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Predicator is a secure, non-evaluative condition engine for end-user boolean
predicates. A user-authored expression like
amount <= budget_remaining AND card_active compiles
to a flat instruction list run by a small stack VM - there is no eval, no
Code.eval_string, and no dynamic code execution anywhere in the pipeline, so
untrusted input can never become code.
The language covers comparisons, arithmetic, logical and membership operators
(in, contains), dates and durations, lists and objects, type casts
(amount::integer), nested data access,
and both builtin and custom functions. Beyond
single predicates it also runs short programs - ;-separated statements with
assignment and if/else blocks - through
Predicator.execute/3.
Installation
Add predicator to your list of dependencies in mix.exs:
def deps do
  [
    {:predicator, "~> 9.4"}
  ]
end
Predicator requires Elixir 1.18 or later and has no runtime dependencies.
Quick Start
Authorizing a card transaction against the account's remaining budget:
iex> Predicator.evaluate!("amount <= budget_remaining AND card_active", %{"amount" => 120, "budget_remaining" => 500, "card_active" => true})
true

iex> Predicator.evaluate("amount <= budget_remaining", %{"amount" => 120, "budget_remaining" => 500})
{:ok, true}
Routing a visitor through a signup wizard that is running an A/B test:
iex> Predicator.evaluate!("step == 'payment' AND variant == 'B'", %{"step" => "payment", "variant" => "B"})
true
A worked example: an authorization rule
The shape most applications want is compile once, evaluate many. An
authorization rule is authored by a human - a risk analyst, not a developer -
stored as text, compiled when it is loaded, and then run against every
transaction that arrives.
Compile the rule once, when the account's ruleset is loaded:
iex> rule = "amount <= budget_remaining AND card_active AND amount <= 2000"
iex> {:ok, authorize} = Predicator.compile(rule)
iex> hd(authorize)
["load", "amount"]
authorize is a plain list of instructions - ordinary Erlang term data, so it
can sit in ETS, in a GenServer's state, or in a database column. Run it against
each transaction:
iex> {:ok, authorize} = Predicator.compile("amount <= budget_remaining AND card_active AND amount <= 2000")
iex> Predicator.evaluate(authorize, %{"amount" => 120, "budget_remaining" => 500, "card_active" => true})
{:ok, true}
iex> Predicator.evaluate(authorize, %{"amount" => 940, "budget_remaining" => 500, "card_active" => true})
{:ok, false}
A transaction missing a field the rule names is an error value, not an
exception - the whole library returns {:ok, _} | {:error, _} rather than
raising at a leaf, so a malformed payload cannot take the caller down:
iex> {:error, error} = Predicator.evaluate("amount <= budget_remaining", %{"amount" => 120})
iex> error.variable
"budget_remaining"
iex> error.position
{1, 11}
Because the rule text came from a human, the position is worth keeping: compile
with compile_with_positions/1 and a runtime error can be pointed at the
offending span of the source the analyst actually typed.
iex> {:ok, compiled} = Predicator.compile_with_positions("amount > budget_remaining")
iex> Predicator.evaluate(compiled, %{"amount" => 940, "budget_remaining" => 500})
{:ok, true}
compile_with_positions/1 and compile_with_spans/1 return a
%Predicator.Compiled{} carrying the instructions and their source-location
table as one value, so runtime errors keep their positions without the caller
re-attaching anything.
Persist compiled.instructions, not the struct - the instruction list is the
portable artifact; the table holds offsets into the source string and is
meaningless without it. Want positions back after a round trip? Persist the
source too and recompile with compile_with_positions/1 on load, rather than
storing the table - a table compiled from one source silently mismatches a
different source's instructions. See
Embedding compiled programs for the full
store/check/run lifecycle, including what to do when a stored artifact
predates a retired opcode.
Running a short program
evaluate/3 answers a single question. execute/3 runs a ;-separated
program - assignments and if/else blocks - and returns the resulting
context, which is how a settlement decision gets recorded rather than merely
computed:
iex> program = "if amount > budget_remaining { decision = 'decline' } else { decision = 'approve' }"
iex> {:ok, context} = Predicator.execute(program, %{"amount" => 940, "budget_remaining" => 500})
iex> context.data["decision"]
"decline"
execute_value/3 returns the last expression statement's value alongside that
context:
iex> {:ok, approved?, context} = Predicator.execute_value("settled_amount = amount; settled_amount <= budget_remaining", %{"amount" => 120, "budget_remaining" => 500})
iex> approved?
true
iex> context.data["settled_amount"]
120
A program writes into the context, so a host that exposes its own state there
will want :protected_roots - the roots a program may not overwrite:
iex> {:error, error, _context} = Predicator.execute("card_active = true", %{}, protected_roots: ["card_active"])
iex> error.reason
"protected_root"
Statements, assignment, and blocks are covered in full by the
language reference. Note that = is assignment
only, never equality - see "Migrating from =" below.
Embedding Predicator in a host application
The pattern most host applications need: a function provider that reads state
from the evaluation context's host slot, and a caller that swaps that slot
in O(1) as its own state changes. This mirrors how a state machine library
wires an SCXML In(stateId) guard into a running machine - the guard reads
current state through context.host rather than the caller re-threading it
as an ordinary predicate argument.
Define a provider module implementing Predicator.FunctionProvider, whose
callback reads context.host:
defmodule MyApp.StateFunctions do
  @behaviour Predicator.FunctionProvider

  @impl Predicator.FunctionProvider
  def functions, do: %{"In" => {1, :call_in}}

  def call_in([state_id], context), do: {:ok, context.host.current_state == state_id}
end
Build the context once, wiring the provider in with providers:, and store
it in the embedder's own struct:
defmodule MyApp.Machine do
  defstruct [:context]

  def new(initial_state) do
    context =
      Predicator.Context.new(%{},
        providers: [MyApp.StateFunctions],
        host: %{current_state: initial_state}
      )

    %__MODULE__{context: context}
  end

  def transition(%__MODULE__{context: context} = machine, new_state) do
    %{machine | context: Predicator.Context.put_host(context, %{current_state: new_state})}
  end
end
Each state change calls put_host/2 - a single Map.put/3, not a context
rebuild - leaving data and the resolved function dispatch map untouched:
iex> context = Predicator.Context.new(%{}, host: %{current_state: :idle})
iex> context = Predicator.Context.put_host(context, %{current_state: :running})
iex> context.host
%{current_state: :running}
A context built only from providers: is the form worth persisting or
handing to another process: a provider is a module atom and host is plain
data, so the whole context is ordinary Erlang term data. An inline
functions: closure works the same way at evaluation time but cannot be
serialized - :erlang.term_to_binary/1 has no way to hand a fun back to a
different run. See Custom functions for
the full provider API and the host slot, and Embedding compiled
programs
for storing a context alongside a compiled program.
Offering completion in an expression editor
An editor that writes predicates needs the grammar's vocabulary, not just the
function names. Predicator.Vocabulary publishes both, so an editor never
keeps its own copy of the grammar to drift out of date:
iex> Predicator.Vocabulary.by_category(:membership) |> Enum.map(& &1.lexeme)
["in", "IN", "contains", "CONTAINS"]

iex> Predicator.Vocabulary.tokens() |> Enum.find(&(&1.lexeme == "contains")) |> Map.take([:lexeme, :token_type, :category, :display, :doc])
%{
  display: "a contains b",
  doc: "True when the left collection or string holds the right value",
  category: :membership,
  lexeme: "contains",
  token_type: :contains_op
}
An entry in an operator category carries four more keys, for an editor whose
operator control is a dropdown rather than a completion list: what to label
the operator, how many operands it takes, which atom the parser builds for
it, and which kinds of value it is worth offering for.
iex> Predicator.Vocabulary.operators() |> Enum.find(&(&1.lexeme == "CONTAINS")) |> Map.take([:label, :arity, :ast_op, :value_kinds])
%{
  arity: 2,
  label: "contains",
  ast_op: :contains,
  value_kinds: [:string, :number, :boolean, :date, :datetime, :duration]
}
Predicator.Simple.operators/1 is that read done for one kind of value at a
time - see the simple subset guide.
Vocabulary.all/1 is the whole completion list - every fixed lexeme followed
by every callable function - and it takes the same :builtins, :providers
and :functions options as Predicator.Context.new/2, so an editor embedded
beside a host's own providers offers exactly the names that host will accept:
Predicator.Vocabulary.all(providers: [MyApp.StateFunctions])
Function entries carry :arity and a nil :doc; a provider binds a name to
{arity, atom} and carries no description, so there is nothing truthful to
put there. Vocabulary.keywords/0 is the narrower list an editor wants when
deciding what not to offer as an identifier.
Documentation
	Language reference - operators, builtin
functions, data types, statements and if/else blocks, and error shapes
	ISA reference - the instruction set specification: opcodes,
stack effects, error semantics, and versioning
	Nested data access - dot and bracket
notation over deep contexts
	Custom functions - extending the function
set per evaluation
	Location expressions - SCXML
assignment targets and writing into a context
	Embedding compiled programs - storing an
instruction list and checking its ISA version before running it
	Porting Predicator - implementing the instruction
set in another language and verifying it against the conformance corpus
	Architecture and language reference - the grammar
with precedence, the compilation pipeline, and the component map
	Architecture decision records - the reasoning behind
the design

Migrating from =
= is no longer an equality operator. It is assignment, valid only at the
start of a statement (Predicator.parse_program/2) and only with an
assignable left side; a bare = in expression position - through
Predicator.parse/2 or Predicator.evaluate/3 - is a parse error naming ==
as the fix, never a silent reinterpretation. == and === are the only
equality operators. See
ADR-0002 for the reasoning.
Cross-Language Siblings
Predicator's Elixir implementation is the reference implementation of the
instruction set (the ISA), which is versioned. Ruby and JavaScript siblings,
in the riddler/predicator monorepo,
adopt each ISA version on their own schedule; a sibling running behind the
current version is an expected, documented state, not a defect. See
ADR-0003 for the
reasoning and docs/architecture.md for what each
sibling currently supports. docs/isa.md is the specification a
sibling implements against, and conformance/ is how a
sibling verifies a claim of support against it: a checked-in, language-neutral
JSON corpus, tiered so a v1-only implementation runs a smaller, complete slice
rather than skipping its way through the whole thing. This is the
versioned-contract framing ADR-0003 asks for - a sibling behind the current
ISA version is expected and documented, not a parity deficit to apologize for.
If you are that implementer, Porting Predicator
walks the path from picking a version to recording a conformance claim.
Development
See CLAUDE.md for the contributor workflow and
docs/contributing.md for the quality-check commands
and the checklists for adding operators and data types.
License
MIT - see LICENSE.


  

    Contributing to Predicator

This document is how to work on the predicator codebase: the commands, the
checklists for extending the language, and where to look when something
breaks. CLAUDE.md at the repo root is the single authority on the workflow
rules - branch, gate, commit, push, close, release; this document does not
restate them. What follows is instruction, not governance: how to run the
gate, how to add an operator or a data type without missing a step, and where
things tend to go wrong.
Commands
Testing
mix test                    # Run all tests
mix test.coverage          # Coverage report
mix test.coverage.html     # HTML coverage report

Quality gate
mix quality                # Run all quality checks (format, compile, credo,
                           # dialyzer, deps audit, suite with coverage)
mix quality --profile loop # Inner loop: no dialyzer, no coverage, changed
                           # tests only. Never the final check.
mix format                 # Format code
mix credo --strict         # Lint with strict mode
mix dialyzer              # Type checking

The gate is ex_quality; what it runs is
configured in .quality.exs, and the thresholds it enforces stay with the
tools that own them - coveralls.json for the 90% coverage minimum,
.credo.exs for the checks, mix.exs for the Dialyzer PLT.
Adding New Operators
	Add token type to lexer.ex
	Add parsing logic to parser.ex
	Add instruction type to types.ex
	Add evaluation logic to evaluator.ex
	Add compilation logic to compiler.ex
	Add string formatting to string_visitor.ex
	Point the new node at its operator token - see the "which token a node
blames" table in docs/reference/ast.md. The trailing slot is part of the
node shape, not an add-on
	Give the new node a span rule too - see the "which characters a node
covers" table in docs/reference/ast.md
	Add comprehensive tests

Adding New Data Types
	Update lexer tokenization (see date implementation)
	Update parser grammar and AST types, giving the node a source position and
a span rule - see docs/reference/ast.md for the blame-token and span
tables a new node must fit into
	Update type specifications in types.ex
	Add evaluation support with type checking
	Add string visitor formatting support
	Add tests for all pipeline components

Debugging Issues
	Use mix test --trace for detailed test output
	Check coverage with mix test.coverage.html
	Use mix dialyzer for type issues
	Run mix credo explain <issue> for linting details

Code Standards
	Documentation: All public functions have @doc and @spec
	Type Safety: Comprehensive @type and @spec definitions
	Error Handling: Consistent {:ok, result} | {:error, ...} patterns

	Testing: >90% coverage requirement
	Formatting: Automatic with mix format
	Linting: Credo strict mode compliance

Performance Considerations
	Lexer/parser complexity is intentional and appropriate
	String concatenation optimized in StringVisitor
	Instruction execution designed for repeated evaluation
	Memory usage minimized during compilation pipeline

Troubleshooting
Common Issues
	Credo Complexity: Intentionally suppressed for lexer/parser functions
	Doctest Escaping: Use simple examples without nested quotes
	Coverage Gaps: Focus on error paths and edge cases
	Type Errors: Check @spec definitions match implementation

Development Environment
	Elixir ~> 1.18 required
	All dependencies in development/test only
	No runtime dependencies for core functionality



  

    Changelog

All notable changes to this project will be documented in this file.
The format is based on Keep a Changelog,
and this project adheres to Semantic Versioning.
[9.4.1] - 2026-09-13
Added
	Predicator.Vocabulary.operators/0 entries carry a :canonical boolean:
whether this spelling is the one Predicator.decompile/2 writes. A word
operator is enumerated in both cases, so a caller that renders source can now
read which of the two to use instead of deriving it from the lexeme.

Fixed
	A string literal keeps its non-ASCII characters: "café" and "✓" evaluate
to themselves instead of to one truncated byte per codepoint.
	A \u escape in a string literal is refused with an error naming it, instead
of silently decoding to the bare letter; predicator has no numeric escape, so
the character is written directly.

[9.4.0] - 2026-09-05
Added
	Predicator.Simple.value_kind/1 maps a subset value to the
Predicator.Vocabulary.value_kind/0 that governs it, so a structured editor
composes it with operators/1 instead of keeping its own translation from
scalar tags to kinds. A relative date answers :datetime, since 30d ago
is a point in time by the time anything compares it.

Fixed
	The string writer escapes a backslash inside a quoted object key, in both
quote styles, so {'a\b': 1} survives parse-then-decompile instead of
rendering source that parses back to a different key - or, for a key ending
in a backslash, source that does not parse at all. Quoted keys now go
through the same escaping helper as string literals rather than a second
copy of it.

[9.3.0] - 2026-09-05
Added
	Predicator.Simple admits float literals. card.amount >= 19.99 is now
inside the picklist-renderable subset: from_ast/1 and from_source/1
read a non-negative float as the new {:float, value} scalar, and
to_ast/1 and to_source/2 round-trip it under both laws. The exclusion
was contingent on Predicator.decompile/2 raising on a float, which
px-ggb fixed.
A float is not a new Predicator.Vocabulary.value_kind/0. Integers
and floats are both :number, so Predicator.Simple.operators/1 offers
the same operators for either and an editor needs no new branch. A
negative float stays outside, exactly as a negative integer does: the
parser reads -19.99 as a unary node, not as a literal.


Fixed
	Predicator.decompile/2 renders a float literal instead of raising, so
amount == 1.5 survives parse-then-decompile like any other literal.
	The string writer escapes a backslash inside a string literal, in both
quote styles, so a value containing one survives parse-then-decompile
instead of rendering source that parses back differently - or, for a value
of a single backslash, source that does not parse at all. The quote style
asked for is still the style that comes back.

[9.2.0] - 2026-09-04
Added
	Predicator.Simple names the subset of the language a picklist-style editor
can render - clauses joined by one connective - and reads it out of an AST or
source with from_ast/1 and from_source/1, which answer :outside for a
valid expression outside the subset rather than treating it as an error.
	Predicator.Simple.to_ast/1 and to_source/2 write a subset value back, so
an expression can be handed to a form and the edited value rendered to source
the author recognises; to_source/2 takes Predicator.decompile/2's
formatting options.
	Predicator.Simple.operators/1 answers, for one kind of value
(:string, :number, :boolean, :date, :datetime, :duration or
:list), which operators a picklist row should offer, each with the atom to
put in a clause, the spelling to_source/2 renders, a label and an arity.
	Predicator.Vocabulary's operator entries carry four new keys - :label,
:arity, :ast_op and :value_kinds - so an editor's operator control is
read from the same enumeration the lexer is checked against rather than from
a second copy of the grammar. Predicator.Vocabulary.value_kinds/0
enumerates the kinds.

Changed
	Predicator.Vocabulary.tokens/0 and operators/0 return entries carrying
the four operator keys for operator-category lexemes. Entries outside those
categories are unchanged, and no existing key moved or changed meaning.

Fixed
	Predicator.Simple's documentation attributed the float-literal exclusion to
the bead that shipped the module. It is caused by Predicator.decompile/2
raising on a float literal, and now cites that defect (px-ggb) instead.

[9.1.0] - 2026-09-02
Added
	Predicator.Vocabulary enumerates the grammar's fixed lexemes - operators,
keywords, literal words, brackets, separators, duration units - and the
callable function names, each with a token type, a category, a display form
and a one-line doc, so an expression editor can offer completion without
hard-coding a copy of the grammar.

[9.0.2] - 2026-08-27
Changed
	Documentation-only release; no code or predicate-language changes. The
README's Quick Start is reworked into a worked example that compiles a rule
once and evaluates it per transaction, and a new "Running a short program"
section gives execute/3, execute_value/3, and the :protected_roots
refusal a front-door example for the first time - the statement surface has
shipped since 4.0.0 but was visible only in the language reference. Every
illustrative identifier across the README, the guides, the language
reference, and the moduledocs moves onto two canonical example domains
(authorizing a transaction against an account budget, and a signup wizard
running an A/B test). docs/architecture.md drops three stale facts: =
listed as a comparison operator (retired in 4.0.0), an ISA-version list that
stopped at v4, and a testing section naming property-based testing the
project does not do.

[9.0.1] - 2026-08-24
Changed
	Documentation-only release; no code or predicate-language changes. ADRs
are no longer published to hexdocs - ADR citations in published pages now
point at the GitHub repository instead. docs/contributing.md is published
(the README previously linked it as a dead page), the conformance
README/RATCHET links no longer collapse into hexdocs' readme.html, the
README badge row follows the shared standard with a license badge added,
and mix docs completes with zero warnings.

[9.0.0] - 2026-08-17
Changed
	A duration produced by the duration opcode now always carries all eight
unit keys, milliseconds included. Previously the evaluator seeded a
seven-key accumulator and inserted milliseconds only when the expression
named a ms-family unit, so Predicator.evaluate("3d") returned seven keys
while Predicator.evaluate("500ms") returned eight - a key set that varied
with the expression and did not satisfy Predicator.Types.duration/0,
which has always declared all eight as required. Every other duration
producer (Duration.new/1, parse/1, from_units/1, and Date/DateTime
subtraction) already returned eight; the opcode now matches them. This is
a breaking change for a consumer that pattern-matches on the seven-key
shape, compares against a seven-key literal, or enumerates Map.keys/1; a
consumer reading units with Map.get/3 is unaffected, and the numeric value
of every duration is unchanged, since an absent milliseconds always meant
0. No ISA version moves and no compiled instruction list changes meaning -
the conformance corpus's exported bytes are identical, because its JSON
encoding already omitted a zero milliseconds.

[8.0.0] - 2026-08-15
Added
	Duration values accept a decimal fraction on a component, at both the
string entry point (Duration.parse/1, and therefore ::duration) and
the duration-literal grammar (1.5s). "1.5s"::duration is now 1 second
500 milliseconds instead of :undefined, and the literal 1.5s compiles
to the same integer unit pairs. A fractional component must convert to an
exact whole number of milliseconds - a sub-millisecond remainder
("0.5ms", 0.5ms) is rejected rather than rounded or truncated - and a
valid fraction expands to the integer part on its own unit plus a
remainder decomposed largest-first through d, h, m, s, ms only.
Fractions are accepted on every unit; a fractional mo or y commits this
project's documented 30-day and 365-day approximations at parse time
("0.5mo" normalizes to 15 days). The expansion is downward normalization
at parse/compile time - every duration map and every ["duration", units]
instruction operand stays integer-only, so no opcode, operand shape, or
ISA version moves; the refined ::duration string grammar is documented in
docs/isa.md §5 as a v6 refinement, not a v7 change. to_string/1 still
never emits a fraction, so "1.5s"::duration::string is "1s500ms", not
"1.5s" - the guaranteed round trip remains
some_duration::string::duration. Both spellings (string and literal) were
errors before this change, so this is purely additive.

	Predicator.compile_program_with_spans/1, the program-level counterpart
to compile_with_spans/1. Statement programs previously had two compile
entry points, compile_program/1 and compile_program_with_positions/1,
neither of which could return span-quality diagnostics; expressions already
had compile_with_spans/1. The new function closes that gap: it returns a
%Compiled{} whose positions and segment_positions hold
Predicator.Types.span/0 values instead of point positions, with the
instruction that terminates a statement - store for an assignment, pop
for a bare expression statement - carrying that statement's own source
extent. compiled.instructions is byte-identical to compile_program/1's
output; the existing program and expression compile functions are
unchanged.

	:protected_roots, an opt-in execute/3/execute_value/3 option naming
context roots a store may not write. A store whose path's root
segment is in the list refuses the write and returns
{:error, %Predicator.Errors.EvaluationError{reason: "protected_root"}, context} instead, with error.details.root naming the offending root; the
returned context is unchanged from the ordinary partial-context contract
	it still carries every write made before the refused statement. Additive:
absent the option, behavior is byte-identical to today, so this is a minor
release, not a breaking one.


	:normalize, an opt-in Context.new/2 option that skips the
normalize_value/1 walk over data. true by default, matching today's
behavior. normalize: false is a caller-vouches option: the caller
asserts data already satisfies the normalization invariant (string keys
throughout, at every level, with any nested map or list already
normalized), and stores it exactly as given; violating the invariant is
the caller's own bug, the same one bind/3's O(1) claim already depends
on. A non-boolean value raises ArgumentError. Additive and
non-breaking.


Changed
	BREAKING: all six compile entry points now return {:error, struct()}
instead of {:error, binary()}. compile/1, compile_with_positions/1,
compile_with_spans/1, compile_program/1,
compile_program_with_positions/1, and compile_program_with_spans/1 all
route through the same construction site, and a parse failure is now
reported as the same %Predicator.Errors.ParseError{} that evaluate/3
already returns for the same source: :message holds the parser's bare
message with no location text appended, and the location lives in
:position as {line, column}. A caller that displayed the old
"<message> at line <line>, column <column>" sentence rebuilds it with
"#{error.message} at line #{elem(error.position, 0)}, column #{elem(error.position, 1)}";
a caller that regex-matched the sentence to recover the line and column
deletes the regex and reads error.position directly. Unchanged:
compile/1's success arm, %Compiled{}, compile!/1's raised text
(still "Compilation failed: <message> at line <line>, column <column>"),
and the ISA version (still 6) - a stored instruction list needs no
migration. This is a breaking change to a documented public return type on
six functions, which is why the next release is a major one, 8.0.0.

	BREAKING: parse/2, parse_program/2, and Predicator.Lexer.tokenize/1
now return {:error, message, line, column, span} instead of
{:error, message, line, column}, and every %Predicator.Errors.ParseError{}
carries the same extent in a new :span field. The span is the source
extent of the token that failed - {{start_line, start_column}, {end_line, end_column}} with an exclusive end, the same
Predicator.Types.span/0 the position tables use - and its start is
always the tuple's own {line, column}, so a caller reading only the first
four elements reads exactly what it read before and a caller matching the
4-tuple gets a loud CaseClauseError rather than a silent mis-bind. A
failure at the end of the source reports a zero-width span there, borrowed
from the lexer's :eof sentinel. The fourteen end-of-input clauses that
previously reported a hardcoded {1, 1} now report the true position as
well, but that correction is not observable through any string input: the
lexer always appends :eof, so those clauses are reached only by
Predicator.Parser.parse/2 handed a token list built by the caller with no
sentinel on the end. Every error message and position reachable from the six
compile entry points is unchanged from 7.0.0 - only the new :span field
and the widened tuple are. All six compile entry points
carry the span in every mode - compile/1 as much as compile_with_spans/1
	because a parse error's extent comes from the token stream, not from the
spans: true node-metadata option. :span is nil only on a ParseError
built by a caller through new/3. The ISA version is unchanged (still 6),
no instruction list moves, and the conformance corpus is untouched.


	Context.resolve_functions/1's provider validation is now memoized per
provider list. Repeat Context.new/2 and Predicator.Evaluator.evaluate/3
calls against an unchanged :providers list (the builtins included) no
longer re-pay Code.ensure_loaded?/1 and function_exported?/3 validation
or the Map.merge/2 folds that build the dispatch map - the resolved map is
cached in :persistent_term, keyed by the provider list and a per-module
version stamp. A provider module recompiled with a different functions/0
is picked up automatically on the next call: its stamp changes, which is a
cache miss by construction, so no stale dispatch map survives a code reload
in dev or test. The resolved map, the shadowing order, and all three
ArgumentError messages for a bad provider are unchanged - a provider list
that fails validation is never cached, so it re-validates, and re-raises
identically, on every call. Context.new/2's docs now carry a
## Performance section naming both costs of a build - the size-scaling
normalization walk and this now-memoized fixed term - and pointing at
bind/3/put_host/2 as the rebind paths a per-evaluation caller should use
instead of calling new/2 again; see bench/context_build.exs and
bench/results/260814-context-build.md for the numbers behind both.

	conformance/RATCHET.md now states registry entry uniqueness
normatively. Rule 3 already grew entries by a set union, and rule 1 already
keyed entry identity on the (case_id, surface) pair, so uniqueness on that
pair was implied throughout - it is now written down, and
test/predicator/conformance/ratchet_registry_test.exs binds it. No registry
written by rule 3's verify-then-add step can violate it, so a compliant sibling
registry needs no change; a registry carrying a repeated pair was hand-edited.
The corpus, corpus_hash, the schema, and the ISA are unaffected.

	conformance/examples/registry.example.json's provenance prose now matches
reality. test/predicator/conformance/ratchet_registry_test.exs's moduledoc
and conformance/schema/registry.json's description both claimed the
example was generated from this checkout's own corpus; no generator exists,
and none should - the file is hand-maintained, and the binding tests in that
suite are what keep it honest. Prose only: the example, its corpus_hash,
and the schema's constraints are unaffected.

	A malformed or unterminated date or datetime literal now reports a span
covering the whole literal. Predicator.Lexer.tokenize/1 previously
returned a one-character span at the literal's opening # for
Invalid date format:, Invalid datetime format:, and
Unterminated date literal; the span now runs from the opening # through
the closing #, or through end of input when the literal is unterminated.
The message text, line, and column are unchanged, as are the spans for
unexpected characters and for unterminated string literals - those stay one
character wide, and the Lexer moduledoc now records why.


Fixed
	Predicator.compile/1 no longer raises on a leading-dot duration
spelling or any other bare . in a position the grammar rejects -
.5s, .5, and a . . b now return {:error, %Predicator.Errors. ParseError{}} instead of crashing with a FunctionClauseError. The cause
was the same class of gap as the string-token fix below: the parser's
format_token/2 carries one clause per token type with no catch-all, and
the :dot token had never had one. A leading-dot duration spelling is
still rejected - .5s is deliberately not a valid way to write a
fractional duration - but it is now an error value, not a crash. 1 . 2
is unaffected and still reports "Expected property name after '.' but
found number '2'".

	Predicator.compile/1 and compile_program/1 no longer raise when a
string literal appears somewhere the parser rejects it - score "a",
x = 1 "a", next "a", and other sources like them now return
{:error, %Predicator.Errors.ParseError{}} instead of crashing with a
CaseClauseError or MatchError. The cause was a token-shape assumption
in sixteen parser error and fallback clauses: they matched the ordinary
five-element token shape, and a string token - which carries two extra
elements, its quote type and end position - matched none of them. Every
such site now reads a token's type and value positionally instead of
destructuring its arity, so the fix is behavioral only: no public type, no
error message text, and no compiled instruction output changed.

	The lexer now advances its line counter and resets its column for a raw
newline consumed inside a string or date literal, instead of treating it
as an ordinary character. Every token that follows a multi-line string
literal - and every parse error position derived from one - now reports
the line and column it actually occupies. An escaped \n is unaffected:
it is a two-character escape in the source and never a raw newline byte.
A source with no multi-line literal is byte-identical to before. The AST
span of a multi-line string literal now ends at its true end rather than
{start_line, start_col + length}, which changes span values exported
through Predicator.compile_with_spans/1 and
Predicator.compile_program_with_spans/1 for any source containing a
multi-line string literal. Predicator.Lexer.token/0's :string shape
changed - it now carries a seventh element, its exclusive end position -
since it is a public type.


[7.0.0] - 2026-08-14
Changed
	BREAKING: Math.pow and Math.sqrt now return integers for
integer-exact results, instead of always returning a float.
Math.pow(2, 3) is now 8, not 8.0, so Math.pow(2, 3) === 8 is now
true; the result is computed exactly with Integer.pow/2, so
Math.pow(10, 20) no longer loses precision to :math.pow/2's float
conversion. Math.sqrt(16) is now 4, not 4.0, when the argument is a
non-negative integer with an exact integer root. A float argument or a
negative exponent is unchanged and still returns a float:
Math.pow(2.0, 3) is still 8.0, Math.pow(2, -1) is still 0.5, and
Math.sqrt(2) is still 1.4142135623730951. The conformance cases
functions/math-pow and functions/math-sqrt moved to the new integer
results, and functions/math-pow-float-arg,
functions/math-pow-negative-exponent, and functions/math-sqrt-inexact
were added to pin the float-returning half of each rule. This is a
breaking change to a documented return type and warrants a major version.
The ISA version does not move: no opcode changed, and the builtin
function set is not part of the ISA.

[6.0.0] - 2026-08-14
Added
	Null joins the ISA value domain, distinct from :undefined. A value
that is present and empty is now distinguishable from one that was never
supplied: null is falsy at a jump alongside false and :undefined;
it is rejected by not, unary minus, and the arithmetic opcodes, the same
as :undefined; every non-strict comparison involving it (== and the
ordering operators) yields :undefined, since null has no type peer; and
===/!== and membership (in/contains) answer a plain boolean about
it by identity - null === null is true, null in [null] is true.
It enters through a host-supplied context, a nested access, a function
return, or the null literal below. See docs/isa.md §2, §3, and §5 for
the full semantics. The ISA version does not move: no opcode name
changed and no instruction-list operand form widened - the value half of
this change enters only at the host/context boundary, which §3 governs
and §1's versioning rule does not (the same shape as the undefined
literal in 5.0.0).
	A null literal. null is now a literal keyword: x === null
compiles to [["load","x"],["lit",nil],["compare","STRICT_EQ"]] and
answers the question the bullet above made answerable. Null's semantics
are unchanged (the bullet above); this is a spelling. The ISA version
does not move - §3's value domain already admitted null and §5's lit
already accepted it, so no opcode name changed and no instruction list a
conformant v6 build must run changed; surface syntax is outside the ISA
(§6), the same shape as the undefined literal in 5.0.0.

Documentation
	docs/isa.md states what happens to an instruction list stored as plain
JSON. Section 3 gains "Crossing a plain-JSON boundary": four of the value
domain's eleven types - Date, DateTime, duration, and :undefined -
have no JSON-native form, so a lit operand carrying one decodes back as a
string or a plain map, with no error on either side of the trip. The ISA
defines no envelope and will not - section 6 now says so beside the other
things it does not define - but the note names the two approaches that
work: the conformance corpus's tagged-value encoding, recommended and
pointed at rather than published as an API, and persisting the source to
recompile on load. No ISA version change and no code change: all four
types have been in the value domain since v1, and nothing in lib/
serializes an instruction list. See
docs/research/260813-px-a2w-plain-json-round-trip.md for why promoting
the corpus codec into a supported serialization API was weighed and
rejected.

Changed
	Context.new/2 and bind/3 no longer rewrite a bound nil to
:undefined. A context now stores a bound null verbatim, so it survives
distinguishably from an absent key. The observable consequence:
x === undefined on a variable bound to nil now answers {:ok, false}
where it previously answered {:ok, true}. This is not a breaking change:
Predicator.Types.value() never declared nil as an accepted input, so a
host relying on the old collapse was relying on undeclared behavior. A
host that wants the previous behavior - a variable that reads as
:undefined - should bind Predicator.Undefined.value() explicitly
instead of nil.
	Predicator.evaluate/3 can now return {:ok, nil}. A null reaching
the top of the stack is the evaluation's result like any other value -
most easily via short-circuit, where "flag AND other" over a null flag
yields {:ok, nil}. Previously no evaluation could produce a bare nil
result, since the context boundary rewrote every nil before it could be
loaded. A caller that matches exhaustively on result values should add a
nil clause.
	BREAKING: null is a reserved word. The lexer now classifies it as a
literal keyword rather than a plain identifier. The silent case first,
because it is the one a grep will not find on its own: a predicate that
used null as a variable name in expression position does not fail - it
changes answer. x === null used to compile to
[["load","x"],["load","null"],["compare","STRICT_EQ"]] and load a
phantom variable named null, which yielded :undefined under the
default on_unbound policy and made the comparison false for a bound
null; it now compiles to [["load","x"],["lit",nil],["compare","STRICT_EQ"]]
and answers true. Anyone with a context key literally named "null"
stops reading it, and no automated check finds this - a consumer must grep
their stored predicates for null as a bare name. Then the loud cases,
which are self-announcing: a predicate that used null as a variable name
(null = 3), a bare property name (user.null), or a bare object key
({null: 1}) is now a parse error. The fix is renaming the variable or,
for an object key, quoting it ({"null": 1}, which still parses). Only
the lowercase spelling is reserved - NULL and Null stay ordinary
identifiers. The Ruby and JavaScript lexers do not adopt a grammar break
automatically, so this is a deliberate, documented surface-syntax
divergence until they adopt it on their own schedule (ADR-0002's sibling
consequence, ADR-0003).

Fixed
	A nil operand no longer crashes the evaluator. not, unary minus,
unary bang, the five arithmetic opcodes, and the three jump opcodes each
raised FunctionClauseError when handed a raw nil operand - a live
violation of "errors are values, never raised at a leaf" (ADR-0004),
reachable through several paths that already carried nil into
evaluation with no defined semantics (a bare map passed to evaluate/3,
a custom function returning {:ok, nil}, and others). Each now returns a
TypeMismatchError naming type :null, or, at a jump, treats the nil
as falsy - never a raise.

