
      name_tokens(text)



        
          
        

    

  


  

      

          @spec name_tokens(String.t()) :: {:ok, [Feel.Syntax.Token.t(), ...]} | :error


      


Returns the tokens of a text that is a name, written the way a name can be: a word that can start a name,
then tokens that can continue it, with nothing but white space between them and around them.
A string used as a context key is a name when this gives its tokens (D-213), and the key is then the canonical
name of the tokens (Feel.Name.join/1). The parser and the analyzer both decide it here. A comment is no
white space for this: the lexer drops it, so the text would not be what it is read as. Anything the lexer
rejects is no name.
iex> {:ok, tokens} = Feel.Syntax.Lexer.name_tokens("  first   name ")
iex> Enum.map(tokens, & &1.text)
["first", "name"]
iex> Feel.Syntax.Lexer.name_tokens("a - b = c")
:error
iex> Feel.Syntax.Lexer.name_tokens("a /* c */ b")
:error

  



    

  
    
      
    
    
      tokenize(source, options \\ [])



        
          
        

    

  


  

      

          @spec tokenize(String.t(), [{:limits, Feel.Limits.t()}]) :: result()


      


Tokenizes source.
Options
	:limits - a Feel.Limits.t/0; only :max_source_bytes is used here.

Examples
iex> {:ok, tokens} = Feel.Syntax.Lexer.tokenize("price * 2")
iex> Enum.map(tokens, &{&1.kind, &1.text})
[word: "price", star: "*", number: "2"]

  


        

      


  

    
Feel.Syntax.NameSet 
    



      
A set of canonical names (see Feel.Name) that tells a name from the start of one.
The parser makes a name one token at a time, from the tokens it reads, and has
to know when to stop. A run of name tokens can be as long as the expression
(x + x + x + … is all name tokens, since + can be a part of a name), so it
cannot try every length of it. What it asks of the names is whether what it has
made is one, only the start of one, or neither (probe/2): when it is neither,
no longer name made from it is one either, since each is the start of the next,
and the work for a name is the number of tokens that it has in common with a
known name, not how long the run is and not how long the known names are (D-177,
D-177).
The names are kept in order, so that a string and the names that start with it
are together, and the first name that is not before the string answers for all
of them. Names are added one at a time, as the parser binds the parameters,
iterators and keys that an expression introduces, and the set is a value: adding
a name gives a set and leaves the one it was made from as it was.
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    Types
  


    
      
        found()

      


        What the names say of a string.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        new(names \\ [])

      


        Returns the set of the given names.



    


    
      
        probe(name_set, string)

      


        What the names say of a string: :name when it is one (and it may also start a
longer one), :prefix when it only starts one, :none when no name starts with
it.



    


    
      
        put(set, name)

      


        Adds a name to the set.
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      found()



        
          
        

    

  


  

      

          @type found() :: :name | :prefix | :none


      


What the names say of a string.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @opaque t()


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      new(names \\ [])



        
          
        

    

  


  

      

          @spec new(Enumerable.t()) :: t()


      


Returns the set of the given names.
iex> set = Feel.Syntax.NameSet.new(["date and time", "date"])
iex> Feel.Syntax.NameSet.probe(set, "date")
:name

  



  
    
      
    
    
      probe(name_set, string)



        
          
        

    

  


  

      

          @spec probe(t(), String.t()) :: found()


      


What the names say of a string: :name when it is one (and it may also start a
longer one), :prefix when it only starts one, :none when no name starts with
it.
iex> set = Feel.Syntax.NameSet.new(["date and time", "date"])
iex> Feel.Syntax.NameSet.probe(set, "date")
:name
iex> Feel.Syntax.NameSet.probe(set, "date and")
:prefix
iex> Feel.Syntax.NameSet.probe(set, "date or")
:none
iex> Feel.Syntax.NameSet.probe(Feel.Syntax.NameSet.new(), "date")
:none

  



  
    
      
    
    
      put(set, name)



        
          
        

    

  


  

      

          @spec put(t(), Feel.Name.t()) :: t()


      


Adds a name to the set.
iex> set = Feel.Syntax.NameSet.put(Feel.Syntax.NameSet.new(), "first name")
iex> Feel.Syntax.NameSet.probe(set, "first name")
:name

  


        

      


  

    
Feel.Syntax.Parser 
    



      
Parses a FEEL expression (DMN 1.6, grammar rules 1 and 2) from tokens.
This is a hand-written precedence-climbing parser. The grammar is ambiguous and
gives precedence only by the order of its alternatives, so the levels below are
the reading in the specification notes (01 §6). The parser reads the tokens of
Feel.Syntax.Lexer and returns a Feel.AST expression node; it does not
analyze or run anything.
The parser reads the whole expression grammar: literals, names, arithmetic,
comparison, and, or, between, in, prefix tests, intervals, lists, context
literals, if, for, some, every, function definitions, and the postfix forms
(path, descendant, filter, call, instance of). parse_unary_tests/2 reads the
other entry point, a list of unary tests. Types such as list<number> are read
inside other nodes by Feel.Syntax.TypeParser, and on their own by
Feel.Type.parse/2. The parser reads FEEL whatever the dialect: S-FEEL is checked on the
tree it returns (Feel.Syntax.SFeel, D-49), and B-FEEL has the same grammar.
Precedence
From the loosest to the tightest. All binary operators are left associative.
	Level	Construct
	1	or
	2	and
	3	= != < <= > >= between in
	4	+ -
	5	* /
	6	**
	7	prefix - (tighter than **: -4 ** 2 is 16)
	8	instance of
	9	.name, ...name, [filter], (arguments)

The right operand of a comparison, and the bounds of between, are parsed at
level 4 and above, so x < a + b is x < (a + b), a < b and c is
(a < b) and c, and x between 1 and 10 and y is (x between 1 and 10) and y
(notes 01, A27). A prefix test such as < a + b reads its operand the same way.
Brackets
(, [ and ] can start a parenthesized expression, a list, or an interval,
and the tokens that tell them apart come after the first expression. The parser
reads that expression once, and the token after it decides, so it never backtracks:
	Start	Then ..	Then , or ]	Then )
	(	interval, open at the start	list of tests (in only)	parentheses
	[	interval, closed at the start	list	
	]	interval, open at the start		

An interval ends with ), ] or [. After in (, a comma makes a list of
tests, so x in (1, 2) is {:in, meta, x, [1, 2]}; x in (a) and x in a are the
same tree.
A [ right after the upper end of an interval is ambiguous (notes 01, A35): it
opens a filter in [1..xs[i]] and closes the interval in ]1..5[. The token after
it decides, as in the grammar of lezer-feel (decision D-28): a filter when that
token can begin an expression, except ] and the comparison operators, which
close the interval. ]1..a[ - 1 is therefore read with a filter and fails; write
(]1..a[) - 1.
Names
A name is a run of tokens, and where it ends depends on the names in scope
(decision D-05, D-06). At the start of an operand the parser takes the longest
run of name tokens that is a name in the :scope or a built-in function
(Feel.Builtin), so with a-b in scope, a - b is that name, and (a) - (b) is
a subtraction. A longest match is dropped for a shorter one when the token after
it could not follow an operand, which is the specification's "the longest match
is preferred" without a full backtrack. A name that matches nothing is its first
token alone, and the analyzer reports it.
After . and ..., and inside the brackets of a filter, names are keys of a
context that exists only at run time (decision D-27). There a name is a name start
word followed by further words that are not keywords, and x.age and y stops at
and.
Constructs and bound names
if, for, some, every and function start an operand, and the last part of
each (the else branch, the body, the test) is read at the lowest precedence, so it
extends as far right as the enclosing brackets allow: 1 + if c then 2 else 3 is
1 + (if c then 2 else 3) (notes 01, A28).
The variables of for, some and every, and the parameters of a function, are
names in the parts they scope, so for first name in xs return first name reads
first name as one name in the body. A variable is visible in the domains after
it, not in its own. A binding name ends at the first in (A23), so a variable
cannot be called is in stock. Only a for domain can be from..to.
Context literals
The keys of a context are names and strings. A value can use any key of its
context, including one that comes after it (notes 01, A22), so the keys are found
first, by a scan of the tokens up to the closing brace, and are names while the
values are read. A key cannot start with a keyword ({"if": 1} is the way to write
it). Duplicate keys, cycles, and self-references are kept in the tree; the analyzer
reports them.
Errors
The error is a list of Feel.Diagnostic with the code :syntax_error,
:nesting_too_deep when the expression nests deeper than the :limits allow (the nesting of a type counts, D-154), or
:name_too_long when a name that the expression gives (to a parameter, a
variable, or a key) has more tokens than they allow.
The parser never raises for its input.
Example
iex> {:ok, tokens} = Feel.Syntax.Lexer.tokenize("1 + 2")
iex> {:ok, {:binary, meta, :add, _left, _right}} = Feel.Syntax.Parser.parse(tokens)
iex> meta.span
{0, 5}
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        option()

      


        Options of parse/2.



    





  
    Functions
  


    
      
        parse(tokens, options \\ [])

      


        Parses tokens as one expression.



    


    
      
        parse_unary_tests(tokens, options \\ [])

      


        Parses tokens as a list of unary tests (DMN 1.6, grammar rule 15), as in the
input entries of a decision table.
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          @type option() ::
  {:scope, Feel.Scope.t()}
  | {:limits, Feel.Limits.t()}
  | {:extensions, Feel.Extensions.t() | [atom()]}
  | {:index, Feel.Syntax.ScopeIndex.t() | nil}


      


Options of parse/2.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      parse(tokens, options \\ [])



        
          
        

    

  


  

      

          @spec parse([Feel.Syntax.Token.t()], [option()]) ::
  {:ok, Feel.AST.expression()} | {:error, [Feel.Diagnostic.t(), ...]}


      


Parses tokens as one expression.
The whole input has to be one expression. Any token left over is an error.
The tokens are what Feel.Syntax.Lexer.tokenize/2 gives. The keys of a context literal are found once, for all
the literals, by the offset at which its { starts, which is unique among the tokens of the lexer; a list of tokens
that is built by hand, with two tokens at the same offset, is not supported.
Options
	:scope - a Feel.Scope.t/0 with the names that may contain spaces or
operator characters, and the type names instance of may use.
	:limits - a Feel.Limits.t/0; :max_nesting_depth and :max_name_tokens are used here.
	:extensions - the extensions that are on (Feel.Extensions, D-81): the names of the functions they add are
names of several words wherever they are, as the built-in ones are.


  



    

  
    
      
    
    
      parse_unary_tests(tokens, options \\ [])



        
          
        

    

  


  

      

          @spec parse_unary_tests([Feel.Syntax.Token.t()], [option()]) ::
  {:ok, Feel.AST.unary_tests()} | {:error, [Feel.Diagnostic.t(), ...]}


      


Parses tokens as a list of unary tests (DMN 1.6, grammar rule 15), as in the
input entries of a decision table.
The result is {:unary_tests, meta, kind, tests}:
	:any for a lone -, with no tests.
	:negated for not( tests ) that is the whole input.
	:positive for any other input: expressions separated by commas.

A test is an ordinary expression, so prefix tests, intervals, and the name ? need
nothing special. not(x), 2 and not(x) and y are not negations: only an input
that is not( followed by tests and the closing parenthesis is, and any other is
a list of tests that calls the function not (notes 08, §4.8). That is the one
place where the parser reads the input a second time.
Takes the options of parse/2.
iex> {:ok, tokens} = Feel.Syntax.Lexer.tokenize("< 5, [10..20]")
iex> {:ok, {:unary_tests, _meta, :positive, tests}} = Feel.Syntax.Parser.parse_unary_tests(tokens)
iex> Enum.map(tests, &elem(&1, 0))
[:prefix_test, :range]

  


        

      


  

    
Feel.Syntax.SFeel 
    



      
The check that an expression is in S-FEEL, the simple subset of FEEL (DMN 1.6, clause 9; D-49).
S-FEEL restricts the syntax. Within it the semantics are those of FEEL, which clause 9 states
to be equivalent, so an expression that passes is run as any other, and nothing here is a
runtime matter. Feel.parse/2 and Feel.prepare/2 call check/4 after the parser when the dialect
is :s_feel; the parser itself reads FEEL, since the grammar of S-FEEL has no construct that the
grammar of FEEL lacks.
An expression that is not in S-FEEL is a syntax error with the code :outside_s_feel, one
diagnostic for each construct, in source order.
What is accepted
For an expression (entry: :expression, grammar rule 3 of clause 9):
	literals: numbers (with no exponent), strings (with the escapes \', \", \\, \n, \r,
\t and \u with four hex digits, but not \U), true and false;
	names and qualified names (a, first name, applicant.age);
	date("..."), time("...") and duration("...") with one string literal, and no other call;
	arithmetic negation and + - * / **;
	the comparisons = != < <= > >=;
	the operands of those are expressions again, as the grammar has it.

For a list of unary tests (entry: :unary_tests, rule 12):
	-, and not(...) of a list of tests;
	a test is a value, <, <=, > or >= followed by a value, or an interval. A value is a
literal (a number can have a sign), a qualified name, or one of the three date and time
literals. = x and != x as tests are not there: a value alone is the equality.

Not in S-FEEL: and, or, if, for, some, every, between, in, instance of, lists,
contexts, filters, paths on anything but a name, function definitions, other calls (not(x) and
abs(x) too), @"..." literals, intervals as values, generalized unary tests (? > 5), exponents,
\U escapes, and comments.
Two grammars
The grammar as printed has no parentheses for grouping and no null literal. The specification
notes (08, 2.7) take both for omissions, as a decision table tests for missing data all the time.
grammar: :practical (the default) accepts them. grammar: :literal follows the printed grammar
and reports them. Nothing else differs: a path is still names and dots, so a path on a group,
(a).b, is reported in both.
What is not checked
The types of S-FEEL, which have no date and time, list, context, range or function, and the
roles it is required in (the allowed values of an item definition, the input expressions and
entries and the output entries of a decision table, D-49). Those are about the model and not
about the text.
iex> {:ok, _ast} = Feel.parse("(1 + 2) * 3", dialect: :s_feel)
iex> {:error, error} = Feel.parse("if x then 1 else 2", dialect: :s_feel)
iex> {error.kind, error.code, error.span}
{:syntax, :outside_s_feel, {0, 18}}
iex> {:error, error} = Feel.parse("(1 + 2) * 3", dialect: :s_feel, s_feel_grammar: :literal)
iex> hd(error.diagnostics).details.construct
:grouping
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        :practical accepts grouping parentheses and null; :literal reports them.
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        Checks the tokens and the syntax tree of a parsed S-FEEL expression or list of unary tests.



    


    
      
        validate_grammar!(grammar)

      


        Returns the grammar, or raises ArgumentError when it is not :practical or :literal.
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          @type grammar() :: :practical | :literal


      


:practical accepts grouping parentheses and null; :literal reports them.
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          @spec check(String.t(), [Feel.Syntax.Token.t()], Feel.AST.t(), [{:grammar, grammar()}]) ::
  :ok | {:error, [Feel.Diagnostic.t(), ...]}


      


Checks the tokens and the syntax tree of a parsed S-FEEL expression or list of unary tests.
source and tokens are what the lexer read, ast what the parser made of them. Returns :ok,
or every construct that is not in S-FEEL as a list of diagnostics with the code :outside_s_feel,
ordered by position. Raises ArgumentError for an unknown option.
Options
	:grammar - :practical (default) or :literal; see the module documentation.
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          @spec validate_grammar!(term()) :: grammar()


      


Returns the grammar, or raises ArgumentError when it is not :practical or :literal.
iex> Feel.Syntax.SFeel.validate_grammar!(:literal)
:literal

  


        

      


  

    
Feel.Syntax.ScopeIndex 
    



      
What the parser needs to know of a scope, made once and added to one name at a time.
The parser matches the names of a scope as the longest names that the tokens make, so for each parse it takes the names of the
scope (lexing each, to count its tokens) and the names of the types. That is the size of the scope for every text, which is
nothing for one expression and the square of the size for a caller that parses a text for each of 4,000 entries of a context
against a scope of 4,000 names. new/2 does it once, put_name/2 adds a name (the entry of a context, a parameter) in the time of
its tokens, and Feel.parse/2 takes the index as its :scope_index.
The index is the scope it was made from, and the names added: Feel.parse/2 reads the names from it and not from the :scope
(the scope still gives the types of instance of, unless the index was made with them, as it is).
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        new(scope, extensions \\ [])

      


        The index of a scope: its names, with the built-in functions and the names of the functions that the extensions add, and its types.



    


    
      
        put_name(index, name)

      


        The index with a name more. The name is lexed to count its tokens, since it may hold symbols (a-b is three); a text that does not
lex as a name is left out, as new/2 leaves it out.
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          @opaque t()
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          @spec new(Feel.Scope.t(), Feel.Extensions.t() | [atom()]) :: t()


      


The index of a scope: its names, with the built-in functions and the names of the functions that the extensions add, and its types.
iex> index = Feel.Syntax.ScopeIndex.new(Feel.Scope.new(%{"first name" => :string}))
iex> {:ok, {:name, _meta, ["first", "name"]}} = Feel.parse("first name", scope_index: index)

  



  
    
      
    
    
      put_name(index, name)



        
          
        

    

  


  

      

          @spec put_name(t(), String.t()) :: t()


      


The index with a name more. The name is lexed to count its tokens, since it may hold symbols (a-b is three); a text that does not
lex as a name is left out, as new/2 leaves it out.

  


        

      


  

    
Feel.Syntax.Token 
    



      
A token of FEEL source text.
The lexer produces raw tokens and does not decide which of them form a name.
In FEEL a name is a sequence of tokens that may contain spaces and symbols
such as -, so a - b can be one name or a subtraction depending on the names
in scope, and only the parser knows the scope. The tokens carry what it needs:
the exact text, the position, and whether white space came before.
Fields
	:kind - see kind/0.
	:text - the source text of the token, exactly as written.
	:value - the decoded value: a Feel.Value.Number.t/0 for :number, the
string without quotes and with escapes resolved for :string, the tokens of the name as
texts (["first", "name"]) for :quoted_name, nil otherwise.
	:span - {from, to}, the byte range in the source (to exclusive).
	:space_before? - whether white space or a comment immediately precedes the
token. It tells a-b from a - b.
	:keyword? - for a :word, whether it is a reserved word such as and or
if. A keyword cannot start a name, but can be a later part of one.
	:name_start? - for a :word, whether it begins with a name start
character. A word like 2nd does not, and can only be part of a name.

Kinds
	:word - a maximal run of name part characters, including keywords.
	:number - a numeric literal, never with a sign.
	:string - a string literal.
	:dot, :slash, :minus, :plus, :star, :quote - the single-character
symbols that can also be part of a name; :quote is ' or the typographic
apostrophe U+2019.
	:dot_dot, :dot_dot_dot, :star_star, :lt, :lte, :gt, :gte, :eq,
:neq, :arrow, :at, :lparen, :rparen, :lbracket, :rbracket,
:lbrace, :rbrace, :comma, :colon - operators and punctuation.
	:quoted_name - a name in backticks, `first name` (D-81). It is one token whatever is in scope,
which is what it is for. What is between the backticks is a name as DMN 1.6 writes it, in its canonical
form (Feel.Name): the words with one space between them, - and the other name symbols as in
tracking-id, and nothing else. The lexer checks it and reports anything else; the token's :text is
with the backticks, and its :value the texts of the tokens in it.
	:bang - a ! that is not the start of !=. FEEL itself has no use for it; it marks a
type as not null in a type expression (number!, D-48).
	:pipe - a | that is a union in a type that a host declares (number | string, D-178). The lexer does not make it, since
| is not a character of FEEL: Feel.Type.parse/2 cuts the source at the | the lexer stops at.



      


      
        Summary


  
    Types
  


    
      
        kind()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        can_continue_name?(token)

      


        Returns true for a token that can be a later part of a name: any word
(including keywords and words like 2nd), a number, or one of the name
symbols . / - + * '.



    


    
      
        can_start_name?(token)

      


        Returns true for a token that can begin a name: a word that starts with a
name start character and is not a keyword.



    





      


      
        Types


        


  
    
      
    
    
      kind()



        
          
        

    

  


  

      

          @type kind() ::
  :word
  | :number
  | :string
  | :dot
  | :slash
  | :minus
  | :plus
  | :star
  | :quote
  | :dot_dot
  | :dot_dot_dot
  | :star_star
  | :lt
  | :lte
  | :gt
  | :gte
  | :eq
  | :neq
  | :arrow
  | :at
  | :lparen
  | :rparen
  | :lbracket
  | :rbracket
  | :lbrace
  | :rbrace
  | :comma
  | :colon
  | :quoted_name
  | :bang
  | :pipe


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Syntax.Token{
  keyword?: boolean(),
  kind: kind(),
  name_start?: boolean(),
  space_before?: boolean(),
  span: Feel.Diagnostic.span(),
  text: String.t(),
  value: Feel.Value.Number.t() | String.t() | [String.t(), ...] | nil
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      can_continue_name?(token)



        
          
        

    

  


  

      

          @spec can_continue_name?(t()) :: boolean()


      


Returns true for a token that can be a later part of a name: any word
(including keywords and words like 2nd), a number, or one of the name
symbols . / - + * '.
iex> Feel.Syntax.Token.can_continue_name?(%Feel.Syntax.Token{kind: :minus, text: "-", span: {1, 2}})
true
iex> Feel.Syntax.Token.can_continue_name?(%Feel.Syntax.Token{kind: :comma, text: ",", span: {1, 2}})
false

  



  
    
      
    
    
      can_start_name?(token)



        
          
        

    

  


  

      

          @spec can_start_name?(t()) :: boolean()


      


Returns true for a token that can begin a name: a word that starts with a
name start character and is not a keyword.
iex> Feel.Syntax.Token.can_start_name?(%Feel.Syntax.Token{kind: :word, text: "age", span: {0, 3}, name_start?: true})
true
iex> Feel.Syntax.Token.can_start_name?(%Feel.Syntax.Token{kind: :word, text: "if", span: {0, 2}, name_start?: true, keyword?: true})
false

  


        

      


  

    
Feel.Syntax.TypeParser 
    



      
Parses a type expression (DMN 1.6, grammar rule 52) from tokens.
type = qualified name
     | "range" "<" type ">"
     | "list" "<" type ">"
     | "context" "<" name ":" type { "," name ":" type } ">"
     | "function" "<" [ type { "," type } ] ">" "->" type
     | type "?"
The result is a Feel.AST type node, for example
{:list_type, meta, {:type_name, meta, ["number"]}}. It does not look names up:
Feel.Type.from_ast/2 turns the node into a Feel.Type.t/0.
list, range, and context are type constructors only when a < follows;
otherwise they are ordinary names. A context member name is a name or a string
literal.
Which tokens form a type name
A type name can have several words: date and time, years and months duration,
or a name from a model. A type is also followed by other tokens: x instance of date and time and y is not a type named date and time and y. The parser is
therefore given the names of the types that exist, and takes the longest run of
name tokens that is one of them. If none is, it takes the first token and the
. and name that follow it, if any, since import.Employee is one qualified
name (grammar rule 18), so that the analyzer can report the unknown name.
The run of name tokens after a type can be as long as the expression (x instance of number and x instance of number and … is all name tokens), so it is
not taken out of the tokens and tried at every length: a name is made one token
at a time and the scan ends when it is not the start of any name that exists
(D-177).
The parser stops after one type and returns the tokens that are left.
Nesting
A type nests: list<list<number>>, the type of each member of a context<>, the parameters of a function<> and the type
after its arrow. Each is one level deeper than the type around it (the result after an arrow too, since
function<number> -> function<number> -> … nests with no bracket), and parse/3 refuses a type that goes deeper than
max_depth with the code :nesting_too_deep and the message the parser gives for an expression (D-154). A type is a part of
an expression, so depth says how deep the expression around it is already. With no max_depth there is no limit, which is
how Feel.Type.parse/2 reads the types that a host declares.
A trailing !
A ! marks the type it follows as not null, a {:non_null_type, meta, type} node
(D-48): number!, list<number!>, list<number>!. It is not part of FEEL; it is
an extension, which a type in an expression has as the declarations of a Feel.Scope
do (D-48). A ! that starts != is that operator, so number != x is read as usual
and number!=x is too.

      


      
        Summary


  
    Types
  


    
      
        names()

      


        The names of the types that exist, ready to be read from (see names/1).



    


    
      
        option()

      


        An option of parse/3: :depth, how deeply the type is nested already (0), and :max_depth, how deeply expressions may nest
(:infinity).



    


    
      
        result()

      


        The result: the type, and the tokens after it.



    





  
    Functions
  


    
      
        names(set)

      


        Prepares the canonical names of the types that exist (see Feel.Name) for
parse/2, which takes them as they are too.



    


    
      
        parse(tokens, known_names, options \\ [])

      


        Parses one type at the start of tokens. The options are :depth and :max_depth (see "Nesting"), and :composite, whether a
union and Any except are read (false).



    





      


      
        Types


        


  
    
      
    
    
      names()



        
          
        

    

  


  

      

          @opaque names()


      


The names of the types that exist, ready to be read from (see names/1).

  



  
    
      
    
    
      option()



        
          
        

    

  


  

      

          @type option() ::
  {:depth, non_neg_integer()}
  | {:max_depth, non_neg_integer() | :infinity}
  | {:composite, boolean()}


      


An option of parse/3: :depth, how deeply the type is nested already (0), and :max_depth, how deeply expressions may nest
(:infinity).

  



  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() ::
  {:ok, Feel.AST.type_expression(), [Feel.Syntax.Token.t()]}
  | {:error, [Feel.Diagnostic.t(), ...]}


      


The result: the type, and the tokens after it.

  


        

      

      
        Functions


        


  
    
      
    
    
      names(set)



        
          
        

    

  


  

      

          @spec names(MapSet.t(Feel.Name.t())) :: names()


      


Prepares the canonical names of the types that exist (see Feel.Name) for
parse/2, which takes them as they are too.
A caller that parses many types with the same names (every instance of of an
expression) prepares them once: parse/2 looks a name up in them by what it
starts with, to read it no further than it can go, however long the expression
after it is.
iex> names = Feel.Syntax.TypeParser.names(MapSet.new(["date and time"]))
iex> {:ok, tokens} = Feel.Syntax.Lexer.tokenize("date and time and x")
iex> {:ok, {:type_name, _, words}, [_and, _x]} = Feel.Syntax.TypeParser.parse(tokens, names)
iex> words
["date", "and", "time"]

  



    

  
    
      
    
    
      parse(tokens, known_names, options \\ [])



        
          
        

    

  


  

      

          @spec parse([Feel.Syntax.Token.t()], MapSet.t(Feel.Name.t()) | names(), [option()]) ::
  result()


      


Parses one type at the start of tokens. The options are :depth and :max_depth (see "Nesting"), and :composite, whether a
union and Any except are read (false).
known_names is the set of canonical names of the types that exist (see
Feel.Name), or names/1 of it, used to decide where a multi-word type name
ends.
iex> {:ok, tokens} = Feel.Syntax.Lexer.tokenize("list<date and time>")
iex> {:ok, type, []} = Feel.Syntax.TypeParser.parse(tokens, MapSet.new(["date and time"]))
iex> type
{:list_type, %{span: {0, 19}}, {:type_name, %{span: {5, 18}}, ["date", "and", "time"]}}

  


        

      


  

    
Feel.Type 
    



      
The FEEL type system (DMN 1.6, section 10.3.2.9).
Types form a lattice with :any on top and :null at the bottom. Apart from
the parameterised families (list, range, context, function), the
lattice is flat: the primitive types do not conform to each other, and in
particular :date does not conform to :date_and_time. There are no union
types, and no common supertype of the two duration types.
	t/0	FEEL
	:any, :null	Any, Null
	:boolean, :number, :string	boolean, number, string
	:date, :time	date, time
	:date_and_time	date and time
	:years_and_months_duration	years and months duration
	:days_and_time_duration	days and time duration
	{:list, type}	list<type>
	{:range, type}	range<type>
	{:context, %{"k" => type}}	context<k: type>
	{:function, [type], result}	function<type> -> result
	{:recursive, name, graph}	guarded recursive item data
	{:named, "Name"}	a model-defined type, by name
	{:non_null, type}	type! (an extension, D-48)
	{:not, type}	Any except type (an extension, D-178)
	{:union, [type, ...]}	type | type (an extension, D-178)

A context type lists its members by name; the order of members does not
matter. Parameter names are not part of a function type.
The last three go past the lattice: T! says that a name is never null, Any except T that it is not
a T, and T | U that it is one or the other. They are for what a host declares (Feel.Scope, the result type of an
expression, a type of the scope that an expression names), and parse/2 reads them; the types in an expression (instance of, the
parameters of a function) are those of the specification and T!. See Feel.Type.Composite for what the last two mean.
Types and values
This module describes types as data (t/0), for checking and inference. It
does not hold values. The values of each FEEL type, and how they are
represented, are in the modules under Feel.Value, such as Feel.Value.Number
and Feel.Value.List. Each of them has a type/0 (or type/1 for the
parameterised types) that returns its descriptor, so Feel.Value.Number.type()
is :number. Feel.Value itself is the type Any.
What is here
	Relations between types: conforms?/2, equivalent?/2, and join/2
(see Feel.Type.Conformance).
	Relations between values and types: of/1, instance?/2, and
value_conforms?/2 (see Feel.Type.Instance).
	Implicit conversion: coerce/3 (see Feel.Type.Conversion).
	Type expressions: parse/2 reads list<number> and the like, and
format/1 writes them. Types defined by a model, like the item definitions of
a DMN model, are found in the Feel.Scope, and resolve/2 replaces a
{:named, name} by its definition.

The relations work on resolved types, with no {:named, _} left in them.
In these types Null is under every type, so number means "a number or null". The
analyzer needs to say that a result is never null, and uses Feel.Type.Union, in
which the null is an alternative of its own (D-39).

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        builtin(name)

      


        Returns the built-in type with the given canonical name.



    


    
      
        builtin_names()

      


        Returns the names of the built-in types, sorted.



    


    
      
        coerce(value, type, options \\ [])

      


        Converts a value to fit a type with the implicit conversions of section
10.3.2.9.4, such as wrapping a value in a singleton list. Returns :error when
no conversion applies. See Feel.Type.Conversion.



    


    
      
        conforms?(type, target)

      


        Returns true when the first type conforms to the second: an instance of the
first can be used wherever the second is expected. See Feel.Type.Conformance.



    


    
      
        equivalent?(type, other)

      


        Returns true when two types are equivalent. See Feel.Type.Conformance.



    


    
      
        format(arg1)

      


        Formats a type as FEEL type syntax.



    


    
      
        from_ast(arg, scope)

      


        Turns a type node of the syntax tree (see Feel.Syntax.TypeParser) into a type.



    


    
      
        instance?(value, type)

      


        The instance of operator (Table 62): null is an instance of :null only, and
every other value must fit the type. See Feel.Type.Instance.



    


    
      
        join(type, other)

      


        Returns a conservative common supertype that both types conform to. It need not
be the least expressible supertype for functions or composite declarations.
See Feel.Type.Conformance.



    


    
      
        non_null(type)

      


        Marks a type as not null (D-48): the type of a name that must have a value.



    


    
      
        of(value)

      


        Returns the type of a value (Table 43). See Feel.Type.Instance.



    


    
      
        parse(source, options \\ [])

      


        Parses a type expression such as list<number> or context<a: string>.



    


    
      
        parse_ast(source, known)

      


        Reads a type expression as the node of the syntax tree that from_ast/2 takes, with the places of the text. known is
the set of the names of the types that exist besides the built-in ones. :error for a text that is not a type
expression, which parse/2 says why.



    


    
      
        resolve(type, scope)

      


        Replaces every {:named, name} in a type by the definition found in the scope,
recursively.



    


    
      
        value_conforms?(value, type)

      


        Returns true when a value fits a type, where null fits every type. See
Feel.Type.Instance.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() ::
  :any
  | :null
  | :boolean
  | :number
  | :string
  | :date
  | :time
  | :date_and_time
  | :years_and_months_duration
  | :days_and_time_duration
  | {:list, t()}
  | {:range, t()}
  | {:context, %{optional(String.t()) => t()}}
  | {:function, [t()], t()}
  | {:named, String.t()}
  | Feel.Type.Recursive.t()
  | {:non_null, t()}
  | {:not, t()}
  | {:union, [t(), ...]}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      builtin(name)



        
          
        

    

  


  

      

          @spec builtin(Feel.Name.t()) :: {:ok, t()} | :error


      


Returns the built-in type with the given canonical name.
iex> Feel.Type.builtin("date and time")
{:ok, :date_and_time}
iex> Feel.Type.builtin("Employee")
:error

  



  
    
      
    
    
      builtin_names()



        
          
        

    

  


  

      

          @spec builtin_names() :: [Feel.Name.t()]


      


Returns the names of the built-in types, sorted.

  



    

  
    
      
    
    
      coerce(value, type, options \\ [])



        
          
        

    

  


  

      

          @spec coerce(Feel.Value.t(), t(), [{:compose, boolean()}]) ::
  {:ok, Feel.Value.t()} | :error


      


Converts a value to fit a type with the implicit conversions of section
10.3.2.9.4, such as wrapping a value in a singleton list. Returns :error when
no conversion applies. See Feel.Type.Conversion.

  



  
    
      
    
    
      conforms?(type, target)



        
          
        

    

  


  

      

          @spec conforms?(t(), t()) :: boolean()


      


Returns true when the first type conforms to the second: an instance of the
first can be used wherever the second is expected. See Feel.Type.Conformance.

  



  
    
      
    
    
      equivalent?(type, other)



        
          
        

    

  


  

      

          @spec equivalent?(t(), t()) :: boolean()


      


Returns true when two types are equivalent. See Feel.Type.Conformance.