[5.0.0] - 2026-08-12
Added
	An undefined literal. undefined is now a literal keyword, parsing
to {:literal, :undefined, pos} and compiling to ["lit", :undefined] -
the same instruction an absent map key or a normalized nil already
produced, now with a source spelling an author can write directly. That
makes x === undefined a boundness test that answers {:ok, true} or
{:ok, false} for a bound value under either on_unbound policy - the
literal itself is never affected by the policy, since it compiles to lit
rather than load and only load consults it. A genuinely unbound root
is the exception on the strict side: it answers {:ok, true} under the
default policy, but still errors under on_unbound: :error, where the
load of x fails before the comparison runs. x == undefined is not
the same test and keeps propagating - it evaluates to :undefined rather
than answering, since == is a non-strict comparison operator. The ISA version does not move: surface
syntax is outside the ISA (docs/isa.md §6), and lit's operand already
admitted :undefined per §3's value domain, so this is a new spelling for
an instruction that already existed, not a new opcode or a widened one.
Predicator.decompile/2 renders the literal back as undefined.
	if/else statements parse. Predicator.parse_program/2 accepts
if cond { ... } with an optional else block, producing two new AST
nodes - {:if, condition, then_block, else_block, pos} and
{:block, statements, pos}. Braces are mandatory, a block may be empty,
and { } groups statements without opening a scope, so an assignment
inside a branch writes to the same flat context as one outside it.
else if is parser sugar with no chain node of its own: it parses as an
else block whose sole statement is the nested if, so
if a { A } else if b { B } and the hand-nested form produce the same
tree. if is statement-position only - Predicator.parse/2 rejects it
with a message naming parse_program/2. if/else now lowers to
instructions and runs: Predicator.execute/2,3 compiles an if
statement to the ISA v5 jump opcodes below and executes it, with an
unbound or non-boolean condition following the standing on_unbound/
TypeMismatchError rules. Predicator.decompile/2 renders an if
statement back to source: an else block whose sole statement is an
if prints as else if rather than nesting a new block, so
parse_program |> decompile |> parse_program is a fixpoint.
	ISA v5: jump and pop_jump_if_falsy. Two new opcodes, tier 8
(control flow) - jump is an unconditional relative forward jump; pop_jump_if_falsy
pops the stack top always and jumps to it when falsy, unlike
jump_if_falsy_or_pop, which preserves the value on the taken branch. Both
are what if/else statement lowering needs (ADR-0013), and the compiler
now emits both when lowering an if statement. Every ISA v5 instruction
list still provably halts in at most length(program) steps, since neither
opcode introduces a backward jump.
	ISA v6: jump_backward, the only back edge, and the loop budget. A new
opcode, tier 9 (loops) - an unconditional relative jump to index - offset,
distinct from jump rather than a negative offset on it, so opcode-name
scanning stays a sound version check and the absence of jump_backward
in a list remains a termination proof. Execution of a list containing it is
bounded: a per-execution loop budget is charged on every back edge taken,
by default 10,000, shared across every loop in the program, configurable
per call with the new :loop_budget evaluation option (evaluate/3,
execute/3, Predicator.Evaluator.evaluate/3) - a non-negative integer, or
0 to forbid back edges entirely; anything else raises ArgumentError, the
same line :on_unbound draws. Exhaustion stops execution with an
EvaluationError whose reason is "loop_budget_exceeded", carrying the
failing jump_backward instruction's position.
	while statements parse, compile, and round-trip.
Predicator.parse_program/2 accepts while cond { ... }, producing a new
AST node - {:while, condition, body, pos}. while is statement-position
only, exactly like if: Predicator.parse/2 rejects it with a message
naming parse_program/2. Braces are mandatory and the body block opens no
scope, so an assignment inside the loop writes to the same flat context as
one outside it. while lowers to the ISA v6 jump_backward opcode above -
docs/isa.md's "Emitted by compiler" column now reads yes - and every
execution is bounded by the loop budget. Predicator.decompile/2 now
round-trips while, rendering while cond { ... } and re-parsing to the
identical tree; if/block still decline pending px-3so.5. while was
already a reserved word from the v5 release (it could not be used as a
variable name, a bare property name, or a bare object key), so this is no
new grammar break.
	Conformance corpus: tier 9 (loops) covers jump_backward and budget
exhaustion. Six hand-authored cases in conformance/cases/loops.json -
no compiler emits the opcode yet, so these are instruction lists rather than
source - covering a counted loop running to completion, a loop whose
condition is falsy from the start, that the back edge is unconditional, an
unconditionally infinite loop exhausting the default budget with reason
"loop_budget_exceeded", and a zero offset and a target before index 0
each falling through to unknown_instruction.
	Conformance corpus: tier 8 covers else-if chains, nesting, and empty
blocks. conformance/cases/control_flow.json gains eleven if/else
statement-shaped cases exercising ADR-0013's full lowering: an else-if
chain taking each of its three branches, a nested if/else inside a then-
branch (both inner branches, plus the outer else skipping the nested
check entirely), an empty then-block and an empty else-block each taken
and not taken, and a non-boolean condition raising TypeMismatchError
inside the full if/else lowering rather than a bare pop_jump_if_falsy.
Tier 8's case count moves from 6 to 17 and the corpus hash advances
(px-3so.6).
	Type casts (::). A postfix expr::type operator converts a value to
one of the seven scalar types - string, integer, float, boolean,
date, datetime, duration - and chains, so "42"::integer::float casts
twice left to right. It binds tighter than unary minus, so -1::integer is
-(1::integer), i.e. -1, matching PostgreSQL. Casting compiles to a new
cast opcode at ISA v4, tier 7 - additive, no stored artifact changes
meaning. A conversion that cannot produce a value of the target type is
:undefined, not an error: "abc"::integer evaluates to :undefined
rather than raising, so a bad cast inside a larger expression like
"abc"::integer > 5 is just falsy. datetime::string omits the
fractional-seconds field when the sub-second component is zero and emits
exactly six digits otherwise, never any other shape. Predicator.decompile/2
renders a cast back to :: syntax, parenthesizing the operand only when it
binds looser than the postfix level ((1 + 2)::string, (-1)::integer), so
casts round-trip losslessly.
	The conformance corpus's tagged datetime encoding pins its
fractional-seconds form. {"$type": "datetime", "value": ...} now
canonicalizes on both encode and decode, so the emitted value string is a
function of the instant alone: the fraction is omitted entirely when the
sub-second component is zero and is exactly six digits when it is not, the
same form datetime::string already carries. Previously the emitted digit
count tracked Elixir's internal microsecond precision field, so the same
instant could encode two different ways depending on which code path
produced it. Every tagged datetime value shipped in the 4.0.0 corpus is
already zero-fraction, so this makes precise a specification a sibling may
already be reading, without moving any byte currently on disk.
	Predicator.FunctionProvider behaviour. A module implements one
callback, functions/0, returning %{name => {arity, atom}} - the atom
names a public (args, context) function on the same module. The four
builtin modules (SystemFunctions, DateFunctions, JSONFunctions,
MathFunctions) implement it and are the default provider list, named by
Predicator.FunctionProvider.builtin_providers/0.
	Context.new/2 gains providers:, builtins:, and host:.
providers: is a list of FunctionProvider modules, resolved left to
right into the dispatch map after the builtins (unless builtins: false)
and before the inline :functions closure map - each later source shadows
a same-named entry from an earlier one. A provider module that fails to
load, lacks functions/0, or names an atom not exported at arity 2 raises
ArgumentError at construction, naming the module and the offending
entry - host API misuse, not a predicate-derived failure (ADR-0004).
host: carries an opaque term - a database connection, a request struct, a
tenant id - stored exactly as given, with no normalization, and never
reachable from predicate text. Context.put_host/2 replaces it in O(1),
independent of the data map's size, leaving data, functions, and
on_unbound untouched.

Changed
	Every custom function's second argument is now the %Predicator.Context{}
struct, not the bare data map. Read the data namespace with
context.data (was: the second argument itself) and, for a provider
function, host state with context.host. The rewrite for an existing
closure is a one-line change at each data read in the function body:
fn [args], context -> ... Map.get(context, "x") ... end becomes
fn [args], context -> ... Map.get(context.data, "x") ... end. Provider
registration (providers:) replaces the closure map as the primary
interface; an inline :functions closure map survives as a convenience for
one-off calls and tests, still called under the same (args, context)
convention, but a context carrying one is not serializable (a context built
only from providers: is - :erlang.term_to_binary/1 round-trips it).
This is a breaking change and ships as 5.0.0 (ADR-0014).
	if, else and while are reserved words. The lexer now classifies
all three as keywords rather than plain identifiers, so a predicate that
used one as a variable name (if = 3), a bare property name (user.if),
or a bare object key ({if: 1}) is now a parse error. The fix is renaming
the variable or, for an object key, quoting it ({"if": 1}, which still
parses). Only the lowercase spelling is reserved - IF, Else, and
similar stay ordinary identifiers. All three words are reserved together
even though while does not gain real grammar until a later release, so
the break lands once instead of twice (ADR-0013).
	undefined is a reserved word. The lexer now classifies it as a
literal keyword rather than a plain identifier, so a predicate that used it
as a variable name (undefined = 3), a bare property name
(user.undefined), or a bare object key ({undefined: 1}) is now a parse
error. The fix is renaming the variable or, for an object key, quoting it
({"undefined": 1}, which still parses). Only the lowercase spelling is
reserved - UNDEFINED and Undefined stay ordinary identifiers.
	Published ADR set. The API documentation now carries every ADR its pages
cite - ADR-0009 (the compiled envelope) and ADR-0011 (casts are an opcode)
join 0001-0003 - so those citations resolve on hexdocs instead of 404ing.
The governance ADRs stay unpublished and the ADR index links them by
absolute GitHub URL.
	Type-mismatch errors raised by an instruction that only exists as the
lowering of a source construct now name the construct rather than the
opcode. if "a" { y = 1 } and while "a" { y = 1 } report Condition requires a boolean, got "a" (string) instead of Pop Jump If Falsy requires ...; "a" and true and "a" or true report Logical AND and
Logical OR, matching their non-short-circuit twins; a failing store
reports Assignment requires a string or an integer, got true (boolean)
instead of Store requires .... Error positions, the instruction set, and
the conformance corpus are unchanged. in and contains keep their
existing In / Contains rendering deliberately - both are operators the
author types, so neither leaks an opcode name.

Removed
	Evaluator.merge_functions/1. Replaced by provider resolution at
Context.new/2; the shadowing order (builtins first, then providers:
left to right, then :functions) is unchanged.
	all_functions/0 on the four builtin function modules. Each module's
functions/0 (added non-breaking, ahead of this release) is the only
registration surface now; the underlying call_* implementations are
unchanged.

[4.0.0] - 2026-08-08
Added
	Statement grammar. Predicator.parse_program/2 and
Predicator.Parser.parse_program/2 parse
program := statement (";" statement)* [";"], where a statement is either an
assignment (location "=" expression, the left side an identifier optionally
followed by .name and [key] accessors) or an ordinary expression. Programs
parse to {:program, [statement], position}, assignments to
{:assignment, lhs, rhs, position}; both carry positions or spans like every
other node, and both round-trip through Predicator.decompile/2. The
expression grammar is otherwise unchanged, and Predicator.parse/2 still
returns a bare expression AST. Compiling and running a program is the
store and pop opcodes and Predicator.execute/2, below.

	The store and pop opcodes; compiling and running a program. ISA v3
gains two tier-6 opcodes: ["store", n] pops a value and the n location
segments beneath it and writes path -> value into the evaluator's
context - the only opcode that does - and ["pop"] discards the stack top.
docs/isa.md §5 has the full stack discipline and error shapes. No
existing instruction list changes meaning: this is additive on top of a
retirement (and, or) that v3 has never shipped, so every instruction
list valid before this change stays valid and means the same thing after
it. Compiler.to_instructions/2 and to_instructions_with_positions/2 now
accept a Parser.program() as well as an expression AST, compiling
{:program, ...} and {:assignment, ...} per docs/reference/ast.md's
"Statement nodes" section. Predicator.compile_program/1 and
compile_program_with_positions/1 are the program-shaped echoes of
compile/1 and compile_with_positions/1. Predicator.execute/1,2,3 is
the statement-mode entry point: execute(program_or_source, context \\ %{}, opts \\ []) accepts source, an instruction list, or a %Compiled{}, and
returns {:ok, %Context{}} | {:error, error, %Context{}}. On error the
third element is the context as of the last statement that completed
successfully - prior writes survive a later failure, and whether to keep or
discard them is the caller's policy, not the engine's: a caller wanting
all-or-nothing drops the third element and keeps the context it already
had. Predicator.Evaluator.run_state/1, the state-preserving runner
statement mode needs, is now public. Predicator.execute/1,2,3 has a
sibling, execute_value/1,2,3, below, for a caller who also wants the
program's last expression statement's value.

	Predicator.execute_value/1,2,3. The sibling of execute/1,2,3 for a
caller who also wants the program's last expression statement's value:
it returns {:ok, value, %Context{}} | {:error, error, %Context{}}, where
value is that statement's value, or :undefined when the program has no
expression statement (an assignments-only program, for instance).
Predicator.execute/1,2,3 is unchanged and still returns
{:ok, %Context{}}. The value comes from Predicator.Evaluator.last_value/1,
a new accessor over a new last_value field on %Evaluator{} that the
machine fills in as it runs. No compiled program changes and the ISA does
not move - the value is retained by the machine, not encoded by the
compiler, so an instruction list compiled before this change runs
identically and reports the same value under execute_value/2.

	Source spans. A point position tells an editor where to put a caret; a
span tells it what to underline. Predicator.Parser.parse/2,
Predicator.parse/2, and Predicator.evaluate/3 (string input only) take
spans: true, under which every AST node's existing trailing slot carries a
Predicator.Types.span/0 - {{start_line, start_col}, {end_line, end_col}}
with an exclusive end, matching LSP ranges - instead of a
{line, column}. For a * true the arithmetic node spans the whole
expression rather than naming column 3. A parenthesized expression's span
widens to include its parentheses, so (a + b) spans (a + b) rather than
a + b, and this composes upward: (a + b) * c gives the multiply node a
span slicing to the whole source string. Nesting composes to the outermost
pair, so ((a)) spans ((a)).

	Predicator.Types.span/0 and Predicator.Types.span_table/0.

	Predicator.compile_with_spans/1, the span-mode sibling of
compile_with_positions/1. Returns {:ok, %Predicator.Compiled{}} whose
positions holds a span table mapping each instruction index to a span;
instructions is byte-identical to compile/1's output. Pass the struct
straight to evaluate/3, which threads the table itself.

	Predicator.Compiled, a two-field struct pairing an instruction list
(instructions) with its source-location table (positions), plus a
doctested new/2 for a caller who stored the two separately and wants them
back as one value. Returned by compile_with_positions/1 and
compile_with_spans/1 and accepted directly by evaluate/3. It is an
in-memory Elixir value, not a wire format - see ADR-0009.

	:span on Predicator.Errors.EvaluationError,
Predicator.Errors.TypeMismatchError, and
Predicator.Errors.UndefinedVariableError, defaulting to nil.

	Predicator.Errors.put_position/2 accepts a span: it sets :span to the span
and :position to the span's start, so a caller reading only :position
still gets a usable caret under spans: true.

	Predicator.Evaluator.unbound_loads_with_locations/1, returning each unbound
load paired with the source location of the instruction that read it.
unbound_loads/1 is unchanged.

	ISA version stamping. Predicator.isa_version/0 returns the integer ISA
version this build emits and can run, currently 2, independent of the
library's semantic version (ADR-0003). Predicator.Instructions.required_isa/1
takes a compiled instruction list and returns the minimum ISA version it
needs, computed by scanning its opcode names against the table in
docs/isa.md: {:ok, integer}, or {:error, %Predicator.Errors.EvaluationError{}}
for an unknown opcode or a malformed element. Together they let a consumer
holding a stored artifact, or a sibling implementation handed an instruction
list, refuse it up front instead of failing partway through a run. No
instruction changed: the wire format is still a bare list, no opcode was
added or altered, and every instruction list valid before this release is
valid after it.

	Predicator.Instructions.opcodes/0, returning the full opcode table -
every opcode mapped to the ISA version that introduced it and its
conformance tier - and Predicator.Instructions.tier/1, returning a single
opcode's tier as {:ok, integer} or the same "unknown_opcode"
{:error, %Predicator.Errors.EvaluationError{}} required_isa/1 returns.
Tier is a conformance-corpus grouping (px-35i.4), a function of opcode
only, per docs/isa.md section 4.

	The conformance corpus (px-35i.4). conformance/ in the repository -
deliberately not shipped in the hex package, since nothing an application
does at runtime reads it. The tooling that maintains it is excluded for the
same reason and is not public API: the mix corpus.* tasks and the
Predicator.Conformance.* modules they call exist only in a git checkout.
Authored cases live in conformance/cases/*.json;
the generated, checked-in corpus in conformance/corpus/tier-*.json (one
case per line, sorted by id); and conformance/manifest.json (ISA version, a
corpus_hash sha256 over the corpus content, and the tier/opcode/case-count
table). mix corpus.generate regenerates both from the authored cases by
running each through the real compiler and evaluator; mix corpus.generate --check regenerates in memory and exits non-zero on drift without writing,
for CI. test/predicator/conformance/corpus_freshness_test.exs does the
same in-process and fails the suite naming the affected case ids, so a
semantic change nobody meant to make turns the gate red instead of silently
shipping a stale corpus.

	Conformance corpus breadth, schemas, and the runner contract (px-35i.4
Phase 5). Cases now cover every opcode except the two documented exclusions
(relative_date, clock-dependent; object_set on a non-map, unspecified),
a rule test/predicator/conformance/opcode_coverage_test.exs enforces and
binds to conformance/README.md's own exclusion list. conformance/schema/
gains corpus.json, manifest.json, and report.json (JSON Schema, draft
2020-12) alongside the existing case.json; every generated artifact is
validated against its own schema. conformance/README.md is the runner
contract a sibling implementer reads first: the two surfaces (evaluator and
compiler), the tagged-value encoding normatively, the never-skip rule and
why schema/report.json's result enum has no skip value, how to add a
case without an Elixir toolchain, and the known-uncovered list. docs/isa.md
now points at conformance/README.md as the spec's executable form.

	mix corpus.coverage (px-35i.4 Phase 6). The corpus is authored, not
extracted from the existing ExUnit suite, so nothing else tells an author
what that suite exercises that the corpus does not. This dev-only task
statically scans test/**/*.exs (excluding the corpus's own test suite)
for literal Predicator.evaluate/2,3 and Predicator.compile/1 sources,
compiles each through the real compiler, and diffs the resulting opcode/
operand patterns against the shipped corpus's own instructions, printing a
checklist of gaps grouped by tier. Predicator.Conformance.Coverage holds
the diffing logic; report only, it never writes a case and never fails the
gate. Function gaps are classified against the builtin registry: a name no
builtin module registers is suite-local test scaffolding and prints under a
trailing "Not corpus candidates" heading, and the non-deterministic
exclusions carry an inline note instead of a bare corpus: 0 row.

	conformance/RATCHET.md: the sibling conformance ratchet format
(px-35i.8). Specifies the registry a sibling implementation (impl/rb,
impl/ts, or any future port) writes to record which corpus cases it
passes, on which surface, against which corpus version - this repo
publishes the format only, and ships no registry and no runner itself. A
registry entry keys on (case_id, surface), not case_id alone, because a
source: null case is absent from the compiler's case set rather than
present-and-skipped, and a flat id list cannot express that a compiler
claim on such a case is meaningless. Rule 1: an entry whose
(case_id, surface) pair (or tier) disagrees with the pinned corpus fails
the run, never silently drops. Rule 2: entries are sorted by
(surface, tier, case_id) and encoded one per line with no indentation, so
ratcheting a case in is a one-line diff rather than a reflowed array nobody
reviews. Rule 3: the registry is grown only by verify-then-add - written
solely from a runner report, refusing to record a failing case and never
removing an existing entry - so every line in the file is a claim a run
actually observed. The whole registry pins to a single
corpus_hash from conformance/manifest.json; a mismatch is a hard
failure, not an auto-refresh. conformance/schema/registry.json is the
schema and conformance/examples/registry.example.json the worked example,
both validated against the shipped corpus by
test/predicator/conformance/ratchet_registry_test.exs. RATCHET.md also
carries language-neutral pseudocode for the reference runner and the CI-side
check step, so a sibling with no Elixir toolchain can implement both without
guessing. Nothing here enters the hex package: conformance/ is excluded
from mix.exs's files: list, same as the rest of the corpus tree.

	Opcode retirement mechanics (px-t2v). Predicator.Instructions.in_isa?/2
answers whether an opcode's table entry is in a given ISA version's set;
opcode_set/1 returns the full set of opcode names a given ISA version
comprises; retired_in/1 returns the ISA version that retired an opcode, or
{:ok, nil} for one still live, mirroring tier/1's error shape for an
unknown name. opcodes/0's value shape widens to carry an optional
:removed_in key alongside the existing :isa and :tier - no opcode
carries it yet, so every existing return value is unchanged.

	Two new guides (px-ycj). Porting Predicator
is the path a sibling implementation follows: what an ISA version obliges it
to implement, the two conformance surfaces and which to lead with, how to
run the tiered corpus, and what "conformant at tier N" claims.
Embedding compiled programs is the
compile-once/store/check lifecycle: compile/1 versus
compile_with_spans/1, what is safe to store, the required_isa/1 check
against isa_version/0, and what a major version does to a stored
artifact. Both are published as hexdocs extras and linked from the README.


Documentation
	Contributor how-tos move out of the published docs (px-7jd.3).
docs/architecture.md's Development, Common Tasks, Code Standards,
Performance Considerations, and Troubleshooting sections - the quality-check
commands, the "Adding New Operators" and "Adding New Data Types" checklists,
and debugging notes - move to the new docs/contributing.md, which is not
listed in mix.exs's hexdocs extras and so is neither published nor shipped
in the hex package. docs/architecture.md now reads as architecture; the
README's Development section points at the new file. No behavior
changed; this only moves where contributor instructions live.

	docs/reference/language.md documents :undefined and sparse-data
semantics. A new "Undefined and Sparse Data" section covers where
:undefined comes from (unbound roots, missing nested paths), mismatched
non-strict comparisons, AND/OR falsiness and its ECMAScript-style
asymmetry, a per-operator reject-vs-propagate table, and the on_unbound
option, including the API-layer rule that reports a genuinely unbound root
as UndefinedVariableError even under the default policy. The Arithmetic
Operators table's / row is corrected: it previously read "Division
(integer)" for every case, when a float operand actually produces float
division. No behavior changed; this is a documentation-only addition.

	docs/isa.md reserves pop and specifies the statement-mode halt
contract. ["pop"] joins ["store"] as a reserved tier-6 name for the
future 4.0 statement layer - not implemented, not accepted by any current
evaluator clause, distinct from the live jump_if_falsy_or_pop /
jump_if_true_or_pop opcodes despite the shared word. Section 2 now
specifies two execution modes, distinguished by entry point rather than by
anything in the instruction list: expression mode, where the result is the
stack top at halt; and statement mode, where the result is the context at
halt, with an empty stack at halt by design. empty_stack is now documented
as an expression-mode rule only - a statement program halting with an empty
stack is a normal halt, not an error. A statement program that halts on an
error has no result; whether the host keeps or discards the partial context
from statements that already completed is the host's policy, not the VM's.
No instruction-set behavior changed: no opcode is added, removed, or
resemanticized, and the ISA version stays v2.

	docs/isa.md: the ISA reference. The single specification of
predicator's instruction set - one table row per opcode naming its arity,
operand types, stack effect, error semantics, ISA version, and conformance-
corpus tier, plus the cross-cutting rules that previously existed only as
prose in ADR-0001: what "falsy" means at a jump (false or :undefined),
that jumps are relative and forward-only, that opcodes validate rather than
coerce, and that a malformed operand is an unknown instruction rather than a
bad one. It also records ADR-0003's versioning scheme (integer ISA versions
independent of this library's semver) rather than re-arguing it. The
Predicator.Evaluator moduledoc and Predicator.Types.instruction/0 no
longer carry their own opcode lists - both now point at docs/isa.md
instead. No instruction-set behavior changed: this is a documentation
addition that consolidates specification already true of the evaluator, not
a change to what any opcode does.

	ADR-0003: the Elixir implementation leads the ISA. Amends ADR-0001's
consequences (not its decision): sibling parity in Ruby and JavaScript is a
downstream obligation, not a gate on ISA changes made here, and the ISA is
versioned so a sibling behind the current version is an expected, documented
state rather than a defect. Stored-artifact compatibility remains the
stronger, separate guarantee. The ADR also settles three rules the ISA moves
under: an opcode's semantics never change under its own name, ISA versions are
integers independent of this library's version (additive versions ship in a
minor release, opcode retirement in a major one), and each sibling publishes
its own supported version rather than being tracked in a matrix here. This
does not change the instruction set - no opcode is added, removed, or
resemanticized. README.md's "Cross-Language Siblings" section and the
equivalent section in docs/architecture.md are reworded to match.


Fixed
	Predicator.decompile/2 under the default parentheses: :minimal now adds
parentheses when a child subexpression binds looser than its parent, or
ties with it in a position where left-associativity would otherwise regroup
it. Previously :minimal added no parentheses at all, so
{:arithmetic, :multiply, {:arithmetic, :add, 1, 2}, 3} rendered as
"1 + 2 * 3", which re-parses as 1 + (2 * 3) - a different AST and a
different value than the one decompiled. parentheses: :explicit and
parentheses: :none are unchanged.

	Predicator.Errors.UndefinedVariableError now carries a :position (and a
:span under spans: true) on every path. The evaluator records each unbound
load's source location alongside its name, so the error Predicator.evaluate/3
builds after the run - for a bare unbound root, and for the px-8um.7 rewrite
of a TypeMismatchError that rejected an unbound root's :undefined - points
at the variable's own token. It was the one runtime error type whose
:position was always nil. An instruction-list caller who passes no
positions: still sees nil.

	bracket_access on a list with a non-integer key no longer crashes.
xs[flag] against a list target with a boolean (or any other non-integer)
key raised FunctionClauseError from ordinary user-authored source instead
of returning an error value; it now returns {:error, %Predicator.Errors.TypeMismatchError{}} with expected: :integer. The same
crash via .property (the access opcode) against a list target now pushes
:undefined, matching that opcode's existing "never an error" contract.

	docs/isa.md's bracket_access bullet corrected: a boolean key against
a map target has always been an accepted key, not a TypeMismatchError -
the bullet previously left a reader to guess whether a boolean fell on the
atom side or the rejected side of that line. This is a documentation
correction, not a behavior change: no ISA version change and no existing
instruction list changes meaning.

	A store failure blames the location, not the =. In point-position mode
the ["store", n] instruction is now annotated with the lhs root segment's
position rather than the assignment node's operator token, so
Predicator.execute("a = 1; a.b = 2", %{}) reports position: {1, 8} (the
a being written) instead of {1, 12} (the =). Span mode is unchanged -
the assignment's span already started at the lhs root, and this makes the two
modes agree. Every emitted instruction list is byte-identical; no ISA version,
error type, reason, or {:error, error, context} shape moves.

	The store segment-type message names both accepted types. An out-of-domain
location segment now reports Store requires a string or an integer, got true (boolean) rather than Store requires a string, which was false about what
store accepts - integer segments index lists. The normative
expected: :string field is unchanged, matching how docs/isa.md states
bracket_access's key rule. Predicator.Errors.TypeMismatchError.unary/5 is
the new constructor that separates the message text from the expected atom.

	A store failure blames the exact failing location segment. Building on
the fix above, the compiler now emits a per-store side table mapping each
["store", n] instruction's index to one source annotation per location
segment, and the evaluator joins it with the failing segment's path index.
Predicator.execute(~s(a = {"b": 1}; a.b.c = 2), %{}) reports
position: {1, 17} - the property b, which held a scalar - instead of
{1, 15}, the location's root;
Predicator.execute("a[true] = 1", %{"a" => %{}}) reports {1, 3}, the
offending key, instead of {1, 1}. Under spans: true the
underline narrows to the failing segment (a.b) instead of covering the whole
statement; the caret is unchanged, because a chain node's span already started
at the chain root. Predicator.Compiled gains a segment_positions field and
Predicator.Compiled.new/3, Predicator.Compiler gains
to_instructions_with_segment_positions/2, and
Predicator.Evaluator.evaluate/3 accepts a :segment_positions option - all
additive. A run without the table (a bare instruction list, a stored program)
positions a store failure exactly as it did before, at the location's root.
Every emitted instruction list is byte-identical; no ISA version, error type,
reason, expected, or {:error, error, context} shape moves.


Changed
	Property and bracket access blame the accessed thing, not the accessor.
A {:property_access, ...} node's point position is now the property-name
token rather than the ., and a {:bracket_access, ...} node's is the
first token of the key expression rather than the [.
Predicator.parse("user.name") reports {1, 6} instead of {1, 5}; the
position table entry for an ["access", ...] or ["bracket_access"]
instruction moves with it, and so does any error stamped from one. Spans are
unchanged: spans: true still runs a chain node from the chain root to the
accessor's end. No instruction list, opcode, ISA version, error type, or
reason moves.

	Predicator.compile_with_positions/1 now returns {:ok, %Predicator.Compiled{}}
instead of {:ok, instructions, position_table}. The envelope carries the
instruction list and its source-location table as one value, so the table
cannot be silently dropped between compilation and evaluation;
Predicator.evaluate/3 accepts a %Predicator.Compiled{} directly and
threads the table itself. Read compiled.instructions and
compiled.positions for the old tuple elements; evaluate/3's :positions
option still works for a bare instruction list. Predicator.compile/1 and
Predicator.compile!/1 are unchanged and still return a bare instruction
list, which remains what a consumer serializes and stores. No instruction
changed and the ISA stays at version 3, so stored artifacts need no
migration. See ADR-0009.

	Predicator.decompile/2 renders a {:comparison, :eq, ...} node as ==
rather than =, so decompiled output always re-parses under the 4.0 grammar.
The node's meaning and compiled instructions are unchanged.

	docs/isa.md now specifies opcode retirement mechanics: retiring an opcode
mints the next ISA version, a version's opcode set is a half-open interval
so a retired opcode keeps its table row instead of being deleted, and the
conformance corpus freezes a retired case's expectation rather than
recomputing it through an evaluator clause that no longer exists.

	Predicator.Instructions.required_isa/1's unknown_opcode error message now
names the ISA version this build supports, not just the offending opcode:
Unknown opcode "store"; this build supports ISA v2 instead of
Unknown opcode: "store". The error struct is unchanged - reason
"unknown_opcode", operation :required_isa.

	BREAKING: the minimum Elixir version is now 1.18. mix.exs previously
declared ~> 1.11, but CI has tested only 1.17 and 1.18 for a long time, so
the declaration promised support that was neither verified nor known to work.
1.18 is required for the built-in JSON module; consumers on 1.17 or earlier
must stay on 3.x.

	object_set on a non-map target is now specified behavior. The evaluator
returns %Predicator.Errors.EvaluationError{} with reason
"invalid_stack_value" and operation :object_set instead of raising a
FunctionClauseError, matching how relative_date reports a non-duration on
the stack. docs/isa.md section 5 states it normatively rather than calling
it unspecified, and the conformance corpus covers it in the errors group - so
a sibling implementation must now produce this error to claim tier 4. The
shape is reachable only from a hand-built instruction list; the compiler
always emits object_new immediately before object_set, so nothing
compiled from source changes.


Removed
	= as an equality operator. == and === are the only equality
operators. = is assignment, valid only at the start of a statement and only
with an assignable left side; a bare = in expression position - through
Predicator.parse/2, Predicator.evaluate/3, or nested inside a statement -
is a parse error naming == as the fix, never a silent reinterpretation. The
3.7.0 deprecation warning was the notice period; migrate to == before
upgrading. The instruction set is unaffected: = and == always compiled
to ["compare", "EQ"], {:comparison, :eq, ...} remains a fully supported
AST node, and no stored instruction list is invalidated. See
ADR-0002.

	The config :predicator, deprecation_warnings setting, which existed only to
silence that warning. It is now inert and has been deleted; remove it from
your config.

	Breaking: :line and :column on Predicator.Errors.ParseError. The
struct now stores the location once, in :position, as the
{line, column} tuple typed Predicator.Types.position/0 that
EvaluationError, TypeMismatchError, and UndefinedVariableError already
carry. Code reading error.line reads elem(error.position, 0) instead, or
better, matches %ParseError{position: {line, column}}.
ParseError.new/3 keeps its (message, line, column) signature, and error
message text is unchanged.

	BREAKING: the pre-4.0 AST shape acceptance.
Predicator.Parser.strip_positions/1 and
Predicator.Parser.ensure_positions/1 are gone, along with the
t:Predicator.Parser.bare_ast/0 and t:Predicator.Parser.bare_object_key/0
types. The AST has one shape: every node carries a trailing slot holding a
position, a span, or nil.
Predicator.decompile/2, Predicator.Compiler.to_instructions/2,
Predicator.Compiler.to_string/2, and Predicator.ContextLocation.resolve/2
no longer accept the position-free shape Predicator 3.6 produced. A caller
building an AST by hand adds the slot:
{:comparison, :gt, {:identifier, "score", nil}, {:literal, 85, nil}, nil}.
A caller that was calling strip_positions/1 to compare two ASTs while
ignoring positions writes that traversal itself; it is a few lines and its
exact semantics - whether object-key style is significant, for one - are the
caller's to choose.
The instruction set is unchanged, so stored compiled artifacts and the
cross-language interchange format are unaffected (ADR-0001).

	Breaking: the legacy and/or opcodes are retired from the evaluator.
ISA v2 becomes v3 (Predicator.isa_version/0 now returns 3). This only
affects a consumer holding an instruction list that was compiled before
3.7.0 and stored somewhere; nothing compiled by 3.7.0 or later contains
these opcodes, since the compiler stopped emitting them then, so
recompiling from source and every surface AND / OR expression are
unaffected. Running such a stored list now returns an EvaluationError with
reason "retired_opcode", naming ISA v3 and the upgrade path, instead of
being silently mis-run. The migration is
Predicator.Instructions.upgrade/1, run once over stored artifacts to
rewrite them into jump form (identity on anything containing neither
opcode); the upgraded list short-circuits and follows the
ECMAScript-aligned :undefined rules that ADR-0001 documented for 3.7.0,
so a right operand that errored or was :undefined can now produce a
value where it previously produced a TypeMismatchError. Because jumps are
ISA v2 opcodes, upgrading also raises the list's required_isa/1 answer
from 1 to 2, so an artifact shared with an implementation still on ISA
v1 - which both siblings are - should be upgraded in step with those
consumers rather than ahead of them. and and or keep their rows in the
ISA table - required_isa/1 and tier/1 still answer for them - and the
conformance corpus still carries all five legacy cases.

	Breaking: the jason runtime dependency.
Predicator.Functions.JSONFunctions now uses Elixir 1.18's built-in JSON
module, so predicator has no runtime dependencies at all. The error text
from JSON.parse on malformed input changes wording - it now reads e.g.
Invalid JSON: unexpected byte 0x6F at position 1 - because the built-in
decoder reports failures differently. JSON.stringify behavior, including
the inspect/1 fallback for values that cannot be encoded, is unchanged.


Unchanged
Stated explicitly, because this release adds a second location representation
and nothing about the first one moves:
	Point positions remain the default at every entry point. Predicator.parse/1,
Predicator.compile/1, Predicator.compile_with_positions/1, and
Predicator.evaluate/3 without the option behave exactly as in 3.8.0.
	Predicator.Types.position/0 is untouched and still means a point.
	No AST node gained or lost an element; spans reuse the trailing slot.
	Every rendered error message string is identical with and without spans.
	The instruction list produced by compile/1 is byte-identical, so stored
compiled artifacts and cross-language interchange with the Ruby and
JavaScript siblings are unaffected (ADR-0001).
	A parenthesized expression's span excludes its parentheses, which build no
AST node.

[3.8.0] - 2026-08-05
Changed
	The Hex package tarball no longer bundles the markdown doc sources under
docs/. Every guide, the language and architecture references, and the
ADRs are still published in full at
hexdocs.pm/predicator and still live in
the GitHub repository; only the copy that mix deps.get unpacked into
deps/predicator/docs/ is gone. Read them online or from a repo checkout
instead.

	Predicator.Evaluator.run_prepared/1 returns {:error, error, evaluator}
instead of {:error, error}, so the final evaluator state - and with it
unbound_loads/1 - is available on the error path as well as the success
path. run/1, evaluate/3, evaluate!/3, evaluate_prepared/1, and
Predicator.run_evaluator/1 are unchanged.

	Context keys and nil values are now normalized eagerly and deeply.
Predicator.Context.new/2 and bind/3 convert atom keys to string keys
(string key wins on collision) and nil values to :undefined, recursing
through nested maps and lists, before evaluation ever sees the data. This
is the one edge where atom keys and nil are accepted; the two
String.to_existing_atom/1 read-time fallbacks that used to paper over
their absence - in Predicator.Evaluator.load_from_context/2 (variable
load) and access_value/2 (property/bracket access) - are deleted, since a
context reaching them through Context.new/2/bind/3 never has atom keys
left to fall back to. Ordinary Predicator.evaluate/3/evaluate!/3
callers passing a bare map are unaffected - atom-keyed and nil-bearing
contexts keep working exactly as before, now via the edge instead of the
read-time fallback. The low-level Predicator.Evaluator.evaluate/3/
evaluate!/3 and Predicator.evaluator/2 APIs, which construct an
evaluator directly and bypass Context.new/2, no longer accept atom keys:
this is better-defined behavior for that narrow surface, not a removal - a
caller who wants atom-key or nil normalization goes through
Predicator.Context or Predicator.evaluate/3 instead.
One narrowing follows from "deep and total": a duration value
(Predicator.Types.duration/0) is a plain atom-keyed map, not a struct,
so a pre-built Predicator.Duration.new/1 result bound into a context
now has its keys stringified like any other map and is no longer recognized
as a duration by date arithmetic. Durations built the documented way - by a
duration(...) or 3d8h literal in the expression, during evaluation -
never pass through this normalization and are unaffected.

	Object keys are now {:object_key, value, style, pos} rather than
{:identifier, name, pos} / {:string_literal, value, pos}, where style
is :identifier, :double, or :single and records how the key was
written. Keys no longer reuse the expression node tags, so nothing tells a
key from an expression by tuple arity. Callers pattern-matching a parsed
object entry's key update their patterns to the new tag;
Predicator.Parser.strip_positions/1 still returns the 3.6 shape and
Predicator.Parser.ensure_positions/1 still accepts every earlier key
shape, so a hand-built AST passed to Predicator.decompile/2 or
Predicator.Compiler.to_instructions/2 is unaffected, and the instruction
list is byte-identical.

	Predicator.decompile/2 now renders a single-quoted object key with single
quotes instead of rewriting it to double quotes, and escapes a quote
character inside a key. A key containing the quote character previously
decompiled to syntactically invalid source.


Added
	on_unbound: :error on Predicator.Context.new/2 (and as an option to
Predicator.evaluate/3 and Predicator.Evaluator.evaluate/3): a load of an
unbound root variable returns
{:error, %Predicator.Errors.UndefinedVariableError{}} instead of the
:undefined sentinel. Roots only - a missing key on a bound map stays
:undefined under either policy - and a load a short-circuit skipped never
fires it. The default, :undefined, is unchanged behavior.

	Predicator.Errors.ParseError gains a :position field - {line, column},
derived from the existing :line and :column fields, which stay
populated unchanged. Generic error-reporting code can now read :position
uniformly across ParseError, EvaluationError, TypeMismatchError, and
UndefinedVariableError instead of special-casing ParseError. Additive
and non-breaking - no existing caller matching on :line/:column needs
to change.


Fixed
	An unbound variable is no longer hidden behind a nameless type mismatch.
Predicator.evaluate/3 reported TypeMismatchError "Logical NOT requires a boolean, got :undefined" for not unbound, naming no variable, while
unbound > 5 correctly returned UndefinedVariableError. Every opcode that
rejects an :undefined operand - not, unary_minus, unary_bang, add,
subtract, multiply, divide, modulo, and the legacy ["and"]/["or"]
instructions - now reports the unbound root instead, when the operand came
from a variable the run loaded and did not find bound. A key bound to
:undefined (%{"b" => :undefined}) and a missing nested path on a bound
root (user.nope) still produce a TypeMismatchError: those are genuine
type mismatches on data the caller supplied. Evaluation semantics are
unchanged - :undefined still errors in these positions - and the low-level
Predicator.Evaluator.evaluate/3 still returns the bare TypeMismatchError.

	The Hex package files: list named a bare docs entry, which swept the
whole docs/ tree - including docs/plans/*.md and docs/design/*.md,
the agent workflow's internal per-bead planning documents. It now names the
published doc subtrees explicitly (docs/reference, docs/guides,
docs/adr, docs/architecture.md), matching what the docs() extras list
already publishes to hexdocs.


[3.7.0] - 2026-08-05
Changed
	AND and OR now short-circuit. Previously the compiler evaluated both
sides of every AND/OR unconditionally, so an unbound variable or a
runtime error on the side that should have been skipped surfaced as an
error - false AND score > 5 with score unbound raised
TypeMismatchError, and true OR (1 / 0) > 1 raised a division-by-zero
error. Both now evaluate to false and true respectively, matching every
mainstream language's AND/OR semantics and this library's own graceful
undefined-handling documentation. This is an observable behavior change:
expressions that previously returned {:error, _} now return {:ok, _}. A
consumer relying on the error was relying on the bug. :undefined
propagation is ECMAScript-aligned rather than symmetric - see
docs/architecture.md's "Short-Circuit Evaluation" section for the exact
rule. Old compiled artifacts using ["and"]/["or"] directly are
unaffected; the evaluator still accepts both opcodes.
	Predicator.parse/1 now returns positioned AST nodes, so every node has one
more trailing element than it did in 3.6. Callers that pattern-match on node
shape either wrap the result in Predicator.Parser.strip_positions/1 to get
the old shape back, or add a trailing _position to their patterns.
Predicator.decompile/2 and Predicator.Compiler.to_instructions/2 still
accept a hand-built 3.6-shaped AST unchanged, and the instruction list
Predicator.compile/1 produces is byte-identical, so stored compiled
artifacts and cross-language interchange are unaffected.
	Documentation restructured: the README is now a slim entry point, with the
language reference, nested data access, custom functions, and location
expressions moved to docs/reference/ and docs/guides/ and published to
hexdocs. All documentation examples are now executed by the test suite.

Added
	ISA v2 (ADR-0001): the instruction set is Predicator's cross-language
interchange format, and both entries below are new opcodes the Ruby and
JavaScript siblings need to add for parity with this release.	["make_list", n] instruction: pops n values from the stack and pushes
them as a list, in source order.
	["jump_if_falsy_or_pop", offset] and ["jump_if_true_or_pop", offset]
instructions: relative, forward-only conditional jumps used to
short-circuit AND/OR.


	Predicator.Context: a bound evaluation context built once with new/2
(merging builtin and custom functions a single time), rebound cheaply with
bind/3 and assign/3, and evaluated against many times via
Predicator.evaluate/3, which now accepts either a %Context{} or a bare
map
	Predicator.Undefined: the one public module that owns the :undefined
sentinel - value/0, undefined?/1, and to_nil/1/from_nil/1
normalizers for a JSON-shaped boundary. Predicator.Types.undefined?/1
now delegates to it.
	Predicator.Context.bound?/2: answers whether a root variable is bound in
a context's data, checking both string and atom keys.
	starts_with(s, prefix), ends_with(s, suffix), substring(s, start[, len]),
and index_of(s, sub) builtin string functions
	concat(list1, list2) builtin function: concatenates two lists.
	+ now concatenates two lists ([1, 2] + [3] -> [1, 2, 3]), alongside
its existing numeric and string coercions.
	Predicator.Evaluator.run_prepared/1 (result plus final evaluator state),
Predicator.Evaluator.unbound_loads/1, and
Predicator.Evaluator.resolve_key/2.
	Source positions on every AST node: each node carries a trailing
{line, column} naming the token that defines it (the operator token for
binary and unary operators, the opening bracket for lists and objects, the
name token for function calls).
	Predicator.Parser.strip_positions/1 and
Predicator.Parser.ensure_positions/1: total, idempotent normalizers between
the positioned AST and the position-free shape Predicator 3.6 produced.
	Predicator.Compiler.to_instructions_with_positions/2 and
Predicator.Visitors.InstructionsVisitor.visit_with_positions/2: compile to
the usual instruction list plus a side table mapping each instruction's
0-based index to the {line, column} of the AST node that emitted it. The
table is an Elixir-side companion value and never enters the instruction
format itself.
	Predicator.compile_with_positions/1: compiles a string expression to the
instruction list compile/1 returns plus that side table.
	An optional :position field on Predicator.Errors.EvaluationError,
Predicator.Errors.TypeMismatchError, and
Predicator.Errors.UndefinedVariableError, holding the {line, column} of
the source token behind the failing instruction, or nil when no side table
was available.
	Predicator.Errors.put_position/2: attaches a position to any error value,
returning it unchanged when the position is nil or the value has no
:position field.
	A :positions option on Predicator.evaluate/3 and
Predicator.Evaluator.evaluate/3, seeding the side table used to populate
:position on runtime errors. Evaluating a string expression threads its own
table automatically; an instruction-list caller who omits the option sees
position: nil and no other change.

Fixed
	Predicator.decompile/2 and Predicator.Compiler.to_string/2 no longer
raise FunctionClauseError on ASTs containing dotted property access
(user.name). Predicator.Visitors.StringVisitor was missing the
:property_access clause; it now renders object.property, including
chains (user.profile.email) and mixes with bracket access.
	Duration units now parse in source order: 3d8h produces
[{3, "d"}, {8, "h"}] instead of the reversed [{8, "h"}, {3, "d"}], and
multi-unit durations round-trip through the string visitor unchanged
	Comparing a Date against a DateTime now returns a boolean instead of
silently evaluating to :undefined. The Date is coerced to 00:00:00
UTC of that day, matching the coercion mixed date subtraction already
performs. This covers ordering, ==/!=, and in/contains, and it
makes every relative date (3d ago, 2w from now, next 1mo, last 1y,
all of which produce a DateTime) usable against a Date context value.
Strict equality (===/!==) stays type-strict and never crosses the
boundary.
	Date and DateTime ordering (<, >, <=, >=) is now chronological.
The evaluator previously dispatched ordering comparisons to Erlang's </>
after confirming both sides were the same struct type, but Erlang orders
structs by sorted map key, not by field meaning - Date's keys sort
day, month, year, so #2026-08-14# < #2030-01-01# compared day 14 against
day 1 and returned false. DateTime was worse, sorting microsecond
ahead of month. Ordering now goes through Date.compare/2 and
DateTime.compare/2, and EQ/NE/list-membership on DateTime now agree
with DateTime.compare/2 rather than structural equality, so two DateTime
values denoting the same instant in different time zones compare equal.
	Predicator.evaluate/3 now correctly reports UndefinedVariableError for
any unbound root variable, not just a bare variable_name expression. The
old check only matched a single-instruction [["load", _]] program, so an
unbound variable inside a larger expression ("missing > 5") silently
returned {:ok, :undefined} instead of an error.
	Unbound-variable reporting now reflects the loads a run actually executed
rather than the loads the compiled program contains. With short-circuiting
AND/OR, a load inside a skipped branch is never read, but the previous
check scanned the whole instruction list and could name it -
(false AND missing) OR unbound_b reported missing instead of
unbound_b.
	List literals with non-literal elements ([x + 1, y]) now compile and
evaluate. Previously the compiler raised
"Non-literal list elements are not yet supported", the one place the
errors-are-values convention was broken; errors from such expressions are now
returned as {:error, _} values like every other failure.

Deprecated
= as an equality operator
	Parsing an expression that uses = as an equality operator now emits a
deprecation warning naming == as the replacement
	Behavior is otherwise unchanged: = still parses and still compiles to
["compare", "EQ"]
	Predicator 4.0 will make expression-position = a parse error. Migrate
to == before upgrading
	The warning is emitted once per parse and can be silenced with
config :predicator, deprecation_warnings: false

# Deprecated - warns, still works in 3.x
Predicator.evaluate("status = 'active'", context)

# Preferred
Predicator.evaluate("status == 'active'", context)
[3.6.0] - 2026-08-04
Added
Auto-vivifying path assignment for SCXML location expressions
	Predicator.ContextLocation.put/3 writes a value at a resolved location path,
creating missing intermediate maps and lists
	Predicator.context_assign/4 resolves a location expression and writes in one call
	Integer path segments index lists and pad gaps with :undefined
	Assigning through an existing scalar returns a :not_a_container error rather than
destroying data; negative indices return :invalid_index

Examples
Predicator.context_assign(%{}, "user.profile.name", "Ada")
# {:ok, %{"user" => %{"profile" => %{"name" => "Ada"}}}}

Predicator.context_assign(%{"items" => [1]}, "items[2]", "x")
# {:ok, %{"items" => [1, :undefined, "x"]}}

Predicator.ContextLocation.put(%{}, ["data", "users", 0, "name"], "Ada")
# {:ok, %{"data" => %{"users" => [%{"name" => "Ada"}]}}}
Changed
Replaces the hand-rolled quality gate with ex_quality
	mix quality is now ex_quality, configured
in .quality.exs; the vendored lib/mix/tasks/quality.ex has been removed
	The gate runs format, compile (warnings as errors), Credo --strict, Dialyzer,
an unused-dependency and security audit, and the full suite with the existing
90% coverage minimum - stages run in parallel and report file:line findings
	mix quality --profile loop replaces --skip-dialyzer: it skips Dialyzer and
coverage and runs only the tests covering changed code
	mix quality --format json emits a machine-readable report
	mix quality.check and mix test --watch are gone; the former no longer
existed as a task and the latter's mix_test_watch dependency was undeclared

[3.5.0] - 2025-09-09
Added
Adds milliseconds support to duration system
	New 'ms' unit support in lexer, parser, and evaluator
	Duration.to_milliseconds/1 function for high-precision calculations
	Pattern matching guards for automatic precision selection
	Smart DateTime arithmetic (millisecond vs second precision)
	Comprehensive test coverage with 89 new tests
	Refactors evaluator to use Duration module functions (DRY)

Examples
	500ms ago, 2s750ms from now
	#2024-01-15T10:30:00.000Z# + 1s500ms
	Automatic precision: ms > 0 triggers millisecond precision

[3.4.0] - 2025-09-09
Added
Durations and relative date/time arithmetic
	New duration literals and relative date expressions (e.g., 3d ago, 2w from now, next 1mo, last 1y)
	Date and DateTime arithmetic using durations (e.g., #2024-01-10# + 5d, #2024-01-15T10:30:00Z# - 2h)
	Grammar additions: duration and relative_date productions
	Full pipeline support (lexer, parser, compiler, evaluator, string visitor) with tests

Examples
Predicator.evaluate("created_at > 3d ago", %{"created_at" => ~U[2024-01-20 00:00:00Z]})
Predicator.evaluate("due_at < 2w from now", %{"due_at" => Date.add(Date.utc_today(), 10)})
Predicator.evaluate("#2024-01-10# + 5d = #2024-01-15#", %{})
Predicator.evaluate("#2024-01-15T10:30:00Z# - 2h < #2024-01-15T10:30:00Z#", %{})
Documentation
	Updated EBNF grammar in docs
	Added AGENTS.md with model-agnostic agent guidance; CLAUDE.md now references the same content

[3.3.0] - 2025-08-31
Added
	Depends on Jason library

[3.2.0] - 2025-08-31
Added
Strict Equality Operators
	New Operators: Added === (strict equality) and !== (strict inequality) operators
	Type-Safe Comparisons: Strict operators compare both value and type, unlike loose equality
	Round-Trip Preservation: Operators maintain their exact form during parse/decompile cycles
	Complete Pipeline Support: Full lexer, parser, evaluator, and visitor implementation
	Comprehensive Testing: 23 tests covering all aspects of strict equality functionality

Examples
# Strict equality - same type and value required
Predicator.evaluate("5 === 5", %{})      # {:ok, true}
Predicator.evaluate("5 === '5'", %{})    # {:ok, false} - different types

# Strict inequality - true when type or value differs
Predicator.evaluate("5 !== '5'", %{})    # {:ok, true} - different types
Predicator.evaluate("1 !== true", %{})   # {:ok, true} - different types

# Operator distinction preserved
Predicator.parse("x = y") |> elem(1) |> Predicator.decompile()   # "x = y"
Predicator.parse("x == y") |> elem(1) |> Predicator.decompile()  # "x == y"  
Predicator.parse("x === y") |> elem(1) |> Predicator.decompile() # "x === y"
Technical Implementation
	Lexer: Added :strict_equal and :strict_ne token types with proper precedence
	Parser: Extended comparison grammar to support strict operators
	Evaluator: Added STRICT_EQ and STRICT_NE instruction handlers
	StringVisitor: Added decompilation support for round-trip accuracy
	Type Safety: Works with all data types including :undefined values

[3.1.0] - 2025-08-30
Added
JavaScript-Style Object Literals (Complete Implementation)
	Object Literal Syntax: Full support for JavaScript-style object notation with {key: value} syntax
	Multiple Key Types: Both identifier keys (name: "John") and string keys ("first name": "John")
	Nested Objects: Unlimited nesting depth for complex data structures
	All Value Types: Objects support all Predicator value types (strings, numbers, booleans, dates, lists, expressions)
	Object Comparisons: Full equality and inequality operations between objects
	Integration: Seamless compatibility with all existing features (functions, operators, property access)

Object Literal Examples
# Basic object creation
Predicator.evaluate("{}", %{})                                    # {:ok, %{}}
Predicator.evaluate("{name: \"John\", age: 30}", %{})            # {:ok, %{"name" => "John", "age" => 30}}

# Variable references and expressions
Predicator.evaluate("{user: name, total: price + tax}", %{"name" => "Alice", "price" => 100, "tax" => 10})
# {:ok, %{"user" => "Alice", "total" => 110}}

# Nested objects
Predicator.evaluate("{user: {name: \"Bob\", role: \"admin\"}, active: true}", %{})
# {:ok, %{"user" => %{"name" => "Bob", "role" => "admin"}, "active" => true}}

# String keys for complex property names
Predicator.evaluate("{\"first name\": \"John\", \"last-name\": \"Doe\"}", %{})
# {:ok, %{"first name" => "John", "last-name" => "Doe"}}

# Object comparisons
Predicator.evaluate("{score: 85} == user_data", %{"user_data" => %{"score" => 85}})
# {:ok, true}
Complete Pipeline Support
	Lexer: Added {, }, : token recognition
	Parser: Full object grammar with proper precedence and error handling
	Instructions: Stack-based object_new and object_set instruction execution
	Evaluator: Efficient object construction and comparison operations
	String Visitor: Bidirectional transformation support (AST ↔ string representation)
	Type System: Enhanced type matching for object equality comparisons

Integration Features
	Function Integration: Objects work as function parameters and return values
	Property Access: Objects integrate with dot notation (obj.property) and bracket access (obj["key"])
	Boolean Logic: Objects support all logical operations (AND, OR, NOT)
	Arithmetic: Object properties can contain arithmetic expressions and results
	Date Support: Objects can contain date/datetime literals and date function results
	Custom Functions: Objects work seamlessly with user-defined functions

Quality and Testing
	886 Total Tests: Comprehensive test coverage including edge cases and integration scenarios
	91.8% Coverage: High test coverage across all components
	Parser Error Handling: Robust error recovery for malformed object syntax
	Performance Tested: Validated with large objects and repeated evaluations
	Production Ready: Full quality assurance (formatting, linting, type checking)

[3.0.0] - 2025-08-25
Added
Location Expressions for SCXML Assignment Operations (Phase 2 Complete)
	SCXML Location Expressions: Complete implementation of location path resolution for SCXML <assign> operations
	New API Function: Predicator.context_location/3 - resolves assignable location paths from expressions
	Location Path Resolution: Returns navigation paths like ["user", "name"], ["items", 0, "property"] for SCXML assignment targets
	Assignment Validation: Distinguishes valid assignment targets (l-values) from computed expressions (r-values)
	Core Module: Predicator.ContextLocation with comprehensive location resolution logic and error handling
	Structured Error Handling: Predicator.Errors.LocationError with detailed error types and context information

Location Expression Examples
# Valid assignment targets resolve to location paths
Predicator.context_location("user.profile.name", %{})                    # {:ok, ["user", "profile", "name"]}
Predicator.context_location("items[0]", %{})                             # {:ok, ["items", 0]}
Predicator.context_location("data['users'][index]['profile']", %{"index" => 2})  # {:ok, ["data", "users", 2, "profile"]}

# Invalid assignment targets return structured errors
Predicator.context_location("len(name)", %{})                            # {:error, %LocationError{type: :not_assignable}}
Predicator.context_location("42", %{})                                   # {:error, %LocationError{type: :not_assignable}}
Predicator.context_location("score + 1", %{})                            # {:error, %LocationError{type: :not_assignable}}
Error Types and Validation
	:not_assignable: Expression cannot be used as assignment target (literals, functions, computed expressions)
	:invalid_node: Unknown or unsupported AST node type encountered during resolution
	:undefined_variable: Variable referenced in bracket key is not defined in evaluation context
	:invalid_key: Bracket key is not a valid string or integer type
	:computed_key: Computed expressions cannot be used as assignment target keys

Assignable vs Non-Assignable Classifications
	✅ Valid Assignment Targets: Simple identifiers, property access, bracket access, mixed notation	user, score, config.database.host
	items[0], user['profile'], data["settings"]
	user.settings['theme'], data['users'][0].profile


	❌ Invalid Assignment Targets: Literals, function calls, computed expressions	42, "hello", true, #2024-01-15#
	len(name), upper(role), max(a, b)
	score + 1, items[i + 1], score > 85



Technical Implementation
	Full Location Resolution: Recursive resolution of nested property access and bracket access
	Mixed Notation Support: Complete support for expressions like user.settings['theme'] and data['users'][0].name
	Variable Key Resolution: Bracket keys can reference context variables for dynamic access patterns
	Context Integration: Uses existing evaluation context for variable key resolution
	Comprehensive Testing: 49 comprehensive tests covering all location resolution scenarios and error cases

Type Coercion and Float Support
	Float Literal Support: Extended lexer to parse floating-point numbers (e.g., 3.14, 0.5)
	Float Token Type: Added :float token type to distinguish from integers
	Parser Float Handling: Updated parser to handle float tokens and create appropriate AST nodes
	Arithmetic with Floats: All arithmetic operations now support both integers and floats	Addition, subtraction, multiplication work seamlessly with mixed numeric types
	Division returns float when needed, integer when evenly divisible
	Modulo remains integer-only as per mathematical conventions


	String Concatenation with + Operator: Implemented JavaScript-like type coercion	"Hello" + "World" → "HelloWorld" (string concatenation)
	"Count: " + 5 → "Count: 5" (string + number coercion)
	42 + " items" → "42 items" (number + string coercion)


	Type Coercion Rules:	Number + Number → Numeric addition (supports mixed int/float)
	String + String → String concatenation
	String + Number → String concatenation (number converted to string)
	Number + String → String concatenation (number converted to string)


	Comparison Enhancements: Numbers of different types (int/float) can be compared
	Unary Minus for Floats: Unary minus operator now works with floating-point numbers
	Error Message Updates: Updated error messages from "integer" to "number" where appropriate
	Comprehensive Testing: Added 28 new tests covering all type coercion scenarios

Changed
Property Access Parsing Architecture Overhaul (Breaking Changes)
	Complete Dot Notation Reimplementation: Transformed from dotted identifiers to proper property access AST nodes
	Lexer Breaking Change: Dots removed from valid identifier characters, now parsed as separate tokens
	Parser Grammar Enhancement: Added property access grammar postfix → primary ( "[" expression "]" | "." IDENTIFIER )*

	New AST Structure: Expressions like user.email now parsed as {:property_access, {:identifier, "user"}, "email"}
	Instruction Pipeline: Evaluation generates separate load and access instructions instead of single load with dotted name
	Mixed Notation Support: Enables complex expressions like user.settings['theme'] and data['users'][0].profile

Breaking Changes
v3.0.0 - Property Access Parsing Overhaul
This is a major breaking change affecting how dot notation is parsed and evaluated:
⚠️ Context Key Impact: Context keys containing dots (e.g., "user.email") will no longer match dot notation expressions (user.email). The expression user.email is now parsed as property access requiring nested structure %{"user" => %{"email" => "..."}}
Migration Required:
# BEFORE (v2.2.0 and earlier) - WILL NO LONGER WORK
context = %{"user.email" => "john@example.com"}
Predicator.evaluate("user.email = 'john@example.com'", context)  # No longer matches

# AFTER (v3.0.0+) - Use proper nested structures
context = %{"user" => %{"email" => "john@example.com"}}
Predicator.evaluate("user.email = 'john@example.com'", context)  # Works correctly
Technical Changes:
	Lexer: Dots no longer valid in identifier characters, parsed as separate :dot tokens
	Parser: New property access AST nodes {:property_access, left_node, property}
	Evaluator: New access instruction handler, removed dotted identifier support from load_from_context
	Instructions: user.email generates [["load", "user"], ["access", "email"]] instead of [["load", "user.email"]]

Benefits:
	Enables mixed notation: user.settings['theme'], data['users'][0].name
	Supports SCXML location expressions for assignment operations
	Proper property access semantics for complex data structures
	Foundation for advanced SCXML datamodel integration

[2.2.0] - 2025-08-24
Added
Bracket Access and Property Access Enhancement
	Complete Bracket Notation Support: Implemented full bracket access functionality (obj['key'], arr[0], obj[variable])
	Parser Extensions: Added postfix parsing for bracket access with recursive chaining support
	Grammar Enhancement: Updated grammar with postfix operations: unary → postfix, postfix → primary ( "[" expression "]" )*
	New AST Node Type: Added {:bracket_access, object, key} AST node for bracket access expressions
	Evaluator Support: Implemented ["bracket_access"] instruction with comprehensive evaluation logic
	Mixed Access Patterns: Full support for chained access like data['users'][0]['name']
	Array Indexing: Complete array access with bounds checking (items[0], scores[index])
	Dynamic Key Access: Support for variable and expression-based keys (obj[key], items[i + 1])
	Type Safety: Comprehensive error handling for invalid key types with structured error messages
	String Visitor Support: Added round-trip string conversion for bracket access expressions
	Comprehensive Testing: Added 12 new parser tests covering all bracket access scenarios

Error Handling Architecture Refactoring
	Modular Error Structure: Refactored monolithic error handling into individual error modules under lib/predicator/errors/
	Shared Error Utilities: Created Predicator.Errors module with common utility functions for consistent error formatting
	Individual Error Modules: Split error handling into focused modules:	Predicator.Errors.TypeMismatchError - Type validation and mismatch errors
	Predicator.Errors.EvaluationError - Runtime evaluation errors (division by zero, insufficient operands)
	Predicator.Errors.UndefinedVariableError - Variable access errors
	Predicator.Errors.ParseError - Expression parsing and syntax errors


	Consistent Error Messages: Unified error message formatting across all error types
	Code Quality Improvements: Resolved all credo issues with proper module aliasing and organization

[2.1.0] - 2025-08-24
Added
Arithmetic and Unary Operations (Complete Implementation)
	Full Arithmetic Support: Complete parsing and evaluation pipeline for arithmetic expressions	Binary operations: + (addition), - (subtraction), * (multiplication), / (division), % (modulo)
	Unary operations: - (unary minus), ! (unary bang/logical NOT)


	Proper Precedence: Mathematical precedence handling (unary → multiplication → addition → equality → comparison)
	Instruction Execution: Stack-based evaluator with 7 new instruction handlers
	Error Handling: Division by zero protection, type checking, comprehensive error messages
	Pattern Matching: Idiomatic Elixir implementation using pattern matching for clean code

[2.0.0] - 2025-08-21
Changed
Custom Function Architecture Overhaul
	Breaking Change: Removed global function registry system in favor of evaluation-time function parameters
	New API: Custom functions now passed via functions: option in Predicator.evaluate/3 calls
	Function Format: Custom functions use %{name => {arity, function}} format where function takes [args], context and returns {:ok, result} or {:error, message}
	Thread Safety: Eliminated global state for improved concurrency and thread safety
	Function Merging: SystemFunctions always available with custom functions merged in, allowing overrides
	Simplified Startup: No application-level function registry initialization required

Examples
# Old registry-based approach (removed)
Predicator.register_function("double", 1, fn [n], _context -> {:ok, n * 2} end)
Predicator.evaluate("double(21)", %{})

# New evaluation-time approach
custom_functions = %{"double" => {1, fn [n], _context -> {:ok, n * 2} end}}
Predicator.evaluate("double(21)", %{}, functions: custom_functions)

# Custom functions can override built-ins
custom_len = %{"len" => {1, fn [_], _context -> {:ok, "custom_result"} end}}
Predicator.evaluate("len('anything')", %{}, functions: custom_len)  # {:ok, "custom_result"}
Removed APIs
	Predicator.register_function/3 - Use functions: option instead
	Predicator.clear_custom_functions/0 - No longer needed
	Predicator.list_custom_functions/0 - No longer needed
	Predicator.Functions.Registry module - Entire registry system removed

Breaking Changes
v2.0.0 - Custom Function Architecture Overhaul
	Removed: Global function registry system (Predicator.Functions.Registry module)
	Removed: Predicator.register_function/3, Predicator.clear_custom_functions/0, Predicator.list_custom_functions/0
	Changed: Custom functions now passed via functions: option in evaluate/3 calls instead of global registration
	Benefit: Thread-safe, no global state, per-evaluation function scoping
	Migration: Replace registry calls with function maps passed to evaluate/3

[1.1.0] - 2025-08-20
Added
Nested Data Structure Access
	Dot Notation Support: Access deeply nested data structures using dot notation syntax
	Enhanced Lexer: Extended identifier tokenization to include dots (.) as valid characters
	Recursive Context Loading: Added load_nested_value/2 function for traversing nested maps
	Mixed Key Type Support: Works seamlessly with string keys, atom keys, or mixed key types
	Graceful Error Handling: Returns :undefined for missing paths or non-map intermediate values
	Unlimited Nesting Depth: Support for arbitrarily deep nested structures

Single Quote String Support
	Dual Quote Types: Added support for single-quoted strings ('hello') alongside double-quoted strings ("hello")
	Quote Type Preservation: Round-trip parsing and decompilation preserves original quote type
	Enhanced Lexer: Extended string tokenization to handle both quote types with proper escaping
	AST Enhancement: New {:string_literal, value, quote_type} AST node for quote-aware string handling
	Escape Sequences: Full escape sequence support in both quote types (\', \", \n, \t, etc.)

Breaking Changes
v1.1.0 - Nested Access Parsing
	Changed: Variables containing dots (e.g., "user.email") now parsed as nested access paths
	Impact: Context keys like "user.profile.name" will no longer match identifier user.profile.name
	Solution: Use proper nested data structures instead of flat keys with dots

[1.0.1] - 2025-08-20
Documentation
	Fixes main page for Hex docs

[1.0.0] - 2025-08-19
Added
Core Language Features
	Comparison Operators: Full support for >, <, >=, <=, =, != with proper type handling
	Logical Operators: Case-insensitive AND/and, OR/or, NOT/not with correct precedence
	Data Types:	Numbers (integers): 42, -17
	Strings (double-quoted): "hello", "world"
	Booleans: true, false
	Date literals: #2024-01-15# (ISO 8601 format)
	DateTime literals: #2024-01-15T10:30:00Z# (ISO 8601 with timezone)
	List literals: [1, 2, 3], ["admin", "manager"]
	Identifiers: score, user_name, is_active



Advanced Operations
	Membership Operators:	in for element-in-collection testing (role in ["admin", "manager"])
	contains for collection-contains-element testing ([1, 2, 3] contains 2)


	Parenthesized Expressions: Full support with proper precedence handling
	Plain Boolean Expressions: Support for bare identifiers (active, expired) without explicit = true

Function System
	Built-in System Functions:	String functions: len(string), upper(string), lower(string), trim(string)
	Numeric functions: abs(number), max(a, b), min(a, b)
	Date functions: year(date), month(date), day(date)


	Custom Function Registration: Register anonymous functions with Predicator.register_function/3
	Function Registry: ETS-based registry with automatic arity validation and error handling
	Context-Aware Functions: Functions receive evaluation context for dynamic behavior

Architecture & Performance
	Multi-Stage Compilation Pipeline: Expression → Lexer → Parser → Compiler → Instructions → Evaluator
	Compile-Once, Evaluate-Many: Pre-compile expressions for repeated evaluation
	Stack-Based Evaluator: Efficient instruction execution with minimal overhead
	Comprehensive Error Handling: Detailed error messages with line/column positioning

Developer Experience
	String Decompilation: Convert AST back to readable expressions with formatting options
	Multiple Evaluation APIs:	evaluate/2 - Returns {:ok, result} or {:error, message}
	evaluate!/2 - Returns result directly or raises exception
	compile/1 - Pre-compile expressions to instructions
	parse/1 - Parse expressions to AST for inspection


	Formatting Options: Configurable spacing (:normal, :compact, :verbose) and parentheses (:minimal, :explicit, :none)

Breaking Changes
⚠️ COMPLETE LIBRARY REWRITE ⚠️
Version 1.0.0 is a complete rewrite of the Predicator library with entirely new:
	API design and function signatures
	Expression syntax and grammar
	Internal architecture and data structures
	Feature set and capabilities

Migration Guide
Migration from versions < 1.0.0 has NOT been tested and is NOT guaranteed to work.
If you are upgrading from a pre-1.0.0 version:
	Treat this as a new library adoption, not an upgrade
	Review all documentation - APIs have completely changed
	Test thoroughly in development environments
	Expect to rewrite all integration code
	Plan for significant refactoring of existing expressions

Future 1.x.x versions will maintain backwards compatibility and include proper migration guides.