  



  
    
      
    
    
      format(arg1)



        
          
        

    

  


  

      

          @spec format(t()) :: String.t()


      


Formats a type as FEEL type syntax.
Context members are listed in key order, and an empty context type is written
context<>, which is not valid FEEL syntax.
iex> Feel.Type.format({:list, :number})
"list<number>"
iex> Feel.Type.format({:function, [:number, :string], :boolean})
"function<number, string> -> boolean"
iex> Feel.Type.format({:context, %{"name" => :string, "age" => :number}})
"context<age: number, name: string>"
iex> Feel.Type.format({:non_null, {:list, :number}})
"list<number>!"
iex> Feel.Type.format({:union, [:number, {:not, :string}]})
"number | (Any except string)"
iex> Feel.Type.format({:non_null, {:not, {:union, [:number, :string]}}})
"(Any except number | string)!"

  



  
    
      
    
    
      from_ast(arg, scope)



        
          
        

    

  


  

      

          @spec from_ast(Feel.AST.type_expression(), Feel.Scope.t()) ::
  {:ok, t()} | {:error, [Feel.Diagnostic.t(), ...]}


      


Turns a type node of the syntax tree (see Feel.Syntax.TypeParser) into a type.
Names are looked up among the built-in types and then in the scope. Returns the
diagnostics of the first problem: an unknown or self-referential type name, or a
context type with the same member twice.

  



  
    
      
    
    
      instance?(value, type)



        
          
        

    

  


  

      

          @spec instance?(Feel.Value.t(), t()) :: boolean()


      


The instance of operator (Table 62): null is an instance of :null only, and
every other value must fit the type. See Feel.Type.Instance.

  



  
    
      
    
    
      join(type, other)



        
          
        

    

  


  

      

          @spec join(t(), t()) :: t()


      


Returns a conservative common supertype that both types conform to. It need not
be the least expressible supertype for functions or composite declarations.
See Feel.Type.Conformance.

  



  
    
      
    
    
      non_null(type)



        
          
        

    

  


  

      

          @spec non_null(t()) :: {:ok, t()} | :error


      


Marks a type as not null (D-48): the type of a name that must have a value.
A type that is already marked stays as it is. Null! has no values, so it is :error.
iex> Feel.Type.non_null(:number)
{:ok, {:non_null, :number}}
iex> Feel.Type.non_null({:non_null, :number})
{:ok, {:non_null, :number}}
iex> Feel.Type.non_null(:null)
:error

  



  
    
      
    
    
      of(value)



        
          
        

    

  


  

      

          @spec of(Feel.Value.t()) :: t()


      


Returns the type of a value (Table 43). See Feel.Type.Instance.

  



    

  
    
      
    
    
      parse(source, options \\ [])



        
          
        

    

  


  

      

          @spec parse(String.t(), [{:scope, Feel.Scope.t()}]) ::
  {:ok, t()} | {:error, Feel.Error.t()}


      


Parses a type expression such as list<number> or context<a: string>.
The names of types defined by a model are looked up in the :scope option, a
Feel.Scope.t/0, and replaced by their definitions. A name that is neither
built in nor in the scope is an error, as is a name that refers to itself. A
context member can be a name or a string, so context<"first name": string>
works.
This is the reading of a type that a host declares, and it goes past the types of an expression (D-178): Any except T
is {:not, T} and T | U is {:union, [T, U]}, and a type can be put in parentheses. Any except takes everything
to its right up to the end of the bracket it is in, so Any except number | string is neither, and
(Any except number) | string is Any. A ! after a member of a union or after except is refused, since it is not
read; mark the whole type, (Any except number)!. The type of an expression (instance of, the parameters of a
function) is parsed by Feel.Syntax.TypeParser without these.
Errors
The error has kind :syntax when the text is not a type expression, and
:analysis when it is one but names a type that does not exist.
iex> Feel.Type.parse("list<date and time>")
{:ok, {:list, :date_and_time}}
iex> Feel.Type.parse("function<number, string> -> boolean")
{:ok, {:function, [:number, :string], :boolean}}
iex> Feel.Type.parse("list<number!>!")
{:ok, {:non_null, {:list, {:non_null, :number}}}}
iex> Feel.Type.parse("Any except number")
{:ok, {:not, :number}}
iex> Feel.Type.parse("number | list<string | boolean>")
{:ok, {:union, [:number, {:list, {:union, [:string, :boolean]}}]}}
iex> Feel.Type.parse("(Any except number | string)!")
{:ok, {:non_null, {:not, {:union, [:number, :string]}}}}
iex> {:error, error} = Feel.Type.parse("list<Employee>")
iex> {error.kind, error.code}
{:analysis, :invalid_type_expression}

  



  
    
      
    
    
      parse_ast(source, known)



        
          
        

    

  


  

      

          @spec parse_ast(String.t(), [Feel.Name.t()]) ::
  {:ok, Feel.AST.type_expression()} | :error


      


Reads a type expression as the node of the syntax tree that from_ast/2 takes, with the places of the text. known is
the set of the names of the types that exist besides the built-in ones. :error for a text that is not a type
expression, which parse/2 says why.
iex> {:ok, {:non_null_type, _, {:type_name, _, ["number"]}}} = Feel.Type.parse_ast("number!", [])
iex> Feel.Type.parse_ast("number +", [])
:error

  



  
    
      
    
    
      resolve(type, scope)



        
          
        

    

  


  

      

          @spec resolve(t(), Feel.Scope.t()) ::
  {:ok, t()} | {:error, {:unknown_type | :cyclic_type, Feel.Name.t()}}


      


Replaces every {:named, name} in a type by the definition found in the scope,
recursively.
Returns {:error, {:unknown_type, name}} for a name that is not in the scope,
and {:error, {:cyclic_type, name}} for a type whose definition leads back to
itself through unresolved named references. Guarded descriptors produced by
Feel.ItemDefinitions.new/2 with recursive: :guarded are already resolved finite graphs;
they are retained without recursively expanding their back references.
iex> scope = Feel.Scope.put_type(%Feel.Scope{}, "Address", {:context, %{"zip" => :string}})
iex> Feel.Type.resolve({:list, {:named, "Address"}}, scope)
{:ok, {:list, {:context, %{"zip" => :string}}}}
iex> Feel.Type.resolve({:named, "Missing"}, scope)
{:error, {:unknown_type, "Missing"}}

  



  
    
      
    
    
      value_conforms?(value, type)



        
          
        

    

  


  

      

          @spec value_conforms?(Feel.Value.t(), t()) :: boolean()


      


Returns true when a value fits a type, where null fits every type. See
Feel.Type.Instance.

  


        

      


  

    
Feel.Type.Arrows 
    



      
Function types as arrows, an overloaded function as the intersection of several (D-171), and the questions about them.
What a function type holds
A function has no values to list. Runtime membership reads its signature metadata: a FEEL closure's
declared parameter types and result from Feel.IR.result_spec/1, or a built-in's type for each signature
(Feel.Value.Function.types_at/2). An enforced recursive result retains its exact declaration graph;
other results use the body's public projection. A value is an instance of function<P> -> R when one signature conforms to it
(Feel.Type.Instance, Feel.Type.Conformance: the same number of parameters, each parameter of the type within the
parameter of the function, and the result of the function within the result of the type). So a function is a finite set of
arrows, and it is in an arrow type when some arrow of its set is within it. That is what instance of answers, so it is
the meaning of the type: a narrowing takes its else branch when the run does.
Everything the algebra asks follows from it, and none of it is hard:
	An arrow A is within an arrow B (arrow_within?/2): the same number of parameters, B's parameters within A's, A's
result within B's. It is the one comparison that is not a set operation, and is the rule of the specification.
	A function type that is the intersection of arrows P1 ∧ … ∧ Pn and the negation of some ¬N1 ∧ … ∧ ¬Nm has a function
unless some Pi is within some Nj (empty?/2): a function whose set is {P1, …, Pn} is in every Pi, and in no
Nj when none of the Pi is within it; and a function that is in Pi has an arrow within Pi, and so within Nj if
Pi is. There is no search, and no bound but the number of arrows (overload/2 caps it).
	So an intersection P is within a union N1 ∨ … ∨ Nm when some Pi is within some Nj (within?/2), and an arrow is within an
intersection when it is within each of its arrows.

The semantic subtyping of Frisch and Castagna says more, because it takes an arrow to be what a function does:
(A → B) ∧ (C → D) is within (A ∪ C) → (B ∪ D) there. The run does not say so (abs instance of function<number> -> number is
false: the specification gives abs the one parameter that takes all three kinds), and a type that took more than the run does
would put a value in an else branch that the type excluded. So the emptiness of an arrow, which is the hard part of that
theory, is the one comparison above.
An overload
A function that was declared with several function types is all of them: before is a function<Any, Any> -> boolean and a
function<Any, range<Any>> -> boolean, and substring a function of two parameters and one of three. Its type is
{:overload, arrows, refinements}:
	arrows are those function types. They are what the algebra sees: the value is in each of them, so an overload is within a
function type when one of its arrows is, and a function type is within it when it is within each. A reader that does not ask
for the exact type (Feel.Type.Union.positive/1) sees them as alternatives, which is the type that a built-in function value
had before. A function type holds for any arguments: the result is in its result, or null (a call is null when an
argument does not conform, Table 64).
	refinements say what a call does for the arguments in their parameters, and nothing of the others. abs is declared
function<Any> -> Any (the specification has one parameter for the three kinds it takes), and a call with a duration gives a
duration: that is a refinement. It is not a function type of the value, as abs instance of function<duration> -> duration is false, so the algebra does not see it: it is used to type a call and for nothing else (application/2). The
function types a narrowing finds a function to be of are refinements as well (meet/2).

Nested arrows and exclusions retain their meaning through normalization. Positive approximations
are requested explicitly by readers, rather than rewriting a parameter or an excluded type.
An arrow guarantees a compatible runtime signature; it does not exclude additional signatures
on the same value. For example, matches inhabits both a two-argument and a three-argument arrow.
Neither a single arrow nor an overload's recorded arrows establish an exhaustive signature list.
Readers can use these guarantees to establish acceptance, but cannot infer rejection merely from
the absence of a qualifying arrow. Call refinements do not establish runtime signatures at all.
A literal FEEL function also uses an overload when its precise body result differs from that
observable result projection. For non-recursive signatures its arrow matches runtime metadata, including nullable results;
its refinement carries the precise result for calls. instance of never uses that refinement
as an observable arrow.
Recursive signatures require upper bounds in this algebra: an observable result becomes
Any | Null, with a structural call bound retained only as a refinement. Recursive domains use
an empty lower bound in upper arrows. Graph projection may widen the call bound too. Runtime
membership keeps the original descriptors and conservative conformance; inclusion in an analysis
projection cannot prove an exact recursive signature. Overlapping runtime signatures' possible
results remain alternatives, not conjunctive call refinements.

      


      
        Summary


  
    Types
  


    
      
        application()

      


        The possible result of calling a function of this type, including unrecorded signatures.



    


    
      
        arrow()

      


        A function type: its parameters and its result.



    


    
      
        t()

      


        A member of a union that is a function type: an arrow, the function of anything, or an overload (its arrows, and what a call of
it does for part of what it takes).



    





  
    Functions
  


    
      
        application(arg, types)

      


        The type of the result of calling a function of an overload with arguments of these types, by position.



    


    
      
        arrow_within?(arg1, arg2)

      


        Whether one arrow is within another: the same number of parameters, the parameters of the second within those of the first
and the result of the first within the result of the second (section 10.3.2.9.2, Feel.Type.Conformance).



    


    
      
        arrows(arrow)

      


        The arrows that a function of this type is all of: an arrow is itself, an overload its arrows, and the function of anything none.



    


    
      
        empty?(positives, negatives)

      


        Whether the functions that are of every arrow in positives and of none of the negatives are shown to be none: some positive
is within some negative.



    


    
      
        meet(member, member)

      


        The functions that are of both types, as the members of a union: the one that is within the other if one is, and otherwise the
first with the arrows of the second as refinements.



    


    
      
        overload(arrows, refinements \\ [])

      


        The type of a function that is all of the arrows and, for the arguments in their parameters, does what the refinements say, as the
members of a union: the arrow itself if there is one and no refinement, and the overload otherwise.



    


    
      
        overload?(arg1)

      


        Whether a member is an overload.



    


    
      
        result(arg, types)

      


        The type of a call of one arrow by position: its result if every argument is within its parameter.
Another arity or an uncovered domain gives Any | Null, since the type does not exclude other signatures.



    


    
      
        within?(member, other)

      


        Whether every function of the first type is of the second: each arrow of the second has an arrow of the first within it. The
function of anything holds every function, and is held by it alone.



    





      


      
        Types


        


  
    
      
    
    
      application()



        
          
        

    

  


  

      

          @type application() :: {:ok, Feel.Type.Union.t()}


      


The possible result of calling a function of this type, including unrecorded signatures.

  



  
    
      
    
    
      arrow()



        
          
        

    

  


  

      

          @type arrow() :: {:function, [Feel.Type.Union.t()], Feel.Type.Union.t()}


      


A function type: its parameters and its result.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: arrow() | :function | {:overload, [arrow(), ...], [arrow()]}


      


A member of a union that is a function type: an arrow, the function of anything, or an overload (its arrows, and what a call of
it does for part of what it takes).

  


        

      

      
        Functions


        


  
    
      
    
    
      application(arg, types)



        
          
        

    

  


  

      

          @spec application({:overload, [arrow(), ...], [arrow()]}, [Feel.Type.Union.t()]) ::
  application()


      


The type of the result of calling a function of an overload with arguments of these types, by position.
Recorded arrows bound the result only when they take this many arguments and their parameter domains cover all of
them. The result is the union of those bounds. If none covers the arguments, the starting bound is Any | Null:
another signature can accept them, including at the same arity. Applicable call refinements still narrow that bound.
iex> any = {:function, [[:any, :null]], [:any, :null]}
iex> number = {:function, [[:number, :null]], [:number, :null]}
iex> duration = {:function, [[:days_and_time_duration, :null]], [:days_and_time_duration, :null]}
iex> overload = {:overload, [any], [number, duration]}
iex> Feel.Type.Arrows.application(overload, [[:days_and_time_duration]])
{:ok, [:days_and_time_duration, :null]}
iex> Feel.Type.Arrows.application(overload, [[:any, :null]])
{:ok, [:any, :null]}
iex> Feel.Type.Arrows.application(overload, [[:number], [:number]])
{:ok, [:any, :null]}

  



  
    
      
    
    
      arrow_within?(arg1, arg2)



        
          
        

    

  


  

      

          @spec arrow_within?(arrow(), arrow()) :: boolean()


      


Whether one arrow is within another: the same number of parameters, the parameters of the second within those of the first
and the result of the first within the result of the second (section 10.3.2.9.2, Feel.Type.Conformance).
iex> number = {:function, [[:number, :null]], [:number]}
iex> any = {:function, [[:any, :null]], [:any, :null]}
iex> Feel.Type.Arrows.arrow_within?(any, {:function, [[:number, :null]], [:any, :null]})
true
iex> Feel.Type.Arrows.arrow_within?(number, any)
false
iex> Feel.Type.Arrows.arrow_within?(any, number)
false

  



  
    
      
    
    
      arrows(arrow)



        
          
        

    

  


  

      

          @spec arrows(t()) :: [arrow()]


      


The arrows that a function of this type is all of: an arrow is itself, an overload its arrows, and the function of anything none.
iex> Feel.Type.Arrows.arrows(:function)
[]
iex> Feel.Type.Arrows.arrows({:overload, [{:function, [], [:null]}], [{:function, [[:null]], [:null]}]})
[{:function, [], [:null]}]

  



  
    
      
    
    
      empty?(positives, negatives)



        
          
        

    

  


  

      

          @spec empty?([arrow()], [t()]) :: boolean()


      


Whether the functions that are of every arrow in positives and of none of the negatives are shown to be none: some positive
is within some negative.
The functions are the ones of the run, a finite set of arrows each, and this is the whole of the question for them (the module
says why). The answer is true only when it is shown, as everywhere in the algebra.
iex> number = {:function, [[:number, :null]], [:number, :null]}
iex> any = {:function, [[:any, :null]], [:any, :null]}
iex> Feel.Type.Arrows.empty?([number], [any])
false
iex> Feel.Type.Arrows.empty?([any], [number])
false
iex> Feel.Type.Arrows.empty?([number, any], [{:function, [[:number, :null]], [:any, :null]}])
true

  



  
    
      
    
    
      meet(member, member)



        
          
        

    

  


  

      

          @spec meet(t(), t()) :: [t(), ...]


      


The functions that are of both types, as the members of a union: the one that is within the other if one is, and otherwise the
first with the arrows of the second as refinements.
Before overloads the meeting of two function types was the first of them, which holds the functions of both and others, and it
still is to the algebra and to a reader that does not ask for the overload. A function that is of the second type does what its
arrows say for the arguments in their parameters, though, and a call is typed by it (application/2). What the functions of
either are known to do (their refinements) is kept.
iex> number = {:function, [[:number, :null]], [:number, :null]}
iex> string = {:function, [[:string, :null]], [:string, :null]}
iex> Feel.Type.Arrows.meet(number, string)
[{:overload, [number], [string]}]
iex> Feel.Type.Arrows.meet(number, :function)
[number]
iex> any = {:function, [[:any, :null]], [:any, :null]}
iex> Feel.Type.Arrows.meet(any, {:function, [[:any, :null]], [:number, :null]})
[{:function, [[:any, :null]], [:number, :null]}]

  



    

  
    
      
    
    
      overload(arrows, refinements \\ [])



        
          
        

    

  


  

      

          @spec overload([arrow(), ...], [arrow()]) :: [t(), ...]


      


The type of a function that is all of the arrows and, for the arguments in their parameters, does what the refinements say, as the
members of a union: the arrow itself if there is one and no refinement, and the overload otherwise.
A refinement that an arrow is within says nothing the arrow did not, and goes. The arrows are kept as they come, for the type that
a reader sees without the overload is theirs.
iex> number = {:function, [[:number, :null]], [:number, :null]}
iex> any = {:function, [[:any, :null]], [:any, :null]}
iex> Feel.Type.Arrows.overload([number])
[{:function, [[:number, :null]], [:number, :null]}]
iex> Feel.Type.Arrows.overload([any], [number, any])
[{:overload, [{:function, [[:any, :null]], [:any, :null]}], [{:function, [[:number, :null]], [:number, :null]}]}]

  



  
    
      
    
    
      overload?(arg1)



        
          
        

    

  


  

      

          @spec overload?(term()) :: boolean()


      


Whether a member is an overload.
iex> Feel.Type.Arrows.overload?({:overload, [], []})
true
iex> Feel.Type.Arrows.overload?(:function)
false

  



  
    
      
    
    
      result(arg, types)



        
          
        

    

  


  

      

          @spec result(arrow(), [Feel.Type.Union.t()]) :: Feel.Type.Union.t()


      


The type of a call of one arrow by position: its result if every argument is within its parameter.
Another arity or an uncovered domain gives Any | Null, since the type does not exclude other signatures.
iex> arrow = {:function, [[:number, :null]], [:string]}
iex> Feel.Type.Arrows.result(arrow, [[:number]])
[:string]
iex> Feel.Type.Arrows.result(arrow, [[:string]])
[:any, :null]

  



  
    
      
    
    
      within?(member, other)



        
          
        

    

  


  

      

          @spec within?(t(), t()) :: boolean()


      


Whether every function of the first type is of the second: each arrow of the second has an arrow of the first within it. The
function of anything holds every function, and is held by it alone.
iex> number = {:function, [[:number, :null]], [:number, :null]}
iex> any = {:function, [[:any, :null]], [:any, :null]}
iex> overload = {:overload, [any, number], []}
iex> Feel.Type.Arrows.within?(overload, number)
true
iex> Feel.Type.Arrows.within?(number, overload)
false
iex> Feel.Type.Arrows.within?(overload, :function)
true
iex> Feel.Type.Arrows.within?({:overload, [any], [number]}, number)
false

  


        

      


  

    
Feel.Type.Composite 
    



      
Declared types that go past the specification's lattice: {:not, type} and {:union, [type, ...]} (D-178).
The lattice has no union and no negation, and the internal type (Feel.Type.Union) has both: Any except number is what is
left of a value of v instance of number in the else branch, number | string is a join the analysis makes at every if.
A host that knows more of a name than the lattice can say, that it is anything but a number or that it is a number or a string, says
it with these two, as it says "never null" with {:non_null, type} (D-48):
	Feel.Type.t/0	Written	The values
	{:not, :number}	Any except number	every value that is not a number
	{:union, [:number, :string]}	number | string	a number or a string
	{:not, {:union, [:number, {:list, :any}]}}	Any except number | list<Any>	neither a number nor a list

What they mean
The union translation (to_union/1) supplies the analysis representation. Runtime membership
evaluates the union or negation directly with the original component declarations. Recursion may
occur in a value's retained function signature even when the target declaration has none, so an
analysis projection cannot replace the runtime check. In particular, negating a recursive
declaration projects to Any | Null without making runtime negation accept every value.
	null is in the type as it is in every other type of a declaration: the run exempts null from a declared type
(D-138), so an analysis that left it out would be wrong. Only a mark on the whole type, {:non_null, type} or (Any except number)!,
takes it out. A mark on a member of a union, or on the type after except, is ignored by to_union/1 and refused by
Feel.Type.parse/2: Any except number! would read as "not a number, and not null", and it is not.
	{:not, type} is Any less the values of type that are not null. Null is not a value that can be taken out
(null is under every type), so {:not, :null} is Any, and {:not, :any} is Null.
	{:union, types} is the join of the types, and has at least one. A member that is a composite type is flattened by the
union's normal form, so number | (string | boolean) is number | string | boolean.
	Conversion is the one of the specification, asked of the union: a singleton list is unwrapped when its element is in the
type and the list is not (Feel.Type.Conversion). A value is not wrapped in a list, and a date is not made a date and time, to
reach a member of a union (3 is not list<number> | string, and is not made [3]), since the specification's conversions are
for one type that is expected, and a union is not one. A list whose element type is a composite type is wrapped as any list is.
	A function type with a composite type in its parameters or its result is compared by the algebra of arrows
(Feel.Type.Arrows), not by the lattice. Composite conformance involving recursive descriptors
conservatively accepts identical declarations; it does not prove recursive relations from projections.

Feel.type/1 is a type of the specification, so for a name declared with one it is wider than the declaration: Any for Any except number and for number | string, list<Any> for list<number> | list<string>. Feel.IR.type/1 retains
the internal representation, including conservative upper approximations where required.

      


      
        Summary


  
    Functions
  


    
      
        composite?(arg1)

      


        Whether a type is one of the two, at its outermost level. A composite type inside a list, a context or a function type is reached
by the code that walks the type.



    


    
      
        conforms?(type, target)

      


        Whether a type is proved within another when either is composite. Non-recursive declarations
compare their analysis unions. If either contains guarded recursive descriptors, only identical
declarations are accepted here; a negative answer need not establish semantic non-inclusion.



    


    
      
        to_union(arg)

      


        The analysis union of a composite declaration, null included. Recursive declarations may give
an upper approximation rather than exact runtime membership. Raises ArgumentError for a union of no type.



    


    
      
        value_conforms?(value, arg2)

      


        Whether a value is in a composite type. null is exempt; each component is checked directly
against the original declaration, including retained function signatures.



    





      


      
        Functions


        


  
    
      
    
    
      composite?(arg1)



        
          
        

    

  


  

      

          @spec composite?(Feel.Type.t()) :: boolean()


      


Whether a type is one of the two, at its outermost level. A composite type inside a list, a context or a function type is reached
by the code that walks the type.
iex> Feel.Type.Composite.composite?({:not, :number})
true
iex> Feel.Type.Composite.composite?({:list, {:not, :number}})
false

  



  
    
      
    
    
      conforms?(type, target)



        
          
        

    

  


  

      

          @spec conforms?(Feel.Type.t(), Feel.Type.t()) :: boolean()


      


Whether a type is proved within another when either is composite. Non-recursive declarations
compare their analysis unions. If either contains guarded recursive descriptors, only identical
declarations are accepted here; a negative answer need not establish semantic non-inclusion.
iex> Feel.Type.Composite.conforms?(:number, {:union, [:number, :string]})
true
iex> Feel.Type.Composite.conforms?({:not, :number}, :any)
true
iex> Feel.Type.Composite.conforms?({:union, [:number, :string]}, :number)
false

  



  
    
      
    
    
      to_union(arg)



        
          
        

    

  


  

      

          @spec to_union(Feel.Type.t()) :: Feel.Type.Union.t()


      


The analysis union of a composite declaration, null included. Recursive declarations may give
an upper approximation rather than exact runtime membership. Raises ArgumentError for a union of no type.
iex> Feel.Type.Composite.to_union({:not, :number}) |> Feel.Type.Union.format()
"Any except number | Null"
iex> Feel.Type.Composite.to_union({:union, [:number, :string]}) |> Feel.Type.Union.format()
"number | string | Null"
iex> Feel.Type.Composite.to_union({:not, {:union, [:number, :string]}}) |> Feel.Type.Union.format()
"Any except number, string | Null"
iex> Feel.Type.Composite.to_union({:not, {:list, :number}}) |> Feel.Type.Union.format()
"Any except list<number | Null> | Null"
iex> Feel.Type.Composite.to_union({:union, []})
** (ArgumentError) a union type needs a member

  



  
    
      
    
    
      value_conforms?(value, arg2)



        
          
        

    

  


  

      

          @spec value_conforms?(Feel.Value.t(), Feel.Type.t()) :: boolean()


      


Whether a value is in a composite type. null is exempt; each component is checked directly
against the original declaration, including retained function signatures.
iex> Feel.Type.Composite.value_conforms?(Decimal.new(1), {:not, :number})
false
iex> Feel.Type.Composite.value_conforms?("a", {:not, :number})
true
iex> Feel.Type.Composite.value_conforms?(nil, {:not, :number})
true

  


        

      


  

    
Feel.Type.Conformance 
    



      
How types relate to each other (DMN 1.6, sections 10.3.2.9.1 and 10.3.2.9.2).
Two relations are defined. Equivalence means two types can be used
interchangeably. Conformance, written T <: S, means an instance of T can be
used wherever an instance of S is expected. The rules for acyclic model types are structural:
names are resolved to shapes. Guarded recursive descriptors accept identical reachable declaration
graphs up to consistent renaming (Feel.Type.Recursive.equivalent?/2) and the applicable ordinary
lattice rules, without general recursive subtyping or equivalence.
A negative answer can therefore mean that a recursive relation was not proved. Structural
analysis projections must not be substituted for exact recursive function result declarations.
	Null <: T <: Any for every type T; Any conforms only to Any.
	A primitive type conforms only to itself. In particular date does not
conform to date and time, and the two durations are unrelated.
	list<T> <: list<S> and range<T> <: range<S> when T <: S.
	context<M> <: context<N> when every member of N is in M with a conforming
type. Extra members in M are allowed, so the context {id, name, age}
conforms to {id, name} but not the other way round.
	function<P> -> R <: function<Q> -> S when the arities are equal, each
parameter of Q conforms to the parameter of P (contravariant), and
R <: S (covariant). Parameter names are not part of the type.

A type marked {:non_null, T} (D-48, number!) is T without Null, which is under every
other type:
	T! <: T, and T! <: S! and T! <: S when T <: S.
	Null is not under a marked type, and neither is a type that can be Null: number is
not under number!.
	The join of two marked types is marked; the join of a marked type and another is the join of
the types without the mark.

A type that is {:not, T} or {:union, [T, ...]} (D-178, Feel.Type.Composite) is not in the lattice, which has no union and no
negation. A relation that has one is asked of the unions the two types make (Feel.Type.Union.subtype?/2, sound, and the same
answer as the rules above for the types the rules can answer).
All of these work on resolved types: a {:named, name} type is related only to
itself, to Any, and (as Null) from Null. Resolve model-defined types first
with Feel.Type.resolve/2.

      


      
        Summary


  
    Functions
  


    
      
        conforms?(type, target)

      


        Returns true when the first type conforms to the second.



    


    
      
        equivalent?(type, other)

      


        Returns true when two types are equivalent.



    


    
      
        join(type, other)

      


        Returns a conservative common supertype: the type of a list with elements of
these two types. This need not be the least expressible supertype for functions
or composite declarations.



    





      


      
        Functions


        


  
    
      
    
    
      conforms?(type, target)



        
          
        

    

  


  

      

          @spec conforms?(Feel.Type.t(), Feel.Type.t()) :: boolean()


      


Returns true when the first type conforms to the second.
iex> Feel.Type.Conformance.conforms?(:null, {:list, :number})
true
iex> Feel.Type.Conformance.conforms?(:null, {:non_null, :number})
false
iex> Feel.Type.Conformance.conforms?({:non_null, :number}, :number)
true
iex> Feel.Type.Conformance.conforms?(:number, {:non_null, :number})
false
iex> Feel.Type.Conformance.conforms?(:date, :date_and_time)
false
iex> Feel.Type.Conformance.conforms?({:context, %{"id" => :number, "age" => :number}}, {:context, %{"id" => :number}})
true

  



  
    
      
    
    
      equivalent?(type, other)



        
          
        

    

  


  

      

          @spec equivalent?(Feel.Type.t(), Feel.Type.t()) :: boolean()


      


Returns true when two types are equivalent.
Equal terms are equivalent. Composite declarations can have different terms for
the same type (for example, a union's alternatives in another order), so otherwise
both directions of conformance must hold.
iex> Feel.Type.Conformance.equivalent?(
...>   {:context, %{"a" => :number, "b" => :string}},
...>   {:context, %{"b" => :string, "a" => :number}}
...> )
true
iex> Feel.Type.Conformance.equivalent?({:list, :number}, {:list, :any})
false

  



  
    
      
    
    
      join(type, other)



        
          
        

    

  


  

      

          @spec join(Feel.Type.t(), Feel.Type.t()) :: Feel.Type.t()


      


Returns a conservative common supertype: the type of a list with elements of
these two types. This need not be the least expressible supertype for functions
or composite declarations.
	Null is absorbed: the join of Null and T is T.
	If one type conforms to the other, the join is the upper one.
	Lists and ranges join their element types, and two contexts join to the
members they share, each with the join of its types.
	Anything else, such as number and string, joins to Any.

Examples
iex> Feel.Type.Conformance.join(:number, :null)
:number
iex> Feel.Type.Conformance.join({:list, :number}, {:list, :string})
{:list, :any}
iex> Feel.Type.Conformance.join(:number, :string)
:any

  


        

      


  

    
Feel.Type.Conversion 
    



      
The implicit conversions of DMN 1.6, section 10.3.2.9.4.
When a value sits where a particular type is expected, it can sometimes be
converted to that type without losing information. The conversions are:
	from a singleton list: a list with exactly one element, where the element's
type is expected, becomes that element.
	to a singleton list: a value, where a list of its type is expected, becomes
a one-element list.
	date to date and time: a date becomes a date and time at midnight UTC.
	decimal to integer is done by the built-in functions that expect integers,
not here.
	to the signature that fits (D-197): a built-in function that has a signature for each kind of its argument,
where a function type is expected that none of its function types is within, becomes the function of the signature
that fits. It is not in the list of the specification, whose lattice has no type for such a function; the DMN TCK
passes abs to a function<number> -> number (0092 #014).

They apply where a value is bound to a parameter, to the source of a filter or
iteration, and to the output of a decision. They do not apply to the operands of
operators.
Guarded recursive targets from Feel.ItemDefinitions use the same conversions after unfolding
their declaration head. A recursive collection, including an alias of one, can wrap a singleton;
a recursive context can unwrap one. Membership checks the full finite value, without converting
fields inside contexts. Allowed values and type constraints are separate declaration checks:
coerce/3 and convert/3 alone do not enforce them.
The order
The specification gives no order. coerce/3 checks conformance first, so a value
that already fits is returned unchanged: a singleton list passed for an Any
parameter stays a list, and null is not wrapped. Only when it does not fit are
the conversions tried, in this order: from a singleton list, to a singleton list,
date to date and time, to the signature that fits. At most one is applied.
With compose: true, the two combinations the notes describe are also allowed: a
singleton list holding a date where a date and time is expected, and a date where
a list of date and time is expected.

      


      
        Summary


  
    Types
  


    
      
        step()

      


        One conversion that was applied: :from_singleton (a one-element list became its
element), :to_singleton (a value became a one-element list), :date_to_date_time,
:function_signature (a built-in function became its signature that fits the function type, D-197), or
:decimal_to_integer (a number lost its fractional part: only an argument of a built-in function that wants an
integer, Feel.Builtin.Arguments, since the types have no integer, and convert/3 does not make it).



    





  
    Functions
  


    
      
        coerce(value, type, options \\ [])

      


        Converts value to fit type, or returns :error when it cannot be done. The
caller turns :error into null and a diagnostic.



    


    
      
        convert(value, type, options \\ [])

      


        Like coerce/3, and also says what was done: the steps that were applied, in order, or
[] for a value that fits as it is.



    


    
      
        describe(steps)

      


        Describes steps in a sentence, for a diagnostic.



    





      


      
        Types


        


  
    
      
    
    
      step()



        
          
        

    

  


  

      

          @type step() ::
  :from_singleton
  | :to_singleton
  | :date_to_date_time
  | :function_signature
  | :decimal_to_integer


      


One conversion that was applied: :from_singleton (a one-element list became its
element), :to_singleton (a value became a one-element list), :date_to_date_time,
:function_signature (a built-in function became its signature that fits the function type, D-197), or
:decimal_to_integer (a number lost its fractional part: only an argument of a built-in function that wants an
integer, Feel.Builtin.Arguments, since the types have no integer, and convert/3 does not make it).

  


        

      

      
        Functions


        


    

  
    
      
    
    
      coerce(value, type, options \\ [])



        
          
        

    

  


  

      

          @spec coerce(Feel.Value.t(), Feel.Type.t(), [{:compose, boolean()}]) ::
  {:ok, Feel.Value.t()} | :error


      


Converts value to fit type, or returns :error when it cannot be done. The
caller turns :error into null and a diagnostic.
Options
	:compose - also allow the two combined conversions. Defaults to false.