For detailed information about upcoming features and development roadmap, see the project README.


  

    LICENSE


Copyright (c) 2025 John Thornton

Permission is hereby granted, free of charge, to any person obtaining
a copy of this software and associated documentation files (the
"Software"), to deal in the Software without restriction, including
without limitation the rights to use, copy, modify, merge, publish,
distribute, sublicense, and/or sell copies of the Software, and to
permit persons to whom the Software is furnished to do so, subject to
the following conditions:

The above copyright notice and this permission notice shall be
included in all copies or substantial portions of the Software.

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND,
EXPRESS OR IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE AND
NONINFRINGEMENT. IN NO EVENT SHALL THE AUTHORS OR COPYRIGHT HOLDERS BE
LIABLE FOR ANY CLAIM, DAMAGES OR OTHER LIABILITY, WHETHER IN AN ACTION
OF CONTRACT, TORT OR OTHERWISE, ARISING FROM, OUT OF OR IN CONNECTION
WITH THE SOFTWARE OR THE USE OR OTHER DEALINGS IN THE SOFTWARE.



  

    Language Reference

The complete Predicator expression language: data types, operators, builtin
functions, decompile formatting, and error shapes. For the grammar with
precedence, see Architecture; for the tree shape those
expressions parse into, see the node inventory in docs/reference/ast.md.
Data Types
	Numbers: 42, -17 (integers), 3.14, -2.5 (floats)
	Strings: 'hello', 'world' (single-quoted) or "hello", "world"
(double-quoted, with escape sequences)
	Booleans: true, false (or plain identifiers like active, expired)
	Undefined: undefined - the absent/unset value; see "Undefined and
Sparse Data" below
	Null: null - the present-but-empty value; see "Null and undefined"
below
	Dates: #2024-01-15# (ISO 8601 date format)
	DateTimes: #2024-01-15T10:30:00Z# (ISO 8601 datetime format with
timezone)
	Durations: Natural units for time spans (e.g., 3d, 2h, 15m)	In relative expressions: 3d ago, 2w from now, next 1mo, last 1y
	In arithmetic: #2024-01-10# + 5d, #2024-01-15T10:30:00Z# - 2h


	Lists: [1, 2, 3], ['payment', 'review'] (homogeneous collections)
	Objects: {}, {amount: 120, currency: "USD"}, {card: {network: "visa"}}
(JavaScript-style object literals)
	Identifiers: limit, user_name, is_active, user.profile.name,
user['key'], items[0] (variable references with dot notation and
bracket notation for nested data)

Arithmetic Operators
	Operator	Description	Example
	+	Addition	limit + bonus, 2 + 3 * 4
	-	Subtraction	total - discount, 100 - 25
	*	Multiplication	price * quantity, 3 * 4
	/	Division (truncating if both operands are integers; float if either is a float)	total / count, 10 / 3, 10 / 3.0
	%	Modulo	id % 2, 17 % 5
	-	Unary minus	-amount, -(x + y)

What + does with mixed operands
+ is overloaded across these operand-type combinations:
	Left	Right	Result
	Number	Number	Numeric addition
	String	String	String concatenation
	String	Number	String concatenation (number stringified)
	Number	String	String concatenation (number stringified)
	List	List	List concatenation

Every other pairing is a TypeMismatchError, a list against a scalar
included: the stringifying coercion applies only when one operand is a
string and the other a number.
iex> Predicator.evaluate("'Hello' + ' World'", %{})
{:ok, "Hello World"}

iex> Predicator.evaluate("'Count: ' + 42", %{})
{:ok, "Count: 42"}

iex> Predicator.evaluate("[1, 2] + [3]", %{})
{:ok, [1, 2, 3]}
Comparison Operators
	Operator	Description	Example
	>	Greater than	limit > 85, #2024-01-15# > #2024-01-10#
	<	Less than	amount < 500, created_at < #2024-01-15T10:00:00Z#
	>=	Greater than or equal	points >= 100
	<=	Less than or equal	count <= 5
	==	Equal	status == 'active', date == #2024-01-15#
	!=	Not equal	step != 'review'
	===	Strict equal (no type coercion)	count === 5
	!==	Strict not equal (no type coercion)	count !== "5"

= is assignment, not equality. = is valid only at the start of a
statement in the statement grammar - Predicator.parse_program/2
	with an assignable left side; a bare = in expression position is a
parse error naming ==. == and === are the only equality operators. See
ADR-0002 for the reasoning.


Comparing dates and datetimes
	Same type: Date/Date and DateTime/DateTime compare
chronologically via Date.compare/2 and DateTime.compare/2, never by
Erlang's raw struct-key ordering.
	Mixed pair: a Date compared against a DateTime is coerced to
00:00:00 UTC of that day, then compared as two DateTimes. This applies
to ordering (>, <, >=, <=), ==/!=, and in/contains
membership.
	Strict equality is exempt: === and !== resolve before any type
dispatch, so a Date is never strictly equal to a DateTime regardless of
the instant either denotes.
	The anchor is fixed at UTC midnight, with no option to configure it.

Every relative date (3d ago, 2w from now, next 1mo, last 1y)
evaluates to a DateTime, so without the coercion a Date context value
could never be compared against one.
Logical Operators
	Operator	Description	Example
	AND	Logical AND (case-insensitive)	limit > 85 AND card_active
	OR	Logical OR (case-insensitive)	step == 'payment' OR step == 'review'
	NOT	Logical NOT (case-insensitive)	NOT expired
	!	Unary logical negation	!expired

! rejects an :undefined operand the same way NOT does - see the
"Reject vs. propagate" table below.
Membership Operators
	Operator	Description	Example
	in	Element in collection	step in ['payment', 'review']
	contains	Collection contains element	[1, 2, 3] contains 2

Type Casts
expr::type converts expr's value to a named type. The seven legal target
type names are integer, float, string, boolean, date, datetime,
and duration - the scalar ISA type names (docs/isa.md §3); list and
map are not among them. A name that is not one of the seven is a parse
error at authoring time, naming the accepted list:
iex> Predicator.evaluate("'42'::integer", %{})
{:ok, 42}
:: is postfix: it binds tighter than unary minus, so -1::integer is
-(1::integer), i.e. -1, not (-1)::integer. It chains left-to-right like
the other postfix forms (. and []), so a cast can feed another cast:
iex> Predicator.evaluate("'42'::integer::float", %{})
{:ok, 42.0}
Conversion matrix
= is identity (a same-type cast is a no-op), a description names the
conversion performed, and - means the pair always yields :undefined
(see "Failure is :undefined, never an error" below):
	source \ target	integer	float	string	boolean	date	datetime	duration
	integer	=	widen	format	-	-	-	-
	float	truncate	=	format	-	-	-	-
	string	parse	parse	=	parse	parse	parse	parse
	boolean	-	-	format	=	-	-	-
	date	-	-	format	-	=	midnight UTC	-
	datetime	-	-	format	-	calendar date	=	-
	duration	-	-	format	-	-	-	=

There is no boolean/number bridge: 1::boolean and true::integer are both
:undefined, matching the language's rule that no operator treats a number
as truthy or a boolean as a number. Lists and maps are not among the seven
types casts accept, so [1, 2]::string is :undefined too - a cast never
serializes a collection.
Numeric conversions.
	integer::float widens to the nearest representable double, exact up to
2^53 and rounding beyond it - not lossless for a very large integer.
	float::integer truncates toward zero (-1.5::integer is -1,
1.9::integer is 1), not PostgreSQL's round-to-nearest.

String parses. Each parse accepts the whole string, anchored start to
end, or yields :undefined - no trimming, no partial consumption, and a
trailing newline does not parse ("42\n"::integer is :undefined, not
42):
	::integer - an optionally-negated decimal integer (-?[0-9]+); no
leading +, no underscores, no leading/trailing whitespace.
	::float - an optionally-negated decimal with an optional fraction
(-?[0-9]+(\.[0-9]+)?); "3"::float is 3.0. No exponent form
("1e3"::float is :undefined) and no bare fraction (".5"::float is
:undefined).
	::boolean - exactly "true" or "false", case-sensitive; "TRUE",
"1", and "yes" are all :undefined.
	::date - an ISO 8601 calendar date ("2026-08-09"); a datetime-shaped
string is :undefined here.
	::datetime - an ISO 8601 datetime with a UTC offset, normalized to
UTC; a date-only string is :undefined. The supported spelling for a
date-shaped string is s::date::datetime.
	::duration - the language's own duration-literal grammar (see below), now
admitting a decimal fraction on a component ("1.5s"); see below for the
exactness rule and the mo/y approximation commitment.

String formats (::string). Integer formats as decimal, float as the
shortest round-trip decimal, boolean as "true"/"false", and date as ISO
	Datetime formats as ISO 8601 in UTC with a Z suffix, and the
fractional-seconds field is canonicalized: omitted entirely when the
sub-second component is zero ("2026-08-09T12:00:00Z"), and exactly six
digits when it is not ("2026-08-09T12:00:00.500000Z"). That makes
::string a canonicalization of the instant rather than a string identity -
a one-digit fraction widens to six, and a seventh input digit is truncated by
the ::datetime parse before it ever reaches ::string. Duration formats via
the duration-literal grammar, largest unit first with zero components
omitted ("0s" when every component is zero).

The date/datetime bridge. date::datetime lands at midnight UTC - the
same coercion compare and arithmetic already apply to a mixed date/datetime
pair. datetime::date keeps the datetime's calendar date and drops the time.
Duration parsing is a canonicalizer, not to_string's inverse
::duration accepts a sequence of <digits>(.<digits>)?<unit> pairs
(y, mo, w, d, h, m, s, ms) with no whitespace, no sign, and no
partial consumption - but unlike the other string parses, it does not
require a canonical ordering, and repeated units accumulate rather than
overwriting. "30m3d" parses to the same duration as "3d30m" (3 days,
30 minutes), and "1s2s" parses to 3 seconds, not the last "2s" seen. So
::duration is a canonicalizer over any equivalent spelling, not an inverse
of ::string's duration formatting: some_string::duration::string does not
reproduce some_string unless it was already in canonical (largest-unit-
first, non-repeating) form. Round-tripping the other direction -
some_duration::string::duration - does recover the original duration,
because ::string's output is already canonical.
A component may also carry a decimal fraction ("1.5s"), just as bare here
as it is disallowed - a fraction requires digits on both sides of the dot,
so ".5s" and "1.s" are both :undefined, the same position ::float
already takes (".5"::float is :undefined). A fractional component must
convert to an exact whole number of milliseconds or the whole string is
:undefined: "0.5ms"::duration is :undefined (half a millisecond),
while "0.5s"::duration, "0.25s"::duration, and "1.0s"::duration all
succeed. A valid fraction expands to the integer part on its own unit plus a
remainder decomposed largest-first through d, h, m, s, ms only -
never back into w, mo, or y. Fractions are accepted on every unit;
mo and y commit this project's documented 30-day and 365-day
approximations at parse time, so "0.5mo"::duration has days: 15 and no
months component. Repeated units keep accumulating with an expansion in
the mix: "1.5s200ms"::duration is 1 second 700 milliseconds, not a
collision - that stricter rule belongs to the compiled duration literal
grammar, not to ::duration's string parse.
Because to_string/1 never emits a fraction (it is not part of this
canonicalizer's output vocabulary), a fractional spelling does not survive a
round trip through ::string: "1.5s"::duration::string is "1s500ms",
not "1.5s". The guaranteed direction remains
some_duration::string::duration, unaffected by fractions since
::string's output is always integer-only and already canonical.
Failure is :undefined, never an error
A conversion that cannot produce a value of the target type yields
:undefined. It never raises and never returns an error - casting is total
over every value:
iex> Predicator.evaluate("'abc'::integer", %{})
{:ok, :undefined}
Because :undefined is falsy at a jump (see "Undefined and Sparse Data"
below), a bad cast inside a larger expression is just falsy rather than a
crash:
iex> Predicator.evaluate("'abc'::integer > 5", %{})
{:ok, :undefined}
Casting :undefined itself yields :undefined for every target type -
the same propagation rule a missing nested path already follows elsewhere in
the language. (A bare unbound root variable is different: as with any
other operator, missing::integer on an empty context still reports
Predicator.Errors.UndefinedVariableError under the rule in "Unbound roots
vs. missing paths" below, because it is the root itself that is unbound, not
a value the cast produced.)
iex> Predicator.evaluate("user.age::integer", %{"user" => %{}})
{:ok, :undefined}
Statements and control flow
Everything above this section is the expression grammar, reached through
Predicator.parse/2 and Predicator.evaluate/3. A program is a
;-separated sequence of statements, reached through the separate
Predicator.parse_program/2 entry point (and Predicator.execute/2,3 for
running one) - the same split the = note above draws for assignment: if
is statement-position only, exactly like =, and parse/2 rejects it with a
message naming parse_program/2.
iex> Predicator.parse("if x { }")
{:error, "'if' is a statement keyword, not an expression - control flow is only valid in a program (Predicator.parse_program/2).", 1, 1, {{1, 1}, {1, 3}}}
if/else
The if_statement production (see the grammar in
Architecture) is if cond { ... }, optionally followed
by an else. It runs its then block when cond is true and skips it
otherwise; an else block runs when the condition does not:
iex> {:ok, ast} = Predicator.parse_program("if limit > 85 { decision = 'approve' }")
iex> ast
{:program, [{:if, {:comparison, :gt, {:identifier, "limit", {1, 4}}, {:literal, 85, {1, 12}}, {1, 10}}, {:block, [{:assignment, {:identifier, "decision", {1, 17}}, {:string_literal, "approve", :single, {1, 28}}, {1, 26}}], {1, 15}}, nil, {1, 1}}], {1, 1}}
iex> {:ok, ast} = Predicator.parse_program("if limit > 85 { decision = 'approve' } else { decision = 'decline' }")
iex> {:if, _condition, _then_block, else_block, _pos} = hd(elem(ast, 1))
iex> else_block
{:block, [{:assignment, {:identifier, "decision", {1, 47}}, {:string_literal, "decline", :single, {1, 58}}, {1, 56}}], {1, 45}}
else if chains are sugar, not a separate construct: else if c2 { B }
parses as an else block whose sole statement is another {:if, ...} node,
recursively. There is no chain node in the AST to learn - if a { A } else if b { B } else { C } and a hand-nested if a { A } else { if b { B } else { C } } desugar to the identical tree.
Braces are mandatory - there is no braceless single-statement form - and a
block may be empty:
iex> Predicator.parse_program("if x { }")
{:ok, {:program, [{:if, {:identifier, "x", {1, 4}}, {:block, [], {1, 6}}, nil, {1, 1}}], {1, 1}}}
The separator between a block's closing } and the next statement is
optional - if c { } a = 1 and if c { }; a = 1 both parse - because a
statement ending in } is already unambiguously terminated.
Braces introduce no scope
Unlike most C-family languages, { } here only groups statements; it does
not open a new binding scope. An assignment made inside a taken branch is an
ordinary write to the same flat context every other assignment writes to, so
it is visible after the block and in execute/2's result, whether or not the
branch that wrote it was the one taken - x = 1; if x > 0 { y = 2 } else { y = 3 } leaves both x and y bound at the top level, the same as if the
assignment inside the taken branch had been written without the surrounding
if at all:
iex> {:ok, ctx} = Predicator.execute("x = 1; if x > 0 { y = 2 } else { y = 3 }", %{})
iex> ctx.data
%{"x" => 1, "y" => 2}
The same holds for a while body, which is why a counted loop can
accumulate at all: i in i = 0; while i < 3 { i = i + 1 } is one binding
the body rewrites, not a fresh one per iteration.
See ADR-0013
for why: the statement layer has no declaration form to hang a scope on, and
statement mode's whole output is the context at halt, so a write that
vanished with its block would be a write to nowhere.
The condition must be a boolean
if's condition is a bare expression - parentheses are ordinary grouping,
never required - and its value must be a boolean. false and :undefined
skip the branch; true runs it; any other value is a TypeMismatchError
rather than being coerced (see "Error Shapes" below).
while
The while_statement production (see the grammar in
Architecture) is while cond { ... }. It runs its body
block for as long as cond is true, checking the condition again before
every iteration including the first:
iex> {:ok, ast} = Predicator.parse_program("while i < 3 { i = i + 1 }")
iex> ast
{:program, [{:while, {:comparison, :lt, {:identifier, "i", {1, 7}}, {:literal, 3, {1, 11}}, {1, 9}}, {:block, [{:assignment, {:identifier, "i", {1, 15}}, {:arithmetic, :add, {:identifier, "i", {1, 19}}, {:literal, 1, {1, 23}}, {1, 21}}, {1, 17}}], {1, 13}}, {1, 1}}], {1, 1}}
iex> {:ok, ctx} = Predicator.execute("i = 0; while i < 3 { i = i + 1 }", %{})
iex> ctx.data
%{"i" => 3}
while is statement-position only, on the same terms as if: parse/2
rejects it with the same message naming parse_program/2, braces are
mandatory, and the body block opens no scope - a store inside it writes to
the same flat context as one outside it (see "Braces introduce no scope"
above). The condition follows the same boolean rule if's does: false
skips the body, true runs it, and any other value is a TypeMismatchError
rather than being coerced.
The loop budget
while compiles to the ISA v6 jump_backward opcode (ADR-0013), and
execution of any program containing one is bounded: the evaluator charges a
budget on every back edge taken, shared across every loop in the program, not
per-loop. The default is 10,000 back edges per execution
(Predicator.Evaluator.default_loop_budget/0). A caller configures it per
call with the :loop_budget option on evaluate/3, execute/3, and
execute_value/3:
iex> {:error, error, _ctx} = Predicator.execute("while true { }", %{}, loop_budget: 5)
iex> error.reason
"loop_budget_exceeded"
Exhaustion stops execution with {:error, %Predicator.Errors.EvaluationError{ reason: "loop_budget_exceeded"}, context} - an error value, never a raise or
a hang (ADR-0004). A budget of 0 forbids back edges entirely, so the very
first jump_backward a program takes fails; a malformed value (anything that
is not a non-negative integer) raises ArgumentError, the same host-API-misuse
line :on_unbound draws.
Reserved words
if, else, and while are reserved words: none of the three can be used
as a variable name, a bare property name (user.if), or a bare object key
({if: 1}) - only a quoted key ({"if": 1}) still works.
undefined is reserved too, joining true/false as a literal keyword
rather than the statement keywords above: undefined = 3, user.undefined,
and {undefined: 1} are all parse errors, the same shapes true/false
produce. A quoted key still works ({"undefined": 1} parses), and only the
lowercase spelling is reserved - UNDEFINED and Undefined stay ordinary
identifiers.
null is reserved the same way, as a literal keyword beside undefined:
null = 3, user.null, and {null: 1} are all parse errors, the same
shapes true/false/undefined produce. A quoted key still works
({"null": 1} parses), and only the lowercase spelling is reserved - NULL
and Null stay ordinary identifiers.
Builtin Functions
The sections below are the prose enumeration; Predicator.Vocabulary.functions/0
is the machine-readable one, returning every callable name with its arity,
resolved exactly the way Predicator.Context.new/2 resolves them. The two are
meant to agree - if they ever disagree, functions/0 is the source of truth,
because it reads the same provider maps the evaluator dispatches through.
String Functions
	Function	Description	Example
	len(string)	String length	len(cardholder) > 3
	upper(string)	Convert to uppercase	upper(network) == 'VISA'
	lower(string)	Convert to lowercase	lower(variant) == 'b'
	trim(string)	Remove surrounding whitespace	len(trim(input)) > 0
	starts_with(string, prefix)	Prefix test	starts_with(card_number, '4')
	ends_with(string, suffix)	Suffix test	ends_with(file, '.csv')
	substring(string, start[, len])	Substring by offset	substring(code, 0, 3) == 'ABC'
	index_of(string, sub)	Index of substring, or -1	index_of(path, '/') == 0

iex> Predicator.evaluate("len('hello')", %{})
{:ok, 5}

iex> Predicator.evaluate("upper('world')", %{})
{:ok, "WORLD"}

iex> Predicator.evaluate("starts_with('hello world', 'hello')", %{})
{:ok, true}

iex> Predicator.evaluate("ends_with('hello world', 'world')", %{})
{:ok, true}

iex> Predicator.evaluate("substring('hello world', 6)", %{})
{:ok, "world"}

iex> Predicator.evaluate("substring('hello world', 0, 5)", %{})
{:ok, "hello"}

iex> Predicator.evaluate("index_of('hello world', 'world')", %{})
{:ok, 6}

iex> Predicator.evaluate("index_of('hello world', 'nope')", %{})
{:ok, -1}
Numeric Functions
	Function	Description	Returns	Example
	Math.abs(number)	Absolute value	same type as the argument	Math.abs(balance) < 100
	Math.max(a, b)	Maximum of two numbers	the winning argument, type unchanged	Math.max(limit1, limit2) > 85
	Math.min(a, b)	Minimum of two numbers	the winning argument, type unchanged	Math.min(amount, budget_remaining) >= 100
	Math.pow(base, exp)	Exponentiation	integer when both are integers and exp >= 0; float otherwise	Math.pow(2, 10) == 1024
	Math.sqrt(number)	Square root	integer for a non-negative integer with an exact root; float otherwise	Math.sqrt(144) == 12
	Math.floor(number)	Round down	always an integer	Math.floor(3.9) == 3
	Math.ceil(number)	Round up	always an integer	Math.ceil(3.1) == 4
	Math.round(number)	Round to nearest integer	always an integer	Math.round(3.5) == 4
	Math.random()	Random float in [0, 1)	always a float	Math.random() < 1

=== is type-strict (8.0 === 8 is false), so the return type above is
observable at the language level, not just an implementation detail. == is
not type-strict, which is why Math.pow(2, 10) == 1024 below reads as true
either way - it would also have been true when Math.pow returned 8.0.
Math.pow(2, 10) === 1024 demonstrates the strict case: it is true because
both arguments are integers and the exponent is non-negative, so Math.pow
returns the integer 1024, not the float 1024.0.
iex> Predicator.evaluate("Math.abs(-5) == 5", %{})
{:ok, true}

iex> Predicator.evaluate("Math.max(1, 2) == 2", %{})
{:ok, true}

iex> Predicator.evaluate("Math.pow(2, 10) == 1024", %{})
{:ok, true}

iex> Predicator.evaluate("Math.pow(2, 10) === 1024", %{})
{:ok, true}
Date Functions
	Function	Description	Example
	Date.year(date)	Extract year	Date.year(created_at) == 2024
	Date.month(date)	Extract month	Date.month(authorized_at) == 12
	Date.day(date)	Extract day	Date.day(settled_at) <= 15
	Date.now()	Current UTC datetime	Date.year(Date.now()) >= 2024

iex> Predicator.evaluate("Date.year(created_at) == 2024", %{"created_at" => ~D[2024-03-15]})
{:ok, true}
Date.now() reads the system clock, so it has no doctested example above -
its value differs on every call. It is one of the two nondeterministic
builtins, alongside Math.random(); the porting guide
names both as conformance exclusions for exactly that reason, so a
cross-implementation test suite either stubs them or skips them.
Numeric, date, and JSON functions sit under the Math., Date., and
JSON. namespaces to avoid colliding with likely user variable names; the
unnamespaced string and list functions predate that convention and were
left as-is.
List Functions
	Function	Description	Example
	concat(list1, list2)	Concatenate two lists	concat([1, 2], [3]) == [1, 2, 3]

iex> Predicator.evaluate("concat([1, 2], [3])", %{})
{:ok, [1, 2, 3]}
+ concatenates two lists as well (see "What + does with mixed operands"
above). On two lists the two are interchangeable; they differ only in what
else each accepts. + also joins strings and numbers, which concat
rejects with an EvaluationError. Neither one mixes a list with a scalar -
concat([1, 2], 3) is an EvaluationError and [1, 2] + 3 is a
TypeMismatchError, so there is no coercion to fall back to.
JSON Functions
	Function	Description	Example
	JSON.stringify(value)	Serialize a value to a JSON string	len(JSON.stringify(authorization)) > 2
	JSON.parse(string)	Parse a JSON string into a value	JSON.parse(metadata).network == 'VISA'

iex> Predicator.evaluate("JSON.stringify(authorization)", %{"authorization" => %{"network" => "VISA", "amount" => 42}})
{:ok, ~s({"amount":42,"network":"VISA"})}

iex> Predicator.evaluate("JSON.parse(metadata)", %{"metadata" => ~s({"network":"VISA"})})
{:ok, %{"network" => "VISA"}}

iex> Predicator.evaluate("JSON.parse(metadata).network == 'VISA'", %{"metadata" => ~s({"network":"VISA"})})
{:ok, true}
JSON.parse/1 returns a plain string-keyed value, so dot and bracket access
reach into it directly - the third example above is the common shape, a JSON
blob carried as one context string and read as data. It is strict about both
halves: a non-string argument is an EvaluationError
(JSON.parse expects a string argument), and malformed JSON is an
EvaluationError naming the byte offset (Invalid JSON: unexpected end of input at position 4).
JSON.stringify/1 never raises. Elixir values with no JSON representation -
tuples, PIDs, references, functions, non-string map keys, invalid UTF-8 -
fall back to their inspect/1 form rather than failing the predicate, which
is what a predicate has always seen for such values. Key order in the output
follows the map's own iteration order rather than any order the source
declared, which is why amount precedes network in the first example above.
Decompiling and Formatting Options
Predicator.decompile/2 converts a parsed AST back to source, preserving
quote style, with formatting options:
iex> {:ok, ast} = Predicator.parse("limit > 85")
iex> Predicator.decompile(ast, spacing: :compact)
"limit>85"

iex> {:ok, ast} = Predicator.parse("limit > 85")
iex> Predicator.decompile(ast, spacing: :verbose)
"limit  >  85"

iex> {:ok, ast} = Predicator.parse("limit > 85")
iex> Predicator.decompile(ast, parentheses: :explicit)
"(limit > 85)"
A duration literal's decompiled form is always its expansion, never the
source spelling: a fractional component is expanded to integer unit pairs at
parse time (docs/architecture.md's grammar), so decompiling a program
containing 1.5s renders 1s500ms, which re-parses to the identical AST -
the same canonicalizer stance ::duration already takes, now visible one
layer up in the literal grammar.
iex> {:ok, ast} = Predicator.parse("1.5s")
iex> Predicator.decompile(ast)
"1s500ms"
It renders if/else too, applying the else if printing rule from
above: an else block whose sole statement is an if prints as else if
rather than nesting a new block, which is what makes the natural spelling
round-trip through parse_program/2 -> decompile/2 -> parse_program/2.
iex> {:ok, ast} = Predicator.parse_program("if a { x = 1 } else { if b { x = 2 } }")
iex> Predicator.decompile(ast)
"if a { x = 1 } else if b { x = 2 }"
Contexts and key normalization
Predicator.Context.new/2 builds a persistent bound context: it resolves the
function dispatch map once, at construction, from builtins, opts[:providers],
and opts[:functions] (each later source shadowing an earlier same-named
entry), rather than re-resolving it on every evaluate/3 call - see the
custom functions guide for the provider
mechanism. bind/3 is an O(1) rebind of a
single key onto that context's data. assign/3 writes through
Predicator.ContextLocation.put/3, the same auto-vivifying algorithm the
location expressions guide documents.
Predicator.evaluate/3 accepts either a %Context{} or a bare map - a bare
map gets a one-shot Context.new/2 internally.
new/2 and bind/3 are the one edge where atom keys are accepted. Both
convert deeply and eagerly - through nested maps and lists - before
evaluation ever sees the data: an atom key becomes a string key (the string
key wins on collision). A nil value is stored verbatim as the null value -
see "Null and undefined" below - and a Date, DateTime, or any other
struct passes through unchanged; only plain maps have their keys touched.
The evaluator consults string keys only after that point - it has no
atom-key fallback.
Because the function merge happens once at construction rather than per
call, reusing a Context across many evaluate/3 calls (e.g. bind/3 in a
loop) avoids re-merging the function maps on every evaluation.
Undefined and Sparse Data
Predicator treats missing data as a first-class value, :undefined, rather
than raising immediately. What a predicate does with it depends on where the
:undefined came from and which operator touches it next.
Predicator.Undefined is the one public module that owns the sentinel -
value/0, undefined?/1, and to_nil/1/from_nil/1 for a JSON-shaped
boundary - and Predicator.Types.undefined?/1 delegates to it.
Where :undefined comes from
	A bare unbound identifier - a variable not present in the context at
all - loads as :undefined.

	A missing nested path - dot access (user.age) or bracket access
(items[99]) on a value that does not have the requested key or index -
also evaluates to :undefined, never an error, regardless of whether the
root itself is bound.
iex> Predicator.evaluate("user.age", %{"user" => %{}})
{:ok, :undefined}

	A failed cast - expr::type where expr's value cannot be converted
to type - also evaluates to :undefined, never an error. See
"Type Casts" above for the full conversion matrix.
iex> Predicator.evaluate("'abc'::integer", %{})
{:ok, :undefined}

	The undefined literal - written directly in source - compiles to
["lit", :undefined] and evaluates to :undefined unconditionally. It is
the one source in this list that is not a load: lit pushes its operand
unchanged and has no error path (docs/isa.md §5), so the literal is never
affected by on_unbound - only load consults that policy. See "testing
whether a value is undefined" below for what that makes it useful for.
iex> Predicator.evaluate("undefined", %{})
{:ok, :undefined}


The first two cases produce the same value in isolation, but they are not
treated the same at the top level - see "Unbound roots vs. missing paths"
below.
Mismatched comparisons
1 > "a" is not an error. A type-mismatched pair under a non-strict
comparison operator (>, <, >=, <=, ==, !=) evaluates to
:undefined:
iex> Predicator.evaluate("1 > 'a'", %{})
{:ok, :undefined}
iex> Predicator.evaluate("true == 1", %{})
{:ok, :undefined}
=== and !== (strict equal/not-equal) never produce :undefined from a
type mismatch: they compare without coercion and simply return false or
true for two values of different types, :undefined included.
Numbers are the one place the two equality families disagree: integer and
float are the same type for ==, so 1 == 1.0 is true, while
1 === 1.0 is false because strict equality does not bridge integer and
float.
AND/OR falsiness
At a jump, only false and :undefined count as falsy; true is the only
truthy value. AND/OR do not use symmetric three-valued (Kleene) logic -
they short-circuit ECMAScript-style, and the two are deliberately asymmetric:
	AND evaluates its left operand. If it is falsy (false or
:undefined), that value is the result and the right side is never
evaluated. If the left operand is true, the right operand's value is the
result.
	OR evaluates its left operand. If it is true, that value is the
result and the right side is never evaluated. If the left is falsy, the
right operand's value is the result.

iex> functions = %{"boom" => {0, fn [], _ctx -> raise "never runs" end}}
iex> Predicator.evaluate("false AND boom()", %{}, functions: functions)
{:ok, false}
iex> Predicator.evaluate("user.missing OR true", %{"user" => %{}})
{:ok, true}
iex> Predicator.evaluate("user.missing AND true", %{"user" => %{}})
{:ok, :undefined}
The asymmetry: an :undefined left operand short-circuits AND to
:undefined without touching the right side, while the same :undefined on
OR's left falls through and the right side's value wins instead.
NOT is different from both: it requires a boolean operand, so :undefined
is a type mismatch under NOT, not a falsy value - see the table below.
Reject vs. propagate, per operator
Some operators treat an :undefined operand as a value that flows through;
others treat it as a type error.
	Operator family	:undefined operand	Result
	Arithmetic (+, -, *, /, %, unary -)	rejected	error (type mismatch)
	Comparison, non-strict (>, <, >=, <=, ==, !=)	propagated	:undefined
	Comparison, strict (===, !==)	handled, not rejected	ordinary true/false
	AND, OR	propagated, treated as falsy	short-circuits or falls through
	NOT	rejected	error (type mismatch)
	in, contains	propagated	:undefined

Dot access, bracket access, and function arguments are not in this table
because they don't reject or propagate an incoming :undefined the way an
operator does: a missing key or index always produces :undefined rather
than erroring (see "Where :undefined comes from" above), and a function
receives whatever :undefined-or-not value its arguments evaluated to - a
custom function decides for itself what to do with one.
Testing whether a value is undefined
x === undefined is the boundness test, and it answers plainly - true or
false:
iex> Predicator.evaluate("x === undefined", %{"x" => :undefined})
{:ok, true}
iex> Predicator.evaluate("x === undefined", %{"x" => 1})
{:ok, false}
iex> Predicator.evaluate("user.missing === undefined", %{"user" => %{}})
{:ok, true}
x == undefined is not the same test. == is a non-strict comparison
operator, and non-strict operators propagate an :undefined operand rather
than answering with a boolean (see "Reject vs. propagate, per operator"
above), so x == undefined itself evaluates to :undefined - which is
falsy at a jump, but not the true/false a boundness check needs:
iex> Predicator.evaluate("x == undefined", %{"x" => 1})
{:ok, :undefined}
If x is an unbound root rather than a bound value, the two comparisons
diverge under the default on_unbound: :undefined. x === undefined still
answers true: strict equality is resolved before any type dispatch, so it
never produces the :undefined-operand TypeMismatchError that the
trace-back rewrite keys on (see "Unbound roots vs. missing paths" below).
x == undefined does produce one, so it is rewritten to
Predicator.Errors.UndefinedVariableError and never reaches a boolean:
iex> Predicator.evaluate("x === undefined", %{})
{:ok, true}
iex> {:error, err} = Predicator.evaluate("x == undefined", %{})
iex> err.__struct__
Predicator.Errors.UndefinedVariableError
That makes === the boundness test for an absent root as well as an
:undefined one - but only under this policy. Under on_unbound: :error
both comparisons error; see "The honest boundary" below.
The literal itself is never affected by on_unbound, under either
comparison operator - it compiles to lit, not load, and only load
consults the policy (see "Where :undefined comes from" above).
The honest boundary. x === undefined on a genuinely unbound root still
errors under on_unbound: :error - the boundness test does not rescue it,
because the load of x fails before the comparison ever runs:
iex> {:error, err} = Predicator.evaluate("x === undefined", %{}, on_unbound: :error)
iex> err.variable
"x"
To test whether a variable that may not exist at all is undefined under
:error, bind it as declared-but-undefined
(Predicator.Context.new(%{"x" => Predicator.Undefined.value()})) rather
than leaving it absent - binding nil instead gives it the null value, not
:undefined (see "Null and undefined" above) - or reach it through a bound
container (ctx.maybe === undefined), where a missing nested path evaluates
to :undefined under either policy instead of erroring.
Unbound roots vs. missing paths, and on_unbound
Not every :undefined stays silent at the top level. Predicator.evaluate/3
distinguishes an :undefined that traces back to a genuinely unbound root
variable from one that is just a legitimately absent nested value, and
reports the former as an error even without opting into anything:
iex> {:error, err} = Predicator.evaluate("missing", %{})
iex> err.variable
"missing"

iex> {:error, err} = Predicator.evaluate("missing == 5", %{})
iex> err.variable
"missing"

iex> {:error, err} = Predicator.evaluate("not missing", %{})
iex> err.variable
"missing"

iex> Predicator.evaluate("user.age", %{"user" => %{}})
{:ok, :undefined}
The rule: if the final result is :undefined, or an operator rejected an
:undefined operand with a type-mismatch error, and that :undefined
traces back to a root variable this evaluation actually loaded and did not
find bound, Predicator reports Predicator.Errors.UndefinedVariableError
naming that variable instead of the bare :undefined or the type-mismatch
error. A missing nested path (user.age where user has no age) never
triggers this - only a bare unbound root does.
Short-circuiting still wins over this rule, and so does an operator that
absorbs the :undefined into a defined result - neither reports an error:
iex> Predicator.evaluate("missing OR true", %{})
{:ok, true}
iex> Predicator.evaluate("false AND missing", %{})
{:ok, false}
iex> Predicator.evaluate("[missing]", %{})
{:ok, [:undefined]}
Set on_unbound: :error to make every load of an unbound root fail
immediately - including the cases just above, which the default behavior
would have absorbed into a defined result:
iex> {:error, err} = Predicator.evaluate("missing OR true", %{}, on_unbound: :error)
iex> err.variable
"missing"
on_unbound accepts :undefined (the default) or :error. It is a keyword
option on Predicator.evaluate/3 and Predicator.Context.new/2 (which
validates it strictly - any other value raises ArgumentError). It only
affects a root load: a missing nested path stays :undefined under either
policy, since access and bracket_access never consult on_unbound - and
it never fires on a load a short-circuited branch skipped.
What actually changes under :error is narrower than it looks, because an
unbound root already errors under the default whenever its :undefined
reaches the result or is rejected by an operator. The policy's own cases are
the ones where the default absorbs the sentinel into a defined result:
	Expression, empty context	Default	Under on_unbound: :error
	missing OR true	{:ok, true}	{:error, ...}
	[missing]	{:ok, [:undefined]}	{:error, ...}
	{'a': missing}	{:ok, %{"a" => :undefined}}	{:error, ...}
	missing, missing == 5, not missing, missing + 1	{:error, ...}	same
	false AND missing, true OR missing	{:ok, false} / {:ok, true}	unchanged - never loaded

Null and undefined
Predicator also has a null value - Elixir nil - and it is not the same
thing as :undefined. The rule in one sentence: null is a value;
undefined is an absence. :undefined means no value was ever supplied;
null means a value was supplied and it is empty. A Context bound from a
JSON payload keeps the two distinguishable: a field explicitly sent as
null stays null, and a field never sent at all stays undefined.
iex> Predicator.evaluate("x === undefined", %{"x" => nil})
{:ok, false}
iex> Predicator.evaluate("x === undefined", %{})
{:ok, true}
Comparisons. Predicator has two equality operators, == (non-strict)
and === (strict), so "is null equal to undefined" is a four-way question,
not a single answer:
	Comparison	Result
	null === undefined	false
	null == undefined	:undefined
	null === null	true
	null == null	:undefined

iex> Predicator.evaluate("x === undefined", %{"x" => nil})
{:ok, false}
iex> Predicator.evaluate("x == undefined", %{"x" => nil})
{:ok, :undefined}
iex> Predicator.evaluate("x === y", %{"x" => nil, "y" => nil})
{:ok, true}
iex> Predicator.evaluate("x == y", %{"x" => nil, "y" => nil})
{:ok, :undefined}
=== is the operator that answers a plain boolean about null, exactly as
it is for :undefined: == and the ordering operators are typed
comparisons, and null has no type peer, so every non-strict comparison
involving it yields :undefined rather than true or false.
Membership is the one place null behaves as a value, not an absence.
in and contains test identity for null rather than propagating it the
way they propagate :undefined:
iex> Predicator.evaluate("x in [y]", %{"x" => nil, "y" => nil})
{:ok, true}
That is a real surface tension worth naming rather than smoothing over:
null == null is :undefined while null in [null] is true. == and
in already disagreed about :undefined in the opposite direction, so the
two operators were never one predicate to begin with.
Falsiness. Null is falsy at a jump, joining false and :undefined,
so AND/OR short-circuit over it the same way:
iex> Predicator.evaluate("x AND true", %{"x" => nil})
{:ok, nil}
Rejected, not coerced. NOT, unary minus, and the arithmetic operators
require their usual types and treat a null operand as a type mismatch, the
same as they treat :undefined:
iex> {:error, err} = Predicator.evaluate("not x", %{"x" => nil})
iex> {err.__struct__, err.got}
{Predicator.Errors.TypeMismatchError, :null}
Casts. A cast is total, so null::T is :undefined for every target
type - not "null", not an error:
iex> Predicator.evaluate("x::string", %{"x" => nil})
{:ok, :undefined}
null is a literal keyword. x === null is the direct boundness-against-
null test: it asks whether x is bound to the present-but-empty value.
x === undefined remains the separate question of whether anything was
bound at all - the two are not restatements of each other, and give
different answers for the same bound null:
iex> Predicator.evaluate("x === undefined", %{"x" => nil})
{:ok, false}
null and undefined are distinct values with their own comparison,
membership, falsiness, and cast behavior, all shown above. Writing null
compiles it straight to a lit operand, never a load, so there is no
phantom variable and no dependence on on_unbound:
iex> Predicator.compile("x === null")
{:ok, [["load", "x"], ["lit", nil], ["compare", "STRICT_EQ"]]}
iex> Predicator.evaluate("x === null", %{"x" => nil})
{:ok, true}
Being a literal keyword, null is reserved the same way undefined is (see
"Reserved words" above): {null: 1} is a parse error, not an object with a
key named null.
iex> {:error, err} = Predicator.evaluate("{null: 1}", %{})
iex> err.__struct__
Predicator.Errors.ParseError
Error Shapes
Predicator returns errors as structs under Predicator.Errors, never as bare
strings, and never raises at a leaf:
iex> {:error, err} = Predicator.evaluate("limit >> 85", %{})
iex> {err.__struct__, err.position}
{Predicator.Errors.ParseError, {1, 8}}
iex> err.message
"Expected number, string, boolean, date, datetime, identifier, function call, list, object, or '(' but found '>'"

iex> {:error, err} = Predicator.evaluate("limit AND", %{})
iex> err.position
{1, 10}
A compile failure returns the same struct, since compile/1 and its five
siblings share evaluate/3's error arm:
iex> {:error, err} = Predicator.compile("limit >>")
iex> {err.__struct__, err.position}
{Predicator.Errors.ParseError, {1, 8}}
A function that errors mid-evaluation surfaces as an EvaluationError:
iex> custom_functions = %{"divide" => {2, fn [a, b], _ctx ->
...>   if b == 0, do: {:error, "Division by zero"}, else: {:ok, a / b}
...> end}}
iex> {:error, err} = Predicator.evaluate("divide(10, 0)", %{}, functions: custom_functions)
iex> {err.__struct__, err.message}
{Predicator.Errors.EvaluationError, "Division by zero"}
See the location expressions guide for
Predicator.Errors.LocationError, the third error struct.
Positions and spans on errors
EvaluationError, TypeMismatchError, and UndefinedVariableError each
carry an optional :position and an optional :span. Under the default
options only :position is set; passing spans: true to evaluate/3 also
sets :span, and in that case :position is set to the span's start, so a
caller that only ever reads :position keeps working unchanged. The
rendered message string is the same either way. See
docs/reference/ast.md for what a span covers.
An unbound variable's error is positioned at the variable's own load, not
at the operator that rejected its :undefined value:
iex> {:error, err} = Predicator.evaluate("unbound + 1", %{})
iex> err.position
{1, 1}
{1, 1} is the position of unbound, not of +.


  

    AST Reference

The AST is the tree Predicator.Parser.parse/2 and parse_program/2 produce
from a token stream, and the shape every visitor consumes -
Predicator.decompile/2 turns it back into source, InstructionsVisitor
turns it into instructions. This page describes that shape node by node, in
the present tense: what a node looks like, which token it blames when
something about it fails, and which characters it covers when a caller asks
for a span. Predicator.Parser.ast/0 - the type in lib/predicator/parser.ex
	is the machine-checked authority; this page is the prose version of it.

The trailing slot
Every AST node ends in one slot: a {line, column}, a span, or nil. There is
one AST shape, not two - a caller building a node by hand rather than parsing
supplies nil in that slot, and every visitor clause matches on "node with a
trailing slot in," never on a position-free variant.
Positions are the default at every entry point. Predicator.Parser.parse/2
and parse_program/2 fill the slot with a {line, column} naming the token
that defines the node, unless the caller passes spans: true, in which case
the slot holds a Predicator.Types.span/0 throughout instead:
# default
{:arithmetic, :multiply, {:identifier, "a", {1, 1}}, {:literal, true, {1, 5}}, {1, 3}}

# spans: true
{:arithmetic, :multiply,
  {:identifier, "a", {{1, 1}, {1, 2}}},
  {:literal, true, {{1, 5}, {1, 9}}},
  {{1, 1}, {1, 9}}}
One parse produces one kind of metadata throughout; positions and spans are
never mixed within a single tree.
Expression nodes
Predicator.Parser.ast/0 is the union of these arms, each carrying its
trailing slot last:
{:literal, value, pos}
{:string_literal, binary, :double | :single, pos}
{:identifier, name, pos}
{:comparison, op, left, right, pos}
{:arithmetic, op, left, right, pos}
{:unary, op, operand, pos}
{:membership, op, left, right, pos}
{:logical_and, left, right, pos}
{:logical_or, left, right, pos}
{:logical_not, operand, pos}
{:list, elements, pos}
{:object, entries, pos}
{:function_call, name, args, pos}
{:bracket_access, target, key, pos}
{:property_access, target, property, pos}
{:cast, expression, type_name, pos}
{:duration, units, pos}
{:relative_date, duration, direction, pos}
type_name in a cast node is one of the seven scalar ISA type names
(integer, float, string, boolean, date, datetime, duration),
held as a binary; the parser rejects any other name, so a cast node can
never carry an invalid target. The names are contextual identifiers, not
keywords - they are only special immediately after ::
(ADR-0011).
Object keys
Object keys have their own node - {:object_key, value, style, pos} - rather
than reusing an expression tag, so nothing tells a key from an expression by
tuple arity alone. style is :identifier, :double, or :single,
recording whether the key was written bare ({name: 1}), double-quoted
({"name": 1}), or single-quoted ({'name': 1}), so
Predicator.Visitors.StringVisitor can decompile it back exactly as written.
An {:object, entries, pos} node's entries are {object_key, expression}
pairs.
Statement nodes
{:program, statements, pos}, {:assignment, lhs, rhs, pos},
{:if, condition, then_block, else_block, pos},
{:while, condition, body, pos}, and {:block, statements, pos} are produced
only by Predicator.Parser.parse_program/2, the statement entry point
alongside parse/2. None of the five is a member of t:ast/0: parse/2
never returns one, and an expression consumer never has to handle one.
{:program, [statement], pos}
{:assignment, lhs, rhs, pos}
{:if, condition, then_block, else_block, pos}
{:while, condition, body, pos}
{:block, [statement], pos}
lhs in an assignment node is the unflattened access chain the parser already
builds for postfix expressions - an {:identifier, ...} optionally wrapped in
any number of {:property_access, ...} and {:bracket_access, ...} nodes -
kept as a chain rather than resolved to a path, because a bracket key can be
an arbitrary expression that only resolves against a context at runtime;
Predicator.ContextLocation.resolve/2 does that resolution. The point
position is the = token; the span (under spans: true) runs from the lhs
start to the rhs end.
condition in an if node is a bare expression; then_block is always a
{:block, statements, pos}, never nil. else_block is nil when there is
no else and a {:block, statements, pos} when there is - including for
else { }, whose empty block stays distinguishable from an absent one
(ADR-0013). A block
introduces no scope: its statements are ordinary program statements, and a
store inside one is visible after the block.
else if c2 { B } is parser sugar with no chain node of its own: it parses as
an else_block holding a single-statement block whose one statement is the
nested {:if, ...}. For
if a { x = 1 } else if b { x = 2 } else { x = 3 }
the outer node's else_block is {:block, [{:if, b, ..., ...}], pos} - a
block wrapping the if b { x = 2 } else { x = 3 } node, not a three-way
chain. That synthetic block's own trailing slot is the nested if node's own
slot, so it needs no position of its own: in point mode it is the nested if
token, and under spans: true it is the nested if's span, which already
starts at the same token and runs through the same final }.
Neither if nor block is a member of t:ast/0, the same as program and
assignment. while follows the same rule: condition in a while node is a
bare expression, body is always a {:block, statements, pos}, and the body
introduces no scope any more than an if's blocks do - a store inside it is
visible after the loop.
InstructionsVisitor compiles the program, assignment, if, while, and
block nodes today. A {:program, statements, pos} compiles each statement in
order, concatenating the results; a {:block, statements, pos} compiles the
same way - a block introduces no scope of its own, so it is a plain statement
sequence. An {:assignment, lhs, rhs, pos} compiles to the lhs chain's
segments (root-to-leaf), then rhs, then ["store", n], where n is the
chain's segment depth; any other statement compiles to its own instructions
followed by ["pop"]. That trailing ["pop"] is emitted uniformly, including
after the program's last statement, so the stack is empty at every statement
boundary - except an if or while statement, neither of which, unlike
every other non-assignment statement, takes a trailing ["pop"]: an if's
condition is consumed by pop_jump_if_falsy and its blocks are already
stack-neutral by construction, and a while's condition is consumed by
pop_jump_if_falsy on every iteration including the last, so in both cases
nothing is left for a pop to remove
(ADR-0013).
{:if, condition, then_block, nil, pos} (no else) lowers to condition's
instructions, then ["pop_jump_if_falsy", offset] sized to land one past the
then block, then the then block's own instructions.
{:if, condition, then_block, else_block, pos} (with an else) lowers to
condition, ["pop_jump_if_falsy", offset] sized to land one past an
unconditional ["jump", offset] appended after the then block, the then
block, that jump (sized to land one past the else block), then the else
block. Both the pop_jump_if_falsy and the jump carry the if node's own
position, not the condition's.
{:while, condition, body, pos} lowers to condition, then
["pop_jump_if_falsy", offset] sized to land one past a ["jump_backward", offset] appended after the body, the body's own instructions, then that
jump_backward - c; ["pop_jump_if_falsy", lenA + 2]; A; ["jump_backward", lenC + lenA + 1] for while c { A } (ISA v6, ADR-0013). The jump_backward's
offset is measured from its own index back to condition's first
instruction, which is why it counts lenC as well as lenA. Both the
pop_jump_if_falsy and the jump_backward carry the while node's own
position, not the condition's. Execution of any compiled program containing a
jump_backward is bounded by the evaluator's loop budget (docs/isa.md §2,
§5) - a normal, expected part of running a while loop, not an error path.
In point mode the compiled ["store", n] instruction is annotated with the
lhs root segment's own position rather than the assignment node's =, so a
store failure's caret lands on the location being written; under
spans: true it keeps the assignment's span, whose start is already that same
token.
Alongside that per-instruction position table, compiling an assignment also
produces a per-segment table: one source annotation per lhs location
segment, root-first, keyed by the ["store", n] instruction's own index. A
segment's annotation is the annotation of the node that produced its value -
the {:identifier, ...} node for the root, the {:property_access, ...} node
for a dotted segment, and the key expression for a bracket segment, since the
key is what a bad or out-of-range segment value came from. The list's length
is the chain's segment depth, which is exactly ["store", n]'s own operand,
so n bounds the index into it. Because a property_access node's point
position is the property-name token (see "Which token a node blames" below), a
dotted segment's point position names the property itself - for a.b.c, the
segment for .b points at column 17 in a = {"b": 1}; a.b.c = 2, b itself.
And because a property_access node's span starts at the chain root (see
"Which characters a node covers" below), narrowing a store failure to one
segment's span moves only the underline, never the caret - the segment for
.b in that same source spans a.b, whose start is still a, at column 15.
The point-mode caret (column 17) and the span-derived caret (column 15) are
deliberately different answers to different questions: the point names the
value that failed, the span's start names where the accessed location begins.
docs/isa.md §5 is the normative statement of store's and pop's
stack discipline and error shapes; this page only says what AST shape feeds
them.
Which token a node blames
Leaves point at their own token. Most non-leaf nodes point at the token that
names the operation, so an error names the thing that failed rather than the
start of the subexpression it failed on - a * true reports column 3, not
column 1. bracket_access and property_access are the deliberate exception:
an access node blames the accessed operand instead, because for an access the
thing that failed is the property or key, not the punctuation that reached it
(the . or [). For a compound key the point is the key expression's first
token - a[x + 1] blames the x, not the + - which coincides with the
key's own blame position only when the key is a single token, as in
user.name:
	Node	Defining token
	literal, string_literal, identifier, object_key	own token
	comparison, arithmetic, membership, logical_and, logical_or	the operator
	unary, logical_not	the operator
	list, object	the opening bracket or brace
	function_call	the name token
	bracket_access	the first token of the key expression
	property_access	the property-name token
	cast	the type-name token
	duration	its first number
	relative_date	the direction keyword (ago, from, next, last)
	if	the if keyword
	while	the while keyword
	block	the opening { token
	a desugared else-if's synthetic block	the nested if keyword

A new node type follows this rule: point it at the token a reader would blame.
The same rule governs a statement's compiled instructions, not just a node's
own point position: blame lands on the token carrying the type rule that was
violated. if and while each carry one (a boolean condition), the same way
* carries one (numbers) and and carries one (booleans), so their
pop_jump_if_falsy (and if's jump, and while's jump_backward) is
annotated with the statement keyword's own position, not the condition's - see
the if and while rows above and their lowering sentences earlier on this
page. store_annotation/2 looks like a counterexample - ["store", n] is
annotated with the lhs root's position, not the assignment's = - but =
carries no type rule at all; an assignment accepts any rhs, so when a store
fails the = has nothing to say about it and the location being written is
the only token that does. That is a single, closed exception, not the first of
a series: it is what happens when the operator has no rule to point at, not a
license to move blame off any other operator with one.
Which characters a node covers
A point position tells a caller where to put a caret; a span tells it what to
underline. A span names the position one past a node's last character, so on a
single line end_column - start_column is the length and a zero-width range
is representable. This matches LSP ranges.
For most tokens that exclusive end is computed from the start position plus
the token's length. :string is the exception: because a string literal can
span multiple lines, its end position is not computed - it is read directly
off the token, which carries its own explicit end position for exactly this
reason. That is what keeps a multi-line literal's span correct.
Where the table above says which token to blame, this one says which
characters to underline. A new node type needs a row in both:
	Node	Span start	Span end
	literal	own token	own token end
	string_literal	own token, opening quote included	own token end, past the closing quote
	identifier	own token	own token end
	object_key	own token, opening quote included if quoted	own token end
	comparison, membership	left operand start	right operand end
	arithmetic	left operand start	right operand end
	logical_and, logical_or	left operand start	right operand end
	unary, logical_not	the operator token	operand end
	list	the [ token	past the ] token
	object	the { token	past the } token
	function_call	the name token	past the ) token
	bracket_access	target expression start	past the ] token
	property_access	target expression start	property-name token end
	cast	target expression start	type-name token end
	duration	its first number token	past the last duration unit
	relative_date (ago)	duration start	past the ago token
	relative_date (from now)	duration start	past the now token
	relative_date (next, last)	the direction keyword token	duration end
	parenthesized expression	the ( token	past the ) token
	if	the if token	past the last block's } (the else block's if present, otherwise the then block's)
	while	the while token	past the body block's }
	block	the { token	past the } token
	a desugared else-if's synthetic block	the nested if's own span start	the nested if's own span end

Two consequences follow from this table: a quoted string's and a #-fenced
date's span include their delimiters, because the lexer's token length is the
full source extent; and an empty [], {}, f(), or { } block still spans
both delimiters, because the end comes from the closing token rather than
from a child.
A parenthesized expression's span includes its parentheses and composes to the
outermost pair.


  

    ISA Reference

This document is the specification of predicator's instruction set: the flat
list of opcodes a compiled expression becomes and a stack VM runs. It is the
artifact a sibling implementation (Ruby, JavaScript) implements against, and
the one the conformance corpus is generated from.
It is not a syntax reference. For the expression grammar, operators, and
builtin functions, see Language Reference. This
document covers the instruction layer beneath that syntax - what an
expression compiles to and how it runs, not how it is written.
Per ADR-0003, the
Elixir implementation (this repository) is the reference implementation of
the ISA. It moves when this library needs it to; sibling parity is a
downstream obligation, not an upstream constraint.
1. Versioning
The versioning scheme is settled by ADR-0003; this section records it rather
than re-arguing it.
	ISA versions are integers - v1, v2, v3 - with no correspondence to this
library's semver. All three ISA v2 opcodes shipped in 3.7.0; 3.8.0 then
refined v2 semantics without adding an opcode (it made every arithmetic and
legacy logical opcode report an unbound root rather than a type mismatch).
ISA v3 both retired and/or and introduced store/pop, the two
opcodes the statement layer needed, shipping in 4.0.0.
	An opcode's semantics never change under its own name. A change to what an
opcode does is a new name at a new version. This is what makes "scan the
opcode names in a list" a sound answer to "what version does this list
require".
	Adding an operand form or widening an accepted type is a new version but
not a new name. This rule speaks to operand forms carried in the
instruction list - what a conformant implementation must accept and
execute. Widening §3's value domain at the host/context boundary moves
no version, because no opcode-name scan can express it and no existing
instruction list changes meaning (px-o9v's null widening is this case). A
later source spelling for a value that domain already admits likewise
moves no version, because a spelling is surface syntax (§6) and attaches to
no opcode name - the undefined literal and the null literal are both
this case.
	An additive version - new opcodes only, every existing instruction list
still valid - ships in a minor release.
	Retirement mints the next ISA integer, in addition to taking a major
library release and an upgrade path. The integer moves because a build that
no longer runs an opcode must be distinguishable from one that does -
without it, the version stamp reports a list runnable that the build will
refuse.
	A version's opcode set is a half-open interval. Each opcode is
introduced at one version and, if ever retired, removed at another;
version v's set is every opcode with introduced <= v < removed_in. A
version's set is fixed once minted - retiring at v3 does not change what v2
was - so a sibling declaring v2 claims v2's whole set, retired opcodes
included.
	The check a consumer performs is membership in
Predicator.Instructions.opcode_set/1 for this build's version, not a bare
comparison against required_isa/1's result: required_isa/1 still names
the version an instruction list needs, and retired_in/1 names the version
that removed an opcode, and together they are what lets a refusal name a
version rather than say "unknown opcode".
	A sibling behind the current version is an expected, documented state.
Each sibling publishes the version it supports in its own repository; this
document maintains no support matrix.

Current version: ISA v6.
At runtime, Predicator.isa_version/0 returns this build's version as an
integer, and Predicator.Instructions.required_isa/1 returns the minimum
version a given instruction list needs.
2. Execution model
The rules that govern every opcode, stated once here rather than repeated in
each row.
	A program is a flat list of instructions. An instruction is a JSON array
whose first element is the opcode name and whose remaining elements are
operands (Predicator.Types.instruction/0). Nothing else is in the wire
format - source positions and spans travel in an Elixir-side side table
that is never serialized (Predicator.Types.position_table/0,
Predicator.Types.span_table/0).
	Execution is sequential from index 0. The program halts when the
instruction pointer reaches or passes the end of the list, so a forward
jump past the last instruction is a normal halt, not an error.
	In expression mode, the result is the top of the stack at halt. An empty
stack at halt is an EvaluationError with reason "empty_stack"; it is the
one error that belongs to no instruction and therefore carries no source
position. A deeper stack is not an error: the top is the result and anything
beneath it is discarded. This rule, empty_stack included, is expression
mode's alone - see "Two execution modes" below.
	Opcodes validate, they do not coerce. There is no general truthiness
rule; a boolean-expecting opcode handed a non-boolean is a
TypeMismatchError.
	What "falsy" means at a jump: false, null, or :undefined, and
nothing else. "True" means exactly true. This is ECMAScript-aligned,
deliberately not symmetric-Kleene (ADR-0001).
	Jumps are relative; the operand is always a positive integer. jump,
jump_if_falsy_or_pop, and jump_if_true_or_pop target index + offset;
jump_backward (ISA v6) targets index - offset. There is no absolute
jump in the ISA.
	Execution of a list containing jump_backward must be bounded. An
implementation charges a per-execution budget on each back edge taken and,
on exhaustion, stops with an EvaluationError whose reason is
"loop_budget_exceeded". The budget's default value and the option that
configures it are implementation-local, as on_unbound is - only the
bound's existence and the exhaustion reason are normative. The derived
guarantee: between consecutive back edges the instruction pointer strictly
increases, so total work is at most (budget + 1) * length(program)
instructions.
	:undefined is a first-class value, not an absence. Some opcodes
propagate it (compare under a non-strict operator, in, contains),
some reject it (not, the arithmetic five, unary_minus, unary_bang,
legacy and/or), and the jumps treat it as falsy. Each opcode's
subsection below says which. null is also a first-class value, and the
two are not the same thing: :undefined is an absence (no value was ever
supplied), while null is a value that is present and empty. The opcodes
treat them alike at a jump (both falsy) but differently under === and
membership (null === undefined is false, and null is only ever equal
to itself) - see §3 and §5.
	A malformed operand is an unknown instruction, not a bad operand.
Every opcode's clause is guarded on its operand's shape, so an
out-of-range or wrong-typed operand falls through to the catch-all clause
and returns an EvaluationError with reason "unknown_instruction".
Examples: ["make_list", -1], ["jump_if_falsy_or_pop", 0],
["compare", "FOO"], ["load", 5].
	Error types are normative; error messages are not. A sibling wording a
message in its own idiom conforms. Three error types exist:
EvaluationError, TypeMismatchError, UndefinedVariableError
(lib/predicator/errors/).
	Insufficient operands is EvaluationError, not TypeMismatchError, at
every opcode that checks stack depth before checking types.
	The Elixir-side on_unbound policy (:undefined versus :error on a
load of an absent root) is an evaluation option, not part of the ISA:
it changes what a load of an absent root does but adds no opcode and no
wire-format change. See docs/architecture.md for that option; it is not
respecified here.
	A host may name context roots a store refuses to write (the
:protected_roots evaluation option). This is likewise an evaluation
option, not part of the ISA: it adds no opcode and no wire-format change,
and a run with no such option behaves exactly as specified above. When
configured, a store whose path's root segment is protected returns
EvaluationError with reason "protected_root" instead of writing. See
§5's store subsection and docs/architecture.md for the option; it is
not respecified here.

Two execution modes
A program is a flat instruction list with no header, so nothing in the wire
format says whether it is an expression or a statement program. The mode is
carried by the entry point, not by the artifact. In this implementation
Predicator.evaluate/2,3 is expression mode and Predicator.execute/2 - the
4.0 statement layer, §6 - is statement mode; a sibling exposes the same two
calls under whatever names it likes. The instruction set is identical in both:
no opcode is restricted to one mode, and no opcode means anything different in
the other. Only what "result" means differs.
	Expression mode - the result is the top of the stack at halt, and an
empty stack at halt is empty_stack, as above.
	Statement mode - the result is the context at halt, not a stack
value. The stack is scratch space between statement boundaries: a
well-formed statement program ends each statement with a store or a pop
and therefore halts with an empty stack by design. That is a normal
halt. empty_stack is an expression-mode rule and is never raised in
statement mode. A non-empty stack at halt is likewise not an error in
statement mode; the residue is discarded, exactly as expression mode
discards everything beneath the top.

A statement program that halts on an error has no result. Whether the
partially applied context from the statements that completed before the error
is kept or discarded is a property of the host API, not of the VM; the VM
specifies only that execution stops at the failing instruction.
A host may additionally surface the value of the program's last expression
statement alongside the context. That is a host-API convenience, not an ISA
guarantee - the statement boundary's pop discards it as far as the VM is
concerned. Predicator.execute_value/2 is this implementation's answer: it
obtains the value by having the machine retain what pop discarded rather
than by compiling the program differently, so the compiled artifact is
identical either way.
Statement mode was specified here, ahead of the opcodes that reach it, so the
statement layer arrived as two opcodes plus an entry point rather than as a
change to this specification. Predicator.execute/2 is that entry point.
3. Value types
The value domain the opcodes operate over: integer, float, string, boolean,
list, map (object), Date, DateTime, duration, null, and :undefined.
null and :undefined are both first-class values and neither is the
other: :undefined is an absence - no value was ever supplied - while
null is a value that is present and empty. Both read symmetrically at the
surface: each has a literal keyword (undefined, null), and each compiles
to the corresponding lit operand (§5, §6). null additionally enters the
value domain through a host-supplied context, a load of a bound null, an
access/bracket_access result, or a function return.
A duration's shape is normative, because ["duration", units] produces one
and add/subtract consume it: a map with the eight keys years, months,
weeks, days, hours, minutes, seconds, milliseconds, all present
and defaulting to 0. The key set does not vary with the units an expression
named. The conformance corpus's tagged-value JSON omits a milliseconds of
0 as a compaction, which conformance/README.md specifies and which does
not narrow this shape - an absent key decodes to 0.
How these values cross a language boundary in the conformance corpus's
tagged-value JSON encoding is px-35i.4's concern, not restated here.
Crossing a plain-JSON boundary
Seven of those eleven types are JSON's own - integer, float, string, boolean,
list, map, null - and survive a JSON round trip unchanged. The other four
do not, and because a lit operand may be any of them, an instruction list
written out as plain JSON and read back is not necessarily the list that was
written:
	Value	Plain-JSON encoding	What it decodes back as
	Date	"2026-08-06"	a string
	DateTime	"2026-08-06T12:00:00Z"	a string
	duration	{"years":0,"days":3,...}	a map
	:undefined	"undefined"	a string

Each right-hand value is itself a member of the domain above, so the loss
is silent in both directions: the encode succeeds, the decode yields a
well-formed instruction, and the program runs. It runs a different program.
["lit", :undefined] stored and reloaded is ["lit", "undefined"], which
turns the boundness test x === undefined into a string comparison that is
always false. Nothing raises, and no version check catches it - the list
requires the same ISA version either way, because no opcode changed.
This is not new with any particular version. Date, DateTime, and duration
have been in the domain since v1; :undefined joined the list of spellings
in 5.0.0 without joining the domain, which it was already in (§6).
The ISA defines no envelope for this, and does not intend to. Section 2's
wire format is a plain JSON array and stays one; an envelope is something a
consumer wraps around that array, and the right choice depends on the store -
a consumer persisting to a JSON column has the problem, one persisting the
source text or a language-native binary term does not have it at all. Two
approaches work:
	The conformance corpus's tagged-value encoding, specified in
conformance/README.md, carries exactly these
four as {"$type": ...} objects and is the encoding to reach for. It is
recommended, not normative outside the corpus: it is corpus apparatus, not
a published API, and a consumer adopting it copies it rather than calls it.
Its one caveat travels with it - a genuine predicator map containing a
literal "$type" key is ambiguous with the tag namespace, and the corpus
codec rejects such a map rather than emit a tag that would decode wrong.
	Persist the source and recompile on load. Recompiling the same source
is deterministic, so this loses nothing, and it is already the recommended
way to get a position table back after a round trip
(Predicator.Compiled, ADR-0009). It costs a compile per load, which is
the trade against storing a compiled artifact at all.