Examples
iex> Feel.Type.Conversion.coerce(["foobar"], :string)
{:ok, "foobar"}
iex> Feel.Type.Conversion.coerce(Decimal.new(3), {:list, :number})
{:ok, [Decimal.new(3)]}
iex> Feel.Type.Conversion.coerce(["a", "b"], :string)
:error
iex> Feel.Type.Conversion.coerce(["foobar"], :any)
{:ok, ["foobar"]}

  



    

  
    
      
    
    
      convert(value, type, options \\ [])



        
          
        

    

  


  

      

          @spec convert(Feel.Value.t(), Feel.Type.t(), [{:compose, boolean()}]) ::
  {:ok, Feel.Value.t(), [step()]} | :error


      


Like coerce/3, and also says what was done: the steps that were applied, in order, or
[] for a value that fits as it is.
iex> Feel.Type.Conversion.convert("foobar", :string)
{:ok, "foobar", []}
iex> Feel.Type.Conversion.convert(["foobar"], :string)
{:ok, "foobar", [:from_singleton]}
iex> Feel.Type.Conversion.convert(Decimal.new(3), {:list, :number})
{:ok, [Decimal.new(3)], [:to_singleton]}
iex> {:ok, %Feel.Value.DateTime{}, [:date_to_date_time]} =
...>   Feel.Type.Conversion.convert(~D[2020-01-01], :date_and_time)
iex> {:ok, [%Feel.Value.DateTime{}], steps} =
...>   Feel.Type.Conversion.convert(~D[2020-01-01], {:list, :date_and_time}, compose: true)
iex> steps
[:to_singleton, :date_to_date_time]
iex> Feel.Type.Conversion.convert(["a", "b"], :string)
:error
iex> {:ok, abs} = Feel.Builtin.value("abs")
iex> {:ok, number, [:function_signature]} = Feel.Type.Conversion.convert(abs, {:function, [:number], :number})
iex> Feel.Value.Function.types(number)
[{:function, [:number], :number}]

  



  
    
      
    
    
      describe(steps)



        
          
        

    

  


  

      

          @spec describe([step()]) :: String.t()


      


Describes steps in a sentence, for a diagnostic.
iex> Feel.Type.Conversion.describe([:from_singleton])
"a list with one element is replaced by that element"
iex> Feel.Type.Conversion.describe([:to_singleton, :date_to_date_time])
"a value is wrapped in a list, and then a date becomes a date and time at midnight UTC"
iex> Feel.Type.Conversion.describe([:from_singleton, :decimal_to_integer])
"a list with one element is replaced by that element, and then the fractional part of a number is discarded"
iex> Feel.Type.Conversion.describe([:function_signature])
"a built-in function with a signature for each kind it takes becomes the one that fits the type"

  


        

      


  

    
Feel.Type.ExactNumber 
    



      
Numbers worked on without rounding (D-109).
A Decimal is a whole number over a power of ten, and the arithmetic of the Decimal library rounds to the
precision of a context (28 digits). The analysis of the amounts of a duration and of the days of a date needs
the exact floor of a quotient, and a comparison of bounds that are as large as a number can be, so it works on
{numerator, scale}, which is numerator / 10^scale, with Elixir's integers, which have no limit.
iex> x = Feel.Type.ExactNumber.fraction(Decimal.new("-2.5"))
iex> {x, Feel.Type.ExactNumber.floor_of(x), Feel.Type.ExactNumber.ceiling_of(x)}
{{-25, 1}, -3, -2}
iex> Feel.Type.ExactNumber.floor_div(Feel.Type.ExactNumber.fraction(Decimal.new("86399.5")), 86_400)
0

      


      
        Summary


  
    Types
  


    
      
        t()

      


        {numerator, scale}: the number numerator / 10^scale.



    





  
    Functions
  


    
      
        add(a, b)

      


        The sum of two exact numbers.



    


    
      
        ceiling_div(arg, divisor)

      


        The ceiling of the number over a whole number above zero.



    


    
      
        ceiling_of(arg)

      


        The least whole number not below the number.



    


    
      
        compare(a, b)

      


    


    
      
        decimal(numerator, scale)

      


        The Decimal of an exact number, with no zero at the end of its fraction, so that the same number is the same term
(0.50 is 0.5 and 1.0 is 1). A whole number of more than 34 digits is written with an exponent, as a number
of FEEL is (fit/2 gives {5 * 10^6000, 0} for a bound of that size, and Decimal.new(1, 5 * 10^6000, 0) is not a
number the run takes, D-59): its zeros are the exponent, so that it is 5E+6000, as the literal is.



    


    
      
        fit(arg, direction)

      


        The number rounded to 34 significant digits, as a number of FEEL is (the run rounds the seconds between two times, and
the value of a date and time, to that), in the direction given: :down for a lower bound, :up for an upper one,
so that what the run rounds to (half to even, to the nearest) is between them.



    


    
      
        floor_div(arg, divisor)

      


        The floor of the number over a whole number above zero.



    


    
      
        floor_of(arg)

      


        The greatest whole number not above the number.



    


    
      
        fraction(decimal)

      


        The exact number that a Decimal is.



    


    
      
        greater(a, b)

      


        The greater of two exact numbers.



    


    
      
        lesser(a, b)

      


        The lesser of two exact numbers.



    


    
      
        negate(arg)

      


    


    
      
        subtract(a, b)

      


        The difference of two exact numbers.



    


    
      
        trailing_zeros(digits)

      


        The number of 0 at the end of the digits of a whole number that is not zero (its first digit is not 0), found by
halving: a run of 6,000 zeros, as the bound max of the numbers of FEEL has when a preimage is written back as a
Decimal, is about 13 comparisons of a binary, and String.trim_trailing/2 took 6,000 steps for it, twice for each
fact of a rounding function. The last m digits are all 0 for every m up to the number of zeros and for none
above it, and that is what is searched for.



    


    
      
        unify(arg1, arg2)

      


        Two exact numbers over the same power of ten: {first, second, scale}.



    


    
      
        whole(arg1, arg2)

      


        The first and the last whole number of an interval low..high, where each end is in (:closed) or not (:open),
or nil if it has none.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: {integer(), non_neg_integer()}


      


{numerator, scale}: the number numerator / 10^scale.

  


        

      

      
        Functions


        


  
    
      
    
    
      add(a, b)



        
          
        

    

  


  

      

          @spec add(t(), t()) :: t()


      


The sum of two exact numbers.

  



  
    
      
    
    
      ceiling_div(arg, divisor)



        
          
        

    

  


  

      

          @spec ceiling_div(t(), pos_integer()) :: integer()


      


The ceiling of the number over a whole number above zero.

  



  
    
      
    
    
      ceiling_of(arg)



        
          
        

    

  


  

      

          @spec ceiling_of(t()) :: integer()


      


The least whole number not below the number.

  



  
    
      
    
    
      compare(a, b)



        
          
        

    

  


  

      

          @spec compare(t(), t()) :: :lt | :eq | :gt


      



  



  
    
      
    
    
      decimal(numerator, scale)



        
          
        

    

  


  

      

          @spec decimal(integer(), non_neg_integer()) :: Decimal.t()


      


The Decimal of an exact number, with no zero at the end of its fraction, so that the same number is the same term
(0.50 is 0.5 and 1.0 is 1). A whole number of more than 34 digits is written with an exponent, as a number
of FEEL is (fit/2 gives {5 * 10^6000, 0} for a bound of that size, and Decimal.new(1, 5 * 10^6000, 0) is not a
number the run takes, D-59): its zeros are the exponent, so that it is 5E+6000, as the literal is.
iex> Feel.Type.ExactNumber.decimal(50, 2)
Decimal.new("0.5")
iex> Feel.Type.ExactNumber.decimal(10, 1)
Decimal.new(1)
iex> Feel.Type.ExactNumber.decimal(0, 5)
Decimal.new(0)
iex> Feel.Type.ExactNumber.decimal(100, 0)
Decimal.new(100)
iex> Feel.Type.ExactNumber.decimal(-5 * Integer.pow(10, 40), 0)
Decimal.new("-5E+40")

  



  
    
      
    
    
      fit(arg, direction)



        
          
        

    

  


  

      

          @spec fit(t(), :down | :up) :: t()


      


The number rounded to 34 significant digits, as a number of FEEL is (the run rounds the seconds between two times, and
the value of a date and time, to that), in the direction given: :down for a lower bound, :up for an upper one,
so that what the run rounds to (half to even, to the nearest) is between them.
iex> alias Feel.Type.ExactNumber, as: E
iex> E.fit({12_345_678_901_234_567_890_123_456_789_012_345_678, 4}, :down)
{1_234_567_890_123_456_789_012_345_678_901_234, 0}
iex> E.fit({12_345_678_901_234_567_890_123_456_789_012_345_678, 4}, :up)
{1_234_567_890_123_456_789_012_345_678_901_235, 0}
iex> E.fit({5, 1}, :up)
{5, 1}

  



  
    
      
    
    
      floor_div(arg, divisor)



        
          
        

    

  


  

      

          @spec floor_div(t(), pos_integer()) :: integer()


      


The floor of the number over a whole number above zero.

  



  
    
      
    
    
      floor_of(arg)



        
          
        

    

  


  

      

          @spec floor_of(t()) :: integer()


      


The greatest whole number not above the number.

  



  
    
      
    
    
      fraction(decimal)



        
          
        

    

  


  

      

          @spec fraction(Decimal.t()) :: t()


      


The exact number that a Decimal is.

  



  
    
      
    
    
      greater(a, b)



        
          
        

    

  


  

      

          @spec greater(t(), t()) :: t()


      


The greater of two exact numbers.

  



  
    
      
    
    
      lesser(a, b)



        
          
        

    

  


  

      

          @spec lesser(t(), t()) :: t()


      


The lesser of two exact numbers.

  



  
    
      
    
    
      negate(arg)



        
          
        

    

  


  

      

          @spec negate(t()) :: t()


      



  



  
    
      
    
    
      subtract(a, b)



        
          
        

    

  


  

      

          @spec subtract(t(), t()) :: t()


      


The difference of two exact numbers.

  



  
    
      
    
    
      trailing_zeros(digits)



        
          
        

    

  


  

      

          @spec trailing_zeros(String.t()) :: non_neg_integer()


      


The number of 0 at the end of the digits of a whole number that is not zero (its first digit is not 0), found by
halving: a run of 6,000 zeros, as the bound max of the numbers of FEEL has when a preimage is written back as a
Decimal, is about 13 comparisons of a binary, and String.trim_trailing/2 took 6,000 steps for it, twice for each
fact of a rounding function. The last m digits are all 0 for every m up to the number of zeros and for none
above it, and that is what is searched for.
iex> Feel.Type.ExactNumber.trailing_zeros("12300")
2
iex> Feel.Type.ExactNumber.trailing_zeros("7")
0
iex> Feel.Type.ExactNumber.trailing_zeros("1" <> String.duplicate("0", 6000))
6000

  



  
    
      
    
    
      unify(arg1, arg2)



        
          
        

    

  


  

      

          @spec unify(t(), t()) :: {integer(), integer(), non_neg_integer()}


      


Two exact numbers over the same power of ten: {first, second, scale}.

  



  
    
      
    
    
      whole(arg1, arg2)



        
          
        

    

  


  

      

          @spec whole({t(), :open | :closed}, {t(), :open | :closed}) ::
  {integer(), integer()} | nil


      


The first and the last whole number of an interval low..high, where each end is in (:closed) or not (:open),
or nil if it has none.
iex> alias Feel.Type.ExactNumber, as: E
iex> E.whole({E.fraction(Decimal.new("0.5")), :closed}, {E.fraction(Decimal.new(3)), :open})
{1, 2}
iex> E.whole({E.fraction(Decimal.new(1)), :open}, {E.fraction(Decimal.new(2)), :open})
nil

  


        

      


  

    
Feel.Type.Except 
    



      
The members of a union that are a list, a range, a context or a function less some others (D-152).
A kind that has no set of values for its parts cannot be cut as a number can. The lists that are not lists of numbers are not
a list of anything: list<Any | Null> less list<number | Null>. So the union has a member for it, {:except, base, negations}:
the values of base (a list, a range, a context or a function type) that are in none of the negations (types of the same kind).
It is the symbolic form of base ∧ ¬n1 ∧ ¬n2 ..., as a negative literal is in a decision diagram of types, and it is what makes the
four kinds closed under difference: Feel.Type.Union.difference/2 does not have to keep a kind whole when it is partly taken out.
A member is in normal form (build/2) when
	base is a plain type of the kind (never an :except) and the negations are plain types of the same kind;
	each negation shares values with base (one that does not takes nothing out) and none is within another (the smaller
takes nothing the larger does not);
	it has values: empty?/2 has not shown that the negations cover base; and it has at least one negation, since without
one it is base.

The kind is the family of the member: :list, :range, :context (the open and the closed) or :function.
Deciding whether it has values
empty?/2 is the one question that the kinds differ in, and it is answered soundly: true only when the negations are
shown to cover the base. A member that is empty and not shown to be is kept, which is a type that holds more than it has to.
	A list of P less lists of N1, N2, ...: a list has as many elements as it likes, so it can avoid each Ni with an
element of its own. It has values unless one Ni holds all of P (and a list that holds one is a list of that kind, however
long): the lists are empty only if P is within some Ni.

	A range of P less ranges of N1, ...: a range has two ends, and each end can avoid some of the Ni. It has values if
the Ni can be shared between the two ends so that each end has a value of P that none of its share holds.

	A context of base less contexts N1, N2, ...: a negation lists some entries with a type for each, so it is a box,
the product of those types, and the contexts it holds are the points in it. The question is whether the box of the base is
covered by the boxes of the negations, which is a search that splits the types of one entry at a time along the types
that the negations list for it, and goes on to the next entry in each part (context_plans/3). An entry that the base
does not list is there or not if the base is open (:absent is one of the parts) and is not there if it is closed. A
negation that is closed is left by a context with an entry it does not list, which an open base may have and a closed
base has if it lists one the negation does not; a negation that lists an entry a closed base cannot have holds nothing;
both are dropped. The order of the entries is not a part of a type, so it plays no part. At most 4,096 parts are
visited, and 256 for one entry; past that the context is taken to have values.

	A function has no procedure: its member is kept unless one negation holds the base (an arrow is within another
when its parameters are wider and its result narrower, and a function that avoids several arrows can be made of a case
for each, so the single test is the whole of it for plain arrows).



      


      
        Summary


  
    Types
  


    
      
        atom_type()

      


        A type of one family: a plain one, or an :except.



    


    
      
        family()

      


        The kinds that have members of this form.



    


    
      
        plan()

      


        A way to be a context of the base that is in none of the negations: for each entry that matters, the part of its type that the
context has a value in, or :absent if it has none; and :extra => true if it also has an entry that no negation lists (what
leaves a closed negation when the base is open). The other entries of the base can have any value.



    





  
    Functions
  


    
      
        base(member)

      


        The plain type under a member: the member itself if it is plain.



    


    
      
        build(base, negations)

      


        The member that is the values of base less those of the negations, as a list of the one member, or none if it has no value
([]), or base alone if nothing is taken out.



    


    
      
        context_plans(base, negations, limit)

      


        The contexts of base that are in none of the negations, as at most limit plans, or :covered if there are none, or :bound
if the search was cut before it knew (:covered is a proof, and so is each plan).



    


    
      
        empty?(base, negations)

      


        Whether the values of base less those of the negations are shown to be none (see the module).



    


    
      
        extend(member, more)

      


        The member less some more plain types of its kind: build/2 of the negations it has and the new ones. The negations of a
member are in normal form already, none within another, so only the new ones are compared with them and with each other,
which for one more is as many looks as there are negations, and not as many as there are pairs of them: a dispatch on a name
takes one more type out at each test, and there are as many tests as a source has room for.



    


    
      
        family(arg1)

      


        Whether a member is a type with parts of a family that :except is for.



    


    
      
        meet(a, b)

      


        The values in both of two members of one family (an intersection of two types is one type): the bases meet, and the negations
of both are taken out.



    


    
      
        minus(a, b)

      


        The values of the first that are not in the second: at most one member for the base of the second taken out, and one for each of
its negations (a value that is in the second's base and in a negation of it is not in the second).



    


    
      
        negations(arg1)

      


        The types taken out of a member.



    


    
      
        range_plans(arg1, negations, limit)

      


        The ways for a range of base to be in none of the negations, as at most limit pairs of types, one for each end: the values
that the start can have and the values that the end can have. :covered if there are none, :bound if the negations are
more than the search shares between two ends.



    


    
      
        subset?(a, b)

      


        Whether every value of the first is in the second, as far as it is shown (minus/2 has no member left).



    


    
      
        top(atom)

      


        The type of every value of the family.



    





      


      
        Types


        


  
    
      
    
    
      atom_type()



        
          
        

    

  


  

      

          @type atom_type() :: Feel.Type.Union.member()


      


A type of one family: a plain one, or an :except.

  



  
    
      
    
    
      family()



        
          
        

    

  


  

      

          @type family() :: :list | :range | :context | :function


      


The kinds that have members of this form.

  



  
    
      
    
    
      plan()



        
          
        

    

  


  

      

          @type plan() :: %{
  optional(String.t() | :extra) => Feel.Type.Union.t() | :absent | true
}


      


A way to be a context of the base that is in none of the negations: for each entry that matters, the part of its type that the
context has a value in, or :absent if it has none; and :extra => true if it also has an entry that no negation lists (what
leaves a closed negation when the base is open). The other entries of the base can have any value.

  


        

      

      
        Functions


        


  
    
      
    
    
      base(member)



        
          
        

    

  


  

      

          @spec base(atom_type()) :: atom_type()


      


The plain type under a member: the member itself if it is plain.

  



  
    
      
    
    
      build(base, negations)



        
          
        

    

  


  

      

          @spec build(atom_type(), [atom_type()]) :: [atom_type()]


      


The member that is the values of base less those of the negations, as a list of the one member, or none if it has no value
([]), or base alone if nothing is taken out.
iex> list = {:list, [:any, :null]}
iex> Feel.Type.Except.build(list, [{:list, [:number, :null]}])
[{:except, {:list, [:any, :null]}, [{:list, [:number, :null]}]}]
iex> Feel.Type.Except.build({:list, [:number]}, [{:list, [:number, :null]}])
[]
iex> Feel.Type.Except.build({:closed_context, %{"a" => [:number]}}, [{:closed_context, %{"b" => [:string]}}])
[{:closed_context, %{"a" => [:number]}}]

  



  
    
      
    
    
      context_plans(base, negations, limit)



        
          
        

    

  


  

      

          @spec context_plans(atom_type(), [atom_type()], pos_integer()) ::
  {:found, [plan()]} | :covered | :bound


      


The contexts of base that are in none of the negations, as at most limit plans, or :covered if there are none, or :bound
if the search was cut before it knew (:covered is a proof, and so is each plan).
iex> base = {:closed_context, %{"a" => [:number], "b" => [:string]}}
iex> half = {:closed_context, %{"a" => [{:number, Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(5))}], "b" => [:string]}}
iex> {:found, [plan]} = Feel.Type.Except.context_plans(base, [half], 1)
iex> Map.keys(plan)
["a"]
iex> Feel.Type.Except.context_plans(base, [base], 1)
:covered

  



  
    
      
    
    
      empty?(base, negations)



        
          
        

    

  


  

      

          @spec empty?(atom_type(), [atom_type()]) :: boolean()


      


Whether the values of base less those of the negations are shown to be none (see the module).
iex> list = {:list, [:number, :null]}
iex> Feel.Type.Except.empty?(list, [{:list, [:number, :null, :string]}])
true
iex> Feel.Type.Except.empty?({:list, [:number, :string]}, [{:list, [:number]}, {:list, [:string]}])
false

  



  
    
      
    
    
      extend(member, more)



        
          
        

    

  


  

      

          @spec extend(atom_type(), [atom_type()]) :: [atom_type()]


      


The member less some more plain types of its kind: build/2 of the negations it has and the new ones. The negations of a
member are in normal form already, none within another, so only the new ones are compared with them and with each other,
which for one more is as many looks as there are negations, and not as many as there are pairs of them: a dispatch on a name
takes one more type out at each test, and there are as many tests as a source has room for.
iex> list = {:list, [:any, :null]}
iex> [member] = Feel.Type.Except.extend(list, [{:list, [:number, :null]}])
iex> Feel.Type.Except.extend(member, [{:list, [:string, :null]}]) == Feel.Type.Except.build(list, [{:list, [:number, :null]}, {:list, [:string, :null]}])
true

  



  
    
      
    
    
      family(arg1)



        
          
        

    

  


  

      

          @spec family(Feel.Type.Union.member()) :: family() | nil


      


Whether a member is a type with parts of a family that :except is for.

  



  
    
      
    
    
      meet(a, b)



        
          
        

    

  


  

      

          @spec meet(atom_type(), atom_type()) :: [atom_type()]


      


The values in both of two members of one family (an intersection of two types is one type): the bases meet, and the negations
of both are taken out.
iex> a = {:list, [:number, :string, :null]}
iex> b = {:list, [:number, :null]}
iex> Feel.Type.Except.meet(a, {:except, {:list, [:any, :null]}, [b]})
[{:except, {:list, [:number, :string, :null]}, [{:list, [:number, :null]}]}]

  



  
    
      
    
    
      minus(a, b)



        
          
        

    

  


  

      

          @spec minus(atom_type(), atom_type()) :: [atom_type()]


      


The values of the first that are not in the second: at most one member for the base of the second taken out, and one for each of
its negations (a value that is in the second's base and in a negation of it is not in the second).
iex> list = {:list, [:any, :null]}
iex> number = {:list, [:number, :null]}
iex> Feel.Type.Except.minus(list, number)
[{:except, {:list, [:any, :null]}, [{:list, [:number, :null]}]}]
iex> Feel.Type.Except.minus(number, list)
[]

  



  
    
      
    
    
      negations(arg1)



        
          
        

    

  


  

      

          @spec negations(atom_type()) :: [atom_type()]


      


The types taken out of a member.

  



  
    
      
    
    
      range_plans(arg1, negations, limit)



        
          
        

    

  


  

      

          @spec range_plans(atom_type(), [atom_type()], pos_integer()) ::
  {:found, [{Feel.Type.Union.t(), Feel.Type.Union.t()}]} | :covered | :bound


      


The ways for a range of base to be in none of the negations, as at most limit pairs of types, one for each end: the values
that the start can have and the values that the end can have. :covered if there are none, :bound if the negations are
more than the search shares between two ends.
iex> base = {:range, [:number, :string]}
iex> Feel.Type.Except.range_plans(base, [{:range, [:number]}, {:range, [:string]}], 2)
{:found, [{[:number], [:string]}, {[:string], [:number]}]}
iex> Feel.Type.Except.range_plans(base, [{:range, [:number, :string]}], 1)
:covered

  



  
    
      
    
    
      subset?(a, b)



        
          
        

    

  


  

      

          @spec subset?(atom_type(), atom_type()) :: boolean()


      


Whether every value of the first is in the second, as far as it is shown (minus/2 has no member left).

  



  
    
      
    
    
      top(atom)



        
          
        

    

  


  

      

          @spec top(family()) :: Feel.Type.Union.member()


      


The type of every value of the family.

  


        

      


  

    
Feel.Type.Image 
    



      
The numbers that stand for the values of a date or a duration, so that their sets can be sets
of numbers (D-109).
A Feel.Type.NumberSet is a set of numbers in intervals, and the algebra on it
(Feel.Analysis.Intervals) is that of numbers. A date and the two kinds of duration are
ordered and, for the durations, added, subtracted, multiplied and divided as numbers are, so
Feel.Type.Union holds their sets as sets of numbers too: {:date, set},
{:years_and_months_duration, set} and {:days_and_time_duration, set}. What the numbers
of the set are is the image of the values:
	Kind	The image of a value
	date	its number of days in the proleptic Gregorian calendar (Date.to_gregorian_days/1: 0 is 0000-01-01)
	years and months duration	its number of months
	days and time duration	its number of seconds
	time, date and time	the whole second it falls in, on a line for the values with no zone and a line for those with one (Feel.Type.Moment, D-109)

The image of a date or a duration is one-to-one and keeps the order, so a < b for two values is < for their images,
and a = b is =. For the durations it keeps the operations too: the image of a + b is the
sum of the images, and the image of a * n is the image of a times n. Two dates are as many
days apart as their images are, so date - date has a set too. The image does not carry the
other temporal operations: a date plus months has its day clamped to the month, and a years and
months duration times a number is rounded, so the image of the result is not a sum of images
(D-54). That of a time and a date and time is neither: it is the second, and the order of two depends on a zone
(Feel.Type.Moment).
The set of every value of a kind is its universe. For the durations it is every number of
decimal128, since a duration is as large as a number can be, and for a date it is the days from
-999,999,999-01-01 to 999,999,999-12-31. A set that holds the universe is the bare kind
(Feel.Type.Union).
A set is written as the values it has: P1DT2H, [PT0S..P1D], 2024-01-31.
iex> Feel.Type.Image.image(Feel.Value.DaysAndTimeDuration.new(93_600))
Decimal.new("93600")
iex> Feel.Type.Image.image(~D[0000-01-02])
Decimal.new("1")
iex> Feel.Type.Image.format_value(:days_and_time_duration, Decimal.new(93_600))
"P1DT2H"

      


      
        Summary


  
    Types
  


    
      
        kind()

      


        A kind whose sets are sets of images.



    





  
    Functions
  


    
      
        covers?(kind, set)

      


        Returns true when the set has every value of the kind.



    


    
      
        format_set(kind, set)

      


        Writes a set of images as the values it has, as Feel.Type.NumberSet.format/2 does for numbers.



    


    
      
        format_value(kind, number)

      


        Writes the value that an image stands for: a date as 2024-01-31, a years and months duration as
P1Y2M, a days and time duration as P1DT2H3M4.5S. A number that is not the image of a value, as
half a month is not, is written as the number.



    


    
      
        image(date)

      


        The image of a date or a duration.



    


    
      
        kinds()

      


        The kinds whose sets are sets of images: :date, the two durations, :time and :date_and_time.



    


    
      
        universe(kind)

      


        The set of the images of every value of a kind. A number is its own image, so the universe of
:number is every number.



    





      


      
        Types


        


  
    
      
    
    
      kind()



        
          
        

    

  


  

      

          @type kind() ::
  :date
  | :years_and_months_duration
  | :days_and_time_duration
  | :time
  | :date_and_time


      


A kind whose sets are sets of images.

  


        

      

      
        Functions


        


  
    
      
    
    
      covers?(kind, set)



        
          
        

    

  


  

      

          @spec covers?(kind() | :number, Feel.Type.NumberSet.t()) :: boolean()


      


Returns true when the set has every value of the kind.
iex> Feel.Type.Image.covers?(:date, Feel.Type.Image.universe(:date))
true
iex> Feel.Type.Image.covers?(:date, Feel.Type.NumberSet.point(Decimal.new(0)))
false

  



  
    
      
    
    
      format_set(kind, set)



        
          
        

    

  


  

      

          @spec format_set(kind(), Feel.Type.NumberSet.t()) :: String.t()


      


Writes a set of images as the values it has, as Feel.Type.NumberSet.format/2 does for numbers.
iex> set = Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(86_400))
iex> Feel.Type.Image.format_set(:days_and_time_duration, set)
"[PT0S..P1D]"

  



  
    
      
    
    
      format_value(kind, number)



        
          
        

    

  


  

      

          @spec format_value(kind(), Decimal.t()) :: String.t()


      


Writes the value that an image stands for: a date as 2024-01-31, a years and months duration as
P1Y2M, a days and time duration as P1DT2H3M4.5S. A number that is not the image of a value, as
half a month is not, is written as the number.
iex> Feel.Type.Image.format_value(:date, Decimal.new(739_281))
"2024-01-31"
iex> Feel.Type.Image.format_value(:years_and_months_duration, Decimal.new(14))
"P1Y2M"
iex> Feel.Type.Image.format_value(:years_and_months_duration, Decimal.new(-12))
"-P1Y"
iex> Feel.Type.Image.format_value(:days_and_time_duration, Decimal.new("0.5"))
"PT0.5S"
iex> Feel.Type.Image.format_value(:days_and_time_duration, Decimal.new(0))
"PT0S"
iex> Feel.Type.Image.format_value(:days_and_time_duration, Decimal.new("-5E+40"))
"-PT5E+40S"

  



  
    
      
    
    
      image(date)



        
          
        

    

  


  

      

          @spec image(
  Date.t()
  | Feel.Value.YearsAndMonthsDuration.t()
  | Feel.Value.DaysAndTimeDuration.t()
) ::
  Decimal.t()


      


The image of a date or a duration.
iex> Feel.Type.Image.image(Feel.Value.YearsAndMonthsDuration.new(-14))
Decimal.new("-14")

  



  
    
      
    
    
      kinds()



        
          
        

    

  


  

      

          @spec kinds() :: [kind(), ...]


      


The kinds whose sets are sets of images: :date, the two durations, :time and :date_and_time.

  



  
    
      
    
    
      universe(kind)



        
          
        

    

  


  

      

          @spec universe(kind() | :number) :: Feel.Type.NumberSet.t()


      


The set of the images of every value of a kind. A number is its own image, so the universe of
:number is every number.
iex> Feel.Type.Image.universe(:days_and_time_duration) == Feel.Type.NumberSet.all()
true
iex> Feel.Type.NumberSet.format(Feel.Type.Image.universe(:date))
"[-365242499634..365242499999]"

  


        

      


  

    
Feel.Type.Instance 
    



      
How values relate to types (DMN 1.6, sections 10.3.2.9 and 10.3.2.15, Tables 43
and 62).
of/1 gives the type of a value. value_conforms?/2 asks whether a value fits a
type, element by element, and instance?/2 is the instance of operator, which
differs only in how it treats null.
null
null conforms to every type, because Null <: T. That is what lets missing data
flow through typed variables and parameters, and what makes a context member set to
null fit its type. But null instance of number is false, and so is
null instance of Any: Table 62 makes null an instance of Null and nothing
else. That rule is in instance?/2 alone, so it can be changed in one place.
Missing members
A value fits a context type only if every member of the type is present in the
value. A member that is absent does not conform, while one that is present with the
value null does.
Guarded recursive descriptors are unfolded while visiting the complete finite value, without
the analysis projection's node cutoff. Allowed values and type constraints are separate declaration
checks, not part of structural membership. Functions are checked through their retained runtime
signatures and conservative type conformance, not through a structural result approximation.
The functions work on resolved types; see Feel.Type.resolve/2.

      


      
        Summary


  
    Functions
  


    
      
        instance?(value, type)

      


        The instance of operator (Table 62): returns true when value is an instance
of type.



    


    
      
        of(value)

      


        Returns the type of a value (Table 43).



    


    
      
        value_conforms?(value, type)

      


        Returns true when value fits type: its type conforms to type, checked
element by element so that no join is needed.



    





      


      
        Functions


        


  
    
      
    
    
      instance?(value, type)



        
          
        

    

  


  

      

          @spec instance?(Feel.Value.t(), Feel.Type.t()) :: boolean()


      


The instance of operator (Table 62): returns true when value is an instance
of type.
Implicit conversions do not apply, so a singleton list is not an instance of the
type of its element.
iex> Feel.Type.Instance.instance?([Decimal.new(123)], {:list, :number})
true
iex> Feel.Type.Instance.instance?(Decimal.new(123), :string)
false
iex> Feel.Type.Instance.instance?(nil, :null)
true
iex> Feel.Type.Instance.instance?(nil, :number)
false
iex> Feel.Type.Instance.instance?(Decimal.new(1), {:list, :number})
false

  



  
    
      
    
    
      of(value)



        
          
        

    

  


  

      

          @spec of(Feel.Value.t()) :: Feel.Type.t()


      


Returns the type of a value (Table 43).
	A list has the type list<T> where T is the join of the types of its
elements (see Feel.Type.Conformance.join/2). The empty list is list<Null>,
and a list of unrelated elements is list<Any>.
	A context has one member per entry.
	A range has the type range<T> where T is the type of its endpoints; an
undefined endpoint is ignored.
	A function has the type of its signature.
	A term that is not a value of FEEL (a float or an atom that a host bound, D-39), alone or in a list or a context,
has the type Any: Feel.eval/3 makes the scope of its bindings from their types.