4. The opcode table
One row per opcode the ISA has ever contained, including opcodes the
compiler no longer emits and opcodes a later version retired. A retired
opcode keeps its row so the version scan stays total. Columns: Opcode,
Operands, Pops, Pushes, ISA, Tier, Emitted by
compiler, Removed in.
Error semantics are not a table column: several opcodes have three or four
distinct error paths, more than a cell can carry cleanly. See the per-opcode
subsections below the table.
Every opcode is ISA v1 except jump_if_falsy_or_pop,
jump_if_true_or_pop, and make_list, which are v2 (ADR-0001),
store and pop, which are v3, cast, which is v4 (ADR-0011),
jump and pop_jump_if_falsy, which are v5 (ADR-0013), and
jump_backward, which is v6 (ADR-0013).
Tiers
Tiers group opcodes for the conformance corpus (px-35i.4); a lower tier is
a smaller, more foundational surface. Tier is a function of opcode only - a
row's tier does not depend on the value types the expression happens to use
(see the note after the table).
	Tier	Name	Opcodes it unlocks
	1	core	lit, load, compare, not, unary_bang, unary_minus, jump_if_falsy_or_pop, jump_if_true_or_pop, and, or
	2	arithmetic	add, subtract, multiply, divide, modulo
	3	access	in, contains, access, bracket_access, make_list
	4	rich types	object_new, object_set, duration, relative_date
	5	functions	call
	6	statements	store, pop
	7	casts	cast
	8	control flow	jump, pop_jump_if_falsy
	9	loops	jump_backward

Tiers are defined by opcode, not by value. A date comparison
([["lit", Date], ["lit", Date], ["compare", "GT"]]) is tier 1 by opcode,
even though it needs Date support and chronological comparison. Value-level
requirements (dates, datetimes, durations) are carried by px-35i.4's
feature tags, not by tiers.
Opcodes
	Opcode	Operands	Pops	Pushes	ISA	Tier	Emitted by compiler	Removed in
	lit	value	0	1	v1	1	yes	-
	load	name (string)	0	1	v1	1	yes	-
	access	property (string)	1	1	v1	3	yes	-
	compare	operator (string)	2	1	v1	1	yes	-
	and	-	2	1	v1	1	no	v3
	or	-	2	1	v1	1	no	v3
	not	-	1	1	v1	1	yes	-
	in	-	2	1	v1	3	yes	-
	contains	-	2	1	v1	3	yes	-
	add	-	2	1	v1	2	yes	-
	subtract	-	2	1	v1	2	yes	-
	multiply	-	2	1	v1	2	yes	-
	divide	-	2	1	v1	2	yes	-
	modulo	-	2	1	v1	2	yes	-
	unary_minus	-	1	1	v1	1	yes	-
	unary_bang	-	1	1	v1	1	yes	-
	bracket_access	-	2	1	v1	3	yes	-
	call	name (string), arg_count (int >= 0)	arg_count	1	v1	5	yes	-
	object_new	-	0	1	v1	4	yes	-
	object_set	key (string)	2	1	v1	4	yes	-
	make_list	count (int >= 0)	count	1	v2	3	yes	-
	jump_if_falsy_or_pop	offset (int > 0)	0 or 1	0	v2	1	yes	-
	jump_if_true_or_pop	offset (int > 0)	0 or 1	0	v2	1	yes	-
	duration	units (list of [int, string])	0	1	v1	4	yes	-
	relative_date	direction (string)	1	1	v1	4	yes	-
	store	n (int >= 0)	n + 1	0	v3	6	yes	-
	pop	-	1	0	v3	6	yes	-
	cast	type name (string)	1	1	v4	7	yes	-
	jump	offset (int > 0)	0	0	v5	8	yes	-
	pop_jump_if_falsy	offset (int > 0)	1	0	v5	8	yes	-
	jump_backward	offset (int > 0)	0	0	v6	9	yes	-

jump_if_falsy_or_pop and jump_if_true_or_pop pop 0 or 1 values and push
0: on the taken branch they leave the value on the stack (net 0 change), and
on the fall-through branch they pop it and execution continues into the next
instruction, which pushes its own value. Neither jump itself ever pushes.
Retired opcodes
An opcode's Removed in cell holds - for a live opcode or vN for one
retired at ISA vN. That marker is the ISA version that removed the opcode,
not a library version (§1). A retired opcode keeps its row in this table, its
entry in Predicator.Instructions's opcode map, and its membership in the
tier-names table above; it loses exactly one thing, its
execute_instruction/2 clause in the evaluator. required_isa/1 and
tier/1 keep answering for it with a version rather than falling back to
unknown_opcode. The conformance corpus keeps a retired opcode's cases too,
with frozen expectations rather than ones the evaluator recomputes - see §8
and conformance/README.md. Retiring an opcode
still requires an upgrade path (ADR-0003).
5. Per-opcode semantics and errors
Each opcode names the private functions in lib/predicator/evaluator.ex that
implement it: the execute_instruction/2 clause matching its name, plus the
helper it delegates to. Function names rather than line numbers, so a
reference survives an edit above it.
	lit - pushes the operand unchanged. No error path. The operand may be
any value in §3's value domain, :undefined and null included, and a
source spelling exists for both as of the changes that added them (the
undefined and null literal keywords, §6). Worth naming the one
asymmetry: ["lit", nil] survives a plain-JSON round trip, while
["lit", :undefined] does not (§3's lossy table).

	load (load_from_context/2) - string-key lookup in the context; an
absent key pushes :undefined. Atom keys are not read: the context is
normalized to string keys before evaluation. This is the only opcode that
reads a root variable; access and bracket_access operate on a value
already on the stack.

	access (execute_access/2, access_value/3) - pops the target,
pushes target[property]. A missing key, a property against a list (the
compiler only ever emits a binary property, which a list never accepts as
an index), or a target that is neither a map nor a list, all push
:undefined - never an error. A null target falls into that last case:
null.foo is :undefined, not a type error - indexing into a null is not
a rule this opcode enforces. An empty stack is EvaluationError
insufficient operands.

	compare (execute_compare/2, compare_values/3) - operand is one of
GT, LT, EQ, GTE, LTE, NE, STRICT_EQ, STRICT_NE; any other
string is an unknown instruction. Pops right then left (stack top is the
right operand).
	:undefined on either side under a non-strict operator (anything except
STRICT_EQ/STRICT_NE) pushes :undefined.
	STRICT_EQ/STRICT_NE are resolved before any type dispatch and work
over every value including :undefined. A Date is never strictly equal
to a DateTime, since strict equality is Elixir === and the two are
different structs.
	Date/Date and DateTime/DateTime compare chronologically, never
by struct-key order; a mixed Date/DateTime pair coerces the Date
to 00:00:00 UTC before comparing.
	Every other pair must be type-matched, where "matched" means both
numbers, both booleans, both strings, both lists, or both plain maps
(types_match/2). Integer and float are the same type for this purpose,
so 1 < 2.0 compares and 1 == 1.0 is true - while STRICT_EQ on
that same pair is false, because strict equality does not bridge
integer and float. This is the one place the two equality families
disagree on numbers, and it is worth a conformance case.
	A type-mismatched pair under a non-strict operator pushes
:undefined - it is not an error. 1 > "a" is :undefined, and
so is true == 1.
	null's four-row matrix: null === undefined is false; null == undefined is :undefined; null === null is true; null == null is
:undefined. No new clause implements this - null is not admitted by
types_match/2, so every non-strict comparison involving it falls to
the type-mismatch catch-all above, and STRICT_EQ/STRICT_NE already
work over every value. The rule in one sentence: == and the ordering
operators are typed comparisons and null has no type peer, so every
non-strict comparison involving null yields :undefined; === is the
operator that answers a boolean about null, exactly as it is for
:undefined.
	Ordering on a matched pair, by type:	numbers - numeric order.
	strings - lexicographic by Unicode codepoint, comparing the UTF-8
bytes. Not a locale collation: no case folding, no accent folding.
	booleans - false < true.
	lists - element-wise, comparing the first position where the two
differ; a proper prefix sorts before the longer list.
	maps - the Elixir reference implementation orders these by Erlang
term order (size first, then sorted keys, then values). A sibling
should treat ordering comparisons between two maps as unspecified
rather than reproduce that rule; the conformance corpus does not
exercise them. EQ/NE/STRICT_EQ/STRICT_NE on two maps are
well-defined and portable - only GT/LT/GTE/LTE are not.


	Fewer than two values on the stack is EvaluationError.


	and, or - retired at ISA v3; never emitted by the compiler.
Both operands must be booleans; anything else, including :undefined, is
TypeMismatchError with operation logical_and / logical_or and
expected type boolean. They do not short-circuit: both operands are
already on the stack by the time either opcode runs. This is the semantics
a v1 or v2 implementation still has to provide - a sibling declaring either
version claims and/or under the interval rule (§1). This build has no
execute_instruction/2 clause for them: evaluating a list containing
either is refused with reason "retired_opcode", naming ISA v3 and
pointing at Predicator.Instructions.upgrade/1, which is the migration
ADR-0003 requires (px-tbv.9).

	not (execute_logical_not/1) - boolean required; :undefined,
null, or any other type is TypeMismatchError (operation logical_not,
expected boolean).

	in (execute_membership/2) - left in right. Either operand
:undefined pushes :undefined. The right operand must be a list, else
TypeMismatchError (operation in, expected list). Membership uses
type-matched equality with chronological date comparison
(values_equal?/2), and :undefined is never equal to anything. null
is the one place null behaves as a value rather than an absence:
values_equal?(nil, nil) is true, so null in [null] is true (and
null in [1] is false, matched against nothing) - null does not
propagate the way :undefined does. Note the resulting surface tension,
deliberate and documented rather than reconciled: null == null is
:undefined (above) while null in [null] is true. == and in
already disagree about :undefined in the opposite direction
(undefined in [undefined] propagates :undefined rather than answering
false), so the two operators were never one predicate.

	contains (execute_membership/2) - left contains right. Mirror of
in; the left operand must be the list, and the type mismatch is
reported against the left operand's type. null on the right behaves as
it does under in: identity via values_equal?/2, not propagation.

	add (execute_arithmetic/2) - number+number is numeric
addition; string+string, string+number, and number+string concatenate
(numbers are stringified); list+list concatenates; Date/DateTime +
duration and duration + Date/DateTime do date arithmetic. Anything
else, including any :undefined or null operand, is TypeMismatchError
(operation add, expected number_or_string).

	subtract (execute_arithmetic/2) - number-number is numeric
subtraction; Date-Date yields a duration in days; DateTime-DateTime
a duration in seconds; a mixed Date/DateTime pair coerces the Date
to UTC midnight first; Date/DateTime - duration does date arithmetic.
Else TypeMismatchError (operation subtract, expected
number_or_date), null included. Note the asymmetry with add:
subtraction does not concatenate strings or lists.

	multiply (execute_arithmetic/2) - numbers only, else
TypeMismatchError (expected number) - :undefined and null included.

	divide (execute_arithmetic/2) - the zero check runs before the
type check, so a right operand of integer 0 or float 0.0 is
EvaluationError "division_by_zero" regardless of the left operand's
type. Two integers use truncating integer division; any float operand
uses float division. Otherwise TypeMismatchError (expected number),
null included.

	modulo (execute_arithmetic/2) - integers only, which is the one
place modulo diverges from the other four arithmetic opcodes: a float
operand is TypeMismatchError (expected number). A right operand of
integer 0 is checked before the type check, as in divide, and is
EvaluationError "modulo_by_zero". There is no float-zero clause -
unlike divide, a right operand of 0.0 is a TypeMismatchError, not
"modulo_by_zero". null is TypeMismatchError, same as any non-integer.

	unary_minus (execute_unary/2) - number required, else
TypeMismatchError (expected number) - :undefined and null included.

	unary_bang (execute_unary/2) - boolean required, else
TypeMismatchError (expected boolean). Semantically identical to
not; the two differ only in which surface operator produced them and in
the operation name carried on the error.

	bracket_access (execute_bracket_access/1, access_value/3) - pops
the key (stack top), then the target.
	Against a map: a string, an integer, a boolean, or :undefined
indexes it. (The reference implementation writes this as one Elixir clause
on is_atom/1, which is also true of true, false, and :undefined; a
sibling with no atom type implements the clause as string, integer,
boolean, and its own undefined value.) A key of any other type - float,
list, map, date, duration - is TypeMismatchError (operation
bracket_access, expected string). A missing key pushes :undefined,
and an :undefined key is an ordinary miss on any map that does not carry
one, not a type error - unlike the list case below.
	Boolean keys are data, not a type error. A map may legitimately be
keyed by true/false (config[true]); the reference implementation's
context normalization preserves boolean keys for exactly this reason.
m[true] against a map with no true key is an ordinary miss and pushes
:undefined, the same as any other missing key - it is not a type
rejection that leaked through.
	Against a list: only a non-negative integer indexes; out-of-range and
negative indices push :undefined. Any non-integer key - string, boolean,
:undefined, float - is TypeMismatchError (operation bracket_access,
expected integer).
	Against a target that is neither map nor list: :undefined, whatever the
key. A null target takes this branch - null["x"] is :undefined,
the same treatment as access above.
	Fewer than two values on the stack is EvaluationError.
	This bullet, not the ISA version, changed to state the above precisely:
the list-with-a-non-integer-key case was previously unspecified here and
the reference implementation crashed on it rather than returning an error
value, and the boolean-map-key line corrects an earlier erratum in this
document rather than describing a behavior change - see §1's versioning
rules for why neither warrants a version bump.


	call (execute_function_call/3, call_function/4) - pops
arg_count values; the deepest (pushed first) is the first argument. Fewer
than arg_count values on the stack is EvaluationError
"insufficient_arguments". An unknown function name, an arity mismatch, a
function returning {:error, message}, or a function that raises are all
EvaluationError with operation
function_call. The builtin function set is not part of
the ISA table - see Language Reference. A
sibling implements call plus whatever functions it chooses to provide;
the conformance corpus's functions tier is where that set is pinned.

	object_new (execute_object_new/1) - pushes an empty map. No error
path.

	object_set (execute_object_set/2) - pops the value (stack top) and
the object beneath it, pushes the object with key set to that value. Fewer
than two values on the stack is EvaluationError insufficient operands. A
non-map beneath the value is EvaluationError "invalid_stack_value",
checked after the stack-depth check. The compiler only ever emits
object_set immediately after object_new, so the non-map case is
reachable only from a hand-built instruction list - but it is specified, not
undefined: a sibling implements it to claim tier 4.

	make_list (execute_make_list/2) - pops count values and pushes
them as a list in source order: the stack holds them reversed, deepest
first, and this opcode reverses them back. Fewer than count values on
the stack is EvaluationError. count of 0 pushes []. The compiler
only emits this opcode for a list with at least one non-literal element;
an all-literal list compiles to a single ["lit", [...]] instead, which
is why v1 siblings can still run most list expressions.

	jump_if_falsy_or_pop (execute_jump_if_falsy_or_pop/2,
jump_to/2) - if the stack top is false, null, or :undefined, jump to
index + offset, leaving the value on the
stack as the result of the expression; if it is exactly true, pop it
and fall through to the next instruction; any other value is
TypeMismatchError (expected boolean). An empty stack is
EvaluationError. Worked example, a AND b:
[["load","a"],["jump_if_falsy_or_pop",2],["load","b"]] - if a is falsy,
the jump lands past ["load","b"] and a's value is the result; if a
is true, it is popped and b's value becomes the result.

	jump_if_true_or_pop (execute_jump_if_true_or_pop/2, jump_to/2) -
mirror of
jump_if_falsy_or_pop: jump on exactly true, leaving the value on the
stack; pop and fall through on false, null, or :undefined; anything
else is TypeMismatchError. Worked example, a OR b:
[["load","a"],["jump_if_true_or_pop",2],["load","b"]]. State the
ECMAScript alignment explicitly: undefined AND x short-circuits to
:undefined without evaluating x, while undefined OR x falls through
and takes x's value.

	duration (execute_duration/2) - pushes a duration map built from the
operand's unit pairs. Accepted unit strings, all of them:
y/year/years, mo/month/months, w/week/weeks,
d/day/days, h/hour/hours, m/min/minute/minutes,
s/sec/second/seconds, ms/millisecond/milliseconds. Later
pairs overwrite earlier ones naming the same unit. An unrecognized unit
string is EvaluationError "invalid_duration_unit"; a pair that is not
[integer, string] is EvaluationError "invalid_duration_format".

	relative_date (execute_relative_date/2) - pops a duration map,
pushes a DateTime. "ago" and "last" subtract the duration from the
current time; "future" and "next" add it. Any other direction string is
EvaluationError "invalid_direction"; a non-map on top of the stack is
EvaluationError "invalid_stack_value"; an empty stack is
EvaluationError insufficient operands. The result depends on the
current time - it reads the system clock at evaluation time - so a
conformance case exercising it cannot pin an exact expected value.

	store (execute_store/2) - pops the value from the stack top, then
n location segments beneath it, and reverses those n into root-first
path order: the compiler pushes segments root-to-leaf followed by the
value, so the stack holds the segments deepest-first, exactly as
make_list does. Writes path -> value into the evaluator's context via
the same write algorithm Predicator.ContextLocation.put/3 implements: a
missing, null, or :undefined interior slot is auto-vivified as a list
when the next segment is an integer and a map otherwise - writing through
a null intermediate vivifies it exactly as it would an :undefined
one, deliberately: "you cannot index into a null" is not a rule this ISA
enforces anywhere else (access/bracket_access above agree - a null
target is an ordinary miss, not a type error). An integer past a list's
end pads with :undefined, and the leaf is always overwritten. Pushes
nothing. Fewer than n + 1 values on the stack is EvaluationError
insufficient operands. A segment that is neither a string nor an integer
is TypeMismatchError (operation store, expected string, the message
naming string and integer as the accepted segment types), the mirror of
bracket_access's key rule. A write that cannot be performed is
EvaluationError with reason not_assignable (empty path, only reachable
from a hand-built ["store", 0]), not_a_container (an interior segment
holds a scalar), or invalid_index (a negative list index). This is the
only opcode that writes the context. A host that supplied a protected-root
list (the :protected_roots evaluation option) gets EvaluationError
"protected_root" when the path's root segment is in it, checked after
segment-type validation and before the write, so a refused write leaves no
partial write behind. This is host policy, not an ISA rule - see §2.

	pop (execute_pop/1) - discards the stack top and pushes nothing.
The statement-boundary opcode: the compiler emits it after every
expression statement so the next statement starts from a clean stack. An
empty stack is EvaluationError insufficient operands. It is unrelated to
jump_if_falsy_or_pop/jump_if_true_or_pop, which pop conditionally as
part of a jump. Non-normative: this implementation additionally retains the
discarded value in the evaluator's own state, which is how
Predicator.execute_value/2 reports the last expression statement's value;
the stack effect, the error, and everything else a conforming
implementation must reproduce are unchanged, and a sibling need not retain
anything.

	cast (execute_cast/2, Predicator.Cast.cast/2) - pops the stack
top, converts it to the named type, pushes the result. The operand must be
one of the seven scalar type names below; any other value is unknown_instruction,
the standing malformed-operand rule (ADR-0011) - cast has no other error
path. An empty stack is EvaluationError insufficient operands. This
subsection is the normative conversion matrix: a sibling claiming ISA
v4 implements exactly it.
Two rules generate every cell:
	:undefined propagates: cast(:undefined, _type) is :undefined for
every target.
	cast is total over values: a conversion that cannot produce a value of
the target type pushes :undefined, never an error. The type name
itself already failed at parse time if it was invalid; what remains at
evaluation time is the data's half, and data problems go soft here, as
at a compare mismatch or an access miss.

null::T is :undefined for every target T, via rule 2, not rule
1: null is not :undefined and does not propagate the way it does - a
null simply cannot produce a value of any target type, the same total
failure a list or a map hits below. null::string is :undefined, not
"null". A cast is an explicit request for a typed value, and losing the
null/undefined distinction across one is the correct, accepted cost.
The seven scalar type names are integer, float, string, boolean,
date, datetime, duration (§3). = is identity, a word names a
conversion, - is :undefined:
	source \ target	integer	float	string	boolean	date	datetime	duration
	integer	=	widen	format	-	-	-	-
	float	truncate	=	format	-	-	-	-
	string	parse	parse	=	parse	parse	parse	parse
	boolean	-	-	format	=	-	-	-
	date	-	-	format	-	=	midnight UTC	-
	datetime	-	-	format	-	calendar date	=	-
	duration	-	-	format	-	-	-	=
	list	-	-	-	-	-	-	-
	map	-	-	-	-	-	-	-
	null	-	-	-	-	-	-	-
	:undefined	-	-	-	-	-	-	-

Numeric conversions.
	integer::float widens to the nearest representable double, which is
exact up to 2^53 and rounds beyond it: (2^53+1)::float is 2^53.
Siblings agree, because a 53-bit mantissa is what their host float
types have too, but the conversion is not lossless and a round trip
through float is not identity for a large integer.
	float::integer truncates toward zero. PostgreSQL rounds here; this
diverges deliberately, because truncation is what Elixir trunc,
JavaScript Math.trunc, and Ruby to_i all do natively, and matching
the siblings' host languages is worth more than matching PG's
tie-breaking.

String parses. Each parse accepts the whole string or yields
:undefined; no trimming, no partial consumption, no locale forms.
	::integer - an optionally-negated decimal integer (-?[0-9]+).
	::float - an optionally-negated decimal number with an optional
fraction (-?[0-9]+(\.[0-9]+)?); "3"::float is 3.0. No exponent
form, matching the language's own float literal grammar.
	::boolean - exactly "true" or "false", case-sensitive.
	::date - ISO 8601 calendar date (2026-08-09).
	::datetime - ISO 8601 datetime with a UTC offset, normalized to
UTC. A date-only string is :undefined here; the supported spelling is
s::date::datetime.
	::duration - the language's own duration-literal grammar, a sequence
of [0-9]+(\.[0-9]+)?<unit> pairs ("1d2h30m", "1.5s"). A number may
carry a decimal fraction; there is no bare fraction (".5s") and no
trailing dot ("1.s"). A fractional component must convert to an exact
whole number of milliseconds or the whole string is :undefined - a
sub-millisecond remainder ("0.5ms") is rejected, never rounded or
truncated. A valid fraction expands to the integer part on its own unit
plus a remainder decomposed largest-first through d, h, m, s,
ms only, never back into w, mo, or y. Fractions are permitted on
every unit; mo and y fractions commit this document's 30-day and
365-day approximations at parse time, so "0.5mo"::duration has
days: 15 and no months component. Repeated units accumulate,
expansions included. This bullet, not the ISA version, changed to state
the widened grammar precisely - see §1's versioning rules for why: no
operand form carried in the instruction list moves, and a string moving
from the unparseable set to the parseable set is the monotone widening
cast's :undefined failure mode was built to absorb.

String formats (::string).
	integer - decimal.
	float - the shortest round-trip decimal. Shortest-round-trip printing
is a known cross-language hazard, so the conformance corpus pins values
chosen to format identically across languages.
	boolean - "true" / "false".
	date - ISO 8601 calendar date (2026-08-09).
	datetime - ISO 8601 in UTC with Z, and the fractional-seconds field is
normative: omitted entirely when the sub-second component is zero
(2026-08-09T12:00:00Z), and exactly six digits when it is not
(2026-08-09T12:00:00.500000Z). Never any other digit count, and never a
zero fraction spelled out. Sub-second precision is microseconds - the
::datetime parse truncates digits past the sixth - so the field is
stated in terms of the instant, not in terms of any host type's precision
or scale field. dt::string::datetime preserves the instant, but
s::datetime::string is a canonicalization rather than a string
identity: "…:00.5Z" returns as "…:00.500000Z", and a seventh digit is
gone.
	duration - the duration-literal grammar, largest unit first, zero
components omitted, "0s" when all components are zero, so
d::string::duration round-trips.
	Lists and maps are -: serialization is JSON.stringify's job, not a
cast's.

The date/datetime bridge.
	date::datetime is midnight UTC - the same coercion compare and
subtract already apply to a mixed pair.
	datetime::date is the datetime's calendar date.

No boolean/number bridge. 1::boolean and true::integer are
:undefined. The ISA has no truthiness rule (§2) and compare refuses to
bridge booleans and numbers; casts do not open a side door.

	jump (jump_to/2) - unconditional jump to index + offset. Pops
nothing, pushes nothing. No error path beyond the standing malformed-operand
rule (a non-integer or non-positive offset falls through to
unknown_instruction). Statement-level control flow's only unconditional
jump - if/else uses it to skip the else branch once the if branch has
run. Worked example, if c { A } else { B }:
c; ["pop_jump_if_falsy", lenA + 2]; A; ["jump", lenB + 1]; B - after A
runs, jump skips past B to the instruction following it.

	pop_jump_if_falsy (execute_pop_jump_if_falsy/2, jump_to/2) - pops
the stack top always. If the popped value is false, null, or
:undefined, jump to index + offset; if it is exactly true, fall
through to the next instruction; any other value is TypeMismatchError
(expected boolean). An empty stack is EvaluationError insufficient
operands.
Contrast with jump_if_falsy_or_pop: that opcode pops only on the
fall-through branch and leaves the value on the stack on the taken
branch, because it exists to make a AND b yield a as the expression's
result. pop_jump_if_falsy pops unconditionally - a statement's condition
is never a result, so there is nothing to preserve, and leaving it behind
would strand a value on the stack for the following statement to trip over.
CPython draws the same distinction between JUMP_IF_FALSE_OR_POP and
POP_JUMP_IF_FALSE, and this opcode is the latter's counterpart, not the
former's.
Worked example, if c { A } (no else):
c; ["pop_jump_if_falsy", lenA + 1]; A - a falsy c jumps past A
entirely; A's length plus one lands on the instruction after A. Worked
example, if c { A } else { B } (continuing the jump example above):
a falsy c jumps over both A and the trailing jump, landing on B's
first instruction, lenA + 2 past the pop_jump_if_falsy itself.

	jump_backward (execute_jump_backward/2, jump_backward_to/2) - the
one back edge in the ISA (ISA v6, ADR-0013). Unconditional jump to
index - offset. Pops nothing, pushes nothing. A non-integer offset, a
non-positive offset, or a target before index 0 is unknown_instruction,
the standing malformed-operand rule (§2).
The opcode has its own name rather than being a negative jump offset
deliberately: it keeps opcode-name scanning a sound version check, and the
absence of jump_backward in a list remains a termination proof - a list
without it still halts in at most length(program) steps, since every
other jump is forward-only (§2).
Every execution of a back edge charges a per-execution loop budget (§2). On
exhaustion, the instruction returns an EvaluationError with reason
"loop_budget_exceeded", carrying the jump_backward instruction's own
source position - the same position-attachment every other opcode's error
gets, with no special-case plumbing.
Worked example, while c { A }:
c; ["pop_jump_if_falsy", lenA + 2]; A; ["jump_backward", lenC + lenA + 1]
	the pop_jump_if_falsy skips past A and the trailing
jump_backward once c goes falsy (the +2); the jump_backward at the
end targets the condition's first instruction, lenC instructions before
A began, so its offset counts both lenC and lenA.



6. Not in the ISA
What a reader might expect to find here and will not:
	Source positions and spans - these travel in an Elixir-side side table,
never serialized as part of the instruction list. See
docs/reference/ast.md for the blame-token and span tables, and
docs/reference/language.md's "Error Shapes" for how they surface on an
error.
	Surface syntax, including the = grammar break
(ADR-0002). Both = and ==
compile to ["compare", "EQ"], so no instruction-level divergence exists
between them: the difference is a parse error in expression position and an
assignment in statement position, entirely at the parser layer, and it is
outside the conformance corpus's scope. The undefined literal keyword is
the same shape: it compiles to the existing ["lit", :undefined], an
instruction this ISA's value domain (§3) already admitted, so the new
spelling attaches to no opcode name and moves no version. The null
literal keyword is the same shape again: null compiles to the existing
["lit", nil], an operand §3's value domain already admitted, so this
spelling too attaches to no opcode name and moves no version.
	The builtin function set - see
Language Reference.
	A serialization envelope. Four of §3's value types cannot round-trip
through plain JSON, and choosing what to do about that is the consumer's
call, not the ISA's - see "Crossing a plain-JSON boundary" in §3 for the
four types and for the two approaches that work.
	Absolute jumps. Every jump in the ISA is relative. Backward jumps entered
at v6 as exactly one opcode, jump_backward - see §5.

7. Version history
	ISA	Opcodes introduced	Opcodes retired	Shipped in
	v1	everything not listed below	-	up to 3.6.x
	v2	jump_if_falsy_or_pop, jump_if_true_or_pop, make_list	-	3.7.0
	v3	store, pop	and, or	4.0.0
	v4	cast	-	5.0.0
	v5	jump, pop_jump_if_falsy	-	5.0.0
	v6	jump_backward	-	5.0.0

This table records the release each opcode was introduced in, and, now that
an opcode has been retired, the release each was removed in - both ends of
the interval §1 defines. A version whose only change is a retirement still
gets a row here. A version's semantics can also be refined in a
later release without a new opcode and without a new ISA version - 3.8.0 did
exactly that to v2, as noted in §1.
ISA v1 is defined as the full opcode set the Elixir evaluator accepted
before ADR-0001. A sibling declaring v1 support is claiming that whole set;
where a sibling falls short of it, the sibling publishes that fact in its
own repository. No support matrix is maintained here (ADR-0003).
8. Conformance corpus
This document specifies the ISA in prose; conformance/README.md
is its executable form - a checked-in, language-neutral JSON corpus a
sibling runs its compiler and evaluator against, tier by tier, without an
Elixir toolchain (px-35i.4, ADR-0003). Read it before implementing against
a tier or adding a case. conformance/RATCHET.md
is the companion format a sibling uses to record and defend its conformance
claim over time (px-35i.8).
The corpus's scope boundary matches this document's: it does not cover
surface syntax (§6 - = and == compile identically, so a source-level test
would encode a divergence that does not exist) and it does not cover
parse or lexer errors (every authored case's source, when present, compiles
successfully). Coverage here means the instruction layer this document
specifies, nothing above it.


  

    Nested Data Access

Predicator supports nested data structure access using both dot notation and
bracket notation, letting you reference deeply nested values in your context.
The examples below use the card-authorization context the rest of the docs
authorize against: an account with a holder, a budget and a status, the
transaction being decided, and two lists - the signup wizard's steps and
a run of recent amounts.
iex> context = %{"account" => %{"holder" => %{"first" => "Ada", "last" => "Byron"}, "budget" => %{"remaining" => 500, "limit" => 2000}, "status" => %{"card_active" => true, "tier" => "gold"}}, "transaction" => %{"amount" => 120, "currency" => "USD"}, "steps" => ["payment", "review", "confirm"], "amounts" => [85, 92, 78, 96]}
iex> Predicator.evaluate("account.holder.first == 'Ada'", context)
{:ok, true}

iex> context = %{"account" => %{"holder" => %{"first" => "Ada", "last" => "Byron"}, "budget" => %{"remaining" => 500, "limit" => 2000}, "status" => %{"card_active" => true, "tier" => "gold"}}, "transaction" => %{"amount" => 120, "currency" => "USD"}, "steps" => ["payment", "review", "confirm"], "amounts" => [85, 92, 78, 96]}
iex> Predicator.evaluate("transaction.amount <= account.budget.remaining", context)
{:ok, true}

iex> context = %{"account" => %{"holder" => %{"first" => "Ada", "last" => "Byron"}, "budget" => %{"remaining" => 500, "limit" => 2000}, "status" => %{"card_active" => true, "tier" => "gold"}}, "transaction" => %{"amount" => 120, "currency" => "USD"}, "steps" => ["payment", "review", "confirm"], "amounts" => [85, 92, 78, 96]}
iex> Predicator.evaluate("account.budget.limit == 2000", context)
{:ok, true}
Bracket notation
iex> context = %{"account" => %{"holder" => %{"first" => "Ada"}, "status" => %{"tier" => "gold"}, "budget" => %{"remaining" => 500}}, "steps" => ["payment"], "amounts" => [85, 92]}
iex> Predicator.evaluate("account['holder']['first'] == 'Ada'", context)
{:ok, true}

iex> context = %{"account" => %{"holder" => %{"first" => "Ada"}, "status" => %{"tier" => "gold"}, "budget" => %{"remaining" => 500}}, "steps" => ["payment"], "amounts" => [85, 92]}
iex> Predicator.evaluate("account['status']['tier'] == 'gold'", context)
{:ok, true}
Array access
iex> context = %{"steps" => ["payment", "review", "confirm"], "amounts" => [85, 92, 78, 96]}
iex> Predicator.evaluate("steps[0] == 'payment'", context)
{:ok, true}

iex> context = %{"steps" => ["payment", "review", "confirm"], "amounts" => [85, 92, 78, 96]}
iex> Predicator.evaluate("amounts[1] > 90", context)
{:ok, true}

iex> context = %{"amounts" => [85, 92, 78, 96], "index" => 2}
iex> Predicator.evaluate("amounts[index] > 80", context)
{:ok, false}

iex> context = %{"steps" => ["payment", "review", "confirm"], "i" => 1}
iex> Predicator.evaluate("steps[i + 1]", context)
{:ok, "confirm"}

iex> context = %{"steps" => ["payment", "review"]}
iex> Predicator.evaluate("steps[5] == 'confirm'", context)
{:ok, :undefined}
Bracket keys accept any expression, not just a bare variable - steps[i + 1]
computes the index before indexing. An out-of-bounds index returns
:undefined rather than raising, the same as a missing map key.
Mixed notation
iex> context = %{"account" => %{"status" => %{"tier" => "gold"}, "budget" => %{"remaining" => 500}}}
iex> Predicator.evaluate("account.status['tier'] == 'gold'", context)
{:ok, true}

iex> context = %{"account" => %{"status" => %{"tier" => "gold"}, "budget" => %{"remaining" => 500}}}
iex> Predicator.evaluate("account['budget'].remaining == 500", context)
{:ok, true}
Chained access and combined expressions
iex> context = %{"account" => %{"holder" => %{"first" => "Ada", "last" => "Byron"}, "budget" => %{"remaining" => 500}, "status" => %{"card_active" => true}}}
iex> Predicator.evaluate("account['holder']['first'] + ' ' + account['holder']['last']", context)
{:ok, "Ada Byron"}

iex> context = %{"account" => %{"budget" => %{"remaining" => 500}, "status" => %{"card_active" => true}}}
iex> Predicator.evaluate("account.budget.remaining >= 100 AND account.status.card_active", context)
{:ok, true}
Missing paths
A missing path returns :undefined rather than raising:
iex> context = %{"account" => %{"holder" => %{"first" => "Ada"}}}
iex> Predicator.evaluate("account.holder.email == 'ada@example.com'", context)
{:ok, :undefined}
Atom keys in the context you pass in
A context built with atom keys still works, but not because nested access
reads atom keys directly - Predicator.evaluate/3 normalizes a bare map
through Predicator.Context.new/2 before evaluation, which converts atom
keys to string keys deeply and eagerly. By the time access runs, only string
keys remain:
iex> atom_context = %{account: %{holder: %{first: "Ada"}}}
iex> Predicator.evaluate("account.holder.first == 'Ada'", atom_context)
{:ok, true}
Nested lists
iex> list_context = %{"account" => %{"networks" => ["visa", "mastercard"]}}
iex> Predicator.evaluate("'visa' in account.networks", list_context)
{:ok, true}
Summary
	Dot notation: account.holder.first for nested object access
	Bracket notation: account['holder']['first'] for dynamic key access
	Array indexing: steps[0], amounts[index] for list access
	Mixed styles: account.status['tier'] combining both notations
	Unlimited nesting depth: account.budget.limits.daily.ceiling
	Dynamic and expression keys: steps[index], steps[i + 1]
	Graceful fallback: returns :undefined for missing paths or
out-of-bounds access
	Type preservation: maintains original data types (strings, numbers,
booleans, lists)
	Backwards compatible: simple variable names work exactly as before



  

    Custom Functions

A custom function is provided by a module implementing the one-callback
Predicator.FunctionProvider behaviour, functions/0, which returns
%{name => {arity, atom}} - the same shape the four builtin modules use for
len, upper, abs, and the rest. Wire a provider module in with
Predicator.Context.new/2's providers: option:
defmodule MyApp.AccountPredicates do
  @behaviour Predicator.FunctionProvider

  @impl Predicator.FunctionProvider
  def functions, do: %{"account_active" => {0, :call_account_active}}

  def call_account_active([], context), do: {:ok, context.host.account.status == :active}
end
Every function - builtin, provider, or inline closure - is called as
(args, context), where context is the %Predicator.Context{} the
evaluation is running under, not a bare data map.
The host slot
Context.new/2's host: option carries whatever a provider needs at call
time - the account record behind a card transaction, a tenant id, a
database connection - separately from the evaluated data, and put_host/2
replaces it in O(1) without touching data. host is opaque: it is stored
exactly as given, and there is no syntax that reads it from predicate text
directly - only a function can see it. The same (args, context)
convention applies to an inline closure, so host: works there too:
iex> custom_functions = %{"account_active" => {0, fn [], context -> {:ok, context.host.account.status == :active} end}}
iex> context = Predicator.Context.new(%{}, functions: custom_functions, host: %{account: %{status: :active}})
iex> Predicator.evaluate("account_active()", context)
{:ok, true}
iex> context = Predicator.Context.put_host(context, %{account: %{status: :frozen}})
iex> Predicator.evaluate("account_active()", context)
{:ok, false}
A context built only from providers: - no inline functions: closures -
is serializable: :erlang.term_to_binary/1 round-trips it, because a
module atom and a host term are both plain data. A context carrying inline
closures works identically but cannot be stored - a fun is not a term
:erlang.term_to_binary/1 can hand back to another process or a later run.
Reach for a provider module, not functions:, the moment a context needs to
be persisted or sent across a boundary.
Inline closures (convenience form)
For a one-off function with nothing to persist, Predicator.evaluate/3's
functions: option takes a %{name => {arity, fun}} map directly, without
building a context or a provider module first:
iex> custom_functions = %{"double" => {1, fn [n], _context -> {:ok, n * 2} end}}
iex> Predicator.evaluate("double(limit) > 100", %{"limit" => 60}, functions: custom_functions)
{:ok, true}
A closure can read the evaluation context, not just its arguments -
context.data is the bound-variable map:
iex> custom_functions = %{"holder_tier" => {0, fn [], context -> {:ok, Map.get(context.data, "account_tier", "standard")} end}}
iex> Predicator.evaluate("holder_tier() == 'premium'", %{"account_tier" => "premium"}, functions: custom_functions)
{:ok, true}
Errors from functions
A function that returns {:error, message} surfaces as an
EvaluationError, not a bare string - see the error shapes
reference. This applies equally to a
provider callback and an inline closure:
iex> custom_functions = %{"divide" => {2, fn [a, b], _context ->
...>   if b == 0, do: {:error, "Division by zero"}, else: {:ok, a / b}
...> end}}
iex> Predicator.evaluate("divide(10, 2) == 5", %{}, functions: custom_functions)
{:ok, true}

iex> custom_functions = %{"divide" => {2, fn [a, b], _context ->
...>   if b == 0, do: {:error, "Division by zero"}, else: {:ok, a / b}
...> end}}
iex> {:error, err} = Predicator.evaluate("divide(10, 0)", %{}, functions: custom_functions)
iex> {err.__struct__, err.message}
{Predicator.Errors.EvaluationError, "Division by zero"}
Overriding builtins
A custom function - provider or inline closure - with the same name as a
builtin overrides it for that evaluation only:
iex> override_functions = %{"len" => {1, fn [_], _context -> {:ok, "custom_result"} end}}
iex> Predicator.evaluate("len('anything')", %{}, functions: override_functions)
{:ok, "custom_result"}

iex> Predicator.evaluate("len('hello')", %{})
{:ok, 5}
The full shadowing order, when both are given: the four builtin provider
modules, then providers: left to right, then functions: last - each step
shadowing a same-named entry from the step before it.
Function format
Both a provider's functions/0 and an inline functions: map share the same
value shape - {arity, callable} - and differ only in what callable is:
	Map key: function name (string)
	Map value: {arity, callable} tuple where:	arity: the number of arguments the function expects, as an integer -
or as a list of integers for a function with optional arguments
(substring/2 and /3 both register under "substring" => {[2, 3], :call_substring} in the builtin string functions, for example)
	callable: for a provider, an atom naming a public 2-arity function
exported by that same module; for an inline map, an anonymous function
taking [args], context. Either form returns {:ok, result} or
{:error, message}



Custom functions carry no global state - they are scoped to the single
Context.new/2 or evaluate/3 call that receives them, so concurrent
evaluations with different function sets never interfere with each other.


  

    Location Expressions

Predicator provides specialized support for SCXML datamodel location
expressions, which determine valid assignment targets (l-values) for
<assign> operations.
Resolving locations
iex> Predicator.context_location("user.profile.name", %{})
{:ok, ["user", "profile", "name"]}

iex> Predicator.context_location("items[0]", %{})
{:ok, ["items", 0]}

iex> Predicator.context_location("data['users'][index]['profile']", %{"index" => 2})
{:ok, ["data", "users", 2, "profile"]}
Invalid targets and undefined bracket variables come back as
Predicator.Errors.LocationError. Bind-and-project the type field rather
than inlining a full struct literal, since the struct carries additional
details that can grow without changing what these examples assert:
iex> {:error, err} = Predicator.context_location("len(name)", %{})
iex> err.type
:not_assignable

iex> {:error, err} = Predicator.context_location("42", %{})
iex> err.type
:not_assignable

iex> {:error, err} = Predicator.context_location("items[missing_var]", %{})
iex> err.type
:undefined_variable
Valid assignment targets
	Simple identifiers: user, limit, config
	Property access: user.name, config.database.host
	Bracket access: items[0], user['profile'], data["key"]
	Mixed notation: user.settings['theme'], data['users'][0].profile

Invalid assignment targets
	Literals: 42, "hello", true, #2024-01-15#
	Function calls: len(name), upper(role), Math.max(a, b)
	Arithmetic expressions: limit + 1, items[i + 1]
	Comparison results: limit > 85, name == "John"
	Any computed expression that cannot serve as a memory location

LocationError types
Predicator.Errors.LocationError carries one of seven type values, one per
error-construction site in Predicator.ContextLocation:
	Type	Fires when
	:not_assignable	The expression itself is a literal, function call, arithmetic, comparison, logical, or unary expression, or a list literal - anything that is not an identifier or an access chain
	:invalid_node	The AST node is not one ContextLocation recognizes - a catch-all for an unknown node type
	:undefined_variable	A bracket key is an identifier for a variable that is not present in the context
	:invalid_key	A bracket key resolves to a value that is neither a string nor an integer
	:computed_key	A bracket key is a computed expression - arithmetic, a function call, and so on - rather than a literal or a variable reference
	:not_a_container	put/3 traverses a value that is neither a map nor a list
	:invalid_index	put/3 traverses or writes at a negative list index

Location path format
Location paths are returned as lists representing the navigation path to a
specific location:
["user"]                                  # user
["user", "name"]                          # user.name
["items", 0]                              # items[0]
["user", "profile", "settings", "theme"]  # user.profile.settings['theme']
["data", "users", 2, "name"]              # data['users'][2]['name']
This enables safe assignment operations in SCXML processors while preventing
assignment to computed values or literals.
Assignment
Resolving a location tells you where to write. Predicator.context_assign/4
performs the write, and Predicator.ContextLocation.put/3 does the same
given an already-resolved path. Note that context_assign/4 takes the
context first, unlike context_location/3: it transforms a context and
returns a new one, so it composes in a pipeline.
iex> Predicator.context_assign(%{}, "user.profile.name", "Ada")
{:ok, %{"user" => %{"profile" => %{"name" => "Ada"}}}}
Missing intermediate containers are created automatically - a string segment
vivifies a map, an integer segment vivifies a list:
iex> Predicator.context_assign(%{}, "data['users'][0].name", "Ada")
{:ok, %{"data" => %{"users" => [%{"name" => "Ada"}]}}}
Existing siblings are preserved:
iex> Predicator.context_assign(%{"user" => %{"id" => 1}}, "user.name", "Ada")
{:ok, %{"user" => %{"id" => 1, "name" => "Ada"}}}
Indices past the end of a list pad the gap with :undefined:
iex> Predicator.context_assign(%{"items" => [1]}, "items[2]", "x")
{:ok, %{"items" => [1, :undefined, "x"]}}
ContextLocation.put/3 does the same given an already-resolved path:
iex> Predicator.ContextLocation.put(%{}, ["user", "profile", "name"], "Ada")
{:ok, %{"user" => %{"profile" => %{"name" => "Ada"}}}}
Auto-vivification never destroys existing data. Assigning through a value
that is neither a map nor a list is an error, as is a negative list index:
iex> {:error, err} = Predicator.context_assign(%{"user" => 5}, "user.profile.name", "Ada")
iex> err.type
:not_a_container

iex> {:error, err} = Predicator.context_assign(%{"items" => [1, 2]}, "items[-1]", "x")
iex> err.type
:invalid_index
Two rules worth knowing:
	The leaf is always overwritten, whatever it currently holds - including
a map or a list.
	Only string and integer keys are consulted, never atom keys. Assigning
user.name into a context holding %{user: %{}} creates a new "user"
map beside the atom key rather than descending into it. A caller reaching
this through Predicator.Context.assign/3 never hits this case in
practice: Context.new/2/bind/3 already convert atom keys to strings
deeply and eagerly, so data has no atom keys left by the time assign/3
calls in. It matters only for a caller invoking ContextLocation.put/3
directly on a hand-built, unnormalized map.

ContextLocation.put/3 is the contract-stable primitive that later releases
write through: Predicator.Context.assign/3 and Predicator.context_assign/4
both call it directly rather than duplicating the write logic. Its signature
and the auto-vivification semantics documented above are frozen for that
reason - a change to either would move silently underneath every caller of
assign/3 and context_assign/4.


  

    Embedding Compiled Programs

This guide is for a host that compiles a predicate once, persists the result,
and evaluates it many times later - possibly under a different build of this
library than the one that compiled it. Follow it and a stored artifact is
never silently mis-run: it either still runs, or it is refused with a message
naming why (ADR-0003).
Choose a compile function
Predicator.compile/1 returns {:ok, instructions} - the bare instruction
list, which is the portable artifact:
iex> {:ok, instructions} = Predicator.compile("limit > 85")
iex> instructions
[["load", "limit"], ["lit", 85], ["compare", "GT"]]
Predicator.compile!/1 is its raising form, for a caller that already treats
a parse failure as a bug rather than an expected outcome:
iex> Predicator.compile!("limit > 85")
[["load", "limit"], ["lit", 85], ["compare", "GT"]]
Predicator.compile_with_positions/1 and Predicator.compile_with_spans/1
return {:ok, %Predicator.Compiled{}} instead - the instructions and a
source-location table as one value:
iex> {:ok, compiled} = Predicator.compile_with_positions("limit > 85")
iex> compiled.instructions
[["load", "limit"], ["lit", 85], ["compare", "GT"]]
compiled.instructions is byte-identical to what compile/1 emits for the
same source:
iex> {:ok, plain} = Predicator.compile("limit > 85")
iex> {:ok, compiled} = Predicator.compile_with_positions("limit > 85")
iex> plain == compiled.instructions
true
Pass the %Predicator.Compiled{} struct straight to Predicator.evaluate/3 -
it accepts the struct directly, so the position table cannot be dropped
between compiling and evaluating
(ADR-0009):
iex> {:ok, compiled} = Predicator.compile_with_positions("limit > 85")
iex> Predicator.evaluate(compiled, %{"limit" => 92})
{:ok, true}
Store the instruction list, not the struct
%Predicator.Compiled{} is an in-memory Elixir value, not a wire format.
Persist compiled.instructions - the bare JSON array - and nothing else.
compiled.positions holds offsets into the source string the program was
compiled from, and is meaningless to anything that does not also hold that
string.
A program loaded back as a bare instruction list evaluates fine and reports
position: nil on a runtime error, which is correct - the source is gone,
so there is nothing honest to point at.
To get positions back after a round trip, persist the source, not the
table, and recompile with compile_with_positions/1 (or
compile_with_spans/1) on load. Recompiling the same source is deterministic:
iex> {:ok, first} = Predicator.compile_with_positions("limit > 85")
iex> {:ok, second} = Predicator.compile_with_positions("limit > 85")
iex> first == second
true
Do not persist the table instead of the source. Nothing checks that a
positions table actually came from the instructions list it is attached
to, so a table compiled from one source and attached to another source's
instructions produces no error - just a confidently wrong position, which is
worse than the honest nil a bare instruction list reports
(lib/predicator/compiled.ex).
Persisting a context alongside a program
The instruction list is not the only thing a long-lived host may want to
store or hand to another process - the %Predicator.Context{} it evaluates
against is a candidate too, if functions are wired in through providers:
rather than functions:. A provider is a module atom, and a host term is
whatever plain data the host put there, so a context built that way is
ordinary Erlang term data:
iex> context = Predicator.Context.new(
...>   %{"limit" => 92},
...>   providers: [Predicator.Functions.MathFunctions],
...>   builtins: false,
...>   host: %{tenant: "acme"}
...> )
iex> binary = :erlang.term_to_binary(context)
iex> restored = :erlang.binary_to_term(binary)
iex> Predicator.evaluate("Math.max(limit, 0) > 85", restored)
{:ok, true}
A context carrying an inline functions: closure evaluates identically but
is not storable this way - :erlang.term_to_binary/1 has no way to hand a
fun back to a different run or a different node, so it is only ever safe to
call on a providers-only context. See the custom functions
guide for the provider + host pattern
this depends on.
Check the ISA version before you run a stored program
Predicator.Instructions.required_isa/1 gives the minimum ISA version an
instruction list needs:
iex> {:ok, instructions} = Predicator.compile("limit > 85")
iex> Predicator.Instructions.required_isa(instructions)
{:ok, 1}
An empty list requires {:ok, 1} - there is no v0:
iex> Predicator.Instructions.required_isa([])
{:ok, 1}
Predicator.isa_version/0 gives the version this build emits and can run:
iex> Predicator.isa_version()
6
A bare required_isa(list) <= isa_version() comparison is not enough once
any opcode has been retired. A retired opcode still reports the version
that introduced it, not the version that removed it, so required_isa/1
alone cannot see that this build no longer runs it. The check to perform
instead is membership of every opcode in
Predicator.Instructions.opcode_set(Predicator.isa_version())
(docs/isa.md section 1, lib/predicator/instructions.ex):
iex> instructions = [["lit", true], ["lit", false], ["and"]]
iex> current_set = Predicator.Instructions.opcode_set(Predicator.isa_version())
iex> Enum.all?(instructions, fn [opcode | _operands] -> MapSet.member?(current_set, opcode) end)
false
Run that check at load time, before evaluating, and branch on why it failed:
	If required_isa/1 itself returns {:error, %{reason: "unknown_opcode"}}
or {:error, %{reason: "malformed_instruction"}}, the artifact is not
something this build understands at all - refuse it.
	If an opcode is outside opcode_set/1 and
Predicator.Instructions.retired_in/1 names a version for it, the artifact
predates a retirement - run Predicator.Instructions.upgrade/1 over it.
upgrade/1 carries an identity guarantee (a list containing no retired
opcode comes back unchanged), so it is safe to call unconditionally over
every stored artifact rather than pre-filtering for the ones that need it.
	Anything else - refuse rather than mis-run
(ADR-0003).

The evaluator carries its own backstop for a check you skip or get wrong:
running a stored list containing the retired and/or opcodes on this build
is refused, not mis-evaluated, naming the ISA version that removed them and
pointing at upgrade/1:
iex> {:error, err} = Predicator.evaluate([["lit", true], ["lit", false], ["and"]], %{})
iex> {err.reason, err.message}
{"retired_opcode", "Instruction [\"and\"] was retired at ISA v3. Run Predicator.Instructions.upgrade/1 over this instruction list to migrate it."}
Performing the opcode_set/1 check up front exists so that refusal happens
before a partial run, not because this backstop is missing.
What a major ISA version does to a stored artifact
Retiring an opcode mints the next ISA integer, takes a major library release,
and requires an upgrade path (docs/isa.md section 1;
ADR-0003).
A stored instruction list is therefore never stranded and never silently
mis-run by a later build: it either still runs unchanged, or it is refused
with a message naming the version, or upgrade/1 rewrites it onto the
current instruction set.
Two consequences follow that an embedder has to plan for, not just an
implementer:
	upgrade/1 is not answer-preserving against the legacy opcodes. It
moves a stored artifact onto the same semantics every source-compiled
expression has had since the retirement shipped, and documents exactly
three divergences (short-circuiting, :undefined operands, and a
non-boolean right operand). See Predicator.Instructions.upgrade/1's
@doc for the full list rather than assuming they don't apply to your
stored predicates.
	The upgraded list requires a higher ISA version than the original.
Upgrading a list containing and/or raises its required_isa/1 answer
from 1 to 2, because jumps are v2 opcodes. This matters when the
artifact is shared with another implementation: upgrade it in step with
its other consumers, not ahead of them, or a consumer still on the lower
version will refuse the upgraded list
(lib/predicator/instructions.ex).

Runtime errors and positions
What a runtime error carries depends on whether the program that produced it
was evaluated with a position table: evaluating a bare instruction list
yields position: nil on error, while evaluating a %Predicator.Compiled{}
struct yields a real {line, column} (and a :span too, if the struct was
built with compile_with_spans/1). See
Error Shapes in the language
reference for the error structs themselves and what each field means.


  

    The simple subset

A structured authoring surface - the row of dropdowns that reads
field / operator / value, repeated down a form - is how most people write a
condition. It is also strictly less expressive than the language: there is no
place in a picklist to put a parenthesis, no second precedence level, and no
way to draw NOT.
Predicator.Simple names the part of the language such a surface can render,
so an editor can ask about an expression rather than guess. It is a reading
and writing surface over the AST; it evaluates nothing and it raises nothing.
The value
A Predicator.Simple is a list of clauses joined by one connective. A clause
is a field path, an operator, and a value.
iex> Predicator.Simple.from_source("status == 'active'")
{:ok,
 %Predicator.Simple{
   connective: nil,
   clauses: [{[root: "status"], :equal_equal, {:string, "active", :single}}]
 }}
One clause carries no connective, because it is joined to nothing. Two or more
carry the one connective that joins them all:
iex> {:ok, simple} = Predicator.Simple.from_source("status == 'active' AND amount >= 500")
iex> simple.connective
:and
iex> length(simple.clauses)
2
That is the whole shape. A form renders one row per clause and one connective
control for the form; nothing in the value can fail to fit.
Three answers, not two
from_source/1 answers three different questions, and an editor needs all
three kept apart.
In the subset - render it as rows:
iex> {:ok, %Predicator.Simple{}} = Predicator.Simple.from_source("plan == 'pro'")
iex> :in_the_subset
:in_the_subset
Outside the subset - a perfectly valid expression the form cannot draw.
Offer the text editor instead, and do not call it an error:
iex> Predicator.Simple.from_source("status == 'active' AND (amount >= 500 OR plan == 'pro')")
:outside

iex> Predicator.Simple.from_source("NOT plan == 'pro'")
:outside
Not an expression - a Predicator.Errors.ParseError with the position and
span of the failure, which is what underlines the mistake:
iex> {:error, error} = Predicator.Simple.from_source("amount >= >=")
iex> error.position
{1, 11}
from_ast/1 is the same function without the parse: it answers {:ok, simple}
or :outside for any AST, and it is total - there is no node shape that makes
it raise.
What is in
Paths are an identifier and the accesses that follow it:
iex> {:ok, simple} = Predicator.Simple.from_source("card.brand == 'visa'")
iex> [{path, _op, _value}] = simple.clauses
iex> path
[root: "card", property: "brand"]

iex> {:ok, simple} = Predicator.Simple.from_source("cart['items'] contains 'gift'")
iex> [{path, _op, _value}] = simple.clauses
iex> path
[root: "cart", key: "items"]
Operators are the comparisons and the two membership operators. Values are one
scalar or a list of them:
iex> {:ok, simple} = Predicator.Simple.from_source("step in ['payment', 'review']")
iex> simple.clauses
[{[root: "step"], :in, {:list, [{:string, "payment", :single}, {:string, "review", :single}]}}]
A number is a number whether or not it has a decimal point. {:integer, 500}
and {:float, 19.99} are two scalar shapes, because the AST literal differs
and the round-trip has to preserve which one the author wrote, but they are
one value_kind - :number - so a form offers the same operators for both
and needs no branch:
iex> {:ok, simple} = Predicator.Simple.from_source("card.amount >= 19.99")
iex> simple.clauses
[{[root: "card", property: "amount"], :gte, {:float, 19.99}}]

iex> {:ok, simple} = Predicator.Simple.from_source("card.amount >= 19.99")
iex> Predicator.Simple.to_source(simple)
"card.amount >= 19.99"
Durations and relative dates are values like any other, which is what lets a
form offer "in the last N days" as a value control:
iex> {:ok, simple} = Predicator.Simple.from_source("signup.created_at < 30d ago")
iex> simple.clauses
[{[root: "signup", property: "created_at"], :lt, {:relative_date, [{30, "d"}], :ago}}]
What is out, and why
Mixed AND/OR, parentheses, NOT, arithmetic, function calls, casts, and
object literals are outside the subset by decision. Each of them needs a
control a picklist does not have.
Two narrower exclusions are worth knowing about, because they look like
oversights and are not. Each exists to keep the round-trip laws below true:
	Excluded	Why
	Negative numbers	The parser reads -5 as a unary node, so a negative literal is not something a parse can produce. -19.99 is excluded for the same reason, and by the same rule
	A bare binary {:literal, "text"}	It decompiles to "text", which parses back as a string_literal - a different node

Float literals were a third exclusion until px-gv1, and it was a contingent
one: Predicator.decompile/2 had no clause for a float and raised on one,
so admitting floats would have made to_source/2 partial. px-ggb gave the
writer that clause, so the exclusion went with its reason.
The clause's path is always on the left. amount >= 500 is in the subset and
500 <= amount is not, because a form has one field control and it is on the
left:
iex> Predicator.Simple.from_source("500 <= amount")
:outside
Round-tripping
Two laws hold for every value the module produces.
The AST law: reading a value back out of its own AST returns the same
value.
iex> {:ok, simple} = Predicator.Simple.from_source("plan == 'pro'")
iex> Predicator.Simple.from_ast(Predicator.Simple.to_ast(simple)) == {:ok, simple}
true
The source law: rendering a value to source and parsing it back gives the
same AST, modulo source positions.
iex> {:ok, simple} = Predicator.Simple.from_source("status == 'active' AND amount >= 500")
iex> Predicator.Simple.to_source(simple)
"status == 'active' AND amount >= 500"
Together they are what lets an editor hand an expression to a form, take the
edited value back, and write source the author recognises. Quote style
survives the trip, so an expression written with single quotes does not come
back double-quoted:
iex> {:ok, simple} = Predicator.Simple.from_source("plan == 'pro'")
iex> Predicator.Simple.to_source(simple)
"plan == 'pro'"
to_source/2 takes Predicator.decompile/2's formatting options, so a host
that renders the rest of its expressions one way renders these the same way:
iex> {:ok, simple} = Predicator.Simple.from_source("plan == 'pro'")
iex> Predicator.Simple.to_source(simple, spacing: :compact)
"plan=='pro'"
Building a value by hand
An editor assembling a value from form state rather than from source can check
it before calling to_ast/1:
iex> simple = %Predicator.Simple{connective: nil, clauses: [{[root: "amount"], :gte, {:integer, 500}}]}
iex> Predicator.Simple.well_formed?(simple)
true
iex> Predicator.Simple.to_source(simple)
"amount >= 500"
The invariant that catches most hand-built mistakes is the connective one:
nil for exactly one clause, :and or :or for two or more.
iex> Predicator.Simple.well_formed?(%Predicator.Simple{connective: :and, clauses: [{[root: "amount"], :gte, {:integer, 500}}]})
false
Filling the operator dropdown
A row of the form is field / operator / value, and the operator control has
to be filled with something. Which operators belong there depends on the kind
of value the row carries: is at least is a sensible choice beside an amount
and a nonsense one beside a checkbox, and is one of only ever sits beside a
list.
operators/1 answers that, one kind at a time:
iex> Predicator.Simple.operators(:list)
[%{op: :in, lexeme: "IN", label: "is one of", arity: 2}]
The other half of that question is which kind the row's value is, and
value_kind/1 answers it, so a form composes the two rather than keeping a
translation of its own:
iex> {:ok, simple} = Predicator.Simple.from_source("card.amount >= 19.99")
iex> [{_path, _op, value}] = simple.clauses
iex> Predicator.Simple.value_kind(value)
:number
Two consumers writing that translation separately could disagree about the
same value, which is the reason it lives here.
iex> Predicator.Simple.operators(:boolean) |> Enum.map(& &1.label)
["is equal to", "is exactly equal to", "is not equal to", "is not exactly equal to", "contains"]
Each entry carries the four things a control needs: :label to show, :op to
put in the clause the author is building, :lexeme for a preview of the source
the row will render to, and :arity.
iex> Predicator.Simple.operators(:number) |> Enum.find(&(&1.op == :gte))
%{op: :gte, lexeme: ">=", label: "is at least", arity: 2}
The kinds are enumerated, so a form can build every dropdown it needs without
naming them itself:
iex> Predicator.Vocabulary.value_kinds()
[:string, :number, :boolean, :date, :datetime, :duration, :list]
There is no :float in that list on purpose. A float is a :number, so a
form builds one numeric dropdown rather than two identical ones.
There is no :relative_date either, and that is the same kind of decision
rather than an omission. 30d ago is a point in time by the time anything
compares it - the evaluator resolves it against the current moment and
pushes a DateTime - so value_kind/1 answers :datetime for it and the
operators that apply are the datetime ones:
iex> Predicator.Simple.value_kind({:relative_date, [{30, "d"}], :ago})
:datetime
A kind of its own would name the same operator list under a second name and
make every form branch on a distinction that changes nothing it renders.
None of this is a table kept here. The labels, arities, AST atoms and per-kind
admissions live on Predicator.Vocabulary's operator entries, next to the
lexemes the lexer is already checked against, and operators/1 reads them.
An operator the lexer would reject therefore cannot be offered - there is no
second list for it to be offered from - and the tests hold that as an
invariant over every kind.
The two admissions that are narrower than the language are deliberate, and
Predicator.Vocabulary's documentation records why: ordered comparison is not
offered for booleans, and equality is not offered against a list. Both still
parse and still evaluate; a picklist just never suggests them.


  

    Porting Predicator

This guide is for someone implementing predicator's instruction set in another
runtime - a sibling to the Ruby and JavaScript implementations, or a new one.
Two artifacts bind you: docs/isa.md at the version you claim to
support, and the conformance corpus at the tiers you claim to pass. Those are
the only two things a sibling implementer has to read, and you are correct or
incorrect only against the version you declare, never against whatever this
repo shipped last week
(ADR-0003).
The corpus lives in a git checkout of this repository, not in the hex
package - mix.exs's package definition excludes conformance/ deliberately,
because nothing an application does at runtime touches it. Work from a clone,
not a dependency.
Pick the ISA version you are implementing
ISA versions are integers - v1, v2, v3 - independent of this library's
semver. A version's opcode set is the half-open interval
[introduced, removed_in), and that set is fixed once minted: retiring an
opcode at a later version does not change what an earlier version was. That
means declaring v1 or v2 claims and/or, even though v3 retired them -
those two opcodes are still part of v1's and v2's whole set
(docs/isa.md section 1).
A sibling running behind the current ISA version is an expected, documented
state, not a defect
(ADR-0003). See
docs/isa.md section 7 for the version-history table - which
opcodes each version introduced or retired, and which library release shipped
it.
What the version obliges you to implement
Once you've picked a version, docs/isa.md section 4 is the
opcode table: implement every row in your version's set, per-opcode semantics
and error paths included (section 5).
A handful of execution-model rules live outside that table and are easy to
miss (docs/isa.md section 2):
	Opcodes validate, they do not coerce. There is no general truthiness
rule; a boolean-expecting opcode handed a non-boolean is a
TypeMismatchError.
	"Falsy" at a jump means exactly false or :undefined, and nothing
else; "true" means exactly true.
	Jumps are relative and forward-only. The operand is a positive offset
from the jump instruction's own index. There is no backward jump and no
absolute jump in the ISA.
	:undefined is a first-class value, not an absence. Some opcodes
propagate it, some reject it, and jumps treat it as falsy - section 5 says
which, opcode by opcode.
	A malformed operand is an unknown instruction, not a bad-operand error.
An out-of-range or wrong-typed operand - ["make_list", -1],
["compare", "FOO"] - falls through to the catch-all clause and returns an
EvaluationError with reason "unknown_instruction".
	Error types are normative; error messages are not. Three error types
exist - EvaluationError, TypeMismatchError, UndefinedVariableError -
and a conforming implementation's own error for a given failure must map to
one of these three. Word the message however reads naturally in your own
idiom.

If your version's set includes duration, its output shape is also
normative: a map with the eight keys years, months, weeks, days,
hours, minutes, seconds, milliseconds, always present and defaulting
to 0; the key set does not vary with the units an expression named
(docs/isa.md section 3). The conformance corpus's tagged-value JSON omits a
milliseconds of 0 as a compaction - an absent key decodes to 0 and does
not narrow this shape. The corpus checks the failure side of duration
cases the same way it checks every other error: expected_error's type and
reason fields, never the message
(conformance/README.md,
"Error type and reason are normative; message is not").
Not required of you, per docs/isa.md section 6: surface syntax
(including the =/== grammar break), parse errors, the builtin function
set beyond what your claimed tier exercises, and backward jumps - none of
these exist in the ISA this document specifies.
Also not required of you: how a host registers a function or passes it
runtime state. The Elixir implementation's Predicator.FunctionProvider
behaviour and the context's host slot
(ADR-0014)
are host-side plumbing for this implementation's embedding API, not part of
the instruction set - no opcode, corpus case, or conformance claim depends on
either existing. Adopt an equivalent in your own runtime, or don't; either is
correct, and on whatever schedule you choose
(ADR-0003).
Start with the evaluator surface
This is the load-bearing decision in the whole guide. The corpus exercises
two independent things a sibling implements
(conformance/README.md,
"The two surfaces"):
	The evaluator surface. Run instructions (already-compiled) against
context, and compare the result to expected_result or expected_error.
Every case in the corpus has an evaluator form.
	The compiler surface. Parse source and compare the emitted
instructions, structurally, against instructions. Only cases where
source is non-null have a compiler form - a source: null case is
absent from the compiler surface's case set, not skipped by it. A runner
scoped to the compiler surface filters to source != null before it
starts and never reports the others at all, passing or failing.

Implement the evaluator first. It needs no lexer and no parser - you feed
it already-compiled instructions and a context - so it is reachable before
you have written a line of surface-syntax code. Tier 1 alone is a complete,
self-contained target - see conformance/manifest.json for the opcodes it
unlocks at your ISA version. A tier-1-only evaluator is a complete, green,
honest result, not a partial one.
Run tier 1
Read conformance/manifest.json
first: it names each tier's file, case count, and - at the manifest's own
isa_version - the opcodes that tier unlocks. Running tier N means running
every case in tiers 1 through N, not tier N in isolation.
The mechanics:
	Cases are one JSON object per line in conformance/corpus/tier-N.json.
Decode tagged values through the $type table
(conformance/README.md,
"The tagged-value encoding") - date, datetime, duration, undefined;
everything else decodes as itself.
	Compare an error case on expected_error's type and reason fields
only, never the message.
	Emit a report matching
conformance/schema/report.json:
isa_version, corpus_hash, tier, surface, and one {id, result, reason} per case, where result is exactly "pass" or "fail".

Never skip a case. If a feature is not implemented yet, the honest report
entry is {"result": "fail", "reason": "<feature> not implemented"}, never
an absent entry - report.json's result enum has no third value, so a
skip is not representable. This is affordable because of tiers: an
implementation that only supports tier 1 does not skip its way through
tiers 2-5, it simply runs tier-1.json alone.
conformance/RATCHET.md's
reference-runner pseudocode is the worked example of all of this end to end -
read it rather than reimplementing the mechanics from scratch. Do not look
to this guide, or to docs/isa.md's tier table, for a tier's opcode list:
conformance/manifest.json's per-tier opcodes array is version-scoped and
is the live answer.
Add the compiler surface
Once the evaluator is green at some tier, add the compiler surface at your own
pace: filter the same corpus to source != null, parse source with your
lexer and parser, and compare the emitted instruction list structurally
against instructions. The corpus never checks surface syntax, so = versus
== producing the same ["compare", "EQ"] instruction is invisible here
(conformance/README.md,
docs/isa.md section 6).
The two surfaces climb on independent schedules. An evaluator conformant to
tier 5 with a compiler still at tier 1 is a coherent, reportable state, not a
contradiction
(conformance/RATCHET.md).
Record what you pass
Keep one registry file, covering both surfaces, in your own repository -
recommended path conformance/registry.json. Grow it only by
verify-then-add: run your reports, and the write step adds only cases that
just passed, refusing to write at all if an existing entry regressed. Nothing
hand-edits this file.
The registry pins itself to a corpus_hash and an isa_version, and its
entries are keyed on (case_id, surface, tier). An entry whose
(case_id, surface) pair is not a member of that surface's case set in the
pinned corpus fails the run - never dropped, never silently skipped.
conformance/RATCHET.md
is the normative field list, encoding, and check-step definition; do not
expect this guide to restate the field tables.
conformance/examples/registry.example.json
is a real one to model your own after.
What "conformant at tier N" claims
A claim is per surface, per tier, against one pinned corpus revision. Two
rules make it meaningful
(conformance/RATCHET.md,
the R1-R5 check step):
	R5, completeness: every case in tiers 1..N on the claimed surface has a
registry entry.
	R4, no regression: every recorded pass still passes today, against the
pinned corpus.

Two boundaries worth knowing when you read or write a claim:
	Entries above the claimed tier are legal and are still ratchet-checked.
Recording tier-2 passes while claiming tier 1 is normal mid-climb behavior;
R4 protects those entries even though R5 does not require them.
	An empty claims array is a valid, passing registry - an honest "here
is what I pass, I am not asserting a tier yet."

And a claim of "conformant at tier N" says nothing about: surface syntax,
parse errors, the builtin function set beyond the tier-5 cases the corpus
happens to pin, ordering comparisons (GT/LT/GTE/LTE) between two maps,
clock- and RNG-dependent opcodes and functions (relative_date, Date.now,
Math.random), or the on_unbound evaluation option
(conformance/README.md,
"Known uncovered").