Examples
iex> Feel.Type.Instance.of(Decimal.new(1))
:number
iex> Feel.Type.Instance.of(["a", "b"])
{:list, :string}
iex> Feel.Type.Instance.of(["a", true, Decimal.new(123)])
{:list, :any}
iex> Feel.Type.Instance.of(%{"name" => "Peter", "age" => Decimal.new(30)})
{:context, %{"age" => :number, "name" => :string}}
iex> Feel.Type.Instance.of([:foo])
{:list, :any}

  



  
    
      
    
    
      value_conforms?(value, type)



        
          
        

    

  


  

      

          @spec value_conforms?(Feel.Value.t(), Feel.Type.t()) :: boolean()


      


Returns true when value fits type: its type conforms to type, checked
element by element so that no join is needed.
null fits every type, a list fits list<T> when all its elements fit T
(the empty list fits every list type), a context fits context<N> when it has
every member of N with a fitting value, and a range fits range<T> when its
defined endpoints fit T. A function fits a function type when its signature
conforms to it.
iex> Feel.Type.Instance.value_conforms?(nil, :number)
true
iex> Feel.Type.Instance.value_conforms?(nil, {:non_null, :number})
false
iex> Feel.Type.Instance.value_conforms?(Decimal.new(1), {:non_null, :number})
true
iex> Feel.Type.Instance.value_conforms?([], {:list, :string})
true
iex> Feel.Type.Instance.value_conforms?(%{"a" => nil}, {:context, %{"a" => :number}})
true
iex> Feel.Type.Instance.value_conforms?(%{}, {:context, %{"a" => :number}})
false

  


        

      


  

    
Feel.Type.Moment 
    



      
The numbers that stand for a time and for a date and time in a set (D-109).
A date and a duration are ordered as a number is, and the number of a value is its image (Feel.Type.Image). A
time and a date and time are not: the order of two of them depends on their zones
(Feel.Runtime.Temporal.compare/3). When either has no zone their local clocks are compared, and when both have
a zone (an offset or a zone id) their instants are, at the second (D-54: 10:30:00.0001 and 10:30:00.0002 are
equal). A value with no zone has one number to compare, its clock; one with a zone has two, its instant and its clock,
and which one a comparison needs depends on the other side.
So the image of a value is the whole second it falls in, and a set has three lines of them, far apart on the
number line (each within 3.2E+16 of its centre, the centres 1E+17 apart):
	Line	Of	Its numbers	Written
	the clock	the values with no zone	the seconds of the local clock since 0000-01-01T00:00:00; for a time the seconds of the day, 0 to 86,399	2021-01-31T10:30:00
	the instants	the values with a zone	the seconds of the instant since 0000-01-01T00:00:00Z; for a time the seconds of the day less the offset, as the run orders times (not wrapped: 00:30:00+01:00 is -1,800)	2021-01-31T09:30:00Z
	the zoned clock	the values with a zone	the seconds of the local clock, as the first	zoned clock 2021-01-31T10:30:00

A fourth line holds the fraction of the second (D-118): the images are whole seconds, and a value has a fraction of
one past it, .5 for 10:00:00.5. It is the same for the values of every zone, so the set has the one line of them:
the seconds [0..1) that a value can have, which are all of them when nothing is known (a range of allowed values has
any), {0} for a value of whole seconds, and so on. A comparison does not look at it (the run compares at the
second); the sum with a fraction, the difference, the second and the value do (Feel.Analysis.MomentArithmetic,
Feel.Analysis.MomentZones, Feel.Analysis.MomentProperties). It is on the number line at 3E+17, and a set that has
none has every fraction.
A set holds the values of the first line, and those of a zone that have their instant in the second and their
clock in the third: a set of three lines is a box, and a value of a zone is in it when both its numbers are. The
clock of an instant is the instant and an offset, and an offset is within 18 hours (a fixed offset is within 14,
and the zones of the time zone database had a local mean time of up to 15 hours 56 minutes, Asia/Manila before
1844), so each of the two lines is within that of the other, and normalize/2 cuts each to that. A set with a line
of the instants and none of the zoned clock has no value with a zone, and neither is kept.
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2021-01-01T00:00:00")
iex> {:ok, [image]} = Feel.Type.Moment.images(date_time)
iex> Feel.Type.Moment.format_value(:date_and_time, image)
"2021-01-01T00:00:00"
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2021-01-01T00:00:00+01:00")
iex> {:ok, [instant, clock]} = Feel.Type.Moment.images(date_time)
iex> {Feel.Type.Moment.format_value(:date_and_time, instant), Feel.Type.Moment.format_value(:date_and_time, clock)}
{"2020-12-31T23:00:00Z", "2021-01-01T00:00:00"}

      


      
        Summary


  
    Types
  


    
      
        kind()

      


        A kind whose sets are sets of moments.



    


    
      
        lines()

      


        The three lines of a set, each as the seconds it holds (split/1).



    





  
    Functions
  


    
      
        clock_range(atom)

      


        The first and the last second of the clock of a kind: of the calendar for a date and time, of a day for a time.



    


    
      
        complement(set, kind)

      


        The values of a kind that a set leaves out (D-152), as a set: every one of them, and no other where a set of lines can say
it.



    


    
      
        contains?(set, value)

      


        Whether a value is one of a set: its seconds are on the lines, and its fraction is one of the fractions.



    


    
      
        dilate(set, seconds)

      


        A set with every number within some seconds of one of its own, ends included: what the clock of a value can be when
its instant is in the set and its offset is within that many seconds, and the other way round.



    


    
      
        floating(kind)

      


        The images of the values of a kind with no zone: the first line.



    


    
      
        format_member(kind, set)

      


        Writes the set of a kind of moments after the name of the kind: = 2021-01-31T10:30:00+01:00 for the one value of
a zone, which is written with its offset, and in and the lines of it otherwise: those with no zone as they are, the
instants of the values with a zone with a Z, and their clocks as zoned clock (left out when the instants say as
much, and when the clocks are those of the values with no zone, any zone takes their place).



    


    
      
        format_value(kind, number)

      


        Writes the value that an image stands for: a clock as 2021-01-31T10:30:00, an instant in UTC as
2021-01-31T09:30:00Z; a time as 10:30:00 and 09:30:00Z. The clock of a zoned value is written as a clock.
A time on the line of the instants is not wrapped, so one before midnight UTC is written with a minus
(-00:30:00Z) and one after it past 24 hours (24:30:00Z). A number that is none of these is written as it is.



    


    
      
        fraction(arg1)

      


        The fraction of a second of a value, exactly: 0.5 for 10:00:00.5.



    


    
      
        fraction_universe()

      


        The fractions of a second that any value can have: [0..1).



    


    
      
        fractions(set)

      


        The fractions of a second that the values of a set can have, as numbers in [0..1). A set that has no line of them
has every fraction.



    


    
      
        images(date_time)

      


        The images of a time or a date and time: {:ok, [clock]} for one with no zone, and {:ok, [instant, zoned_clock]}
for one with a zone. It is :error for a value that is not one of FEEL (a zone that is not in the database, a year
out of range).



    


    
      
        join(arg)

      


        The set of three lines, as split/1 gives them: the inverse.



    


    
      
        kinds()

      


        The kinds whose sets are sets of moments: :time and :date_and_time.



    


    
      
        max_offset()

      


        The largest offset of a zone from UTC, in seconds (18 hours).



    


    
      
        normalize(set, kind)

      


        The set cut to the values of the kind there are, with its lines of a zone made to agree: the instants within the
largest offset of the zoned clocks and the zoned clocks within it of the instants, and neither if the other is none.



    


    
      
        overlap(from)

      


        The most that the instant of a date and time, as the run reads it, can be below the instant it was moved to, for
instants from the one given: 2 hours from 2023-03-09, and 25 hours before it.



    


    
      
        point(value)

      


        The set of the one value of a time or a date and time: its lines and its fraction. It is :error for a value that is
not one of FEEL.



    


    
      
        shift(set, seconds)

      


        A set moved by a number of seconds: every end of every interval.



    


    
      
        shift_exact(set, delta)

      


        A set moved by whole seconds with no rounding: a fraction of a second is as long as a second can be, and the
arithmetic of Decimal rounds to 28 digits.



    


    
      
        split(set)

      


        The three lines of a set, each as the seconds it holds, with the numbers of the second and third taken back to the
seconds they are: {clock, instants, zoned_clock}.



    


    
      
        union(a, b)

      


        The union of two sets of one kind, line by line: a line of more than 16 intervals is made its own hull, and not the
hull of the lines together, which a Feel.Type.NumberSet of that many would be.



    


    
      
        universe(kind)

      


        The images of every value of a kind, on the three lines.



    


    
      
        universe_lines(kind)

      


        The three lines of the universe of a kind, as the seconds they hold.



    


    
      
        with_fractions(set, fractions)

      


        The set with the fractions of a second given (a set of numbers in [0..1)), in place of the ones it had. An empty set
of fractions leaves the set with every fraction.



    





      


      
        Types


        


  
    
      
    
    
      kind()



        
          
        

    

  


  

      

          @type kind() :: :time | :date_and_time


      


A kind whose sets are sets of moments.

  



  
    
      
    
    
      lines()



        
          
        

    

  


  

      

          @type lines() ::
  {Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()}


      


The three lines of a set, each as the seconds it holds (split/1).

  


        

      

      
        Functions


        


  
    
      
    
    
      clock_range(atom)



        
          
        

    

  


  

      

          @spec clock_range(kind()) :: {integer(), integer()}


      


The first and the last second of the clock of a kind: of the calendar for a date and time, of a day for a time.
iex> Feel.Type.Moment.clock_range(:time)
{0, 86399}

  



  
    
      
    
    
      complement(set, kind)



        
          
        

    

  


  

      

          @spec complement(Feel.Type.NumberSet.t(), kind()) :: Feel.Type.NumberSet.t()


      


The values of a kind that a set leaves out (D-152), as a set: every one of them, and no other where a set of lines can say
it.
A value with no zone is left out when the set has not its clock. A value with a zone is in the set when its instant is on
the second line and its clock on the third, so it is left out when its instant is not, or its clock: two boxes, and a
set is one. The set that holds both has the instants that the set leaves out and those within the largest offset of the
clocks that it leaves out, and the clocks likewise. It holds a value that the set holds as well only if an instant and a
clock that it leaves out are both there and near each other, so the answer is exact when the set holds a line whole,
when it holds no value with a zone, and when its instants are what its clocks give within the largest offset (which is how a
bound on a time of any zone is made: time >= 10:00:00). Otherwise it holds more.
The fractions of a second are one line for the values of every zone, and a set of some of them leaves values out on every
other line, which is no box. For that, and for a set that holds no value, the answer is every value of the kind.
iex> alias Feel.Type.{Moment, NumberSet, Union}
iex> morning = Moment.join({NumberSet.interval(Decimal.new(0), Decimal.new(36_000)), [], []})
iex> Union.format([{:time, Moment.complement(morning, :time)}])
"time in (10:00:00..23:59:59], instants [-18:00:00Z..41:59:59Z]"
iex> Moment.complement(Moment.universe(:time), :time)
[]
iex> {:ok, time} = Feel.Value.Time.parse("10:00:00.5")
iex> {:ok, point} = Moment.point(time)
iex> Moment.complement(point, :time) == Moment.universe(:time)
true

  



  
    
      
    
    
      contains?(set, value)



        
          
        

    

  


  

      

          @spec contains?(
  Feel.Type.NumberSet.t(),
  Feel.Value.Time.t() | Feel.Value.DateTime.t()
) :: boolean()


      


Whether a value is one of a set: its seconds are on the lines, and its fraction is one of the fractions.

  



  
    
      
    
    
      dilate(set, seconds)



        
          
        

    

  


  

      

          @spec dilate(Feel.Type.NumberSet.t(), non_neg_integer()) :: Feel.Type.NumberSet.t()


      


A set with every number within some seconds of one of its own, ends included: what the clock of a value can be when
its instant is in the set and its offset is within that many seconds, and the other way round.
iex> set = Feel.Type.NumberSet.point(Decimal.new(100))
iex> Feel.Type.NumberSet.format(Feel.Type.Moment.dilate(set, 10))
"[90..110]"

  



  
    
      
    
    
      floating(kind)



        
          
        

    

  


  

      

          @spec floating(kind()) :: Feel.Type.NumberSet.t()


      


The images of the values of a kind with no zone: the first line.

  



  
    
      
    
    
      format_member(kind, set)



        
          
        

    

  


  

      

          @spec format_member(kind(), Feel.Type.NumberSet.t()) :: String.t()


      


Writes the set of a kind of moments after the name of the kind: = 2021-01-31T10:30:00+01:00 for the one value of
a zone, which is written with its offset, and in and the lines of it otherwise: those with no zone as they are, the
instants of the values with a zone with a Z, and their clocks as zoned clock (left out when the instants say as
much, and when the clocks are those of the values with no zone, any zone takes their place).
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2021-01-31T10:30:00+01:00")
iex> Feel.Type.Union.format(Feel.Type.Union.of_value(date_time))
"date and time = 2021-01-31T10:30:00+01:00"

  



  
    
      
    
    
      format_value(kind, number)



        
          
        

    

  


  

      

          @spec format_value(kind(), Decimal.t()) :: String.t()


      


Writes the value that an image stands for: a clock as 2021-01-31T10:30:00, an instant in UTC as
2021-01-31T09:30:00Z; a time as 10:30:00 and 09:30:00Z. The clock of a zoned value is written as a clock.
A time on the line of the instants is not wrapped, so one before midnight UTC is written with a minus
(-00:30:00Z) and one after it past 24 hours (24:30:00Z). A number that is none of these is written as it is.
iex> Feel.Type.Moment.format_value(:time, Decimal.new(37_800))
"10:30:00"
iex> Feel.Type.Moment.format_value(:time, Decimal.new(100_000_000_000_000_000 - 1800))
"-00:30:00Z"

  



  
    
      
    
    
      fraction(arg1)



        
          
        

    

  


  

      

          @spec fraction(Feel.Value.Time.t() | Feel.Value.DateTime.t()) :: Decimal.t()


      


The fraction of a second of a value, exactly: 0.5 for 10:00:00.5.
iex> {:ok, time} = Feel.Value.Time.parse("10:00:00.5")
iex> Feel.Type.Moment.fraction(time)
Decimal.new("0.5")

  



  
    
      
    
    
      fraction_universe()



        
          
        

    

  


  

      

          @spec fraction_universe() :: Feel.Type.NumberSet.t()


      


The fractions of a second that any value can have: [0..1).

  



  
    
      
    
    
      fractions(set)



        
          
        

    

  


  

      

          @spec fractions(Feel.Type.NumberSet.t()) :: Feel.Type.NumberSet.t()


      


The fractions of a second that the values of a set can have, as numbers in [0..1). A set that has no line of them
has every fraction.
iex> alias Feel.Type.{Moment, NumberSet}
iex> {:ok, time} = Feel.Value.Time.parse("10:00:00.5")
iex> {:ok, set} = Moment.point(time)
iex> NumberSet.format(Moment.fractions(set))
"0.5"
iex> NumberSet.format(Moment.fractions(NumberSet.point(Decimal.new(36_000))))
"[0..1)"

  



  
    
      
    
    
      images(date_time)



        
          
        

    

  


  

      

          @spec images(Feel.Value.Time.t() | Feel.Value.DateTime.t()) ::
  {:ok, [Decimal.t(), ...]} | :error


      


The images of a time or a date and time: {:ok, [clock]} for one with no zone, and {:ok, [instant, zoned_clock]}
for one with a zone. It is :error for a value that is not one of FEEL (a zone that is not in the database, a year
out of range).
iex> {:ok, time} = Feel.Value.Time.parse("10:30:00.5")
iex> Feel.Type.Moment.images(time)
{:ok, [Decimal.new(37_800)]}
iex> {:ok, time} = Feel.Value.Time.parse("00:30:00+01:00")
iex> {:ok, [instant, clock]} = Feel.Type.Moment.images(time)
iex> {Decimal.sub(instant, Decimal.new(100_000_000_000_000_000)), Decimal.sub(clock, Decimal.new(200_000_000_000_000_000))}
{Decimal.new(-1800), Decimal.new(1800)}

  



  
    
      
    
    
      join(arg)



        
          
        

    

  


  

      

          @spec join(lines()) :: Feel.Type.NumberSet.t()


      


The set of three lines, as split/1 gives them: the inverse.

  



  
    
      
    
    
      kinds()



        
          
        

    

  


  

      

          @spec kinds() :: [kind(), ...]


      


The kinds whose sets are sets of moments: :time and :date_and_time.

  



  
    
      
    
    
      max_offset()



        
          
        

    

  


  

      

          @spec max_offset() :: pos_integer()


      


The largest offset of a zone from UTC, in seconds (18 hours).

  



  
    
      
    
    
      normalize(set, kind)



        
          
        

    

  


  

      

          @spec normalize(Feel.Type.NumberSet.t(), kind()) :: Feel.Type.NumberSet.t()


      


The set cut to the values of the kind there are, with its lines of a zone made to agree: the instants within the
largest offset of the zoned clocks and the zoned clocks within it of the instants, and neither if the other is none.
iex> alias Feel.Type.{Moment, NumberSet}
iex> {clock, instants, _} = Moment.universe_lines(:time)
iex> set = Moment.join({[], instants, NumberSet.interval(Decimal.new(0), Decimal.new(3600))})
iex> {_, instants, zoned_clock} = set |> Moment.normalize(:time) |> Moment.split()
iex> {NumberSet.format(instants), NumberSet.format(zoned_clock)}
{"[-64800..68400]", "[0..3600]"}
iex> set |> Moment.join_without_clocks() |> Moment.normalize(:time) |> Moment.split()
{[], [], []}
iex> NumberSet.format(clock)
"[0..86399]"

  



  
    
      
    
    
      overlap(from)



        
          
        

    

  


  

      

          @spec overlap(integer()) :: pos_integer()


      


The most that the instant of a date and time, as the run reads it, can be below the instant it was moved to, for
instants from the one given: 2 hours from 2023-03-09, and 25 hours before it.
iex> Feel.Type.Moment.overlap(63_845_596_800)
7200
iex> Feel.Type.Moment.overlap(0)
90000

  



  
    
      
    
    
      point(value)



        
          
        

    

  


  

      

          @spec point(Feel.Value.Time.t() | Feel.Value.DateTime.t()) ::
  {:ok, Feel.Type.NumberSet.t()} | :error


      


The set of the one value of a time or a date and time: its lines and its fraction. It is :error for a value that is
not one of FEEL.
iex> {:ok, time} = Feel.Value.Time.parse("10:00:00.5")
iex> {:ok, set} = Feel.Type.Moment.point(time)
iex> Feel.Type.Union.format([{:time, set}])
"time = 10:00:00.5"

  



  
    
      
    
    
      shift(set, seconds)



        
          
        

    

  


  

      

          @spec shift(Feel.Type.NumberSet.t(), integer()) :: Feel.Type.NumberSet.t()


      


A set moved by a number of seconds: every end of every interval.

  



  
    
      
    
    
      shift_exact(set, delta)



        
          
        

    

  


  

      

          @spec shift_exact(Feel.Type.NumberSet.t(), integer()) :: Feel.Type.NumberSet.t()


      


A set moved by whole seconds with no rounding: a fraction of a second is as long as a second can be, and the
arithmetic of Decimal rounds to 28 digits.
iex> alias Feel.Type.{Moment, NumberSet}
iex> set = NumberSet.point(Decimal.new("0.123456789012345678901234567890"))
iex> NumberSet.format(Moment.shift_exact(set, 5))
"5.12345678901234567890123456789"

  



  
    
      
    
    
      split(set)



        
          
        

    

  


  

      

          @spec split(Feel.Type.NumberSet.t()) :: lines()


      


The three lines of a set, each as the seconds it holds, with the numbers of the second and third taken back to the
seconds they are: {clock, instants, zoned_clock}.
iex> alias Feel.Type.{Moment, NumberSet}
iex> set = NumberSet.new([{{Decimal.new(5), :closed}, {Decimal.new(5), :closed}}, {{Decimal.new(100_000_000_000_003_600), :closed}, {Decimal.new(100_000_000_000_003_600), :closed}}])
iex> {clock, instants, zoned_clock} = Moment.split(set)
iex> {NumberSet.format(clock), NumberSet.format(instants), zoned_clock}
{"5", "3600", []}

  



  
    
      
    
    
      union(a, b)



        
          
        

    

  


  

      

          @spec union(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) ::
  Feel.Type.NumberSet.t()


      


The union of two sets of one kind, line by line: a line of more than 16 intervals is made its own hull, and not the
hull of the lines together, which a Feel.Type.NumberSet of that many would be.

  



  
    
      
    
    
      universe(kind)



        
          
        

    

  


  

      

          @spec universe(kind()) :: Feel.Type.NumberSet.t()


      


The images of every value of a kind, on the three lines.
iex> Feel.Type.NumberSet.format(Feel.Type.Moment.floating(:time))
"[0..86399]"

  



  
    
      
    
    
      universe_lines(kind)



        
          
        

    

  


  

      

          @spec universe_lines(kind()) :: lines()


      


The three lines of the universe of a kind, as the seconds they hold.

  



  
    
      
    
    
      with_fractions(set, fractions)



        
          
        

    

  


  

      

          @spec with_fractions(Feel.Type.NumberSet.t(), Feel.Type.NumberSet.t()) ::
  Feel.Type.NumberSet.t()


      


The set with the fractions of a second given (a set of numbers in [0..1)), in place of the ones it had. An empty set
of fractions leaves the set with every fraction.

  


        

      


  

    
Feel.Type.NumberSet 
    



      
A set of numbers, as intervals (D-39).
A set of numbers is a list of intervals that do not touch, in order, each from a lower bound
to an upper bound. A bound is a number and says whether it is in the interval, :closed, or
not, :open: [0..150] is {{0, :closed}, {150, :closed}}, and (0..5] is
{{0, :open}, {5, :closed}}. The numbers are the Decimals of FEEL, and the sets lie within
the range of decimal128, from -max_value/0 to max_value/0, since there are no others.
all/0 is that range, and an empty set is [].
Feel.Type.Union holds one of these on a number alternative, as {:number, set}, to say which
numbers a value can be, and on a date or a duration alternative to say which values it can be, by
the numbers that stand for them (D-109, Feel.Type.Image). The functions here are the algebra of the sets: union, intersection,
complement, and the tests contains?/2 and subset?/2. The rules for what an operation
does to a set are in Feel.Analysis.Intervals.
A set is built with new/1, which puts the intervals in order, merges those that overlap or
touch ([0..5) and [5..9] are [0..9], but [0..5) and (5..9] are not, since 5 is in
neither), and drops the empty ones. The default :outer approximation replaces more than 16
intervals by their hull, suitable for possible-value upper bounds. :inner keeps at most 16
intervals without filling gaps, suitable for certainly-accepted lower bounds. :exact keeps
every interval. Complement and inclusion are exact; they must not complement a widened gap set.

      


      
        Summary


  
    Types
  


    
      
        bound()

      


        A bound of an interval: a number, and whether the interval includes it.



    


    
      
        interval()

      


    


    
      
        t()

      


        Intervals in order that do not touch, each with a number in it.



    





  
    Functions
  


    
      
        all()

      


        Every number there is.



    


    
      
        all?(set)

      


        Returns true for the set of every number.



    


    
      
        complement(set)

      


        The numbers that are in the range of decimal128 and not in the set, without approximation.
The complement of 16 separated interior intervals needs 17 intervals and retains all of them.



    


    
      
        contains?(set, number)

      


        Returns true when the number is in the set.



    


    
      
        empty?(set)

      


        Returns true for a set with no number in it.



    


    
      
        format(set, text \\ &number_text/1)

      


        Writes a set: [0..150] for an interval, with ( and ) for a bound that is left out,
3 for one number, and -max and max for the ends of the range of decimal128. Several
intervals are separated by commas.



    


    
      
        intersect(a, b, approximation \\ :outer)

      


        The numbers that are in both sets, with the approximation policy of new/2.



    


    
      
        interval(lower, upper)

      


        The interval from lower to upper: each is a number, or {number, :open} for a number
that is not in it.



    


    
      
        join_whole_neighbours(set)

      


        The set with the intervals that meet at whole numbers made one, for the numbers that are whole: [1..3] and [4..6] hold the
same whole numbers as [1..6], and the days of two dates that follow one another are such (a date is the number of its
day, Feel.Type.Image). It is not for a set of numbers that may have a fraction, which the two do not hold the same of.



    


    
      
        lower(list)

      


        The lowest bound of the set, or nil for an empty set.



    


    
      
        max_value()

      


        The largest number of decimal128: 9.999999999999999999999999999999999E+6144.



    


    
      
        new(intervals, approximation \\ :outer)

      


        Builds a set from intervals, in any order and form: they are cut to the range of decimal128,
the empty ones dropped, and those that overlap or touch merged. The optional approximation
is :outer (the default, at most 16 intervals enlarged to their hull), :inner (at most 16
intervals retained as a subset), or :exact (no interval cap).



    


    
      
        point(number)

      


        A set of one number. A number outside the range of decimal128 is not a number of FEEL, and
gives every number, since nothing is known about it.



    


    
      
        single(arg1)

      


        Returns the number of a set of one number, or :error.



    


    
      
        subset?(a, b)

      


        Returns true when every number of the first set is in the second.



    


    
      
        union(a, b, approximation \\ :outer)

      


        The numbers that are in either set, with the approximation policy of new/2.



    


    
      
        upper(set)

      


        The highest bound of the set, or nil for an empty set.



    





      


      
        Types


        


  
    
      
    
    
      bound()



        
          
        

    

  


  

      

          @type bound() :: {Decimal.t(), :closed | :open}


      


A bound of an interval: a number, and whether the interval includes it.

  



  
    
      
    
    
      interval()



        
          
        

    

  


  

      

          @type interval() :: {bound(), bound()}


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: [interval()]


      


Intervals in order that do not touch, each with a number in it.

  


        

      

      
        Functions


        


  
    
      
    
    
      all()



        
          
        

    

  


  

      

          @spec all() :: t()


      


Every number there is.
iex> Feel.Type.NumberSet.all?(Feel.Type.NumberSet.all())
true

  



  
    
      
    
    
      all?(set)



        
          
        

    

  


  

      

          @spec all?(t()) :: boolean()


      


Returns true for the set of every number.

  



  
    
      
    
    
      complement(set)



        
          
        

    

  


  

      

          @spec complement(t()) :: t()


      


The numbers that are in the range of decimal128 and not in the set, without approximation.
The complement of 16 separated interior intervals needs 17 intervals and retains all of them.
iex> Feel.Type.NumberSet.point(Decimal.new(0)) |> Feel.Type.NumberSet.complement() |> Feel.Type.NumberSet.format()
"[-max..0), (0..max]"

  



  
    
      
    
    
      contains?(set, number)



        
          
        

    

  


  

      

          @spec contains?(t(), Decimal.t()) :: boolean()


      


Returns true when the number is in the set.
iex> set = Feel.Type.NumberSet.interval({Decimal.new(0), :open}, Decimal.new(5))
iex> {Feel.Type.NumberSet.contains?(set, Decimal.new(5)), Feel.Type.NumberSet.contains?(set, Decimal.new(0))}
{true, false}

  



  
    
      
    
    
      empty?(set)



        
          
        

    

  


  

      

          @spec empty?(t()) :: boolean()


      


Returns true for a set with no number in it.

  



    

  
    
      
    
    
      format(set, text \\ &number_text/1)



        
          
        

    

  


  

      

          @spec format(t(), (Decimal.t() -> String.t())) :: String.t()


      


Writes a set: [0..150] for an interval, with ( and ) for a bound that is left out,
3 for one number, and -max and max for the ends of the range of decimal128. Several
intervals are separated by commas.
A set can stand for something other than numbers (the days of a date, the seconds of a
duration; see Feel.Type.Image). text then writes each bound, and gets every number
but the ends of the range of decimal128, which are -max and max as above.
iex> Feel.Type.NumberSet.format(Feel.Type.NumberSet.all())
"[-max..max]"
iex> set = Feel.Type.NumberSet.interval(Decimal.new(1), Decimal.new(3))
iex> Feel.Type.NumberSet.format(set, &("<" <> Decimal.to_string(&1) <> ">"))
"[<1>..<3>]"
The default writes a number in full, with its scale, unless its first digit is more than 34 places
from the point: 1E-6176 is not a 0, a point and 6,175 more zeros.
iex> Feel.Type.NumberSet.format(Feel.Type.NumberSet.point(Decimal.new(1, 1, -6176)))
"1E-6176"
iex> set = Feel.Type.NumberSet.interval(Decimal.new(1), Decimal.new(1, 5, 6143))
iex> Feel.Type.NumberSet.format(set)
"[1..5E+6143]"
iex> Feel.Type.NumberSet.format(Feel.Type.NumberSet.point(Decimal.new(1, 1, -34)))
"0.0000000000000000000000000000000001"

  



    

  
    
      
    
    
      intersect(a, b, approximation \\ :outer)



        
          
        

    

  


  

      

          @spec intersect(t(), t(), :outer | :inner | :exact) :: t()


      


The numbers that are in both sets, with the approximation policy of new/2.
iex> a = Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(10))
iex> b = Feel.Type.NumberSet.interval({Decimal.new(5), :open}, Decimal.new(20))
iex> a |> Feel.Type.NumberSet.intersect(b) |> Feel.Type.NumberSet.format()
"(5..10]"

  



  
    
      
    
    
      interval(lower, upper)



        
          
        

    

  


  

      

          @spec interval(Decimal.t() | bound(), Decimal.t() | bound()) :: t()


      


The interval from lower to upper: each is a number, or {number, :open} for a number
that is not in it.
iex> Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(150)) |> Feel.Type.NumberSet.format()
"[0..150]"
iex> Feel.Type.NumberSet.interval({Decimal.new(0), :open}, Decimal.new(5)) |> Feel.Type.NumberSet.format()
"(0..5]"

  



  
    
      
    
    
      join_whole_neighbours(set)



        
          
        

    

  


  

      

          @spec join_whole_neighbours(t()) :: t()


      


The set with the intervals that meet at whole numbers made one, for the numbers that are whole: [1..3] and [4..6] hold the
same whole numbers as [1..6], and the days of two dates that follow one another are such (a date is the number of its
day, Feel.Type.Image). It is not for a set of numbers that may have a fraction, which the two do not hold the same of.
iex> a = Feel.Type.NumberSet.interval(Decimal.new(1), Decimal.new(3))
iex> b = Feel.Type.NumberSet.interval(Decimal.new(4), Decimal.new(6))
iex> a |> Feel.Type.NumberSet.union(b) |> Feel.Type.NumberSet.join_whole_neighbours() |> Feel.Type.NumberSet.format()
"[1..6]"
iex> c = Feel.Type.NumberSet.interval(Decimal.new(8), Decimal.new(9))
iex> a |> Feel.Type.NumberSet.union(c) |> Feel.Type.NumberSet.join_whole_neighbours() |> Feel.Type.NumberSet.format()
"[1..3], [8..9]"

  



  
    
      
    
    
      lower(list)



        
          
        

    

  


  

      

          @spec lower(t()) :: bound() | nil


      


The lowest bound of the set, or nil for an empty set.

  



  
    
      
    
    
      max_value()



        
          
        

    

  


  

      

          @spec max_value() :: Decimal.t()


      


The largest number of decimal128: 9.999999999999999999999999999999999E+6144.
iex> Decimal.to_string(Feel.Type.NumberSet.max_value(), :scientific)
"9.999999999999999999999999999999999E+6144"

  



    

  
    
      
    
    
      new(intervals, approximation \\ :outer)



        
          
        

    

  


  

      

          @spec new([interval()], :outer | :inner | :exact) :: t()


      


Builds a set from intervals, in any order and form: they are cut to the range of decimal128,
the empty ones dropped, and those that overlap or touch merged. The optional approximation
is :outer (the default, at most 16 intervals enlarged to their hull), :inner (at most 16
intervals retained as a subset), or :exact (no interval cap).
iex> intervals = [
...>   {{Decimal.new(5), :closed}, {Decimal.new(9), :closed}},
...>   {{Decimal.new(0), :closed}, {Decimal.new(5), :open}}
...> ]
iex> intervals |> Feel.Type.NumberSet.new() |> Feel.Type.NumberSet.format()
"[0..9]"

  



  
    
      
    
    
      point(number)



        
          
        

    

  


  

      

          @spec point(Decimal.t()) :: t()


      


A set of one number. A number outside the range of decimal128 is not a number of FEEL, and
gives every number, since nothing is known about it.
iex> Feel.Type.NumberSet.point(Decimal.new(3)) |> Feel.Type.NumberSet.format()
"3"

  



  
    
      
    
    
      single(arg1)



        
          
        

    

  


  

      

          @spec single(t()) :: {:ok, Decimal.t()} | :error


      


Returns the number of a set of one number, or :error.
iex> Feel.Type.NumberSet.single(Feel.Type.NumberSet.point(Decimal.new(3)))
{:ok, Decimal.new(3)}
iex> Feel.Type.NumberSet.single(Feel.Type.NumberSet.all())
:error

  



  
    
      
    
    
      subset?(a, b)



        
          
        

    

  


  

      

          @spec subset?(t(), t()) :: boolean()


      


Returns true when every number of the first set is in the second.
iex> inner = Feel.Type.NumberSet.interval(Decimal.new(1), Decimal.new(2))
iex> outer = Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(5))
iex> {Feel.Type.NumberSet.subset?(inner, outer), Feel.Type.NumberSet.subset?(outer, inner)}
{true, false}

  



    

  
    
      
    
    
      union(a, b, approximation \\ :outer)



        
          
        

    

  


  

      

          @spec union(t(), t(), :outer | :inner | :exact) :: t()


      


The numbers that are in either set, with the approximation policy of new/2.
iex> a = Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(5))
iex> b = Feel.Type.NumberSet.interval(Decimal.new(10), Decimal.new(20))
iex> a |> Feel.Type.NumberSet.union(b) |> Feel.Type.NumberSet.format()
"[0..5], [10..20]"

  



  
    
      
    
    
      upper(set)



        
          
        

    

  


  

      

          @spec upper(t()) :: bound() | nil


      


The highest bound of the set, or nil for an empty set.

  


        

      


  

    
Feel.Type.Recursive 
    



      
Finite graphs for guarded recursive item declarations.
Runtime unfolding retains references and checks every finite value. Analysis uses an upper
approximation, never a proof that a recursive target is satisfied. Cycles without a context
member or list element, and cycles through function signatures, are rejected by validate/2.
Finite function items may accept or return recursive data. Relations between different recursive
descriptors remain conservative; a structural analysis projection is not runtime signature evidence.

      


      
        Summary


  
    Types
  


    
      
        graph()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        contains?(arg1)

      


        Whether a type contains a recursive declaration, without unfolding its graph.



    


    
      
        equivalent?(arg1, arg2)

      


        Whether two descriptors have identical reachable declaration graphs up to renaming.



    


    
      
        parts(value, root, target, graph)

      


        Materializes occurrences of a declaration, with their concrete paths from the root.
Runtime constraint verification traverses incrementally instead: collecting every forward path
can require quadratic space for a deep chain.



    


    
      
        unfold(arg)

      


        Unfolds one graph node, retaining references as finite recursive descriptors.



    


    
      
        upper(type)

      


        A structural upper approximation, bounded by repeated references and a shared node budget.



    





      


      
        Types


        


  
    
      
    
    
      graph()



        
          
        

    

  


  

      

          @type graph() :: %{
  optional(String.t()) => %{
    type: term(),
    constraints: list(),
    recursive?: boolean(),
    resolved_type: Feel.Type.t() | nil
  }
}


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: {:recursive, String.t(), graph()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      contains?(arg1)



        
          
        

    

  


  

      

          @spec contains?(Feel.Type.t()) :: boolean()


      


Whether a type contains a recursive declaration, without unfolding its graph.

  



  
    
      
    
    
      equivalent?(arg1, arg2)



        
          
        

    

  


  

      

          @spec equivalent?(t(), t()) :: boolean()


      


Whether two descriptors have identical reachable declaration graphs up to renaming.
Import frames can rename references and include unrelated definitions. Compare the rooted
graphs with a consistent one-to-one renaming, retaining constructors, constraints and sharing.
This does not prove subtyping between different recursive shapes or unfold aliases away.

  



  
    
      
    
    
      parts(value, root, target, graph)



        
          
        

    

  


  

      

          @spec parts(Feel.Value.t(), String.t(), String.t(), graph()) :: [
  {Feel.Value.t(), list()}
]


      


Materializes occurrences of a declaration, with their concrete paths from the root.
Runtime constraint verification traverses incrementally instead: collecting every forward path
can require quadratic space for a deep chain.

  



  
    
      
    
    
      unfold(arg)



        
          
        

    

  


  

      

          @spec unfold(t()) :: Feel.Type.t()


      


Unfolds one graph node, retaining references as finite recursive descriptors.

  



  
    
      
    
    
      upper(type)



        
          
        

    

  


  

      

          @spec upper(Feel.Type.t()) :: Feel.Type.t()


      


A structural upper approximation, bounded by repeated references and a shared node budget.

  


        

      


  

    
Feel.Type.StringSet 
    



      
A set of strings that has intervals in it: ["a".."m"], ("m"..), (.."c"), and strings that are
left out of them: (..) except "a", which is every string but "a" (D-39).
A set of strings is one of three things:
	:all, every string;
	a list of strings, which is exactly those strings. These are the sets of the types so far
(D-39), and a set with no interval in it is always a list;
	a Feel.Type.StringSet, which has intervals in it, and perhaps single strings next to them, or
left out of them.

The functions here take and give any of the three, and they give the simplest one: a set with no
interval is a list, a set of every string is :all, and a single string is in the one place that
says it.
The order
The intervals are in the order of the run (Feel.Runtime.Compare): by code point, a prefix
first, with the trailing U+0000 left out. That order is not a total one: "a" and "a\0" are
neither less nor more than one another, and they are not equal. So a key is a string without its
trailing U+0000, and the strings with the same key are a class: "a", "a\0", "a\0\0", and so
on, as many as there are. An interval is of whole classes: one that ends at "a" and is closed has
all of them in it. A single string is of one string, and so is a string that is left out.
A set is therefore three parts, and it is exact: its strings are those in an interval and not left
out of it, and the single ones. The intervals say which classes, and the other two part which
of the strings of a class, which is what the run needs, because "a" <= "a\0" is false, and
so is "a" > "a\0": the strings that ? <= "a" accepts are those below the class of "a", and
"a". The complement of a set is then a set too, its parts swapped: the classes it does not have,
with its single strings left out, and the strings it left out, as single ones.
The lowest string is "", so a set that starts there starts at (.., and there is no highest
one, so an interval can end at ). Strings are dense: between two there are always others, so
[.."a") and ("a"..] do not make the strings together, and [.."a"] and ("a"..] do.
iex> alias Feel.Type.StringSet
iex> set = StringSet.union(StringSet.below("c", :open), ["x"])
iex> StringSet.format(set)
~s'(.."c"), "x"'
iex> {StringSet.contains?(set, "b"), StringSet.contains?(set, "c"), StringSet.contains?(set, "x")}
{true, false, true}
iex> not_a = StringSet.complement(["a"])
iex> {StringSet.format(not_a), StringSet.contains?(not_a, "a"), StringSet.contains?(not_a, "a\0")}
{~s'(..) except "a"', false, true}

      


      
        Summary


  
    Types
  


    
      
        bound()

      


        A lower bound, and whether the class is in the interval; an upper bound, or none.



    


    
      
        range()

      


        An interval of classes: from a lower bound to an upper bound, or to no end.



    


    
      
        set()

      


        Any set of strings.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        above(string, state)

      


        The strings above a class: its key is larger, or the same if state is :closed.



    


    
      
        below(string, state)

      


        The strings below a class: its key is smaller, or the same if state is :closed.



    


    
      
        between(low, high)

      


        The strings from a bound to another, which can be :infinity.



    


    
      
        bounds(list)

      


        The lowest and the highest bound of a set, or :error for an empty one. The highest is :infinity
where an interval has no end; a single string is a closed bound. A string that is left out does not
move a bound: a class has more strings than can be left out.



    


    
      
        class(string)

      


        The class of a string: it, and the ones that tie with it.



    


    
      
        complement(list)

      


        The strings that are not in the set. The classes it has not, the strings it left out as single ones,
and the single strings it had as the ones that are left out.



    


    
      
        contains?(list, string)

      


        Whether a string is in a set.



    


    
      
        decide(operator, a, b)

      


        Whether x operator y holds for every x of the first set and y of the second (:always),
for none (:never), or it is not known (:unknown). operator is :lt, :lte, :gt or :gte,
and the order is the run's. It is read from the lowest and the highest bound of each set, so it is
not said where a tie could matter: "a" <= "a\0" is false, so <= is :always only when every
key of the first is below every key of the second.



    


    
      
        empty?(set)

      


        Whether a set has no string. A set that has an interval has some, since a class is as large as it is.



    


    
      
        format(list)

      


        Writes a set: single strings and intervals, in the order of their lower bound, separated by commas,
and except and the strings that are left out.



    


    
      
        intersect(a, b)

      


        The strings that are in both sets.



    


    
      
        intersect_all(sets)

      


        The strings that are in all of the sets: what intersect/2 gives folded over them from :all
(Enum.reduce(sets, :all, &intersect/2)), in the same form, made in one pass over the bounds and not by pairing every
interval so far with every interval of the next set at each step.



    


    
      
        new(points, ranges, except \\ [])

      


        The set of some strings, some intervals, and the strings that are left out of the intervals, in
the simplest form that has them.



    


    
      
        point_count(list)

      


        How many single strings a set names, in it or left out of it. An interval is not counted.



    


    
      
        points(list)

      


        The strings of a set that has no interval, or :error if it has.



    


    
      
        single(arg1)

      


        The string of a set that has one, and no interval.



    


    
      
        subset?(a, b)

      


        Whether every string of the first set is in the second: none is in the first and not in the second.



    


    
      
        union(a, b)

      


        The strings that are in either set.



    


    
      
        union_all(sets, side \\ :left)

      


        The strings that are in any of the sets: what union/2 gives folded over them from [], in the same form, made
with the work of the strings once and not at each step.



    





      


      
        Types


        


  
    
      
    
    
      bound()



        
          
        

    

  


  

      

          @type bound() :: {String.t(), :open | :closed}


      


A lower bound, and whether the class is in the interval; an upper bound, or none.

  



  
    
      
    
    
      range()



        
          
        

    

  


  

      

          @type range() :: {bound(), bound() | :infinity}


      


An interval of classes: from a lower bound to an upper bound, or to no end.

  



  
    
      
    
    
      set()



        
          
        

    

  


  

      

          @type set() :: :all | [String.t()] | t()


      


Any set of strings.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Type.StringSet{
  except: [String.t()],
  points: [String.t()],
  ranges: [range(), ...]
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      above(string, state)



        
          
        

    

  


  

      

          @spec above(String.t(), :open | :closed) :: set()


      


The strings above a class: its key is larger, or the same if state is :closed.
iex> Feel.Type.StringSet.above("m", :open) |> Feel.Type.StringSet.format()
~s'("m"..)'
iex> Feel.Type.StringSet.above("", :closed)
:all

  



  
    
      
    
    
      below(string, state)



        
          
        

    

  


  

      

          @spec below(String.t(), :open | :closed) :: set()


      


The strings below a class: its key is smaller, or the same if state is :closed.
iex> Feel.Type.StringSet.below("m", :open) |> Feel.Type.StringSet.format()
~s'(.."m")'
iex> Feel.Type.StringSet.below("", :open)
[]

  



  
    
      
    
    
      between(low, high)



        
          
        

    

  


  

      

          @spec between(bound(), bound() | :infinity) :: set()


      


The strings from a bound to another, which can be :infinity.

  



  
    
      
    
    
      bounds(list)



        
          
        

    

  


  

      

          @spec bounds(set()) :: {:ok, {bound(), bound() | :infinity}} | :error


      


The lowest and the highest bound of a set, or :error for an empty one. The highest is :infinity
where an interval has no end; a single string is a closed bound. A string that is left out does not
move a bound: a class has more strings than can be left out.
iex> Feel.Type.StringSet.bounds(["b", "a"])
{:ok, {{"a", :closed}, {"b", :closed}}}
iex> Feel.Type.StringSet.bounds(Feel.Type.StringSet.above("m", :open))
{:ok, {{"m", :open}, :infinity}}

  



  
    
      
    
    
      class(string)



        
          
        

    

  


  

      

          @spec class(String.t()) :: set()


      


The class of a string: it, and the ones that tie with it.
iex> Feel.Type.StringSet.class("a") |> Feel.Type.StringSet.contains?("a\0")
true

  



  
    
      
    
    
      complement(list)



        
          
        

    

  


  

      

          @spec complement(set()) :: set()


      


The strings that are not in the set. The classes it has not, the strings it left out as single ones,
and the single strings it had as the ones that are left out.
iex> alias Feel.Type.StringSet
iex> StringSet.complement(StringSet.below("m", :open)) |> StringSet.format()
~s'["m"..)'
iex> StringSet.complement(["a", "b"]) |> StringSet.format()
~s'(..) except "a", "b"'
iex> {StringSet.complement(:all), StringSet.complement([])}
{[], :all}
iex> StringSet.complement(StringSet.complement(["a", "b"]))
["a", "b"]

  



  
    
      
    
    
      contains?(list, string)



        
          
        

    

  


  

      

          @spec contains?(set(), String.t()) :: boolean()


      


Whether a string is in a set.
iex> set = Feel.Type.StringSet.between({"a", :closed}, {"c", :open})
iex> {Feel.Type.StringSet.contains?(set, "b"), Feel.Type.StringSet.contains?(set, "c")}
{true, false}
iex> Feel.Type.StringSet.contains?(["a"], "a\0")
false

  



  
    
      
    
    
      decide(operator, a, b)



        
          
        

    

  


  

      

          @spec decide(:lt | :lte | :gt | :gte, set(), set()) :: :always | :never | :unknown


      


Whether x operator y holds for every x of the first set and y of the second (:always),
for none (:never), or it is not known (:unknown). operator is :lt, :lte, :gt or :gte,
and the order is the run's. It is read from the lowest and the highest bound of each set, so it is
not said where a tie could matter: "a" <= "a\0" is false, so <= is :always only when every
key of the first is below every key of the second.
iex> alias Feel.Type.StringSet
iex> StringSet.decide(:lt, ["a", "b"], StringSet.above("c", :closed))
:always
iex> StringSet.decide(:lt, StringSet.above("c", :closed), ["a", "b"])
:never
iex> StringSet.decide(:lt, ["a", "z"], StringSet.between({"m", :closed}, {"n", :closed}))
:unknown

  



  
    
      
    
    
      empty?(set)



        
          
        

    

  


  

      

          @spec empty?(set()) :: boolean()


      


Whether a set has no string. A set that has an interval has some, since a class is as large as it is.

  



  
    
      
    
    
      format(list)



        
          
        

    

  


  

      

          @spec format(set()) :: String.t()


      


Writes a set: single strings and intervals, in the order of their lower bound, separated by commas,
and except and the strings that are left out.
iex> alias Feel.Type.StringSet
iex> StringSet.format(StringSet.union(["q"], StringSet.between({"a", :closed}, {"m", :open})))
~s'["a".."m"), "q"'
iex> StringSet.format(StringSet.above("m", :closed))
~s'["m"..)'
iex> StringSet.format(:all)
"(..)"

  



  
    
      
    
    
      intersect(a, b)



        
          
        

    

  


  

      

          @spec intersect(set(), set()) :: set()


      


The strings that are in both sets.
iex> alias Feel.Type.StringSet
iex> StringSet.intersect(["a", "m", "z"], StringSet.between({"b", :closed}, {"n", :closed}))
["m"]
iex> StringSet.intersect(StringSet.below("n", :open), StringSet.above("c", :closed)) |> StringSet.format()
~s'["c".."n")'
iex> StringSet.intersect(StringSet.complement(["a"]), ["a", "b"])
["b"]

  



  
    
      
    
    
      intersect_all(sets)



        
          
        

    

  


  

      

          @spec intersect_all([set()]) :: set()


      


The strings that are in all of the sets: what intersect/2 gives folded over them from :all
(Enum.reduce(sets, :all, &intersect/2)), in the same form, made in one pass over the bounds and not by pairing every
interval so far with every interval of the next set at each step.
The fold is n * n for n sets of two intervals each, which is what the false sets of the tests of not(…) are
(left open by D-39). The intervals of the intersection are those where every set has an interval, from the largest
of their lower bounds to the smallest of their upper bounds. Where bounds tie ("a" and "a\0" have the same key)
the fold keeps the string of the first operand of intersect/2, which is the later set's, so the bound is the one of
the last set, in the order given, of those that have the bound that decides. That does not depend on the order in
which the pairs are met, so the bounds are sorted once and read from a sweep that counts the intervals the place is
in. The single strings are counted in the same sweep: one is in the intersection if as many sets have it as there
are, as a single string of theirs or inside an interval of theirs and not left out of it. The work is that of the
sort, n log n.
iex> alias Feel.Type.StringSet
iex> StringSet.intersect_all([StringSet.below("n", :open), StringSet.above("c", :closed)]) |> StringSet.format()
~s'["c".."n")'
iex> StringSet.intersect_all([StringSet.complement(["a"]), ["a", "b"], :all])
["b"]
iex> StringSet.intersect_all([StringSet.complement(["a"]), StringSet.complement(["b"])]) |> StringSet.format()
~s'(..) except "a", "b"'
iex> StringSet.intersect_all([])
:all

  



    

  
    
      
    
    
      new(points, ranges, except \\ [])



        
          
        

    

  


  

      

          @spec new([String.t()], [range()], [String.t()]) :: set()


      


The set of some strings, some intervals, and the strings that are left out of the intervals, in
the simplest form that has them.
iex> Feel.Type.StringSet.new(["b", "a", "b"], [])
["a", "b"]
iex> Feel.Type.StringSet.new(["m"], [{{"a", :closed}, {"z", :closed}}]) |> Feel.Type.StringSet.format()
~s'["a".."z"]'
iex> Feel.Type.StringSet.new([], [{{"", :closed}, :infinity}])
:all
iex> Feel.Type.StringSet.new([], [{{"a", :closed}, {"z", :closed}}], ["m", "?"]) |> Feel.Type.StringSet.format()
~s'["a".."z"] except "m"'

  



  
    
      
    
    
      point_count(list)



        
          
        

    

  


  

      

          @spec point_count(set()) :: non_neg_integer()


      


How many single strings a set names, in it or left out of it. An interval is not counted.

  



  
    
      
    
    
      points(list)



        
          
        

    

  


  

      

          @spec points(set()) :: {:ok, [String.t()]} | :error


      


The strings of a set that has no interval, or :error if it has.
iex> Feel.Type.StringSet.points(["a", "b"])
{:ok, ["a", "b"]}
iex> Feel.Type.StringSet.points(Feel.Type.StringSet.above("m", :open))
:error

  



  
    
      
    
    
      single(arg1)



        
          
        

    

  


  

      

          @spec single(set()) :: {:ok, String.t()} | :error


      


The string of a set that has one, and no interval.

  



  
    
      
    
    
      subset?(a, b)



        
          
        

    

  


  

      

          @spec subset?(set(), set()) :: boolean()


      


Whether every string of the first set is in the second: none is in the first and not in the second.
iex> alias Feel.Type.StringSet
iex> StringSet.subset?(["b"], StringSet.below("c", :open))
true
iex> StringSet.subset?(StringSet.below("c", :closed), StringSet.below("c", :open))
false
iex> StringSet.subset?(StringSet.complement(["a"]), StringSet.complement(["a", "b"]))
false

  



  
    
      
    
    
      union(a, b)



        
          
        

    

  


  

      

          @spec union(set(), set()) :: set()


      


The strings that are in either set.
iex> alias Feel.Type.StringSet
iex> StringSet.union(StringSet.below("b", :closed), StringSet.above("b", :open))
:all
iex> StringSet.union(StringSet.below("b", :open), StringSet.above("b", :open)) |> StringSet.contains?("b")
false
iex> StringSet.union(StringSet.complement(["a"]), ["a"])
:all

  



    

  
    
      
    
    
      union_all(sets, side \\ :left)



        
          
        

    

  


  

      

          @spec union_all([set()], :left | :right) :: set()


      


The strings that are in any of the sets: what union/2 gives folded over them from [], in the same form, made
with the work of the strings once and not at each step.
A fold of union/2 sorts and de-duplicates the strings it has so far, and sorts and merges the intervals it has so far,
at every step, so the join of the types of n string constants was n * n / 2 strings of work before it was cut to
string (D-39), and the join of n intervals n * n * n (D-39). The strings and the strings left out do not depend on
the order of the sets, so they are put together at once: a string that a set leaves out stays out if no set has it as a
single string and as many sets leave it out as have an interval over it, which is a count over the sorted bounds of
all the intervals, found by halving (left_out/2), and the strings of the lists go into the same new/3. The intervals
do depend on the order, for the bounds that tie ("a" and "a\0" have the same key): a merged interval keeps the bound
that it met first. They are put in one at a time, in an ordered map, and merged with the ones they touch as the scan of
the fold merges them, so the bounds are the ones the fold keeps, and the work for each is that of its neighbours.
side is where the set joined so far is in the fold: :left for union(all, set), where of two bounds that tie the
one so far is kept, and :right for union(set, all), where the new one is.
iex> alias Feel.Type.StringSet
iex> StringSet.union_all([["b", "a"], ["c", "a"], []])
["a", "b", "c"]
iex> StringSet.union_all([["a"], StringSet.above("m", :open), ["z", "p"]]) |> StringSet.format()
~s'"a", ("m"..)'
iex> StringSet.union_all([["a"], :all])
:all
iex> StringSet.union_all([])
[]
iex> a = StringSet.new([], [{{"a", :closed}, {"m", :open}}], ["c"])
iex> b = StringSet.new([], [{{"b", :closed}, {"n", :open}}], ["c"])
iex> StringSet.union_all([a, b]) |> StringSet.format()
~s'["a".."n") except "c"'
iex> StringSet.union_all([a, StringSet.below("d", :open)]) |> StringSet.format()
~s'(.."m")'

  


        

      


  

    
Feel.Type.Union 
    



      
Types with the null made explicit, for inference (D-39).
Feel.Type is the type system of the specification, where Null conforms to every
type: number means "a number or null". That is right for conformance and for
instance of, but it cannot say that a result is never null, as 1 < 2
is, or that it is null, as 1 < null is. A union can. It is a list of the
alternatives a value may have, and :null is one of them when the value may be
null:
	Union	The values
	[:number]	a number, never null
	[:number, :null]	a number or null (the spec's number)
	[:null]	null only
	[:boolean, :string]	a boolean or a string, never null
	[:any, :null]	any value (the spec's Any)

The members are the primitive types of Feel.Type, :null, and these, whose
parts are unions in turn: {:list, union}, {:range, union},
{:context, %{"key" => union}}, {:closed_context, %{"key" => union}},
{:function, [union], union}, and {:named, "Name"}. :any means any value that is not null.
Any, taken apart (D-39)
:any is the union of the kinds of value, and a union can say which of them are left. The kinds are the tops
(tops/0): the bare :boolean, :number, :string, :date, :time, :date_and_time and the two durations,
the list, the range and the context of anything ({:list, [:any, :null]}, {:range, [:any, :null]},
{:context, %{}}), :function, the function of any parameters, and :foreign, a term that is not a value of
FEEL (Feel.Runtime.Kind.of/1 is :unknown for it: the host binds what it likes, and v instance of Any is
true for it). A union that has all of them is :any, and difference/2 takes some out: Any less
number is the other tops, which is written Any except number. :function and :foreign are not
written by anyone; they are what is left of an Any that something was taken from.
A kind less some of it (D-152)
A list, a range, a context and a function have no set of values to cut, so what is left of Any when some of one is
taken out is a member of its own: {:except, base, negations} (Feel.Type.Except), the values of base that are in none of
the negations. difference/2 makes them, intersect/2, subtype?/2 and contains?/2 know them, and format/2 writes them
(Any except list<number | Null>). Normalization preserves nested exclusions. A reader can ask
for a positive approximation at the level it inspects (positive/1, Feel.IR.plain_type/1);
this does not rewrite parts under negation or widen function parameters.
An overload (D-171)
A built-in function with several signatures is all of its function types, and its type is {:overload, arrows, refinements}
(Feel.Type.Arrows): the arrows are what subtype?/2, difference/2 and contains?/2 see (a function type is within an
overload if it is within each arrow, and an overload within a function type if one of its arrows is), and a refinement is what a
call does for the arguments in its parameters, which types a call and nothing else. Function literals also use
their observable runtime signature bound as an arrow and their body's more precise result as a call refinement.
positive/1 makes a top-level overload its arrows as alternatives, and
positive_keeping_overloads/1 keeps it for the readers that compare and call functions. A union has at most four of them.
Open and closed contexts (D-65)
A context type of the specification is open: context<a: number> is the type of every context that
has an entry a that is a number, and may have others (Feel.Type.Conformance). That is what
{:context, members} is, and it is what a declared type is. A value has a closed type, though, the entries it
has and no others, and so has a context literal: {:closed_context, members}. A closed context is a
subtype of the open one with the same entries, so everything that holds for an open type holds for it, and
it knows more: that an entry it does not list is not there (Feel.Analysis.Paths). to_spec/1 writes both as the
type of the specification, and format/2 writes both as context<...>; from_spec/1 never makes a closed one.
Value sets
A number, a string, or a boolean alternative can say which values it has (D-39):
{:number, set} with a Feel.Type.NumberSet, {:string, strings} with up to 64 strings, or a Feel.Type.StringSet where there are intervals of strings, or strings left out of them (D-39), and
{:boolean, true} or {:boolean, false}. The bare :number is every number, so it is the
alternative that holds any {:number, set}. [{:number, [0..150]}, :null] is a number from 0
to 150, or null; 1 has the type [{:number, [1..1]}], and 1 < 2 has [{:boolean, true}].
to_spec/1 leaves the sets out, so a type of the specification does not see them.
A date and the two kinds of duration have sets too (D-109): {:date, set},
{:years_and_months_duration, set} and {:days_and_time_duration, set}, each a
Feel.Type.NumberSet of the numbers that stand for the values, their image (Feel.Type.Image):
the days of a date, the months or the seconds of a duration. @"PT2H" has the type
[{:days_and_time_duration, [7200..7200]}], written days and time duration = PT2H. The bare
kind is every value of the kind, as :number is. So have a time and a date and time (D-109): {:time, set}
and {:date_and_time, set}, of the second a value falls in on one of two lines, for the values with no zone and
for those with one, since the order of two depends on their zones (Feel.Type.Moment).
Normal form
Build a union with new/1, and do not match on one outside this module. A union
	is not empty: new/1 raises for no member. The union of no value is never/0, [], and it is not built but
given, as the type of code that cannot run (D-173) and as what intersect/2 and difference/2 leave when no
value is left. An expression always has a value (a failure is null), so the least type of one that can run
is [:null];
	has no member twice, and the members are in a fixed order with :null last, so
two unions of the same alternatives are equal;
	is just :any (and :null, if it is there) when it has :any, which contains
every other member;
	has one alternative for the numbers, one for the strings, one for the booleans, one for the
dates, and one for each kind of duration, at most: the sets of several are joined, a bare
:number (:date, ...) holds the rest, a set of every value of the kind is the bare one, and
an alternative with no value in it is dropped.

Members with parts are not merged beyond that: list<number> and list<number | null> stay
two members, though the second contains the first.
Two type languages
from_spec/1 reads a type of the specification into a union by adding :null at
every level. to_spec/1 goes back: it drops :null and joins what is left with
Feel.Type.join/2, so [:number, :string] is :any. The second loses information,
and the first adds a null that may not be there, so a union is for inference and
the type of the specification is for everything else, Feel.type/1 included.
Function parameter projection preserves outer non-null marks and retains an arrow only when
the projected domain is within the original domain; otherwise the whole function becomes Any.
of_value/1 describes a value using the representation's scalar and structural bounds. Recursive function signatures use upper
observable arrows and keep structural call bounds as refinements. contains?/2 asks whether a
value is one of the alternatives in this analysis representation.

      


      
        Summary


  
    Types
  


    
      
        member()

      


        One alternative of a union.



    


    
      
        never()

      


        The union of no value: the type of code that cannot run (never/0, D-173).



    


    
      
        t()

      


        A non-empty list of members in normal form.



    





  
    Functions
  


    
      
        contains?(union, value)

      


        Returns true when the value is one of the alternatives of the union.



    


    
      
        difference(a, b)

      


        The values that are in the first union and not in the second: a union that holds every value that is, and as few
others as it can say (D-39).



    


    
      
        empty_list()

      


        The type of the empty list alone, []: a list with no element that it could have. Every list<T> holds it, and
list<Null> holds it and the lists of nulls (Table 43), which is what a reader that does not ask for the exact type sees.



    


    
      
        erase_sets(union)

      


        The union with every set of values left out, at every level: each alternative that is a set (number in [1..5], "a", true, a date in a range) is its bare kind, which holds every value of the kind. null, the
shape of a list, a context and a range, and the names of types are kept.



    


    
      
        erase_top_sets(union)

      


        The union with the sets left out of its own alternatives, and not of the types inside them: list<number in [1..3]> stays as
it is. It is erase_sets/1 for a union whose parts have no sets already, which is the case of a type that is made from the
types of the nodes below it in the core tier (Feel.Analysis.Refinement), and costs the size of the union and not the size of
the type, so that a list nested to a thousand levels is not walked at each level.



    


    
      
        format(union, options \\ [])

      


        Writes a union for a message: the members joined with |.



    


    
      
        from_spec(type)

      


        Reads a type of the specification, where every type includes null.



    


    
      
        intersect(a, b)

      


        The values that two unions have in common: a union that holds every value that is in both, and as few
others as it can say (D-194).



    


    
      
        kind(member)

      


        The kind of an alternative: the primitive type that a set of values is of, so :number for
{:number, set}, and the alternative itself for every other.



    


    
      
        member_within?(member, other)

      


        Whether one member is within another by itself: the structural test of subtype?/2 for two members, without looking at
the other members of a union. For Feel.Type.Except.



    


    
      
        never()

      


        Returns the union of no value, []: the type of code that cannot run (D-173), such as a branch of an if that its
condition or the facts of the conditions around it rule out.



    


    
      
        new(members)

      


        Builds a union from members and unions, in normal form.



    


    
      
        non_empty(list)

      


        The lists of a list type that have an element: the type less the empty list (Feel.Type.Except).



    


    
      
        non_empty?(union)

      


        Whether every list of the union has an element: a list type less the empty list, or a value that is not a list.



    


    
      
        nullable?(union)

      


        Returns true when the union has null among its alternatives.



    


    
      
        of_value(value)

      


        Returns the internal type of a value, retaining literal sets where the representation supports them.



    


    
      
        plain?(union)

      


        Whether no member of the union is a kind less some of it or the empty list (D-152): the union as a reader that looks into a
type sees it.



    


    
      
        positive(union)

      


        The union with the kinds that are less some of them (Feel.Type.Except) as the whole kind: every value that the union holds,
and in a form that does not look into what is taken out. It is what a reader of a type that does not ask for the exact one
reads (Feel.IR.plain_type/1).



    


    
      
        positive_keeping_overloads(union)

      


        The union as positive/1 has it, with the overloads kept (D-171): what a reader that compares and applies function types reads.
A kind less some of it is the kind, and an overload is still all of its arrows, since a function that is passed on or called is
the one that the overload is the type of.



    


    
      
        restrict(union, kind, set)

      


        Narrows the numbers, the strings, the booleans, the dates or the durations of a union to a set.



    


    
      
        subtype?(union, other)

      


        Returns true when every alternative of the first union is covered by one of the
second.



    


    
      
        to_spec(union)

      


        Writes a union as a type of the specification: null is dropped, because every type
includes it, and what is left is joined with Feel.Type.join/2.



    


    
      
        tops()

      


        The kinds of value that :any is the union of, each as the member that holds all of its values (D-39).



    





      


      
        Types


        


  
    
      
    
    
      member()



        
          
        

    

  


  

      

          @type member() ::
  :any
  | :null
  | :boolean
  | :number
  | :string
  | :date
  | :time
  | :date_and_time
  | :years_and_months_duration
  | :days_and_time_duration
  | :function
  | :foreign
  | {:number, Feel.Type.NumberSet.t()}
  | {:date, Feel.Type.NumberSet.t()}
  | {:time, Feel.Type.NumberSet.t()}
  | {:date_and_time, Feel.Type.NumberSet.t()}
  | {:years_and_months_duration, Feel.Type.NumberSet.t()}
  | {:days_and_time_duration, Feel.Type.NumberSet.t()}
  | {:string, [String.t(), ...] | Feel.Type.StringSet.t()}
  | {:boolean, boolean()}
  | {:list, t()}
  | {:range, t()}
  | {:context, %{optional(String.t()) => t()}}
  | {:closed_context, %{optional(String.t()) => t()}}
  | {:function, [t()], t()}
  | {:overload, [member(), ...], [member()]}
  | {:named, String.t()}
  | {:except, member(), [member(), ...]}


      


One alternative of a union.

  



  
    
      
    
    
      never()



        
          
        

    

  


  

      

          @type never() :: []


      


The union of no value: the type of code that cannot run (never/0, D-173).

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: [member(), ...]


      


A non-empty list of members in normal form.

  


        

      

      
        Functions


        


  
    
      
    
    
      contains?(union, value)



        
          
        

    

  


  

      

          @spec contains?(t(), term()) :: boolean()


      


Returns true when the value is one of the alternatives of the union.
Lists, ranges and contexts use their component unions, including their explicit null alternatives.
Functions use observable projected arrows and ignore call refinements for membership. This asks
about the analysis representation; use Feel.Type.value_conforms?/2 with the original declaration
for complete guarded recursive data membership and retained runtime signature checks.
Any term may be asked about, since a binding is the host's: one that is not a FEEL value is
in the union only through Any.
iex> Feel.Type.Union.contains?([:number, :null], nil)
true
iex> Feel.Type.Union.contains?([:number], nil)
false
iex> Feel.Type.Union.contains?([:number, :string], "a")
true
iex> Feel.Type.Union.contains?([:any], %{"a" => 1})
true

  



  
    
      
    
    
      difference(a, b)



        
          
        

    

  


  

      

          @spec difference(t(), [member()]) :: [member()]


      


The values that are in the first union and not in the second: a union that holds every value that is, and as few
others as it can say (D-39).
:any is taken apart into its kinds (tops/0), and each alternative loses what the second union has of its kind:
the numbers, the strings, the booleans, the dates and the durations by their sets, and a kind that has no sets
(a list, a range, a context, a function) all of it or none, by subtype?/2. A time and a date and time lose the lines
of a set (Feel.Type.Moment.complement/2, D-152): what a set of lines can say of what is left, and more where it cannot. So the result is never smaller than the difference, and is the difference where
the sets are: it is a sound answer to "what is left", which is what an else branch needs. It is empty
(not a union) when nothing is left. null is left unless the second union has it.
iex> Feel.Type.Union.difference([:any, :null], [:number]) |> Feel.Type.Union.format()
"Any except number | Null"
iex> Feel.Type.Union.difference([:number, :string], [:number])
[:string]
iex> Feel.Type.Union.difference([:number], [:number])
[]
iex> five = Feel.Type.NumberSet.point(Decimal.new(5))
iex> Feel.Type.Union.difference([:number], [{:number, five}]) |> Feel.Type.Union.format()
"number in [-max..5), (5..max]"
iex> Feel.Type.Union.difference([:boolean], [{:boolean, true}])
[{:boolean, false}]
iex> Feel.Type.Union.difference([:any, :null], [:any]) 
[:null]

  



  
    
      
    
    
      empty_list()



        
          
        

    

  


  

      

          @spec empty_list() :: {:list, []}


      


The type of the empty list alone, []: a list with no element that it could have. Every list<T> holds it, and
list<Null> holds it and the lists of nulls (Table 43), which is what a reader that does not ask for the exact type sees.
iex> Feel.Type.Union.empty_list()
{:list, []}
iex> Feel.Type.Union.format([Feel.Type.Union.empty_list()])
"empty list"
iex> Feel.Type.Union.contains?([Feel.Type.Union.empty_list()], [])
true
iex> Feel.Type.Union.contains?([Feel.Type.Union.empty_list()], [nil])
false

  



  
    
      
    
    
      erase_sets(union)



        
          
        

    

  


  

      

          @spec erase_sets(t()) :: t()


      


The union with every set of values left out, at every level: each alternative that is a set (number in [1..5], "a", true, a date in a range) is its bare kind, which holds every value of the kind. null, the
shape of a list, a context and a range, and the names of types are kept.
A function arrow is kept only when erasing its parameters does not broaden their domains:
broader parameters would strengthen the arrow rather than safely widen it. Otherwise the
whole arrow becomes the :function kind. Overloads fall back likewise when an observable arrow
cannot be retained safely, and discard call refinements that cannot be erased safely.
The result holds every value that the union holds, so it is a type of the same values, and a less exact one. It is
the type that an analysis without value sets gives (Feel.Analysis.Refinement).
iex> Feel.Type.Union.erase_sets([{:number, Feel.Type.NumberSet.point(Decimal.new(3))}])
[:number]
iex> Feel.Type.Union.erase_sets([{:boolean, true}, :null])
[:boolean, :null]
iex> Feel.Type.Union.erase_sets([{:string, ["a", "b"]}, {:number, Feel.Type.NumberSet.all()}])
[:number, :string]
iex> Feel.Type.Union.of_value(%{"a" => [Decimal.new(1)]}) |> Feel.Type.Union.erase_sets()
[{:closed_context, %{"a" => [{:list, [:number]}]}}]
iex> Feel.Type.Union.erase_sets([{:function, [[{:number, Feel.Type.NumberSet.point(Decimal.new(1))}]], [{:boolean, false}]}])
[:function]
iex> Feel.Type.Union.erase_sets([:any, :null])
[:any, :null]

  



  
    
      
    
    
      erase_top_sets(union)



        
          
        

    

  


  

      

          @spec erase_top_sets(t()) :: t()


      


The union with the sets left out of its own alternatives, and not of the types inside them: list<number in [1..3]> stays as
it is. It is erase_sets/1 for a union whose parts have no sets already, which is the case of a type that is made from the
types of the nodes below it in the core tier (Feel.Analysis.Refinement), and costs the size of the union and not the size of
the type, so that a list nested to a thousand levels is not walked at each level.
iex> Feel.Type.Union.erase_top_sets([{:number, Feel.Type.NumberSet.point(Decimal.new(3))}, :null])
[:number, :null]
iex> inner = [{:number, Feel.Type.NumberSet.point(Decimal.new(3))}]
iex> Feel.Type.Union.erase_top_sets([{:list, inner}]) == [{:list, inner}]
true

  



    

  
    
      
    
    
      format(union, options \\ [])



        
          
        

    

  


  

      

          @spec format(t() | never(), [{:values, boolean()}]) :: String.t()


      


Writes a union for a message: the members joined with |.
The sets of values are written too (number in [0..150]), unless values: false is given,
which writes a number as number, a string as string, a boolean as boolean, and a date or a
duration as its kind. The values of a date or a duration are written as 2024-01-31 and
P1DT2H (Feel.Type.Image.format_value/2).
iex> Feel.Type.Union.format([:number, :null])
"number | Null"
iex> Feel.Type.Union.format([{:list, [:string]}])
"list<string>"
iex> union = Feel.Type.Union.of_value(Decimal.new(3))
iex> {Feel.Type.Union.format(union), Feel.Type.Union.format(union, values: false)}
{"number = 3", "number"}
iex> Feel.Type.Union.format(Feel.Type.Union.never())
"Never"

  



  
    
      
    
    
      from_spec(type)



        
          
        

    

  


  

      

          @spec from_spec(Feel.Type.t()) :: t()


      


Reads a type of the specification, where every type includes null.
A type marked {:non_null, type} (D-48) is the exception, for its outermost level: it has
no null. What is inside it, as the elements of a list, is read as the specification has it.
Raises ArgumentError for Null!, which has no values. A negation and a union that a host declares
({:not, type}, {:union, types}, D-178) are the union they make (Feel.Type.Composite.to_union/1).
iex> Feel.Type.Union.from_spec(:number)
[:number, :null]
iex> Feel.Type.Union.from_spec(:null)
[:null]
iex> Feel.Type.Union.from_spec({:list, :number})
[{:list, [:number, :null]}, :null]
iex> Feel.Type.Union.from_spec({:non_null, :number})
[:number]
iex> Feel.Type.Union.from_spec({:non_null, {:list, {:non_null, :number}}})
[{:list, [:number]}]
Recursive declarations are projected to a finite structural upper bound, not an exact translation.
Recursive domains use a lower parameter bound in an upper arrow, and recursive negations project to top.
Recursive function results use Any | Null in observable arrows, retaining their structural upper
bound only as a call refinement. A graph projection may conservatively widen that call bound too.
A consumer proving a recursive target must retain its check; inclusion in this projection is insufficient.

  



  
    
      
    
    
      intersect(a, b)



        
          
        

    

  


  

      

          @spec intersect(t(), t()) :: [member()]


      


The values that two unions have in common: a union that holds every value that is in both, and as few
others as it can say (D-194).
It is empty, never/0, when there is no value in both: a caller that gets [] knows that the two cannot
be the same value. A value is in a union by what it is, so the
numbers 1 and 1.0 are one value, and 1 is not in string.
The alternatives are taken in pairs. The sets of a kind meet in their intersection; Null meets only
Null, and Any (every value that is not null) meets anything else as it is. The parts of a list and
of a range meet part by part, and a list of nothing in common is the list of nothing, [] (Table 43). Two
contexts meet entry by entry. An open context needs the entries it lists to be there (D-23), so it meets a
closed one only if the closed one has them all; two closed ones only if they have the same entries. A
named type is not looked into, and a function type meets another as the first.
iex> Feel.Type.Union.intersect([:number, :null], [:string, :null])
[:null]
iex> Feel.Type.Union.intersect([:number], [:string])
[]
iex> Feel.Type.Union.intersect([:any, :null], [:number]) |> Feel.Type.Union.format()
"number"
iex> a = [{:list, [:any, :null]}]
iex> b = [{:list, [:number]}]
iex> Feel.Type.Union.intersect(a, b) |> Feel.Type.Union.format()
"list<number>"

  



  
    
      
    
    
      kind(member)



        
          
        

    

  


  

      

          @spec kind(member()) :: member()


      


The kind of an alternative: the primitive type that a set of values is of, so :number for
{:number, set}, and the alternative itself for every other.
iex> Feel.Type.Union.kind({:number, Feel.Type.NumberSet.all()})
:number
iex> Feel.Type.Union.kind({:boolean, true})
:boolean
iex> Feel.Type.Union.kind({:days_and_time_duration, Feel.Type.NumberSet.all()})
:days_and_time_duration
iex> Feel.Type.Union.kind({:list, [:number]})
{:list, [:number]}

  



  
    
      
    
    
      member_within?(member, other)



        
          
        

    

  


  

      

          @spec member_within?(member(), member()) :: boolean()


      


Whether one member is within another by itself: the structural test of subtype?/2 for two members, without looking at
the other members of a union. For Feel.Type.Except.

  



  
    
      
    
    
      never()



        
          
        

    

  


  

      

          @spec never() :: never()


      


Returns the union of no value, []: the type of code that cannot run (D-173), such as a branch of an if that its
condition or the facts of the conditions around it rule out.
It is not [:null], the type of code that runs and gives null. It is the bottom of the order: it is within every
type, nothing but itself is within it, and it is the identity of a join (new/1 leaves it out of what it builds). A
value cannot be in it, so a node of this type that a run reaches is a type that was wrong (Feel.Paranoid says so).
iex> Feel.Type.Union.never()
[]
iex> Feel.Type.Union.subtype?(Feel.Type.Union.never(), [:number])
true
iex> Feel.Type.Union.new([Feel.Type.Union.never(), [:number]])
[:number]

  



  
    
      
    
    
      new(members)



        
          
        

    

  


  

      

          @spec new([member() | t()]) :: t()


      


Builds a union from members and unions, in normal form.
Raises ArgumentError when there is nothing to build it from.
iex> Feel.Type.Union.new([:null, :number, :number])
[:number, :null]
iex> Feel.Type.Union.new([[:string, :null], [:number]])
[:number, :string, :null]
iex> Feel.Type.Union.new([:number, :any])
[:any]
iex> Feel.Type.Union.new([:any, :null, :boolean])
[:any, :null]

  



  
    
      
    
    
      non_empty(list)



        
          
        

    

  


  

      

          @spec non_empty(member()) :: [member()]


      


The lists of a list type that have an element: the type less the empty list (Feel.Type.Except).
iex> Feel.Type.Union.non_empty({:list, [:number, :null]}) |> Feel.Type.Union.format()
"non-empty list<number | Null>"
iex> Feel.Type.Union.non_empty({:list, []})
[]

  



  
    
      
    
    
      non_empty?(union)



        
          
        

    

  


  

      

          @spec non_empty?(t()) :: boolean()


      


Whether every list of the union has an element: a list type less the empty list, or a value that is not a list.

  



  
    
      
    
    
      nullable?(union)



        
          
        

    

  


  

      

          @spec nullable?(t()) :: boolean()


      


Returns true when the union has null among its alternatives.
iex> Feel.Type.Union.nullable?([:number, :null])
true
iex> Feel.Type.Union.nullable?([:number])
false

  



  
    
      
    
    
      of_value(value)



        
          
        

    

  


  

      

          @spec of_value(term()) :: t()


      


Returns the internal type of a value, retaining literal sets where the representation supports them.
Function values describe observable signature bounds and call refinements. Recursive result
signatures are approximated conservatively, so this is not an exact runtime membership predicate.
Unlike Feel.Type.of/1, which follows Table 43, the elements of a list are not
joined: ["a", true] is a list of boolean | string, not of Any, and null is
an alternative of the element type where there is one. A term that is not a FEEL
value is [:any, :null]: nothing is known about it.
iex> Feel.Type.Union.of_value(Decimal.new(1)) |> Feel.Type.Union.format()
"number = 1"
iex> Feel.Type.Union.of_value(nil)
[:null]
iex> Feel.Type.Union.of_value([true, nil]) |> Feel.Type.Union.format()
"non-empty list<boolean = true | Null>"
iex> Feel.Type.Union.of_value([]) |> Feel.Type.Union.format()
"empty list"
iex> Feel.Type.Union.of_value(~D[2024-01-31]) |> Feel.Type.Union.format()
"date = 2024-01-31"
iex> Feel.Type.Union.of_value(Feel.Value.DaysAndTimeDuration.new(93_600)) |> Feel.Type.Union.format()
"days and time duration = P1DT2H"
iex> Feel.Type.Union.of_value(1.5)
[:any, :null]

  



  
    
      
    
    
      plain?(union)



        
          
        

    

  


  

      

          @spec plain?(t()) :: boolean()


      


Whether no member of the union is a kind less some of it or the empty list (D-152): the union as a reader that looks into a
type sees it.
iex> Feel.Type.Union.plain?([:number, :null])
true
iex> Feel.Type.Union.plain?([Feel.Type.Union.empty_list()])
false

  



  
    
      
    
    
      positive(union)



        
          
        

    

  


  

      

          @spec positive(t() | never()) :: t() | never()


      


The union with the kinds that are less some of them (Feel.Type.Except) as the whole kind: every value that the union holds,
and in a form that does not look into what is taken out. It is what a reader of a type that does not ask for the exact one
reads (Feel.IR.plain_type/1).
iex> list = {:list, [:any, :null]}
iex> union = Feel.Type.Union.new([{:except, list, [{:list, [:number, :null]}]}, :null])
iex> Feel.Type.Union.positive(union)
[{:list, [:any, :null]}, :null]
iex> Feel.Type.Union.positive([:number, :null])
[:number, :null]

  



  
    
      
    
    
      positive_keeping_overloads(union)



        
          
        

    

  


  

      

          @spec positive_keeping_overloads(t() | never()) :: t() | never()


      


The union as positive/1 has it, with the overloads kept (D-171): what a reader that compares and applies function types reads.
A kind less some of it is the kind, and an overload is still all of its arrows, since a function that is passed on or called is
the one that the overload is the type of.
iex> {:ok, abs} = Feel.Builtin.value("abs")
iex> union = Feel.Type.Union.of_value(abs)
iex> Feel.Type.Union.positive_keeping_overloads(union) == union
true
iex> length(Feel.Type.Union.positive(union))
1

  



  
    
      
    
    
      restrict(union, kind, set)



        
          
        

    

  


  

      

          @spec restrict(
  t(),
  :number | :string | :boolean | Feel.Type.Image.kind(),
  Feel.Type.NumberSet.t() | Feel.Type.StringSet.t() | [String.t()] | [boolean()]
) :: t()


      


Narrows the numbers, the strings, the booleans, the dates or the durations of a union to a set.
set is a Feel.Type.NumberSet for :number and for a kind with an image (:date and the two
durations, whose sets are those of the numbers that stand for the values), a list of strings for
:string, and a list of true and false for :boolean. The alternative that is a number (a
string, a boolean) becomes the numbers (strings, booleans) that are in both sets, and goes if none
is. A union that has no alternative left is [:null]: the only value it can have is null.
iex> set = Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> Feel.Type.Union.restrict([:number, :null], :number, set) |> Feel.Type.Union.format()
"number in [0..150] | Null"
iex> Feel.Type.Union.restrict([:string, :null], :string, ["a", "b"])
[{:string, ["a", "b"]}, :null]
iex> Feel.Type.Union.restrict([:number, :null], :number, [])
[:null]
iex> Feel.Type.Union.restrict([:boolean, :null], :boolean, [true])
[{:boolean, true}, :null]
iex> Feel.Type.Union.restrict([:boolean, :null], :boolean, [true, false])
[:boolean, :null]

  



  
    
      
    
    
      subtype?(union, other)



        
          
        

    

  


  

      

          @spec subtype?(t(), t()) :: boolean()


      


Returns true when every alternative of the first union is covered by one of the
second.
This is sound but not complete: a union of lists is compared member by member, and
list<number | string> is not seen to be within list<number> | list<string> (it
is not), nor is a context with a union as a member seen to be within the union of
two contexts (it is). The two type languages agree on what they share: for types of
the non-recursive specification fragment, subtype?(from_spec(a), from_spec(b)) agrees with Feel.Type.conforms?(a, b). Recursive projections are upper approximations and do not establish that equivalence.
iex> Feel.Type.Union.subtype?([:number], [:number, :null])
true
iex> Feel.Type.Union.subtype?([:number, :null], [:number])
false
iex> Feel.Type.Union.subtype?([{:list, [:number]}], [{:list, [:number, :null]}, :null])
true

  



  
    
      
    
    
      to_spec(union)



        
          
        

    

  


  

      

          @spec to_spec(t()) :: Feel.Type.t()


      


Writes a union as a type of the specification: null is dropped, because every type
includes it, and what is left is joined with Feel.Type.join/2.
iex> Feel.Type.Union.to_spec([:number, :null])
:number
iex> Feel.Type.Union.to_spec([:null])
:null
iex> Feel.Type.Union.to_spec([:boolean, :string])
:any
iex> Feel.Type.Union.to_spec([{:list, [:number]}])
{:list, :number}

  



  
    
      
    
    
      tops()



        
          
        

    

  


  

      

          @spec tops() :: [member(), ...]


      


The kinds of value that :any is the union of, each as the member that holds all of its values (D-39).
iex> Feel.Type.Union.tops() |> Enum.take(3)
[:boolean, :number, :string]
iex> Feel.Type.Union.new(Feel.Type.Union.tops() ++ [:null])
[:any, :null]

  


        

      


  

    
Feel.Type.Verdict 
    



      
A question about types, answered yes, no with a value, or unknown.
The analysis answers questions about types so that it can narrow, and a wrong answer in the safe direction costs only
precision: Feel.Type.Union.subtype?/2 says false both when a type is not within another and when it could not show that it
is. That is the right direction for the optimizer and the wrong one for a verdict on a model, where "this table has a
gap" and "this table might have a gap" have to be told apart.
	:yes is a proof: the analysis showed it (subtype?/2 is true, an intersection is none).
	{:no, value} is a counterexample: a value that the exact check (Feel.Type.Union.contains?/2) says is in the one
type and not in the other. It does not depend on the analysis having been exact.
	:unknown is neither: no proof, and no value was found (the search was cut, or the types are of a kind that
Feel.Type.Witness makes no value of: a time, a date and time, a range, a function).

A table whose rules cover the inputs is :yes; one that leaves an input out is {:no, input} with that input; a large or an
odd one may be :unknown.
iex> alias Feel.Type.Verdict
iex> Verdict.subtype([:number], [:number, :null])
:yes
iex> {:no, nil} = Verdict.subtype([:number, :null], [:number])
iex> Verdict.disjoint([:number], [:string])
:yes
iex> {:no, "a"} = Verdict.disjoint([{:string, ["a", "b"]}], [{:string, ["a"]}])
iex> {:no, _value} = Verdict.empty([:number])
iex> Verdict.empty([])
:yes

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A verdict: yes, no with a value that shows it, or unknown.



    





  
    Functions
  


    
      
        disjoint(a, b)

      


        Whether no value is in both types. {:no, value} has a value that is in both.



    


    
      
        empty(type)

      


        Whether the type has no value. {:no, value} is one.



    


    
      
        subtype(a, b)

      


        Whether every value of the first type is in the second. {:no, value} has a value of the first that is not in the second.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: :yes | {:no, term()} | :unknown


      


A verdict: yes, no with a value that shows it, or unknown.

  


        

      

      
        Functions


        


  
    
      
    
    
      disjoint(a, b)



        
          
        

    

  


  

      

          @spec disjoint(Feel.Type.Union.t(), Feel.Type.Union.t()) :: t()


      


Whether no value is in both types. {:no, value} has a value that is in both.

  



  
    
      
    
    
      empty(type)



        
          
        

    

  


  

      

          @spec empty(Feel.Type.Union.t()) :: t()


      


Whether the type has no value. {:no, value} is one.

  



  
    
      
    
    
      subtype(a, b)



        
          
        

    

  


  

      

          @spec subtype(Feel.Type.Union.t(), Feel.Type.Union.t()) :: t()


      


Whether every value of the first type is in the second. {:no, value} has a value of the first that is not in the second.

  


        

      


  

    
Feel.Type.Witness 
    



      
A value of a type: the proof that a type is not empty, and the counterexample that a question about types needs.
of/1 returns a value that Feel.Type.Union.contains?/2 says is in the union, or :none. Every value it returns has been
checked, so it is a witness whatever the type was made of: a type that was widened by a limit, or made by an operation that
gives more than it has to, cannot make of/1 return a value that is not in it. :none is not a proof that the type is empty;
it is that no value was found. A time, a date and time, a range and a function are not made (a type that has only those has
no witness), and a union has one as soon as one of its members does. A range is made from two values of its endpoint type.
find/2 is the same with a condition on the value, for a question that is about two types (a value in one and not in the
other).
The values are those of the host (Feel.Value): a Decimal, a binary, a boolean, nil, a list, a plain map for a context, a
date, and the two durations.
iex> Feel.Type.Witness.of([:null])
{:ok, nil}
iex> {:ok, number} = Feel.Type.Witness.of([{:number, Feel.Type.NumberSet.interval({Decimal.new(2), :open}, Decimal.new(4))}])
iex> Decimal.compare(number, 2) == :gt and Decimal.compare(number, 4) != :gt
true
iex> Feel.Type.Witness.of([{:except, {:list, [:any, :null]}, [{:list, [:number, :null]}]}])
{:ok, [true]}

      


      
        Summary


  
    Functions
  


    
      
        edges(union, limit \\ 24)

      


        Values of the union at which an operation is most likely to fail (D-161): zero and the smallest numbers there are, the
ends of the sets, the largest number, one, a half and two; the first and the last day of the calendar; for a string, the
empty one, one character, a bracket and a dollar alone, and some with several characters or of more than one byte. Each
has been checked to be in the union, and there are at most limit of them.



    


    
      
        find(union, accept)

      


        A value of the union for which accept is true, or :none.



    


    
      
        of(union)

      


        A value of the union, or :none.



    





      


      
        Functions


        


    

  
    
      
    
    
      edges(union, limit \\ 24)



        
          
        

    

  


  

      

          @spec edges(Feel.Type.Union.t(), pos_integer()) :: [term()]


      


Values of the union at which an operation is most likely to fail (D-161): zero and the smallest numbers there are, the
ends of the sets, the largest number, one, a half and two; the first and the last day of the calendar; for a string, the
empty one, one character, a bracket and a dollar alone, and some with several characters or of more than one byte. Each
has been checked to be in the union, and there are at most limit of them.
iex> set = Feel.Type.NumberSet.interval(Decimal.new(0), Decimal.new(150))
iex> Feel.Type.Witness.edges([{:number, set}], 5) |> Enum.map(&Decimal.to_string/1)
["0", "1E-6176", "150", "1", "2"]

  



  
    
      
    
    
      find(union, accept)



        
          
        

    

  


  

      

          @spec find(Feel.Type.Union.t(), (term() -> boolean())) :: {:ok, term()} | :none


      


A value of the union for which accept is true, or :none.

  



  
    
      
    
    
      of(union)



        
          
        

    

  


  

      

          @spec of(Feel.Type.Union.t()) :: {:ok, term()} | :none


      


A value of the union, or :none.

  


        

      


  

    
Feel.Value 
    



      
FEEL values, and the FEEL type Any.
A FEEL value is a member of the semantic domain of DMN 1.6 (section 10.3.2.1).
Every value belongs to one of the FEEL types, and each type has a module under
this one that defines how its values are represented, in a type t of its own:
	FEEL type	Module
	null	Feel.Value.Null
	boolean	Feel.Value.Boolean
	string	Feel.Value.String
	number	Feel.Value.Number
	date	Feel.Value.Date
	time	Feel.Value.Time
	date and time	Feel.Value.DateTime
	years and months duration	Feel.Value.YearsAndMonthsDuration
	days and time duration	Feel.Value.DaysAndTimeDuration
	range	Feel.Value.Range
	list	Feel.Value.List
	context	Feel.Value.Context
	function	Feel.Value.Function

Each of those modules also has type/0 (or type/1 for the parameterised
types), which returns the descriptor of its type, and value?/1, which checks
whether a term is one of its values. Feel.Type is the other half: it
describes the types themselves as data, for checking and inference.
This module is the type Any, the top of the type lattice (section 10.3.2.9).
Every value is an instance of it, and every type conforms to it. It is the type
of a function parameter declared without a type. t/0 is the union of all
the value types.

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A FEEL value as seen by Elixir code.



    





  
    Functions
  


    
      
        type()

      


        Returns the type descriptor of Any.



    


    
      
        value?(term)

      


        Returns true when term is a FEEL value of any type.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() ::
  Feel.Value.Null.t()
  | Feel.Value.Boolean.t()
  | Feel.Value.String.t()
  | Feel.Value.Number.t()
  | Feel.Value.Date.t()
  | Feel.Value.Time.t()
  | Feel.Value.DateTime.t()
  | Feel.Value.YearsAndMonthsDuration.t()
  | Feel.Value.DaysAndTimeDuration.t()
  | Feel.Value.Range.t()
  | Feel.Value.List.t()
  | Feel.Value.Context.any_context()
  | Feel.Value.Function.t()


      


A FEEL value as seen by Elixir code.

  


        

      

      
        Functions


        


  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of Any.

  



  
    
      
    
    
      value?(term)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true when term is a FEEL value of any type.
Like the other value?/1 functions, it looks only at the outermost shape: a
list is a list of anything, and a context is a Feel.Value.Context or a map with string keys.

  


        

      


  

    
Feel.Value.Boolean 
    



      
The FEEL type boolean (DMN 1.6, section 10.3.2.3.3).
Its values are true and false. Logic on booleans is three-valued: an
operand that is null or not a boolean can make a result null.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        type()

      


        Returns the type descriptor of boolean.



    


    
      
        value?(term)

      


        Returns true for true and false.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: boolean()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of boolean.

  



  
    
      
    
    
      value?(term)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for true and false.

  


        

      


  

    
Feel.Value.Context 
    



      
The FEEL type context (DMN 1.6, section 10.3.2.6): a collection of key/value entries, like a record or a JSON
object, in the order they were written (D-135).
The specification calls a context "partially ordered", and says no more of the order of the entries than that the
entries of a context literal are evaluated in the order of what they depend on. The functions that show the order are
get entries, context put, context merge and context(entries), and so does the text of a value (string(...)),
where the specification's examples have the entries in the order they are written (context put({x:1}, "y", 2) is
{x:1, y:2}). Equality ignores it ({a: 1, b: 2} = {b: 2, a: 1} is true, Table 54). So a context keeps its entries in
order, and nothing else does anything with it.
The representation
A context the engine makes is a %Feel.Value.Context{}: the entries by key in a map, and the keys in the order of
the entries. The keys are strings (see Feel.Name) and the values are any FEEL value, null included.
The engine also reads a plain map with string keys as a context, in the order of its keys, so that a host can bind
%{"age" => Decimal.new(21)} as it is. A host that has an order to give builds the context with new/1.
Outside the engine a context is a plain map, as the specification and the TCK have it (the entries by name, no order):
the value of a run is converted with to_host/1, unless the run is asked to keep the order (contexts: :ordered).
Native functions get and give plain maps as well (Feel.Value.Function).
The order
	A context literal has the order it is written in, and not the order its entries are evaluated in.

	put/3 replaces the value of an entry where it is, and adds a new entry last.

	merge/2 keeps the entries of the first context where they are and adds the new ones of the second after them; an
entry that both have takes the value of the second, in the place of the first.

	A plain map is in the order of its keys.
iex> context = Feel.Value.Context.new([{"b", 1}, {"a", 2}])
iex> Feel.Value.Context.keys(context)
["b", "a"]
iex> context |> Feel.Value.Context.put("c", 3) |> Feel.Value.Context.put("b", 0) |> Feel.Value.Context.to_list()
[{"b", 0}, {"a", 2}, {"c", 3}]
iex> Feel.Value.Context.to_host(context)
%{"a" => 2, "b" => 1}



      


      
        Summary


  
    Types
  


    
      
        any_context()

      


        A context in either of the forms the engine reads.



    


    
      
        host()

      


        A plain map with string keys, which the engine reads as a context in the order of its keys.



    


    
      
        t()

      


        A context: the entries by key, and the keys in the order of the entries. Treat it as opaque and read it through the
functions of this module.



    





  
    Functions
  


    
      
        fetch(map, key)

      


        The value of an entry: {:ok, value}, or :error for a key it does not have.



    


    
      
        from_host(context)

      


        A value as the engine holds it: a plain map is a context in the order of its keys, in a list and in a context as well.
A value that has none is given back as it is.



    


    
      
        from_map(context)

      


        The context of a map, in the order of its keys. A context is given back as it is.



    


    
      
        get(context, key)

      


        The value of an entry, or nil for a key it does not have.



    


    
      
        has_key?(map, key)

      


        Whether the context has an entry with the key.



    


    
      
        is_context(term)

      


        Whether a term is a context in either form: a %Feel.Value.Context{} or a plain map. For a guard; it does not look at the keys.



    


    
      
        keys(map)

      


        The keys, in the order of the entries.



    


    
      
        merge(first, second)

      


        The entries of the second context added to the first: those the first has take the value of the second where they are,
and the new ones come last, in the order of the second.



    


    
      
        new()

      


        The context with no entry.



    


    
      
        new(entries)

      


        A context of entries, in their order. An entry with a key that an earlier one has takes its value, in the place of the
earlier (as put/3 does).



    


    
      
        ordered(map, keys)

      


        The context made of a map, with the keys in the given order: the order a context literal is written in, for the entries were
evaluated in another. keys has the keys of the map and no other.



    


    
      
        ordered_reversed(map, reversed_keys)

      


        The same, for the keys given last first, which is how the context keeps them. For the code that the BEAM backend
generates, which has the keys of the literal in that order already.



    


    
      
        put(context, key, value)

      


        The context with the entry set to the value: where it is if it has the key, and last if it has not.



    


    
      
        size(map)

      


        The number of entries.



    


    
      
        to_host(map)

      


        A value as a host has it: a context is a plain map, in a list and in a context as well. The specification's contexts and
those of the TCK are that: entries by name, equal whatever their order.



    


    
      
        to_list(context)

      


        The entries as {key, value}, in order.



    


    
      
        to_map(map)

      


        The entries as a plain map, which has no order.



    


    
      
        type(members)

      


        Returns the descriptor of a context type with the given member types.



    


    
      
        value?(term)

      


        Returns true for a context in either form: a %Feel.Value.Context{}, or a map that is not a struct and has only
string keys.



    


    
      
        values(context)

      


        The values, in the order of the entries.



    





      


      
        Types


        


  
    
      
    
    
      any_context()



        
          
        

    

  


  

      

          @type any_context() :: t() | host()


      


A context in either of the forms the engine reads.

  



  
    
      
    
    
      host()



        
          
        

    

  


  

      

          @type host() :: %{optional(String.t()) => Feel.Value.t()}


      


A plain map with string keys, which the engine reads as a context in the order of its keys.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Value.Context{
  map: %{optional(String.t()) => Feel.Value.t()},
  order: [String.t()] | {:sorted, [String.t()]}
}


      


A context: the entries by key, and the keys in the order of the entries. Treat it as opaque and read it through the
functions of this module.
order is the keys last first (so that an entry is added in constant time), or {:sorted, extras}: the keys that
the map has but the extras in the order of the keys, and then the extras (last first). The second is what put/3 and
merge/2 make of a plain map, which has the order of its keys but is not sorted until someone asks for it: a map of a
hundred thousand entries is put into in constant time, and a loop of puts is not a loop of sorts.

  


        

      

      
        Functions


        


  
    
      
    
    
      fetch(map, key)



        
          
        

    

  


  

      

          @spec fetch(any_context(), String.t()) :: {:ok, Feel.Value.t()} | :error


      


The value of an entry: {:ok, value}, or :error for a key it does not have.
iex> Feel.Value.Context.fetch(Feel.Value.Context.new([{"a", nil}]), "a")
{:ok, nil}
iex> Feel.Value.Context.fetch(%{"a" => 1}, "b")
:error

  



  
    
      
    
    
      from_host(context)



        
          
        

    

  


  

      

          @spec from_host(Feel.Value.t()) :: Feel.Value.t()


      


A value as the engine holds it: a plain map is a context in the order of its keys, in a list and in a context as well.
A value that has none is given back as it is.
iex> Feel.Value.Context.from_host([%{"b" => 1}]) == [Feel.Value.Context.new([{"b", 1}])]
true

  



  
    
      
    
    
      from_map(context)



        
          
        

    

  


  

      

          @spec from_map(any_context()) :: t()


      


The context of a map, in the order of its keys. A context is given back as it is.
iex> Feel.Value.Context.from_map(%{"b" => 1, "a" => 2}) |> Feel.Value.Context.keys()
["a", "b"]

  



  
    
      
    
    
      get(context, key)



        
          
        

    

  


  

      

          @spec get(any_context(), String.t()) :: Feel.Value.t()


      


The value of an entry, or nil for a key it does not have.

  



  
    
      
    
    
      has_key?(map, key)



        
          
        

    

  


  

      

          @spec has_key?(any_context(), String.t()) :: boolean()


      


Whether the context has an entry with the key.

  



  
    
      
    
    
      is_context(term)


        (macro)


        
          
        

    

  


  

Whether a term is a context in either form: a %Feel.Value.Context{} or a plain map. For a guard; it does not look at the keys.

  



  
    
      
    
    
      keys(map)



        
          
        

    

  


  

      

          @spec keys(any_context()) :: [String.t()]


      


The keys, in the order of the entries.

  



  
    
      
    
    
      merge(first, second)



        
          
        

    

  


  

      

          @spec merge(any_context(), any_context()) :: t()


      


The entries of the second context added to the first: those the first has take the value of the second where they are,
and the new ones come last, in the order of the second.
iex> a = Feel.Value.Context.new([{"x", 1}, {"y", 0}])
iex> b = Feel.Value.Context.new([{"z", 3}, {"y", 2}])
iex> a |> Feel.Value.Context.merge(b) |> Feel.Value.Context.to_list()
[{"x", 1}, {"y", 2}, {"z", 3}]

  



  
    
      
    
    
      new()



        
          
        

    

  


  

      

          @spec new() :: t()


      


The context with no entry.

  



  
    
      
    
    
      new(entries)



        
          
        

    

  


  

      

          @spec new([{String.t(), Feel.Value.t()}]) :: t()


      


A context of entries, in their order. An entry with a key that an earlier one has takes its value, in the place of the
earlier (as put/3 does).
iex> Feel.Value.Context.new([{"b", 1}, {"a", 2}]) |> Feel.Value.Context.to_list()
[{"b", 1}, {"a", 2}]
iex> Feel.Value.Context.new([{"a", 1}, {"b", 2}, {"a", 3}]) |> Feel.Value.Context.to_list()
[{"a", 3}, {"b", 2}]

  



  
    
      
    
    
      ordered(map, keys)



        
          
        

    

  


  

      

          @spec ordered(%{optional(String.t()) => Feel.Value.t()}, [String.t()]) :: t()


      


The context made of a map, with the keys in the given order: the order a context literal is written in, for the entries were
evaluated in another. keys has the keys of the map and no other.
iex> Feel.Value.Context.ordered(%{"a" => 1, "b" => 2}, ["b", "a"]) |> Feel.Value.Context.to_list()
[{"b", 2}, {"a", 1}]

  



  
    
      
    
    
      ordered_reversed(map, reversed_keys)



        
          
        

    

  


  

      

          @spec ordered_reversed(%{optional(String.t()) => Feel.Value.t()}, [String.t()]) :: t()


      


The same, for the keys given last first, which is how the context keeps them. For the code that the BEAM backend
generates, which has the keys of the literal in that order already.

  



  
    
      
    
    
      put(context, key, value)



        
          
        

    

  


  

      

          @spec put(any_context(), String.t(), Feel.Value.t()) :: t()


      


The context with the entry set to the value: where it is if it has the key, and last if it has not.
iex> context = Feel.Value.Context.new([{"a", 1}, {"b", 2}])
iex> context |> Feel.Value.Context.put("a", 0) |> Feel.Value.Context.to_list()
[{"a", 0}, {"b", 2}]
iex> context |> Feel.Value.Context.put("c", 3) |> Feel.Value.Context.to_list()
[{"a", 1}, {"b", 2}, {"c", 3}]

  



  
    
      
    
    
      size(map)



        
          
        

    

  


  

      

          @spec size(any_context()) :: non_neg_integer()


      


The number of entries.

  



  
    
      
    
    
      to_host(map)



        
          
        

    

  


  

      

          @spec to_host(Feel.Value.t()) :: Feel.Value.t()


      


A value as a host has it: a context is a plain map, in a list and in a context as well. The specification's contexts and
those of the TCK are that: entries by name, equal whatever their order.
iex> Feel.Value.Context.to_host([Feel.Value.Context.new([{"b", Feel.Value.Context.new([{"a", 1}])}])])
[%{"b" => %{"a" => 1}}]

  



  
    
      
    
    
      to_list(context)



        
          
        

    

  


  

      

          @spec to_list(any_context()) :: [{String.t(), Feel.Value.t()}]


      


The entries as {key, value}, in order.
iex> Feel.Value.Context.to_list(%{"b" => 1, "a" => 2})
[{"a", 2}, {"b", 1}]

  



  
    
      
    
    
      to_map(map)



        
          
        

    

  


  

      

          @spec to_map(any_context()) :: host()


      


The entries as a plain map, which has no order.
iex> Feel.Value.Context.new([{"b", 1}, {"a", 2}]) |> Feel.Value.Context.to_map()
%{"a" => 2, "b" => 1}

  



  
    
      
    
    
      type(members)



        
          
        

    

  


  

      

          @spec type(%{optional(String.t()) => Feel.Type.t()}) :: Feel.Type.t()


      


Returns the descriptor of a context type with the given member types.

  



  
    
      
    
    
      value?(term)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a context in either form: a %Feel.Value.Context{}, or a map that is not a struct and has only
string keys.
The values are not examined; use Feel.Type.instance?/2 for that.
iex> Feel.Value.Context.value?(%{"a" => 1})
true
iex> Feel.Value.Context.value?(Feel.Value.Context.new([{"a", 1}]))
true
iex> Feel.Value.Context.value?(%{a: 1})
false
iex> Feel.Value.Context.value?(~D[2026-10-12])
false

  



  
    
      
    
    
      values(context)



        
          
        

    

  


  

      

          @spec values(any_context()) :: [Feel.Value.t()]


      


The values, in the order of the entries.

  


        

      


  

    
Feel.Value.Date 
    



      
The FEEL type date (DMN 1.6, section 10.3.2.3.5).
A date is a year, month, and day in the proleptic Gregorian calendar, with a
year from -999,999,999 to 999,999,999. It has no time of day and no time zone.
It is represented as an Elixir Date in the ISO calendar, which covers the
whole FEEL year range.
A date does not conform to date and time, although it converts to one at
midnight UTC where an implicit conversion applies.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        new(year, month, day)

      


        Builds a date.



    


    
      
        parse(text)

      


        Parses a date string, as date("...") and @"..." read it: YYYY-MM-DD, the
lexical space of the XML Schema date (DMN 1.6, section 10.3.4.1).



    


    
      
        type()

      


        Returns the type descriptor of date.



    


    
      
        value?(arg1)

      


        Returns true for an ISO-calendar Date within the FEEL year range.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: Date.t()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      new(year, month, day)



        
          
        

    

  


  

      

          @spec new(integer(), integer(), integer()) :: {:ok, t()} | :error


      


Builds a date.
Returns :error when the combination of year, month, and day is not a date, or
the year is outside the FEEL range.
iex> Feel.Value.Date.new(2026, 10, 12)
{:ok, ~D[2026-10-12]}
iex> Feel.Value.Date.new(2026, 2, 30)
:error
iex> Feel.Value.Date.new(1_000_000_000, 1, 1)
:error

  



  
    
      
    
    
      parse(text)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, t()} | :error


      


Parses a date string, as date("...") and @"..." read it: YYYY-MM-DD, the
lexical space of the XML Schema date (DMN 1.6, section 10.3.4.1).
The year has at least four digits and may be negative. White space around the
string is ignored. The zone that XML Schema allows after the day (Z, +01:00)
is accepted and dropped, since a date has none (notes 06, AE-4, D-54). Returns
:error for anything else, including a day that the month does not have.
iex> Feel.Value.Date.parse("2026-10-12")
{:ok, ~D[2026-10-12]}
iex> Feel.Value.Date.parse(" -0044-03-15 ")
{:ok, Date.new!(-44, 3, 15)}
iex> Feel.Value.Date.parse("2012-12-25+01:00")
{:ok, ~D[2012-12-25]}
iex> Feel.Value.Date.parse("2011-02-30")
:error
iex> Feel.Value.Date.parse("2012-12-25T10:00:00")
:error

  



  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of date.

  



  
    
      
    
    
      value?(arg1)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for an ISO-calendar Date within the FEEL year range.
iex> Feel.Value.Date.value?(~D[2026-10-12])
true
iex> Feel.Value.Date.value?(~N[2026-10-12 00:00:00])
false

  


        

      


  

    
Feel.Value.DateTime 
    



      
The FEEL type date and time (DMN 1.6, section 10.3.2.3.6): a date together
with a time of day.
It is a Feel.Value.Date plus a Feel.Value.Time. Elixir's DateTime is not
used because it has microsecond precision and needs a time zone database to
normalize values, while FEEL needs nanosecond precision and has to keep the
original zone form (floating, offset, or IANA) to compare and format values
correctly.
Fields
	:date - a Feel.Value.Date.t/0.
	:time - a Feel.Value.Time.t/0, with its zone.


      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        new(date, time)

      


        Combines a date and a time.



    


    
      
        parse(text)

      


        Parses a date and time string, as date and time("...") and @"..." read it: a date
string, optionally followed by T and a time string (DMN 1.6, section 10.3.4.1).



    


    
      
        type()

      


        Returns the type descriptor of date and time.



    


    
      
        value?(arg1)

      


        Returns true for a t/0 whose date and time are both valid.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Value.DateTime{
  date: Feel.Value.Date.t(),
  time: Feel.Value.Time.t()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      new(date, time)



        
          
        

    

  


  

      

          @spec new(Feel.Value.Date.t(), Feel.Value.Time.t()) :: {:ok, t()} | :error


      


Combines a date and a time.
Returns :error when the date or the time is not a valid FEEL value, such as a
year outside the FEEL range.
iex> {:ok, time} = Feel.Value.Time.new(0, 0, 0, {:offset, 0})
iex> {:ok, date_time} = Feel.Value.DateTime.new(~D[2026-10-12], time)
iex> date_time.date
~D[2026-10-12]
iex> Feel.Value.DateTime.new(Date.new!(1_000_000_000, 1, 1), time)
:error

  



  
    
      
    
    
      parse(text)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, t()} | :error


      


Parses a date and time string, as date and time("...") and @"..." read it: a date
string, optionally followed by T and a time string (DMN 1.6, section 10.3.4.1).
The time string is read as Feel.Value.Time.parse/1 reads it, so the value has the
zone that the string gives: none (floating), an offset, or an IANA zone id; and a time of
24:00:00 is the start of the next day. A date alone is midnight with no zone, as the TCK
has it (date and time("2012-12-24") is 2012-12-24T00:00:00, case 1117#007), and not the
UTC midnight that the conversion of a date to a date and time in an operation gives
(notes 06, AE-12; D-54). A date followed by a zone is midnight in that zone, with the forms of a time
string: Z, an offset, @ and the id of a zone. It is the one example of the specification for the
properties, date and time("2012-03-07Z").year (Table 65, printed 2012-0307Z; D-68). Returns :error
for anything else.
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2012-12-24T23:59:00")
iex> {date_time.date, date_time.time.hour, date_time.time.zone}
{~D[2012-12-24], 23, :floating}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2012-12-25T11:00:00Z")
iex> date_time.time.zone
{:offset, 0}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2024-12-24T23:59:00@America/Costa_Rica")
iex> date_time.time.zone
{:iana, "America/Costa_Rica"}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2012-12-24")
iex> {date_time.time.hour, date_time.time.zone}
{0, :floating}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2012-03-07Z")
iex> {date_time.date, date_time.time.hour, date_time.time.zone}
{~D[2012-03-07], 0, {:offset, 0}}
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2012-03-07-05:00")
iex> date_time.time.zone
{:offset, -18000}
iex> Feel.Value.DateTime.parse("2012-03-07 Z")
:error
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2012-12-24T24:00:00")
iex> {date_time.date, date_time.time.hour}
{~D[2012-12-25], 0}
iex> Feel.Value.DateTime.parse("2012-12-24T")
:error
iex> Feel.Value.DateTime.parse("2012-12-24T 10:00:00")
:error

  



  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of date and time.

  



  
    
      
    
    
      value?(arg1)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a t/0 whose date and time are both valid.

  


        

      


  

    
Feel.Value.DaysAndTimeDuration 
    



      
The FEEL type days and time duration (DMN 1.6, section 10.3.2.3.7).
A number of seconds, positive or negative, with a fractional part. A day is
exactly 86,400 seconds; there are no calendar or daylight-saving effects. This
type never mixes with years and months duration.
The components FEEL exposes (days, hours, minutes, seconds) are
computed from the total when read; they are not stored.
Fields
	:seconds - the total number of seconds, a Feel.Value.Number.t/0.


      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        new(seconds)

      


        Builds a duration from a total number of seconds.



    


    
      
        parse(text)

      


        Parses a duration string of days and time, as duration("...") and @"..." read it:
the lexical space of the XPath dayTimeDuration (DMN 1.6, section 10.3.4.1).



    


    
      
        type()

      


        Returns the type descriptor of days and time duration.



    


    
      
        value?(arg1)

      


        Returns true for a t/0 with a finite number of seconds.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Value.DaysAndTimeDuration{seconds: Feel.Value.Number.t()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      new(seconds)



        
          
        

    

  


  

      

          @spec new(Feel.Value.Number.t() | integer()) :: t()


      


Builds a duration from a total number of seconds.
Accepts an integer or a Feel.Value.Number. Raises FunctionClauseError for
anything else, including a non-finite decimal.
iex> Feel.Value.DaysAndTimeDuration.new(90_000).seconds |> Decimal.to_integer()
90000

  



  
    
      
    
    
      parse(text)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, t()} | :error


      


Parses a duration string of days and time, as duration("...") and @"..." read it:
the lexical space of the XPath dayTimeDuration (DMN 1.6, section 10.3.4.1).
It is P, then days (nD), then T with hours (nH), minutes (nM) and seconds
(nS, which may have a fraction), in that order, with a leading - for a negative
duration. Every part is optional, but one is needed, and T needs one of the parts
after it. The parts are not limited to their usual range: P0DT25H is one day and one
hour. White space around the string is ignored. Returns :error for anything else,
which includes a years or months part (P1Y is a years and months duration), and a
number of seconds beyond 34 digits.
The seconds are exact: the parts are added as integers, so the 28 digits that the
Decimal context rounds to do not matter.
iex> Feel.Value.DaysAndTimeDuration.parse("P1DT2H")
{:ok, Feel.Value.DaysAndTimeDuration.new(93_600)}
iex> Feel.Value.DaysAndTimeDuration.parse("-PT5H30M")
{:ok, Feel.Value.DaysAndTimeDuration.new(-19_800)}
iex> {:ok, duration} = Feel.Value.DaysAndTimeDuration.parse("PT1.50S")
iex> Decimal.to_string(duration.seconds)
"1.50"
iex> Feel.Value.DaysAndTimeDuration.parse("P0DT25H") ==
...>   Feel.Value.DaysAndTimeDuration.parse("P1DT1H")
true
iex> Feel.Value.DaysAndTimeDuration.parse("P1Y")
:error
iex> Feel.Value.DaysAndTimeDuration.parse("PT")
:error

  



  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of days and time duration.

  



  
    
      
    
    
      value?(arg1)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a t/0 with a finite number of seconds.

  


        

      


  

    
Feel.Value.Format 
    



      
The text of a value, as string(...) writes it (DMN 1.6, section 10.3.4.1; D-56).
The specification gives one example, string(1.1) is "1.1", and says a date, time and duration are
written in ISO 8601 (notes 06, AE-16); the TCK (model 0079-feel-string-function, and the many
string(...) of the others) has the rest.
	Value	Text
	a string	itself
	a number	its digits, with its scale and no exponent: 123.45
	a boolean	true, false
	a date	2018-12-10; a year has at least four digits (0044, 99999), and - for a year before 0
	a time	10:30:00.0001, and its zone: Z for an offset of 0, +05:00 and -02:45:55 for another (the seconds only when it has some), @Europe/Paris for a zone id
	a date and time	the date, T, and the time: 2018-12-10T10:30:00@Etc/UTC
	a days and time duration	P1DT2H3M4.1234S, with the parts that are not zero; PT0S for none
	a years and months duration	P2Y1M, with the parts that are not zero; P0M for none
	a list	[1, 2, 3, "foo"]: its elements, written as FEEL literals
	a context	{a: "foo", b: {bar: "baz"}}: its entries in order (D-135), a key that is not a plain name in quotes
	a range	[18..21): a range literal (grammar rule 66), endpoints written as FEEL literals; an end that is not there is left out, with an open bracket: [2..), (..2] (D-73)

An element of a list or a context is written as a FEEL literal, so that the text could be read
back: a string is in quotes (with \ and \" escaped), null is null, and a date, a time, a date
and time or a duration is an @"..." literal. A function has no text yet.
iex> Feel.Value.Format.string(Decimal.new("123.45"))
"123.45"
iex> Feel.Value.Format.string([Decimal.new(1), "foo", true, nil])
~s([1, "foo", true, null])
iex> Feel.Value.Format.string(%{"a" => "foo"})
~s({a: "foo"})
iex> Feel.Value.Format.string(Feel.Value.Context.new([{"b", Decimal.new(1)}, {"a", "foo"}]))
~s({b: 1, a: "foo"})
iex> {:ok, time} = Feel.Value.Time.parse("10:30:00.0001+05:00:01")
iex> Feel.Value.Format.string(time)
"10:30:00.0001+05:00:01"

      


      
        Summary


  
    Functions
  


    
      
        date(date)

      


        A date: 2018-12-10. The year has at least four digits, and a year before 0 has a -.



    


    
      
        date_time(date_time)

      


        A date and time: the date, T, and the time.



    


    
      
        days_and_time(number)

      


        A days and time duration, from its seconds: the days, hours, minutes and seconds that are not zero, and
PT0S for none. The seconds keep their fraction, without its zeros at the end.



    


    
      
        string(value)

      


        The text of a value of FEEL, as string(...) writes it. null has none (string(null) is null).



    


    
      
        string_within(value, max)

      


        string/1, unless the text is longer than max bytes (:infinity for no cap): then {:over, size}, with the bytes
counted when the text passed max, and the rest of it is not written.



    


    
      
        time(time)

      


        A time: the time of day, and the zone if it has one.



    


    
      
        years_and_months(months)

      


        A years and months duration, from its months: the years and the months that are not zero, and P0M for none.



    





      


      
        Functions


        


  
    
      
    
    
      date(date)



        
          
        

    

  


  

      

          @spec date(Date.t()) :: String.t()


      


A date: 2018-12-10. The year has at least four digits, and a year before 0 has a -.
iex> Feel.Value.Format.date(~D[2018-12-10])
"2018-12-10"
iex> Feel.Value.Format.date(Date.new!(-999_999_999, 12, 31))
"-999999999-12-31"
iex> Feel.Value.Format.date(Date.new!(44, 3, 15))
"0044-03-15"

  



  
    
      
    
    
      date_time(date_time)



        
          
        

    

  


  

      

          @spec date_time(Feel.Value.DateTime.t()) :: String.t()


      


A date and time: the date, T, and the time.
iex> {:ok, date_time} = Feel.Value.DateTime.parse("2011-12-31T10:15:30@Europe/Paris")
iex> Feel.Value.Format.date_time(date_time)
"2011-12-31T10:15:30@Europe/Paris"

  



  
    
      
    
    
      days_and_time(number)



        
          
        

    

  


  

      

          @spec days_and_time(Decimal.t()) :: String.t()


      


A days and time duration, from its seconds: the days, hours, minutes and seconds that are not zero, and
PT0S for none. The seconds keep their fraction, without its zeros at the end.
iex> Feel.Value.Format.days_and_time(Decimal.new(93_600))
"P1DT2H"
iex> Feel.Value.Format.days_and_time(Decimal.new("93784.1234"))
"P1DT2H3M4.1234S"
iex> Feel.Value.Format.days_and_time(Decimal.new(0))
"PT0S"

  



  
    
      
    
    
      string(value)



        
          
        

    

  


  

      

          @spec string(Feel.Value.t()) :: String.t()


      


The text of a value of FEEL, as string(...) writes it. null has none (string(null) is null).
A function has no text, and raises RuntimeError: string(...) does not ask for one (D-82), and a list or a
context that holds a function has none either.

  



  
    
      
    
    
      string_within(value, max)



        
          
        

    

  


  

      

          @spec string_within(Feel.Value.t(), non_neg_integer() | :infinity) ::
  {:ok, String.t()} | {:over, pos_integer()}


      


string/1, unless the text is longer than max bytes (:infinity for no cap): then {:over, size}, with the bytes
counted when the text passed max, and the rest of it is not written.
A list can hold the same string a hundred thousand times, and a context the same list: the text of such a value is
as long as the product of their sizes, and a cap that looks at the finished text sees it after it is made. The text
is written as a list of pieces and added up as it is, and the walk ends at the first piece over max.
iex> Feel.Value.Format.string_within([Decimal.new(1), "foo"], 100)
{:ok, ~s([1, "foo"])}
iex> Feel.Value.Format.string_within([Decimal.new(1), "foo"], 8)
{:over, 10}
iex> Feel.Value.Format.string_within("foo", 1)
{:ok, "foo"}

  



  
    
      
    
    
      time(time)



        
          
        

    

  


  

      

          @spec time(Feel.Value.Time.t()) :: String.t()


      


A time: the time of day, and the zone if it has one.
iex> {:ok, time} = Feel.Value.Time.parse("23:59:00Z")
iex> Feel.Value.Format.time(time)
"23:59:00Z"
iex> {:ok, time} = Feel.Value.Time.parse("11:59:45-02:45:55")
iex> Feel.Value.Format.time(time)
"11:59:45-02:45:55"

  



  
    
      
    
    
      years_and_months(months)



        
          
        

    

  


  

      

          @spec years_and_months(integer()) :: String.t()


      


A years and months duration, from its months: the years and the months that are not zero, and P0M for none.
iex> Feel.Value.Format.years_and_months(25)
"P2Y1M"
iex> Feel.Value.Format.years_and_months(-12)
"-P1Y"
iex> Feel.Value.Format.years_and_months(0)
"P0M"

  


        

      


  

    
Feel.Value.Function 
    



      
The FEEL type function (DMN 1.6, section 10.3.2.8).
Functions are ordinary values: a decision model supplies business knowledge
models and decision services as functions in the scope an expression runs in,
and a host application can supply Elixir functions the same way. There are
three kinds:
	:feel - a function defined in FEEL with function(...). It closes over
the scope where it was defined.
	:builtin - one of the built-in functions of the specification, which a name stands for where nothing else has
it (D-82). It has the signatures of the function, and a call finds the function by its name. One that a declared
function type was given in place of a function made of several signatures (narrowings/2, D-197) has one
signature, and a call of it takes the arguments as a function of FEEL with those parameters does.
	:native - an Elixir function that the host application exposes. It is
called with its arguments converted at the boundary to the Elixir types
named in its signature.

The type of a function is function<T1, ..., Tn> -> R. Parameter names are not
part of it. A literal FEEL function's result descriptor comes from kind-only analysis in its
written environment and is preserved across analysis tiers, call specialization and optimization
(D-219). Its precise body call result is separate analysis information, not runtime metadata.
Signature inspection and callback checks use the descriptor; they do not inspect the implementation.
Treat the struct as opaque: build native functions with native/2 and read
them through the functions of this module. A built-in function has one type for each number of arguments it takes
(types_at/2), since a function type has a fixed number of parameters and date takes one argument or three.

      


      
        Summary


  
    Types
  


    
      
        boundary_type()

      


        How a native function's argument or result is converted between FEEL and Elixir.



    


    
      
        callable()

      


        The Elixir function behind a native function.



    


    
      
        kind()

      


    


    
      
        param()

      


        A parameter: its name and its FEEL type.



    


    
      
        signature()

      


        A signature of a built-in function as a value needs it: the parameters (name, type, and whether a call may
leave it out), whether the last parameter stands for all the arguments from its place on, and the type of the
result. A type that the function takes in more than one kind is :any.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        arity(function)

      


        Returns the number of parameters of a function.



    


    
      
        builtin(name, signatures, variants \\ [])

      


        Builds a built-in function as a value, from its name and its signatures (Feel.Builtin.value/2 makes them from
the function). The parameters and the result of the first signature are those that params/1 and type/1 give.
variants are the signatures that the first ones were made of when they differ only in types (D-171): they are no
function type of the value, and say what a call of it does (refinements/1).



    


    
      
        kind(function)

      


        Returns the kind of a function.



    


    
      
        name(function)

      


        Returns the name of a function, or nil when it has none.



    


    
      
        narrowings(function, arity)

      


        The built-in function restricted to each signature it made one of (refinements/1) that takes arity arguments, each as a
function of its own (D-197): abs for a number, for a days and time duration, and for a years and months duration. One
of them is what a declared function type is given when the function itself is not an instance of it
(Feel.Type.Conversion).



    


    
      
        native(callable, options \\ [])

      


        Builds a native function from an Elixir function.



    


    
      
        params(function)

      


        Returns the parameters of a function with their FEEL types.



    


    
      
        refinements(function)

      


        The function types that say what a call of a built-in function does for part of what it takes (D-171): those of the signatures
that were made one for a call by name (Feel.Builtin.value/2), each as it was. abs is a function<Any> -> Any, and a call of
it with a number gives a number, as function<number> -> number says; it says nothing of a call with a string. They are not
function types of the value: abs instance of function<number> -> number is false, as the specification has it, and a name
declared function<number> -> number is not given abs but the function of the signature for a number (narrowings/2, D-197). None for a function that was not made of several signatures, and for a
function of FEEL or of the host.



    


    
      
        type(function)

      


        Returns the FEEL function type of a function.



    


    
      
        type(parameter_types, returns)

      


        Returns the descriptor of function<T1, ..., Tn> -> R for the given parameter
types and result type.



    


    
      
        types(function)

      


        All the function types of a function: one for a function of FEEL or of the host. For a built-in function, one
for each number of arguments that its signatures take, or :open if one of them is variadic and takes any number.



    


    
      
        types_at(function, arity)

      


        The function types that a function has for a number of arguments: [type(function)] for a function with as many
parameters, and none for another. A built-in function has one for each of its signatures that takes this many
arguments, the parameters of an optional parameter and of a variadic one being those of the arguments.



    


    
      
        value?(arg1)

      


        Returns true for a t/0.



    


    
      
        with_origin(function, origin)

      


        A function of FEEL whose body reports its diagnostics with origin (D-201).



    





      


      
        Types


        


  
    
      
    
    
      boundary_type()



        
          
        

    

  


  

      

          @type boundary_type() ::
  :feel | :number | :integer | :float | :string | :char | :boolean


      


How a native function's argument or result is converted between FEEL and Elixir.
	boundary type	FEEL side	Elixir side
	:feel	any value	the value; a context is a plain map (D-135)
	:number	number	Decimal.t/0
	:integer	integral number	integer
	:float	number	float
	:string	string	binary
	:char	one-character string	code point
	:boolean	boolean	boolean


  



  
    
      
    
    
      callable()



        
          
        

    

  


  

      

          @type callable() :: function() | {module(), atom()}


      


The Elixir function behind a native function.

  



  
    
      
    
    
      kind()



        
          
        

    

  


  

      

          @type kind() :: :feel | :builtin | :native


      



  



  
    
      
    
    
      param()



        
          
        

    

  


  

      

          @type param() :: {name :: String.t(), type :: Feel.Type.t()}


      


A parameter: its name and its FEEL type.

  



  
    
      
    
    
      signature()



        
          
        

    

  


  

      

          @type signature() :: %{
  parameters: [{String.t(), Feel.Type.t(), boolean()}],
  variadic?: boolean(),
  returns: Feel.Type.t()
}


      


A signature of a built-in function as a value needs it: the parameters (name, type, and whether a call may
leave it out), whether the last parameter stands for all the arguments from its place on, and the type of the
result. A type that the function takes in more than one kind is :any.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Value.Function{
  impl: term(),
  kind: kind(),
  name: String.t() | nil,
  origin: {:origin, term()} | nil,
  params: [param()],
  returns: Feel.Type.t()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      arity(function)



        
          
        

    

  


  

      

          @spec arity(t()) :: non_neg_integer()


      


Returns the number of parameters of a function.

  



    

  
    
      
    
    
      builtin(name, signatures, variants \\ [])



        
          
        

    

  


  

      

          @spec builtin(String.t(), [signature(), ...], [signature()]) :: t()


      


Builds a built-in function as a value, from its name and its signatures (Feel.Builtin.value/2 makes them from
the function). The parameters and the result of the first signature are those that params/1 and type/1 give.
variants are the signatures that the first ones were made of when they differ only in types (D-171): they are no
function type of the value, and say what a call of it does (refinements/1).
iex> signature = %{parameters: [{"n", :number, false}], variadic?: false, returns: :number}
iex> function = Feel.Value.Function.builtin("abs", [signature])
iex> {function.kind, Feel.Value.Function.type(function)}
{:builtin, {:function, [:number], :number}}

  



  
    
      
    
    
      kind(function)



        
          
        

    

  


  

      

          @spec kind(t()) :: kind()


      


Returns the kind of a function.

  



  
    
      
    
    
      name(function)



        
          
        

    

  


  

      

          @spec name(t()) :: String.t() | nil


      


Returns the name of a function, or nil when it has none.

  



  
    
      
    
    
      narrowings(function, arity)



        
          
        

    

  


  

      

          @spec narrowings(t(), non_neg_integer()) :: [t()]


      


The built-in function restricted to each signature it made one of (refinements/1) that takes arity arguments, each as a
function of its own (D-197): abs for a number, for a days and time duration, and for a years and months duration. One
of them is what a declared function type is given when the function itself is not an instance of it
(Feel.Type.Conversion).
A restricted function has the one signature it was made of, with its parameter names and the types it declares for
this many arguments, and it takes only those: a call with another number of arguments, or with a value that is
not of the type of its parameter, is null with an error, as it is for a function of FEEL (Feel.Runtime.Invoke).
It is an instance of the function type of its signature and of no other, and has no refinement. None for a function that
is not a built-in, for one that was not made of several signatures, and for a variadic signature (a refinement is none
either).
iex> {:ok, abs} = Feel.Builtin.value("abs")
iex> [number | _] = Feel.Value.Function.narrowings(abs, 1)
iex> {number.name, Feel.Value.Function.params(number), Feel.Value.Function.types(number)}
{"abs", [{"n", :number}], [{:function, [:number], :number}]}
iex> Feel.Value.Function.refinements(number)
[]
iex> Feel.Value.Function.narrowings(abs, 2)
[]

  



    

  
    
      
    
    
      native(callable, options \\ [])



        
          
        

    

  


  

      

          @spec native(callable(), keyword()) :: t()


      


Builds a native function from an Elixir function.
Options
	:name - the function's name, for diagnostics.
	:params - a list of {name, boundary_type} pairs, one per parameter.
Defaults to no parameters.
	:returns - the boundary type of the result. Defaults to :feel.

Raises ArgumentError for an unknown option or boundary type, or when
callable does not accept as many arguments as there are parameters.
iex> function = Feel.Value.Function.native(&max/2, name: "maximum", params: [{"a", :integer}, {"b", :integer}], returns: :integer)
iex> {Feel.Value.Function.arity(function), Feel.Value.Function.type(function)}
{2, {:function, [:number, :number], :number}}

  



  
    
      
    
    
      params(function)



        
          
        

    

  


  

      

          @spec params(t()) :: [param()]


      


Returns the parameters of a function with their FEEL types.

  



  
    
      
    
    
      refinements(function)



        
          
        

    

  


  

      

          @spec refinements(t()) :: [Feel.Type.t()]


      


The function types that say what a call of a built-in function does for part of what it takes (D-171): those of the signatures
that were made one for a call by name (Feel.Builtin.value/2), each as it was. abs is a function<Any> -> Any, and a call of
it with a number gives a number, as function<number> -> number says; it says nothing of a call with a string. They are not
function types of the value: abs instance of function<number> -> number is false, as the specification has it, and a name
declared function<number> -> number is not given abs but the function of the signature for a number (narrowings/2, D-197). None for a function that was not made of several signatures, and for a
function of FEEL or of the host.
iex> {:ok, abs} = Feel.Builtin.value("abs")
iex> Feel.Value.Function.refinements(abs)
[
  {:function, [:number], :number},
  {:function, [:days_and_time_duration], :days_and_time_duration},
  {:function, [:years_and_months_duration], :years_and_months_duration}
]
iex> {:ok, before} = Feel.Builtin.value("before")
iex> Feel.Value.Function.refinements(before)
[]

  



  
    
      
    
    
      type(function)



        
          
        

    

  


  

      

          @spec type(t()) :: Feel.Type.t()


      


Returns the FEEL function type of a function.
A parameter without a declared type is :any, and so is a result without one.

  



  
    
      
    
    
      type(parameter_types, returns)



        
          
        

    

  


  

      

          @spec type([Feel.Type.t()], Feel.Type.t()) :: Feel.Type.t()


      


Returns the descriptor of function<T1, ..., Tn> -> R for the given parameter
types and result type.

  



  
    
      
    
    
      types(function)



        
          
        

    

  


  

      

          @spec types(t()) :: [Feel.Type.t()] | :open


      


All the function types of a function: one for a function of FEEL or of the host. For a built-in function, one
for each number of arguments that its signatures take, or :open if one of them is variadic and takes any number.
iex> {:ok, length} = Feel.Builtin.value("string length")
iex> Feel.Value.Function.types(length)
[{:function, [:string], :number}]
iex> {:ok, sum} = Feel.Builtin.value("sum")
iex> Feel.Value.Function.types(sum)
:open

  



  
    
      
    
    
      types_at(function, arity)



        
          
        

    

  


  

      

          @spec types_at(t(), non_neg_integer()) :: [Feel.Type.t()]


      


The function types that a function has for a number of arguments: [type(function)] for a function with as many
parameters, and none for another. A built-in function has one for each of its signatures that takes this many
arguments, the parameters of an optional parameter and of a variadic one being those of the arguments.
iex> {:ok, date} = Feel.Builtin.value("date")
iex> Feel.Value.Function.types_at(date, 3)
[{:function, [:number, :number, :number], :date}]
iex> Feel.Value.Function.types_at(date, 2)
[]

  



  
    
      
    
    
      value?(arg1)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a t/0.

  



  
    
      
    
    
      with_origin(function, origin)



        
          
        

    

  


  

      

          @spec with_origin(t(), term()) :: t()


      


A function of FEEL whose body reports its diagnostics with origin (D-201).
The span of a diagnostic is a range of the text of the expression that made it. A function that one expression made and another
calls, as a host binds the business knowledge model that a decision calls, runs the text of the first inside the second, so
the diagnostics of its body have spans in a text that is not the one being run. With an origin they say whose text it is
(Feel.Diagnostic, :origin), and the host finds the span in it. The origin is whatever term the host likes.
A function that an expression writes has the origin of the run it is made in (the :origin option of Feel.run/3, nil
unless the host gave one, or the origin of the function whose body writes it), so a function passed to another and called
there, and one a function makes and gives back, report in their own text. This replaces that origin, for a function that
was made by a run that did not know whose text it is. A diagnostic of the call itself (the conversion of an argument, the
end of the call) is the caller's. A function that is not of FEEL runs no text, and is not changed.
iex> body = fn env, [_a] ->
...>   {nil, Feel.Runtime.Env.report(env, Feel.Diagnostic.new(:invalid_property, "x", span: {0, 1}))}
...> end
iex> function = Feel.Runtime.Invoke.closure([{"a", :any}], :any, body) |> Feel.Value.Function.with_origin(:member)
iex> {nil, env} = Feel.Runtime.Invoke.call(Feel.Runtime.Env.new(), function, {:positional, [1]}, {0, 4})
iex> Enum.map(Feel.Runtime.Env.diagnostics(env), & &1.origin)
[:member]

  


        

      


  

    
Feel.Value.List 
    



      
The FEEL type list (DMN 1.6, section 10.3.2.5): an ordered sequence of
values.
A list may hold values of different types, and may hold null. It is
represented as an Elixir list. The type of a list is list<T>, where T is
the least type that all its elements conform to, or Any when they are
unrelated.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        type(element)

      


        Returns the descriptor of list<T> for elements of type element.



    


    
      
        value?(term)

      


        Returns true for a list.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: [Feel.Value.t()]


      



  


        

      

      
        Functions


        


  
    
      
    
    
      type(element)



        
          
        

    

  


  

      

          @spec type(Feel.Type.t()) :: Feel.Type.t()


      


Returns the descriptor of list<T> for elements of type element.

  



  
    
      
    
    
      value?(term)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a list.
The elements are not examined; use Feel.Type.instance?/2 for that.
iex> Feel.Value.List.value?([1, nil, "a"])
true
iex> Feel.Value.List.value?(%{})
false

  


        

      


  

    
Feel.Value.Null 
    



      
The FEEL type Null: the bottom of the type lattice (DMN 1.6, sections
10.3.2.1 and 10.3.2.9).
null is its only value. It represents missing data and, outside the B-FEEL
dialect, the result of an error. It is represented as nil. FEEL has no
"not a number" or infinity values; null takes their place.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        type()

      


        Returns the type descriptor of Null.



    


    
      
        value?(term)

      


        Returns true for nil.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: nil


      



  


        

      

      
        Functions


        


  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of Null.

  



  
    
      
    
    
      value?(term)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for nil.

  


        

      


  

    
Feel.Value.Number 
    



      
The FEEL type number (DMN 1.6, section 10.3.2.3.1).
A number is a decimal with at most 34 significant digits, as in the IEEE 754
decimal128 format, and it is exact: 0.1 + 0.2 is 0.3. It is represented as
a Decimal. FEEL has no "not a number" and no infinities, so a Decimal with
either of those values is not a FEEL number; a result that would be one is
null instead.
value?/1 checks only that a term is a finite decimal. Keeping results within
34 digits and the valid range of exponents is the job of arithmetic. parse/1
applies those limits to the text of a number.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        parse(text)

      


        Parses the text of a number, as written by grammar rule 35 of DMN 1.6: an
optional minus sign, digits with an optional fraction, and an optional
exponent.



    


    
      
        round_to_digits(coefficient, exponent)

      


        Rounds a coefficient with more than 34 digits to 34, half to even, and returns it with its
exponent. A coefficient of 34 digits or fewer is returned as it is.



    


    
      
        type()

      


        Returns the type descriptor of number.



    


    
      
        value?(term)

      


        Returns true for a Decimal that is a number of FEEL: finite, with a coefficient of at most 34 digits and an exponent
inside the decimal128 range (Feel.Runtime.Number.valid?/1, D-214). A value that a host binds and that is not one is no
number where a value is checked, as arithmetic refuses it.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: Decimal.t()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      parse(text)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, t()} | :error


      


Parses the text of a number, as written by grammar rule 35 of DMN 1.6: an
optional minus sign, digits with an optional fraction, and an optional
exponent.
The scale of the text is kept: 1.50 stays 1.50. A value with more than 34
significant digits is rounded to 34, half to even. Returns :error when the
text is not a number or its exponent is outside the decimal128 range. There is
no negative zero: -0 is 0.
iex> Feel.Value.Number.parse("1.50")
{:ok, Decimal.new("1.50")}
iex> Feel.Value.Number.parse("-.5")
{:ok, Decimal.new("-0.5")}
iex> Feel.Value.Number.parse("1.2e3")
{:ok, Decimal.new("1.2E+3")}
iex> Feel.Value.Number.parse("5.")
:error
iex> Feel.Value.Number.parse("1e99999")
:error

  



  
    
      
    
    
      round_to_digits(coefficient, exponent)



        
          
        

    

  


  

      

          @spec round_to_digits(non_neg_integer(), integer()) :: {non_neg_integer(), integer()}


      


Rounds a coefficient with more than 34 digits to 34, half to even, and returns it with its
exponent. A coefficient of 34 digits or fewer is returned as it is.
iex> Feel.Value.Number.round_to_digits(12, -1)
{12, -1}
iex> Feel.Value.Number.round_to_digits(10 ** 34 + 5, 0)
{10 ** 33, 1}
iex> Feel.Value.Number.round_to_digits(10 ** 34 + 15, 0)
{10 ** 33 + 2, 1}

  



  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of number.

  



  
    
      
    
    
      value?(term)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a Decimal that is a number of FEEL: finite, with a coefficient of at most 34 digits and an exponent
inside the decimal128 range (Feel.Runtime.Number.valid?/1, D-214). A value that a host binds and that is not one is no
number where a value is checked, as arithmetic refuses it.
iex> Feel.Value.Number.value?(Decimal.new("1.5"))
true
iex> Feel.Value.Number.value?(Decimal.new("NaN"))
false
iex> Feel.Value.Number.value?(Decimal.new(1, 10_000_000_000_000_000_000_000_000_000_000_000, -34))
false
iex> Feel.Value.Number.value?(1.5)
false

  


        

      


  

    
Feel.Value.Range 
    



      
The FEEL type range (DMN 1.6, section 10.3.2.7): an interval between two
endpoints.
Ranges come from interval syntax such as [1..10), from prefix tests such as
< 5 and >= x, and from the range built-in. A prefix test leaves one side
undefined: < 5 has no start, and >= 5 has no end. An undefined endpoint is
nil and its side is never included.
The type of a range is range<T>, where T is the type of its endpoints.
Fields
	:start and :end - the endpoints, or nil when undefined.
	:start_included and :end_included - whether each endpoint belongs to
the range. These are the start included and end included properties.
	:operator - how the range was written: nil for an interval, [1..10), or
the comparison of a prefix test, :lt, :lte, :gt, :gte, :eq or :neq, for
(< 10) and the others (D-61). The properties are those of Table 42 either way, but the
two are not equal: (< 10) = (null..10) is false, and so is (= 10) = [10..10] (TCK
0068#range_006, #range_010), as the specification has it, "the same endpoints and the
same comparison operator or inclusivity flag" (notes 02, A-07). (!= 10) has the
endpoint on both sides, left out of the range, and a value is in it when it is not equal to the endpoint:
that is a decision (D-61). The TCK had the properties of (!=10) in 0074#range_012 and has commented the case
out (dmn-tck/tck PR 671), so nothing asserts them; only (!=10) = (!=10) is (0068#range_012).

The struct does not check that the endpoints are of one kind or in order;
building a range from arbitrary values is the evaluator's job, and it decides
when that yields null.

      


      
        Summary


  
    Types
  


    
      
        endpoint()

      


    


    
      
        operator()

      


        How a range was written: an interval (nil), or the comparison of a prefix test.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        new(start, finish, options \\ [])

      


        Builds a range.



    


    
      
        type(endpoint)

      


        Returns the descriptor of range<T> for endpoints of type endpoint.



    


    
      
        value?(arg1)

      


        Returns true for a t/0 with boolean inclusion flags.



    





      


      
        Types


        


  
    
      
    
    
      endpoint()



        
          
        

    

  


  

      

          @type endpoint() :: Feel.Value.t()


      



  



  
    
      
    
    
      operator()



        
          
        

    

  


  

      

          @type operator() :: nil | :lt | :lte | :gt | :gte | :eq | :neq


      


How a range was written: an interval (nil), or the comparison of a prefix test.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Value.Range{
  end: endpoint(),
  end_included: boolean(),
  operator: operator(),
  start: endpoint(),
  start_included: boolean()
}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      new(start, finish, options \\ [])



        
          
        

    

  


  

      

          @spec new(endpoint(), endpoint(), keyword(boolean())) :: t()


      


Builds a range.
Options
	:start_included - defaults to false.
	:end_included - defaults to false.

Raises ArgumentError for any other option or a non-boolean flag.
iex> Feel.Value.Range.new(1, 10, start_included: true)
%Feel.Value.Range{start: 1, end: 10, start_included: true, end_included: false}

  



  
    
      
    
    
      type(endpoint)



        
          
        

    

  


  

      

          @spec type(Feel.Type.t()) :: Feel.Type.t()


      


Returns the descriptor of range<T> for endpoints of type endpoint.

  



  
    
      
    
    
      value?(arg1)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a t/0 with boolean inclusion flags.

  


        

      


  

    
Feel.Value.String 
    



      
The FEEL type string (DMN 1.6, section 10.3.2.3.2).
A string is a sequence of Unicode characters. It is represented as a UTF-8
binary, and a binary that is not valid UTF-8 is not a FEEL string.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        type()

      


        Returns the type descriptor of string.



    


    
      
        value?(term)

      


        Returns true for a valid UTF-8 binary.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: String.t()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of string.

  



  
    
      
    
    
      value?(term)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a valid UTF-8 binary.
iex> Feel.Value.String.value?("naïve")
true
iex> Feel.Value.String.value?(<<0xFF>>)
false

  


        

      


  

    
Feel.Value.Temporal 
    



      
Reads the text of a date, a time, a date and time, or a duration, and finds out
which of the five it is.
The string of an @"..." literal does not say what it denotes, so the kind is chosen
by its shape (notes 01, A32):
	an optional - and P is a duration, a years and months duration when it has
years or months only and a days and time duration otherwise;
	a date, a T, and a time is a date and time;
	a date alone is a date;
	hh: is a time.

Each kind is then read by its own parse/1, which has the rules for the string and
returns :error for one that is not a valid value of the kind, as @"2020-13-45"
or @"25:00:00". A string of none of these shapes is :error too.

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A date, a time, a date and time, or a duration.



    





  
    Functions
  


    
      
        parse(text)

      


        Parses the text of a temporal value of any kind.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() ::
  Date.t()
  | Feel.Value.Time.t()
  | Feel.Value.DateTime.t()
  | Feel.Value.YearsAndMonthsDuration.t()
  | Feel.Value.DaysAndTimeDuration.t()


      


A date, a time, a date and time, or a duration.

  


        

      

      
        Functions


        


  
    
      
    
    
      parse(text)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, t()} | :error


      


Parses the text of a temporal value of any kind.
iex> Feel.Value.Temporal.parse("2019-03-31")
{:ok, ~D[2019-03-31]}
iex> {:ok, %Feel.Value.Time{hour: 23}} = Feel.Value.Temporal.parse("23:59:00z")
iex> {:ok, %Feel.Value.DateTime{}} = Feel.Value.Temporal.parse("2012-12-24T23:59:00")
iex> Feel.Value.Temporal.parse("PT5H")
{:ok, Feel.Value.DaysAndTimeDuration.new(18_000)}
iex> Feel.Value.Temporal.parse("-P1Y")
{:ok, %Feel.Value.YearsAndMonthsDuration{months: -12}}
iex> Feel.Value.Temporal.parse("2020-13-45")
:error
iex> Feel.Value.Temporal.parse("yesterday")
:error

  


        

      


  

    
Feel.Value.Temporal.Spellings 
    



      
Other spellings of the text of a time and of a date and time, and how DMN 1.6 writes them (D-81).
The strings that time(...), date and time(...) and @"..." read are those of XML Schema (DMN 1.6,
section 10.3.4.1): a time has hours, minutes and seconds (13:30:00), and the zone of a date and time is a
Z, an offset (+02:00) or the id of a zone after an @ (@Europe/Paris). The engines that run FEEL read
more than that, most of all the text that Java writes: 2015-09-18T10:31:10+02:00[Europe/Paris], or a time
without seconds. candidates/1 says what DMN 1.6 writes for a text that is one of these spellings.
It is used in two places, and they are not the same thing:
	A function or a literal that fails to read its text says in the hint of its error how DMN 1.6 writes it
(fix/2), whether or not any extension is on. The library tells; it does not accept.
	An extension that reads the spelling hands the candidates to the library as Feel.Extension.temporal_text/1
(Feel.Extension.Camunda.TemporalFormats does), which uses the first that reads, and says so (D-81).

The rules are these, and a text that none of them applies to has no candidate:
	Text	DMN 1.6 writes it
	13:30, 13:30Z, 13:30+02:00, 13:30@Europe/Paris	13:30:00 with the same zone: no seconds
	T23:59:00, T13:30	23:59:00, 13:30:00: a T before a time
	2020-01-01T10:30, 2020-01-01T00:00Z	the same with :00 seconds: a date and time without seconds
	2018-04-29T09:30:00+02:00[Europe/Berlin]	2018-04-29T09:30:00@Europe/Berlin: Java's text of a date and time in a zone

The last is the only one that says more than one thing, the offset and the zone, and it is read as the zone
only if the offset is the one the zone has at that time: +02:00[Europe/Berlin] in the summer is
@Europe/Berlin, and +05:00[Europe/Berlin] is not read. A local time that happens twice, where the clocks
go back, is read as the earlier of the two (Feel.Value.Zone), so the text of the later has no candidate.
iex> Feel.Value.Temporal.Spellings.candidates("13:30")
["13:30:00"]
iex> Feel.Value.Temporal.Spellings.candidates("T23:59:00+01:00")
["23:59:00+01:00"]
iex> Feel.Value.Temporal.Spellings.candidates("2018-04-29T09:30:00+02:00[Europe/Berlin]")
["2018-04-29T09:30:00@Europe/Berlin"]
iex> Feel.Value.Temporal.Spellings.candidates("2018-04-29T09:30:00+05:00[Europe/Berlin]")
[]
iex> Feel.Value.Temporal.Spellings.candidates("13:30:00")
[]

      


      
        Summary


  
    Types
  


    
      
        parser()

      


        What reads the text of a temporal value as DMN 1.6 writes it: Feel.Value.Time.parse/1, Feel.Value.Temporal.parse/1.



    





  
    Functions
  


    
      
        candidates(text)

      


        The ways that DMN 1.6 writes text, if it is one of the other spellings above: none, or one.



    


    
      
        fix(text, parse)

      


        Reads text with parse as DMN 1.6 writes it, if it is one of the other spellings: the first of the
candidates/1 that parse reads, with the value and the text it read.



    


    
      
        hint(text, parse, at?)

      


        The hint of the error of a text that parse does not read: how DMN 1.6 writes it if it is one of the other
spellings and parse reads that, and nil otherwise. at? is for the text of a literal, @"...".



    





      


      
        Types


        


  
    
      
    
    
      parser()



        
          
        

    

  


  

      

          @type parser() :: (String.t() -> {:ok, Feel.Value.Temporal.t()} | :error)


      


What reads the text of a temporal value as DMN 1.6 writes it: Feel.Value.Time.parse/1, Feel.Value.Temporal.parse/1.

  


        

      

      
        Functions


        


  
    
      
    
    
      candidates(text)



        
          
        

    

  


  

      

          @spec candidates(String.t()) :: [String.t()]


      


The ways that DMN 1.6 writes text, if it is one of the other spellings above: none, or one.

  



  
    
      
    
    
      fix(text, parse)



        
          
        

    

  


  

      

          @spec fix(String.t(), parser()) :: {:ok, Feel.Value.Temporal.t(), String.t()} | :error


      


Reads text with parse as DMN 1.6 writes it, if it is one of the other spellings: the first of the
candidates/1 that parse reads, with the value and the text it read.
iex> Feel.Value.Temporal.Spellings.fix("13:30", &Feel.Value.Time.parse/1) |> elem(2)
"13:30:00"
iex> Feel.Value.Temporal.Spellings.fix("13:30", &Feel.Value.Date.parse/1)
:error
iex> Feel.Value.Temporal.Spellings.fix("nonsense", &Feel.Value.Time.parse/1)
:error

  



  
    
      
    
    
      hint(text, parse, at?)



        
          
        

    

  


  

      

          @spec hint(String.t(), parser(), boolean()) :: String.t() | nil


      


The hint of the error of a text that parse does not read: how DMN 1.6 writes it if it is one of the other
spellings and parse reads that, and nil otherwise. at? is for the text of a literal, @"...".
iex> Feel.Value.Temporal.Spellings.hint("13:30", &Feel.Value.Time.parse/1, false)
~s(DMN 1.6 writes it "13:30:00")
iex> Feel.Value.Temporal.Spellings.hint("13:30", &Feel.Value.Time.parse/1, true)
~s(DMN 1.6 writes it @"13:30:00")
iex> Feel.Value.Temporal.Spellings.hint("x", &Feel.Value.Time.parse/1, false)
nil

  


        

      


  

    
Feel.Value.Time 
    



      
The FEEL type time (DMN 1.6, section 10.3.2.3.4): a time of day.
Neither Elixir's Time nor Erlang's calendar types can represent a FEEL time:
seconds need to be a decimal, and the zone has to say whether the time is
floating (no zone), has a fixed offset from UTC, or names an IANA time zone.
A floating time is not interchangeable with a zoned one, so the distinction is
part of the value.
Fields
	:hour - 0 to 23.
	:minute - 0 to 59.
	:second - a Feel.Value.Number.t/0 from 0 up to, but not including, 60.
	:zone - see zone/0.


      


      
        Summary


  
    Types
  


    
      
        t()

      


    


    
      
        zone()

      


        The time zone of a time.



    





  
    Functions
  


    
      
        new(hour, minute, second, zone \\ :floating)

      


        Builds a time, checking the ranges of its parts.



    


    
      
        parse(text)

      


        Parses a time string, as time("...") and @"..." read it: hh:mm:ss, with an
optional fraction of a second and an optional zone (DMN 1.6, section 10.3.4.1; the
forms are those of notes 06, AE-1).



    


    
      
        parse_with_carry(text)

      


        Parses a time string as parse/1 does, and says whether it was the end of the day: the carry is 1
for 24:00:00, which is 00:00:00 of the next day, and 0 for any other time.



    


    
      
        parse_zone(text)

      


        The zone that a text names: Z (or z) for UTC, an offset such as +01:00 or -05:30, or the id of a zone of the
database. :error for anything else, and for no zone: :floating is not something a text can name.



    


    
      
        type()

      


        Returns the type descriptor of time.



    


    
      
        value?(arg1)

      


        Returns true for a t/0 whose parts are all in range.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Value.Time{
  hour: 0..23,
  minute: 0..59,
  second: Feel.Value.Number.t(),
  zone: zone()
}


      



  



  
    
      
    
    
      zone()



        
          
        

    

  


  

      

          @type zone() :: :floating | {:offset, -50400..50400} | {:iana, String.t()}


      


The time zone of a time.
	:floating - no zone: a local time of day at some unspecified place.
	{:offset, seconds} - a fixed offset from UTC, between -14 and +14 hours.
An offset of 0 is a UTC form.
	{:iana, id} - an IANA time zone, such as "Europe/Paris".


  


        

      

      
        Functions


        


    

  
    
      
    
    
      new(hour, minute, second, zone \\ :floating)



        
          
        

    

  


  

      

          @spec new(integer(), integer(), Feel.Value.Number.t() | integer(), zone()) ::
  {:ok, t()} | :error


      


Builds a time, checking the ranges of its parts.
Returns :error when a part is out of range or the zone is not valid. An IANA
zone has to be one of the time zone database (Feel.Value.Zone, D-54).
iex> {:ok, time} = Feel.Value.Time.new(12, 30, 15, {:offset, 0})
iex> {time.hour, time.minute, Decimal.to_string(time.second), time.zone}
{12, 30, "15", {:offset, 0}}
iex> Feel.Value.Time.new(24, 0, 0)
:error
iex> Feel.Value.Time.new(12, 0, 0, {:iana, "Europe/Atlantis"})
:error

  



  
    
      
    
    
      parse(text)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, t()} | :error


      


Parses a time string, as time("...") and @"..." read it: hh:mm:ss, with an
optional fraction of a second and an optional zone (DMN 1.6, section 10.3.4.1; the
forms are those of notes 06, AE-1).
The zone is Z (or z) for UTC, an offset such as +01:00 or -05:30, or an IANA
zone id after an @, as in 10:30:00@Europe/Paris. Without a zone the time is
floating. White space around the string is ignored. Returns :error for anything else,
including an offset beyond fourteen hours, a zone id that the database does not have, and a
time without seconds.
24:00:00 is the end of the day, which XML Schema reads as midnight, and so does the TCK: it is
00:00:00, with the zone it has. Nothing else of hour 24 is a time. parse_with_carry/1 says
that the day has ended, which a date and time needs.
iex> {:ok, time} = Feel.Value.Time.parse("23:59:00")
iex> {time.hour, time.minute, Decimal.to_string(time.second), time.zone}
{23, 59, "0", :floating}
iex> {:ok, time} = Feel.Value.Time.parse("11:00:30.5Z")
iex> {Decimal.to_string(time.second), time.zone}
{"30.5", {:offset, 0}}
iex> {:ok, time} = Feel.Value.Time.parse("10:00:00-05:30")
iex> time.zone
{:offset, -19_800}
iex> {:ok, time} = Feel.Value.Time.parse("10:30:00@Europe/Paris")
iex> time.zone
{:iana, "Europe/Paris"}
iex> {:ok, time} = Feel.Value.Time.parse("24:00:00Z")
iex> {time.hour, time.minute, time.zone}
{0, 0, {:offset, 0}}
iex> Feel.Value.Time.parse("24:00:01")
:error
iex> Feel.Value.Time.parse("10:00:00@Europe/Atlantis")
:error
iex> Feel.Value.Time.parse("10:00")
:error

  



  
    
      
    
    
      parse_with_carry(text)



        
          
        

    

  


  

      

          @spec parse_with_carry(String.t()) :: {:ok, t(), 0 | 1} | :error


      


Parses a time string as parse/1 does, and says whether it was the end of the day: the carry is 1
for 24:00:00, which is 00:00:00 of the next day, and 0 for any other time.
iex> {:ok, time, carry} = Feel.Value.Time.parse_with_carry("24:00:00")
iex> {time.hour, carry}
{0, 1}
iex> {:ok, _time, carry} = Feel.Value.Time.parse_with_carry("23:59:59")
iex> carry
0

  



  
    
      
    
    
      parse_zone(text)



        
          
        

    

  


  

      

          @spec parse_zone(String.t()) :: {:ok, zone()} | :error


      


The zone that a text names: Z (or z) for UTC, an offset such as +01:00 or -05:30, or the id of a zone of the
database. :error for anything else, and for no zone: :floating is not something a text can name.
iex> Feel.Value.Time.parse_zone("Z")
{:ok, {:offset, 0}}
iex> Feel.Value.Time.parse_zone("-05:30")
{:ok, {:offset, -19_800}}
iex> Feel.Value.Time.parse_zone("Europe/Paris")
{:ok, {:iana, "Europe/Paris"}}
iex> Feel.Value.Time.parse_zone("Europe/Atlantis")
:error

  



  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of time.

  



  
    
      
    
    
      value?(arg1)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a t/0 whose parts are all in range.
iex> {:ok, time} = Feel.Value.Time.new(1, 2, 3)
iex> Feel.Value.Time.value?(time)
true
iex> Feel.Value.Time.value?(%Feel.Value.Time{hour: 25, minute: 0, second: Decimal.new(0)})
false

  


        

      


  

    
Feel.Value.YearsAndMonthsDuration 
    



      
The FEEL type years and months duration (DMN 1.6, section 10.3.2.3.8).
A whole number of months, positive or negative. A month has no fixed length in
seconds, so this type never mixes with days and time duration: the two have
no common supertype and are not comparable, except that zero-length durations
of both kinds are equal in one section of the specification.
The components FEEL exposes (years, and months from 0 to 11) are computed
from the total when read; they are not stored.
Fields
	:months - the total number of months, an integer.


      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        new(months)

      


        Builds a duration from a total number of months.



    


    
      
        parse(text)

      


        Parses a duration string of years and months, as duration("...") and @"..." read
it: the lexical space of the XPath yearMonthDuration (DMN 1.6, section 10.3.4.1).



    


    
      
        type()

      


        Returns the type descriptor of years and months duration.



    


    
      
        value?(arg1)

      


        Returns true for a t/0 with an integer number of months.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Feel.Value.YearsAndMonthsDuration{months: integer()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      new(months)



        
          
        

    

  


  

      

          @spec new(integer()) :: t()


      


Builds a duration from a total number of months.
iex> Feel.Value.YearsAndMonthsDuration.new(13)
%Feel.Value.YearsAndMonthsDuration{months: 13}

  



  
    
      
    
    
      parse(text)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, t()} | :error


      


Parses a duration string of years and months, as duration("...") and @"..." read
it: the lexical space of the XPath yearMonthDuration (DMN 1.6, section 10.3.4.1).
It is P, then years (nY), months (nM), or both, in that order, with a leading
- for a negative duration. The months are not limited to 11: P26M is P2Y2M.
White space around the string is ignored. Returns :error for anything else, which
includes a string with days or a time part (P1Y2DT3H: that is not a years and months
duration), a bare P, and a number of months beyond 34 digits.
iex> Feel.Value.YearsAndMonthsDuration.parse("P1Y8M")
{:ok, %Feel.Value.YearsAndMonthsDuration{months: 20}}
iex> Feel.Value.YearsAndMonthsDuration.parse("P26M")
{:ok, %Feel.Value.YearsAndMonthsDuration{months: 26}}
iex> Feel.Value.YearsAndMonthsDuration.parse("-P1Y")
{:ok, %Feel.Value.YearsAndMonthsDuration{months: -12}}
iex> Feel.Value.YearsAndMonthsDuration.parse("P1D")
:error
iex> Feel.Value.YearsAndMonthsDuration.parse("P")
:error

  



  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @spec type() :: Feel.Type.t()


      


Returns the type descriptor of years and months duration.

  



  
    
      
    
    
      value?(arg1)



        
          
        

    

  


  

      

          @spec value?(term()) :: boolean()


      


Returns true for a t/0 with an integer number of months.

  


        

      


  

    
Feel.Value.Zone 
    



      
The time zones of times and of dates and times, and what offset they have (D-54).
A zone is :floating (none), {:offset, seconds} (a fixed offset from UTC), or {:iana, id}
(the id of a zone of the IANA time zone database, as "Europe/Paris"); see
Feel.Value.Time.zone/0. A fixed offset is its own offset. The offset of a zone id depends on
the date, since a zone changes between standard and daylight saving time, and has changed
over the years, so it is looked up in the database, which is the Elixir package tz: Elixir has
none of its own, and tz compiles one into the code, so nothing is read or fetched when a
value is used.
The functions here take a date and a time of day as a number of days (as
Date.to_gregorian_days/1 counts them) and a number of seconds in the day, so that any year of
FEEL, from -999,999,999 to 999,999,999, can be asked about. Before the database has the zone's
first rule it gives the zone's local mean time, and after its last it applies the rules of the
zone as they stand.
A local time that is not one time
The wall clock of a zone skips an hour when it goes to daylight saving time (the gap) and
repeats one when it goes back (the overlap). The specification does not say which instant a
local date and time in either is (notes 02, A-21). offset_at_wall/3 reads them as java.time does:
a time in the gap is shifted forward by the length of the gap, which is to use the offset from
before it, and a time in the overlap is the earlier of the two instants, which is the offset
from before the clocks went back.
A zone without a date
The zone id of a time of day (10:30:00@Europe/Paris) says nothing of the date, so it has no
offset of its own (notes 02, A-16). standard_offset/1 gives it the offset the zone has in
standard time, daylight saving time left out, on 2000-01-01.
iex> Feel.Value.Zone.offset_at_wall("Europe/Paris", Date.to_gregorian_days(~D[2021-01-02]), 36_000)
{:ok, 3600}
iex> Feel.Value.Zone.standard_offset("Australia/Melbourne")
{:ok, 36_000}
iex> Feel.Value.Zone.exists?("Foo/Bar")
false

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A zone: none, a fixed offset in seconds, or the id of a zone of the IANA database.



    





  
    Functions
  


    
      
        exists?(id)

      


        Returns true when the id is a zone of the database.



    


    
      
        offset_at_utc(id, days, second)

      


        The offset, in seconds, that a zone has at an instant, given as the UTC date and time of day:
{:ok, seconds}, or :error when the zone is not in the database.



    


    
      
        offset_at_wall(id, days, second)

      


        The offset, in seconds, that a zone has at a local date and time: {:ok, seconds}, or :error
when the zone is not in the database.



    


    
      
        standard_offset(id)

      


        The offset of a zone in standard time, on 2000-01-01, without the daylight saving time that
the zone may have then. It is what a time of day with a zone id is read to have (see above).



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: :floating | {:offset, integer()} | {:iana, String.t()}


      


A zone: none, a fixed offset in seconds, or the id of a zone of the IANA database.

  


        

      

      
        Functions


        


  
    
      
    
    
      exists?(id)



        
          
        

    

  


  

      

          @spec exists?(String.t()) :: boolean()


      


Returns true when the id is a zone of the database.
iex> Feel.Value.Zone.exists?("Europe/Paris")
true
iex> Feel.Value.Zone.exists?("Europe/Atlantis")
false

  



  
    
      
    
    
      offset_at_utc(id, days, second)



        
          
        

    

  


  

      

          @spec offset_at_utc(String.t() | {:offset, integer()}, integer(), non_neg_integer()) ::
  {:ok, integer()} | :error


      


The offset, in seconds, that a zone has at an instant, given as the UTC date and time of day:
{:ok, seconds}, or :error when the zone is not in the database.
iex> Feel.Value.Zone.offset_at_utc("Europe/Paris", Date.to_gregorian_days(~D[2021-07-01]), 0)
{:ok, 7200}
iex> Feel.Value.Zone.offset_at_utc("Foo/Bar", 0, 0)
:error

  



  
    
      
    
    
      offset_at_wall(id, days, second)



        
          
        

    

  


  

      

          @spec offset_at_wall(String.t() | {:offset, integer()}, integer(), non_neg_integer()) ::
  {:ok, integer()} | :error


      


The offset, in seconds, that a zone has at a local date and time: {:ok, seconds}, or :error
when the zone is not in the database.
A fixed offset is its own. A time in a gap has the offset from before it, and a time that
occurs twice has the earlier offset (see above).
iex> Feel.Value.Zone.offset_at_wall("Europe/Paris", Date.to_gregorian_days(~D[2021-07-01]), 0)
{:ok, 7200}
iex> Feel.Value.Zone.offset_at_wall({:offset, -18_000}, 0, 0)
{:ok, -18_000}
iex> Feel.Value.Zone.offset_at_wall("Foo/Bar", 0, 0)
:error

  



  
    
      
    
    
      standard_offset(id)



        
          
        

    

  


  

      

          @spec standard_offset(String.t()) :: {:ok, integer()} | :error


      


The offset of a zone in standard time, on 2000-01-01, without the daylight saving time that
the zone may have then. It is what a time of day with a zone id is read to have (see above).
iex> Feel.Value.Zone.standard_offset("Europe/Paris")
{:ok, 3600}
iex> Feel.Value.Zone.standard_offset("Etc/UTC")
{:ok, 0}
iex> Feel.Value.Zone.standard_offset("Foo/Bar")
:error

  


        

      


  

    
Feel.Worker 
    



      
Runs work in a monitored BEAM process with a deadline and bounded transfers.
:timeout is in milliseconds (default 5,000). :max_memory is the process heap
allowance in bytes (default 134,217,728, or 128 MiB), including shared binaries at garbage
collection. :max_input_bytes and :max_result_bytes bound conservative copy
estimates and default to :max_memory. These are not a total VM memory limit.
The deadline includes input selection, transfer admission, result checking and
sending. Caller-side admission checks it cooperatively. Caller death terminates
the worker. Nested calls reuse the worker when its existing policy is at least as
restrictive; tighter optional work gets an owned child with the earlier deadline.
Host callbacks remain trusted capabilities; this cannot undo their side effects,
contain arbitrary child processes they spawn, or interrupt non-yielding native code.
Keep callback exit reasons bounded: the controller receives raw VM exit signals
outside the worker heap policy, then bounds their details before forwarding them.

      


      
        Summary


  
    Types
  


    
      
        reason()

      


    





  
    Functions
  


    
      
        run(fun, options \\ [])

      


    





      


      
        Types


        


  
    
      
    
    
      reason()



        
          
        

    

  


  

      

          @type reason() ::
  :timeout
  | :input_too_large
  | :result_too_large
  | {:exit_reason_omitted, :too_large}
  | {:raised, Exception.t()}
  | {:exit, term()}
  | {:invalid_options, String.t()}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      run(fun, options \\ [])



        
          
        

    

  


  

      

          @spec run((-> value), keyword()) :: {:ok, value} | {:error, reason()}
when value: term()


      



  


        

      


  

    
Feel.Worker.Preflight 
    



      
The budget of the preflight: the step that runs in the caller, before a worker exists, and decides what the job closure
copied into the worker holds (the internal run_prepared entry point of Feel.Worker). Internal: not a supported API.
A worker is another process, so what it runs is copied into its heap and counted against :max_input_bytes. A selector
(Dmn.Execution.prepare/6 for DMN, the binding selection of Feel.run/3 for FEEL) picks the part of the model and the
bindings a call needs, and this module bounds that work, because no worker's deadline or heap policy protects it yet:
	project/2 gives the selector a state with a step budget of at most 100,000 (less for a small memory or input policy)
and the deadline. The deadline is read when the selection starts and then every 64 steps (step/1; a step is constant
work, and the transfer walk checks every 256).
	Only library-owned, shallow work runs here, never host code: no extension, callback or resolver is called.
	What it cannot decide, or cannot afford (fallback/0: a key that is too long, a spent budget, uncertain metadata), makes
it send the original, complete argument instead, which faces the same transfer check. Expiry is a
{:error, :timeout} of the whole operation, not a fresh deadline.

Selection is an optimization of what is copied and never validation: the worker validates again. See the
preflight in the architecture.
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        step(state)

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %{deadline: integer(), left: non_neg_integer()}
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          @spec bindings(map(), MapSet.t() | nil, t()) :: map()
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          @spec fallback() :: no_return()
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          @spec project(map(), (t() -> value)) :: {:ok, value} | :fallback | {:error, :timeout}
when value: term()


      



  



  
    
      
    
    
      step(state)



        
          
        

    

  


  

      

          @spec step(t()) :: t()


      



  


        

      


  

    
Feel.Error exception
    



      
The error returned when an expression cannot be prepared or its run is cut short.
A semantic error in a running expression is not an Feel.Error: in the default
lenient mode it makes a result null and is reported as a Feel.Diagnostic.
A Feel.Error is returned for:
	:syntax - the source could not be parsed, or, in S-FEEL, is not in its grammar (the code is
:outside_s_feel, D-49).
	:analysis - the source parsed, but calls or types could not be resolved, or it has a
construct that is not written yet (the code is :not_implemented). A name that the scope
does not have is an error only with unknown_names: :error; by default it is a warning (D-37).
This happens at Feel.prepare/2, never later.
	:strict - a run in :strict mode hit its first error and halted. The
result of such a run is null by definition.
	:limit - a resource limit of Feel.Limits was exceeded: the size of the source or of a
value, the nesting, the depth of calls, the number of diagnostics (D-154), the facts that the
conditions compose about one subject (:too_many_facts), or the statements of code that the BEAM backend would make of
the expression (:too_large_to_compile, D-154); the last two are found when the expression is prepared. The library
uses Feel.Worker for default deadlines and process containment.
	:input - invalid sandbox options/backend, an argument error inside a worker, or a value that was bound to a name breaks the declaration of the scope: the name
is declared T! (not null, D-48) and has no value, or null. The run does not start,
in either mode, since an expression that was typed on the declaration could not be relied
on. It is the caller's mistake and not the expression's.
	:worker - a sandbox worker crashed or was killed before completing its result.
	:backend - a backend could not turn a prepared expression into something
that runs: the code the BEAM backend generated did not compile or load (D-38). It is not a mistake in the
expression, and Feel.prepare/2 returns it.

The functions that end in ! raise this exception instead of returning it.
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        Builds an error from the diagnostics that caused it.
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          @type kind() :: :syntax | :analysis | :strict | :limit | :input | :backend | :worker
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          @type t() :: %Feel.Error{
  __exception__: term(),
  code: atom(),
  diagnostics: [Feel.Diagnostic.t()],
  kind: kind(),
  message: String.t(),
  span: Feel.Diagnostic.span() | nil
}
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      from_diagnostics(kind, diagnostics)



        
          
        

    

  


  

      

          @spec from_diagnostics(kind(), [Feel.Diagnostic.t(), ...]) :: t()


      


Builds an error from the diagnostics that caused it.
The error takes its :code, :message, and :span from the first diagnostic,
and keeps all of them in :diagnostics.
iex> diagnostic = Feel.Diagnostic.new(:unknown_name, ~s(unknown name "x"), span: {0, 1})
iex> error = Feel.Error.from_diagnostics(:analysis, [diagnostic])
iex> {error.kind, error.code, Exception.message(error)}
{:analysis, :unknown_name, ~s(unknown name "x")}
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