  

    Predicator: Architecture and Language Reference

This document is the detailed reference for the Predicator codebase: the
grammar, the compilation pipeline, and the component map. CLAUDE.md at the
repo root is the entry point and holds the working rules; this is what those
rules are about.
Project Overview
Predicator is a secure, non-evaluative condition engine for processing end-user boolean predicates in Elixir. It provides a complete compilation pipeline from string expressions to executable instructions without the security risks of dynamic code execution. Supports arithmetic operators (+, -, *, /, %) with proper precedence, comparison operators (>, <, >=, <=, ==, !=, ===, !==), logical operators (AND, OR, NOT), date/datetime literals, list literals, object literals with JavaScript-style syntax, membership operators (in, contains), function calls with built-in system functions, nested data structure access using dot notation, and bracket access for dynamic property and array access.
Architecture
Expression String → Lexer → Parser → Compiler → Instructions → Evaluator
                                    ↓
                              StringVisitor (decompile)
Grammar with Operator Precedence
program      → statement ( ";" statement )* ( ";" )?
statement    → if_statement | while_statement | assignment | expression
if_statement → "if" expression block ( "else" ( block | if_statement ) )?
while_statement → "while" expression block
block        → "{" ( statement ( ";" statement )* ( ";" )? )? "}"
assignment   → location "=" expression
location     → IDENTIFIER ( "." IDENTIFIER | "[" expression "]" )*
expression   → logical_or
logical_or   → logical_and ( ("OR" | "or") logical_and )*
logical_and  → logical_not ( ("AND" | "and") logical_not )*
logical_not  → ("NOT" | "not") logical_not | comparison
comparison   → addition ( ( ">" | "<" | ">=" | "<=" | "==" | "!=" | "===" | "!==" | "in" | "contains" ) addition )?
addition     → multiplication ( ( "+" | "-" ) multiplication )*
multiplication → unary ( ( "*" | "/" | "%" ) unary )*
unary        → ( "-" | "!" ) unary | postfix
postfix      → primary ( "[" expression "]" | "." IDENTIFIER | "::" TYPE_NAME )*
TYPE_NAME    → "integer" | "float" | "string" | "boolean" | "date" | "datetime" | "duration"
primary      → NUMBER | FLOAT | STRING | BOOLEAN | UNDEFINED | NULL | DATE | DATETIME | IDENTIFIER | duration | relative_date | list | object | function_call | "(" expression ")"
function_call → FUNCTION_NAME "(" ( expression ( "," expression )* )? ")"
list         → "[" ( expression ( "," expression )* )? "]"
object       → "{" ( object_entry ( "," object_entry )* )? "}"
object_entry → object_key ":" expression
object_key   → IDENTIFIER | STRING
duration     → DURATION_NUMBER UNIT+
DURATION_NUMBER → NUMBER ( "." NUMBER )?
relative_date → duration "ago" | duration "from" "now" | "next" duration | "last" duration
A duration component's number may carry a decimal fraction (1.5s), which
expands at parse time - through the same helper Predicator.Duration.parse/1 uses - into
plain integer unit pairs, so the AST and the duration opcode's operand shape
are unchanged. An inexact fraction (0.5ms, half a millisecond) and a
post-expansion unit collision (1.5s200ms, which would otherwise name ms
twice) are both compile errors, not silent truncation or overwriting; see
docs/reference/language.md's canonicalizer section for the exactness rule
and the divergence from ::duration's string parse. The fractional form adds
no precedence: it changes only what a duration's NUMBER may look like, and the
table above is otherwise unchanged.
:: is postfix, binds tighter than unary minus, and chains left-to-right like
the other two postfix forms; its seven-name vocabulary comes from
docs/isa.md §3, with the reasoning in
ADR-0011.
= is assignment, not equality. It is valid only at the start of a statement,
and only with an assignable left side - an identifier optionally followed by
.name and [key] accessors. A bare = in expression position is a parse
error naming == as the fix; there is no context where = silently means
equality. == and === are the only equality operators.
if is statement-position only, like =: parse/2 rejects it the same way
it rejects a top-level =, and there is no ternary form. Braces are
mandatory - a block may be empty, but there is no braceless single-statement
form - and they group statements without introducing a scope: a store
inside a taken branch writes to the same flat context as one outside it.
else if c { B } is parser sugar, not a grammar production of its own - it
desugars to an else block whose sole statement is the nested if, with no
chain node in the AST. while is statement-position only on the same terms -
parse/2 rejects it exactly as it rejects if, and its body block opens no
scope of its own either, so a store inside the loop body writes to the same
flat context as one outside it. See
ADR-0013
for all three.
The two grammars above are reached by two separate entry points:
Predicator.Parser.parse/2 parses the expression production alone and
rejects a top-level =, while Predicator.Parser.parse_program/2 parses the
program production and is the only place assignment is legal. This is the
parser-level form of docs/isa.md §2's rule that execution mode is
carried by the entry point, not by the artifact. See "The = grammar break
(4.0)" under Cross-Language Siblings for what this means for the Ruby and
JavaScript implementations, and
ADR-0002 for the alternatives it was
weighed against and the known-consumer survey behind the one-release notice
period.
Core Components
	Lexer (lib/predicator/lexer.ex): Tokenizes expressions with position tracking. Every token is a 5-element tuple except :string, which is 7 elements: it also carries its quote type and an explicit exclusive end position, because a string literal is the only token that can span multiple lines.

	Parser (lib/predicator/parser.ex): Recursive descent parser building AST. See the node inventory in docs/reference/ast.md for the shape of each node.

	Compiler (lib/predicator/compiler.ex): Converts AST to executable instructions  

	Evaluator (lib/predicator/evaluator.ex): Executes instructions against data, and carries :protected_roots as a per-run write policy - a list of context root names a store may not write, refusing with an EvaluationError reason "protected_root" instead. It is an evaluator option, passed per call like :loop_budget, not a %Context{} field like on_unbound: it is a policy for this run, not a property of the binding. See docs/isa.md for the instruction set specification.

	Visitors (lib/predicator/visitors/): AST transformation modules
	StringVisitor: Converts AST back to strings
	InstructionsVisitor: Converts AST to executable instructions


	Functions (lib/predicator/functions/): Function system components.
Every function - builtin or host - is provided by a module implementing the
one-callback Predicator.FunctionProvider behaviour, functions/0,
returning %{name => {arity, atom}}. The four builtin modules
(SystemFunctions, DateFunctions, JSONFunctions,
MathFunctions) each implement it, and a host wires its own providers in
the same way, via providers:

	Main API (lib/predicator.ex): Public interface with convenience functions

	Context (lib/predicator/context.ex): A bound evaluation context -
data, functions, host, and an on_unbound policy (:undefined |
:error). new/2 resolves functions once, at construction, folding three
sources left to right so a later one shadows an earlier same-named entry:
the builtin provider modules (:builtins, default true), then
:providers - a list of Predicator.FunctionProvider modules - then
:functions, an inline %{name => {arity, fun}} closure map merged last.
host is an opaque, unnormalized carrier for whatever a provider needs at
call time (a connection, a request struct); it is never readable from
predicate text. bind/3 rebinds a data key in O(1), put_host/2 replaces
host in O(1), assign/3 writes through ContextLocation.put/3,
bound?/2 answers whether a root name is present in data (string or atom
key). evaluate/3 accepts a %Context{} directly (skipping the per-call
function resolution) or a bare map (unchanged behavior, via an internal
one-shot Context.new/2). See
ADR-0014
for the design and why a closure-map registry could not carry host state
cheaply

	Undefined (lib/predicator/undefined.ex): The one public module that
owns the :undefined sentinel - value/0, undefined?/1, and
to_nil/1/from_nil/1 normalizers for a JSON-shaped boundary.
Predicator.Types.undefined?/1 delegates to it. nil is a separate,
first-class null value, not this sentinel - a context stores a bound nil
verbatim rather than folding it into :undefined. See
docs/isa.md §3 for the null-versus-:undefined distinction

	Vocabulary (lib/predicator/vocabulary.ex): The grammar's fixed
lexemes, published for editor tooling - operators, keywords, literal words,
brackets, separators and duration units, each with its
Predicator.Lexer.t:token/0 type, a category, a display form and a one-line
doc - plus the callable function names, resolved through
Predicator.Context.resolve_functions/1 so a host's own providers are
included. It is a reading surface only: nothing in the pipeline consults it,
and it participates in no lexing, parsing, compiling or evaluating. The
table is hand-written and bound to the lexer by
test/predicator/vocabulary_sync_test.exs, which checks it against
token/0's union, classify_identifier/1's clause heads,
duration_unit?/1's clause heads, and a round-trip of every lexeme through
Lexer.tokenize/1 - a token added to the lexer with no entry here turns the
suite red


Compile entry points
lib/predicator.ex exposes six compile functions, two families (expression,
program) crossed with three modes (bare instruction list, point positions,
spans):
		Bare list	Point positions	Spans
	Expression	compile/1	compile_with_positions/1	compile_with_spans/1
	Program	compile_program/1	compile_program_with_positions/1	compile_program_with_spans/1

The positions and spans modes return a Predicator.Compiled.t/0 sharing one
helper across both families, and in the program family a statement's
terminating instruction (store for an assignment, pop for a bare
expression statement) always carries that statement's own source extent, never
the whole program's. See each function's @doc in lib/predicator.ex for the
full contract.
All six share one error arm, {:error, struct()}: a parse or tokenize
failure is a %Predicator.Errors.ParseError{} with the location in
:position rather than baked into :message (ADR-0015).
Cross-Language Siblings
Predicator's Elixir implementation is the reference implementation of the
instruction set (the ISA). Ruby and JavaScript implementations live in the
riddler/predicator monorepo
(impl/rb, impl/ts); the instruction list is the interchange format between
all three, and the expression string is not.
The ISA is versioned, and each sibling declares the version it supports and
adopts a newer one on its own schedule. A sibling running behind the current
ISA version is an expected, documented state - not a defect. ADR-0001 added
four opcodes (jump_if_falsy_or_pop, jump_if_true_or_pop, make_list,
store) to the ISA; the Elixir side now ships all four, and their pop
companion, as of 4.0.0. As of 2026-08-08, when this sentence was written, no
sibling implemented any of the four; that is a snapshot, not a tracked
matrix, and each sibling publishes what it supports in the monorepo, which is
the authority. See docs/isa.md's "Not in the ISA" section for
what a sibling still has to add. The Elixir side ships
jump_if_falsy_or_pop and jump_if_true_or_pop as of 3.7.0, so AND and OR
short-circuit here, and a compiled instruction list containing either will not
run on a sibling that hasn't adopted them. See
ADR-0003 for why
sibling parity is a downstream obligation rather than a gate on changes made
here, ADR-0001 for
the opcodes themselves, and docs/isa.md for the specification each
ISA version refers to.
ISA versions are integers and do not track this library's version: v2 landed
across 3.7.0 and 3.8.0. v3 was minted by 4.0.0 and both retires
(and, or) and introduces (store, pop) opcodes in the same version -
no sibling, consumer, or stored artifact had ever seen v3, so widening its
set before release changed nothing observable. An additive ISA version ships
in a minor release;
retiring an opcode invalidates stored artifacts and takes a major one. v4
introduces the cast opcode in a new tier 7 and retires nothing, so it is
additive like v2 rather than mixed like v3; see
docs/isa.md's §5 for the conversion matrix and
ADR-0011 for why casting is an opcode
rather than a lowering to call. v5 (jump, pop_jump_if_falsy) and v6
(jump_backward) are likewise additive, and carry the control-flow lowering
described in
ADR-0013;
v4, v5, and v6 all shipped in 5.0.0. The current ISA version is v6.
docs/isa.md's §7 is the authoritative version history, and
test/predicator/isa_sync_test.exs binds it to
lib/predicator/instructions.ex - prefer both over this paragraph if they
ever disagree.
As of 2026-08-06 both siblings are ISA v1 implementations. That is a snapshot,
not a tracked matrix - each sibling publishes the version it supports in the
monorepo, and that is the authority.
This repo publishes three artifacts and maintains no support matrix of its
own: the spec (docs/isa.md), the corpus
(conformance/) that makes a sibling's claim
verifiable by running it, and the ratchet format
(conformance/RATCHET.md, px-35i.8) a sibling
uses to record which cases it passes and defend that claim against a moving
corpus over time.
The = grammar break (4.0)
= is assignment-only and valid only in statement position; == and
=== are the only equality operators, and = in expression position is a
parse error. 3.8 warned first, so consumers got one release of notice before
4.0 landed the break. See ADR-0002 for
the decision record.
As of 2026-08-04, when this paragraph was written, the siblings' lexers
tokenized = as an equality operator: the = rule in
impl/rb/lib/predicator/lexer.rex and the = token in
impl/ts/src/tokens.js. Their parsers will keep accepting
status = 'active' until they adopt the same rule. That is a snapshot, not a
tracked matrix; the monorepo is the authority on what the siblings do now.
Scope of the divergence:
	Surface syntax only. A rule string using = for equality parses in Ruby
and JavaScript and fails to parse in Elixir on 4.0.
	The instruction set is untouched. = and == both compile to
["compare", "EQ"], so compiled artifacts still interchange in every
direction and no stored instruction list is invalidated by the break.

ADR-0001's consequences call for the matching note in each sibling README.
Adopting the rule in the siblings is coordinated in that repo, not here.
Statement mode has two entry points: Predicator.execute/2 returns the
context, and Predicator.execute_value/2 returns the context plus the
program's last expression statement's value. The latter is implemented by
having the machine retain what pop discarded rather than by compiling the
program differently, so the compiled program is identical either way
(docs/isa.md §2, §5).
Key Design Decisions
Security First
	No eval() or dynamic code execution
	All expressions compiled to safe instruction sequences
	Input validation at lexer/parser level

Error Handling
	Comprehensive error messages with line/column positions
	Graceful error propagation through pipeline stages
	Type-safe error handling with {:ok, value} | {:error, struct} tuples, where the
struct comes from the Predicator.Errors family - true without exception
across the whole façade, including all six compile entry points


Performance
	Compile-once, evaluate-many pattern supported
	Efficient instruction-based execution
	Minimal memory allocation during evaluation

Observability
	Predicator emits no :telemetry events and takes no telemetry dependency,
from either the compile path or the evaluate path. That is a decision, not
an omission: see
ADR-0016,
which weighs it against the no-runtime-dependencies property, the caller's
existing coverage of the same work, and the datamodel values a
predicator-level event would naturally have carried
	compile/1 and evaluate/3 are pure functions over values, so a host that
wants durations wraps the call in :telemetry.span/3 at its own call site -
where it also holds the identity worth attaching to the event, which this
library does not
	ADR-0016 reserves the event names, measurements, and bounded metadata a
future emission would have to use, so reopening the question is a decision
about the dependency rather than a fresh naming argument

Complexity Management
	Credo complexity warnings suppressed for lexer/parser with explanatory comments
	High complexity is appropriate and necessary for these functions
	Well-tested and contained complexity

Testing Philosophy
	Unit Tests: Each component tested in isolation
	Integration Tests: Full pipeline testing in test/predicator/integration/
	Doctests: Every example in the published docs is executed - see
test/docs_examples_test.exs
	Error Path Testing: All error conditions covered
	Round-trip Testing: AST → String → AST consistency

Run mix test for the current count and mix test.coverage for the coverage
reading; both change too often to transcribe here.
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A secure, non-evaluative condition engine for processing end-user boolean predicates.
Predicator transforms string conditions into executable instructions that can be
safely evaluated without direct code execution. It uses a stack-based virtual machine
to process instructions and supports flexible context-based condition checking.
Basic Usage
The simplest way to use Predicator is with the evaluate/2 function:
iex> instructions = [["lit", 42]]
iex> Predicator.evaluate(instructions)
{:ok, 42}

iex> instructions = [["load", "limit"]]
iex> context = %{"limit" => 85}
iex> Predicator.evaluate(instructions, context)
{:ok, 85}
Instruction Format
Instructions are lists where:
	First element is the operation name (string)
	Remaining elements are operation arguments

The full opcode set is specified in docs/isa.md.
Context
The context is a map containing variable bindings. Both string and atom keys
are supported for flexibility:
%{"limit" => 85, "name" => "Alice"}
%{limit: 85, name: "Alice"}
A bare map is merged with the builtin functions on every evaluate/3 call -
fine for one-off evaluation, wasteful when the same bindings are evaluated
against repeatedly. Predicator.Context.new/2 builds that merge once into a
%Predicator.Context{}, which evaluate/3 also accepts directly:
iex> context = Predicator.Context.new(%{"limit" => 85})
iex> Predicator.evaluate("limit > 80", context)
{:ok, true}
iex> context = Predicator.Context.bind(context, "limit", 90)
iex> Predicator.evaluate("limit > 80", context)
{:ok, true}
A context also carries the unbound-variable policy. By default a load of an
unbound root pushes the :undefined sentinel, which three-valued logic can
absorb into a defined result; under on_unbound: :error the load fails
instead, naming the variable:
iex> context = Predicator.Context.new(%{}, on_unbound: :error)
iex> {:error, error} = Predicator.evaluate("missing OR true", context)
iex> error.variable
"missing"
The same option works on a bare map, which evaluate/3 routes through
Predicator.Context.new/2:
iex> Predicator.evaluate("missing OR true", %{})
{:ok, true}
iex> {:error, error} = Predicator.evaluate("missing OR true", %{}, on_unbound: :error)
iex> error.variable
"missing"
Architecture
Predicator uses a stack-based evaluation model:
	Instructions are processed sequentially
	Each instruction manipulates a stack
	The final result is the top value on the stack when execution completes
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    Functions
  


    
      
        compile(expression)

      


        Compiles a string expression to instruction list.



    


    
      
        compile!(expression)

      


        Compiles a string expression to instruction list, raising on errors.



    


    
      
        compile_program(source)

      


        Compiles a statement-sequence string to an instruction list.



    


    
      
        compile_program_with_positions(source)

      


        Compiles a statement-sequence string to a Predicator.Compiled.t/0 - the
instruction list plus a source-position side table, as one value.



    


    
      
        compile_program_with_spans(source)

      


        Compiles a statement-sequence string to a Predicator.Compiled.t/0 - the
instruction list plus a source-span side table, as one value.



    


    
      
        compile_with_positions(expression)

      


        Compiles a string expression to a Predicator.Compiled.t/0 - the
instruction list plus a source-position side table, as one value.



    


    
      
        compile_with_spans(expression)

      


        Compiles a string expression to a Predicator.Compiled.t/0 - the
instruction list plus a source-span side table, as one value.



    


    
      
        context_assign(context, expression, value, opts \\ [])

      


        Assigns value at the location expression names within context.



    


    
      
        context_location(expression, context \\ %{}, opts \\ [])

      


        Resolves a location path for assignment operations in SCXML datamodel expressions.



    


    
      
        decompile(ast, opts \\ [])

      


        Converts an AST back to a string representation.



    


    
      
        evaluate(input, context \\ %{}, opts \\ [])

      


        Evaluates a predicate expression or instruction list.



    


    
      
        evaluate!(input, context \\ %{}, opts \\ [])

      


        Evaluates a predicate expression or instruction list, raising on errors.



    


    
      
        evaluator(instructions, context \\ %{})

      


        Creates a new evaluator state for low-level instruction processing.



    


    
      
        execute(program_or_source, context \\ %{}, opts \\ [])

      


        Runs a statement program - a source string, an instruction list, or a
Predicator.Compiled.t/0 - and returns the resulting context.



    


    
      
        execute_value(program_or_source, context \\ %{}, opts \\ [])

      


        Runs a statement program - a source string, an instruction list, or a
Predicator.Compiled.t/0 - and returns the resulting context plus the
value the program's last expression statement produced.



    


    
      
        isa_version()

      


        Returns the ISA version this build emits and can run.



    


    
      
        parse(expression, opts \\ [])

      


        Parses an expression string into an Abstract Syntax Tree.



    


    
      
        parse_program(source, opts \\ [])

      


        Parses a statement-sequence string into a Predicator.Parser.program/0.



    


    
      
        run_evaluator(evaluator)

      


        Runs an evaluator until completion.
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      compile(expression)



        
          
        

    

  


  

      

          @spec compile(binary()) ::
  {:ok, Predicator.Types.instruction_list()} | {:error, struct()}


      


Compiles a string expression to instruction list.
This function allows you to pre-compile expressions for maximum performance
when evaluating the same expression multiple times with different contexts.
Parameters
	expression - String expression to compile

Returns
	{:ok, instructions} - Successfully compiled instructions
	{:error, error} - A %Predicator.Errors.ParseError{} describing the
failure

Examples
iex> {:ok, instructions} = Predicator.compile("limit > 85")
iex> instructions
[["load", "limit"], ["lit", 85], ["compare", "GT"]]

iex> {:error, error} = Predicator.compile("limit >")
iex> {error.message, error.position}
{"Expected number, string, boolean, date, datetime, identifier, function call, list, object, or '(' but found end of input", {1, 8}}

iex> {:error, error} = Predicator.compile("limit >")
iex> {error.message, error.position, error.span}
{"Expected number, string, boolean, date, datetime, identifier, function call, list, object, or '(' but found end of input", {1, 8}, {{1, 8}, {1, 8}}}
The error arm is a %Predicator.Errors.ParseError{} carrying the parser's
bare message in :message and {line, column} in :position - the same
struct evaluate/3 returns for the same source. It also carries :span -
the failing token's source extent - in every mode, not only when the caller
asked for spans. parse/2 remains available for a caller that wants the raw
5-tuple instead.

  



  
    
      
    
    
      compile!(expression)



        
          
        

    

  


  

      

          @spec compile!(binary()) :: Predicator.Types.instruction_list()


      


Compiles a string expression to instruction list, raising on errors.
Similar to compile/1 but raises an exception for parse errors.
Examples
iex> Predicator.compile!("limit > 85")
[["load", "limit"], ["lit", 85], ["compare", "GT"]]

  



  
    
      
    
    
      compile_program(source)



        
          
        

    

  


  

      

          @spec compile_program(binary()) ::
  {:ok, Predicator.Types.instruction_list()} | {:error, struct()}


      


Compiles a statement-sequence string to an instruction list.
The program-shaped echo of compile/1: parses with parse_program/2
instead of parse/2, then compiles the resulting Predicator.Parser.program/0
with Compiler.to_instructions/2, which already accepts one. Returns the
same {:error, struct()} shape compile/1 does - not parse_program/2's
raw 5-tuple.
Examples
iex> {:ok, instructions} = Predicator.compile_program("x = 1; x + 1")
iex> instructions
[["lit", "x"], ["lit", 1], ["store", 1], ["load", "x"], ["lit", 1], ["add"], ["pop"]]

iex> {:error, error} = Predicator.compile_program("x =")
iex> {error.message, error.position}
{"Expected number, string, boolean, date, datetime, identifier, function call, list, object, or '(' but found end of input", {1, 4}}

iex> {:error, error} = Predicator.compile_program("x =")
iex> {error.message, error.position, error.span}
{"Expected number, string, boolean, date, datetime, identifier, function call, list, object, or '(' but found end of input", {1, 4}, {{1, 4}, {1, 4}}}
The error arm is a %Predicator.Errors.ParseError{}, for uniformity with the
expression family above. It carries the parser's bare message in :message
and {line, column} in :position, and now also :span - the failing
token's source extent - in every mode. parse_program/2 remains available
for a caller that wants the raw 5-tuple instead.
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          @spec compile_program_with_positions(binary()) ::
  {:ok, Predicator.Compiled.t()} | {:error, struct()}


      


Compiles a statement-sequence string to a Predicator.Compiled.t/0 - the
instruction list plus a source-position side table, as one value.
The program-shaped echo of compile_with_positions/1. Pass the struct
straight to execute/3, which threads the table itself.
Examples
iex> {:ok, compiled} = Predicator.compile_program_with_positions("x = 1")
iex> compiled.instructions
[["lit", "x"], ["lit", 1], ["store", 1]]
The error arm is a %Predicator.Errors.ParseError{}, for uniformity with the
expression family above. It carries the parser's bare message in :message
and {line, column} in :position, and now also :span - the failing
token's source extent - in every mode. parse_program/2 remains available
for a caller that wants the raw 5-tuple instead.
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          @spec compile_program_with_spans(binary()) ::
  {:ok, Predicator.Compiled.t()} | {:error, struct()}


      


Compiles a statement-sequence string to a Predicator.Compiled.t/0 - the
instruction list plus a source-span side table, as one value.
The program-shaped echo of compile_with_spans/1. compiled.instructions is
identical to compile_program/1's output; compiled.positions maps each
instruction's 0-based index to the Predicator.Types.span/0 of the AST node
that emitted it, and compiled.segment_positions holds spans too. The
instruction that terminates a statement - store for an assignment, pop for
a bare expression statement - carries that statement's own source extent, so a
host can underline the failing statement inside a multi-statement body rather
than the whole program.
Pass the struct straight to execute/3, which threads the table itself; an
error it returns then carries :span as well as :position.
Store compiled.instructions, not the struct - see Predicator.Compiled.
Examples
iex> {:ok, compiled} = Predicator.compile_program_with_spans("x = 1")
iex> compiled.instructions
[["lit", "x"], ["lit", 1], ["store", 1]]
iex> compiled.positions
%{0 => {{1, 1}, {1, 2}}, 1 => {{1, 5}, {1, 6}}, 2 => {{1, 1}, {1, 6}}}
The error arm is a %Predicator.Errors.ParseError{}, for uniformity with the
expression family above. It carries the parser's bare message in :message
and {line, column} in :position, and now also :span - the failing
token's source extent - in every mode. parse_program/2 remains available
for a caller that wants the raw 5-tuple instead.
Spans describe AST nodes, but a parse error's span comes from the token
stream, not from AST metadata: the struct carries a span in point mode just
as much as in span mode.
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          @spec compile_with_positions(binary()) ::
  {:ok, Predicator.Compiled.t()} | {:error, struct()}


      


Compiles a string expression to a Predicator.Compiled.t/0 - the
instruction list plus a source-position side table, as one value.
compiled.instructions is identical to compile/1's output;
compiled.positions maps each instruction's 0-based index to the
{line, column} of the AST node that emitted it. Pass the struct straight
to evaluate/3, which threads the table itself.
Store compiled.instructions, not the struct - see Predicator.Compiled.
Examples
iex> {:ok, compiled} = Predicator.compile_with_positions("limit > 85")
iex> compiled.instructions
[["load", "limit"], ["lit", 85], ["compare", "GT"]]
iex> compiled.positions
%{0 => {1, 1}, 1 => {1, 9}, 2 => {1, 7}}
The error arm is a %Predicator.Errors.ParseError{} carrying the parser's
bare message in :message and {line, column} in :position - the same
struct evaluate/3 returns for the same source. It also carries :span -
the failing token's source extent - in every mode, not only when the caller
asked for spans. parse/2 remains available for a caller that wants the raw
5-tuple instead.
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          @spec compile_with_spans(binary()) ::
  {:ok, Predicator.Compiled.t()} | {:error, struct()}


      


Compiles a string expression to a Predicator.Compiled.t/0 - the
instruction list plus a source-span side table, as one value.
compiled.instructions is identical to compile/1's output;
compiled.positions maps each instruction's 0-based index to the
Predicator.Types.span/0 of the AST node that emitted it. Pass the struct
straight to evaluate/3, which threads the table itself.
Store compiled.instructions, not the struct - see Predicator.Compiled.
Examples
iex> {:ok, compiled} = Predicator.compile_with_spans("limit > 85")
iex> compiled.instructions
[["load", "limit"], ["lit", 85], ["compare", "GT"]]
iex> compiled.positions
%{0 => {{1, 1}, {1, 6}}, 1 => {{1, 9}, {1, 11}}, 2 => {{1, 1}, {1, 11}}}
The error arm is a %Predicator.Errors.ParseError{} carrying the parser's
bare message in :message and {line, column} in :position - the same
struct evaluate/3 returns for the same source. It also carries :span -
the failing token's source extent - in every mode, not only when the caller
asked for spans. parse/2 remains available for a caller that wants the raw
5-tuple instead.
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          @spec context_assign(Predicator.Types.context(), binary(), term(), keyword()) ::
  {:ok, Predicator.Types.context()} | {:error, struct()}


      


Assigns value at the location expression names within context.
Resolves the location expression the same way context_location/3 does, then
writes through Predicator.ContextLocation.put/3, creating any missing
intermediate maps and lists. See Predicator.ContextLocation.put/3 for the
full auto-vivification and collision rules.
The expression is resolved against the pre-assignment context, which matches
SCXML: a variable bracket key such as items[index] reads index as it stands
before the write.
Argument order
context comes first because this function transforms a context and
returns a new one, which makes it pipeline-friendly, whereas
context_location/3 merely inspects one.
Parameters
	context - The context map to write into
	expression - The location expression naming where to write
	value - The value to write
	opts - Reserved for future options

Returns
	{:ok, context} - The updated context
	{:error, %Predicator.Errors.LocationError{}} - The expression is not an
assignable location, or the write collided with existing data
	{:error, %Predicator.Errors.ParseError{}} - The expression did not parse;
the struct carries both :position and :span

Examples
iex> Predicator.context_assign(%{}, "user.profile.name", "Ada")
{:ok, %{"user" => %{"profile" => %{"name" => "Ada"}}}}

iex> Predicator.context_assign(%{"items" => [1, 2, 3]}, "items[1]", "x")
{:ok, %{"items" => [1, "x", 3]}}

iex> {:error, error} = Predicator.context_assign(%{}, "len(items)", 1)
iex> error.type
:not_assignable
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          @spec context_location(binary(), Predicator.Types.context(), keyword()) ::
  {:ok, Predicator.ContextLocation.location_path()} | {:error, struct()}


      


Resolves a location path for assignment operations in SCXML datamodel expressions.
Takes an expression string and returns a location path that can be used for
assignment operations. Validates that the expression represents an assignable
location (l-value) rather than a computed value.
This function is specifically designed for SCXML <assign location="..."> operations
where the location attribute must specify where to assign a value in the datamodel.
Location Path Format
Location paths are returned as lists of keys/indices that represent the path
to a specific location in the context data structure:
	["user"] - top-level variable user
	["user", "name"] - property access user.name
	["items", 0] - array access items[0]
	["user", "profile", "settings", "theme"] - nested user.profile.settings.theme

Assignable vs Non-Assignable
Assignable (valid locations):
	Simple identifiers: user
	Property access: user.name, obj.prop
	Bracket access: items[0], obj["key"]
	Mixed notation: user.items[0].name

Non-Assignable (invalid locations):
	Literals: 42, "string", true
	Function calls: len(items), upper(name)
	Arithmetic expressions: user.age + 1
	Any computed values

Parameters
	expression - The location expression string to resolve
	context - The evaluation context (used for resolving variable keys)
	opts - Options (currently unused, reserved for future extensions)

Examples
# Simple identifier
iex> Predicator.context_location("user", %{"user" => %{"name" => "John"}})
{:ok, ["user"]}

# Property access
iex> Predicator.context_location("user.name", %{"user" => %{"name" => "John"}})
{:ok, ["user", "name"]}

# Bracket access with literal key
iex> Predicator.context_location("items[0]", %{"items" => [1, 2, 3]})
{:ok, ["items", 0]}

# Bracket access with string key
iex> Predicator.context_location("user['profile']", %{"user" => %{"profile" => %{}}})
{:ok, ["user", "profile"]}

# Mixed notation
iex> Predicator.context_location("data.users[0]['name']", %{"data" => %{"users" => [%{"name" => "Alice"}]}})
{:ok, ["data", "users", 0, "name"]}

# Variable as bracket key
iex> Predicator.context_location("items[index]", %{"items" => [1, 2, 3], "index" => 1})
{:ok, ["items", 1]}

# Error: cannot assign to literal
iex> {:error, %Predicator.Errors.LocationError{type: :not_assignable}} =
...>   Predicator.context_location("42", %{})

# Error: cannot assign to function call
iex> {:error, %Predicator.Errors.LocationError{type: :not_assignable}} =
...>   Predicator.context_location("len(items)", %{"items" => [1, 2, 3]})

# Error: cannot assign to computed expression
iex> {:error, %Predicator.Errors.LocationError{type: :not_assignable}} =
...>   Predicator.context_location("user.age + 1", %{"user" => %{"age" => 30}})
SCXML Usage Example
# In an SCXML state machine
location_expr = "user.profile.settings['theme']"

case Predicator.context_location(location_expr, datamodel_context) do
  {:ok, path} ->
    # Use path for assignment: ["user", "profile", "settings", "theme"]
    update_datamodel_at_path(datamodel, path, new_value)

  {:error, %Predicator.Errors.LocationError{} = error} ->
    # Handle invalid assignment target
    {:error, "Invalid assignment location: #{error.message}"}
end
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          @spec decompile(
  Predicator.Parser.visitable(),
  keyword()
) :: binary()


      


Converts an AST back to a string representation.
This function takes an Abstract Syntax Tree and generates a readable string
representation. This is useful for debugging, displaying expressions to users,
and documentation purposes.
Parameters
	ast - The Abstract Syntax Tree to convert - a bare expression, or a
Predicator.Parser.program/0, which renders as its statements joined by
"; "
	opts - Optional formatting options:	:parentheses - :minimal (default) | :explicit | :none

	:spacing - :normal (default) | :compact | :verbose




Returns
String representation of the AST.
Examples
iex> ast = {:comparison, :gt, {:identifier, "limit", nil}, {:literal, 85, nil}, nil}
iex> Predicator.decompile(ast)
"limit > 85"

iex> ast = {:literal, 42, nil}
iex> Predicator.decompile(ast)
"42"

iex> ast = {:comparison, :eq, {:identifier, "active", nil}, {:literal, true, nil}, nil}
iex> Predicator.decompile(ast, parentheses: :explicit, spacing: :verbose)
"(active  ==  true)"

iex> {:ok, ast} = Predicator.parse_program("if a { x = 1 } else { x = 2 }")
iex> Predicator.decompile(ast)
"if a { x = 1 } else { x = 2 }"
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          @spec evaluate(
  binary() | Predicator.Types.instruction_list() | Predicator.Compiled.t(),
  Predicator.Types.context() | Predicator.Context.t(),
  keyword()
) :: {:ok, Predicator.Types.value()} | {:error, struct()}


      


Evaluates a predicate expression or instruction list.
This is the main entry point for Predicator evaluation. It accepts either:
	A string expression (e.g., "limit > 85") which gets compiled automatically
	A pre-compiled instruction list for maximum performance

Parameters
	input - String expression, instruction list, or a Predicator.Compiled.t/0
from compile_with_positions/1 or compile_with_spans/1, whose table is
threaded automatically
	context - Optional context map with variable bindings (default: %{})
	opts - Optional keyword list of options:	:functions - Map of custom functions to make available during
evaluation, %{name => {arity, fun}}, called as (args, context)
	:providers - a list of Predicator.FunctionProvider modules,
resolved into the dispatch map alongside the builtins and :functions	see Predicator.Context.new/2


	:builtins - false drops the four default builtin functions
(default true)
	:host - an opaque term threaded to every function call's context as
context.host (default nil) - see Predicator.Context.put_host/2
	:positions - the table from compiled.positions, for a caller passing a
bare instruction list, used to populate :position (and :span) on
runtime errors. String input threads its own table automatically; an
instruction-list caller who omits this sees position: nil. Passing it
alongside a %Compiled{} raises ArgumentError. evaluate/3 compiles
no store, so the companion :segment_positions table (see
execute/3) is always empty here and has no observable effect.
	:spans - when true, string input compiles with spans instead of point
positions, so runtime errors carry :span and :position names the
span's start. Ignored for instruction-list input, which has no source;
such a caller passes compile_with_spans/1's struct, or positions:
from compiled.positions.
	:loop_budget - the number of back edges (jump_backward, ISA v6) a
single execution may take, default
Predicator.Evaluator.default_loop_budget/0 (10_000), shared across
every loop in the program. Exhaustion returns
{:error, %Predicator.Errors.EvaluationError{reason: "loop_budget_exceeded"}}.
Must be a non-negative integer; anything else raises ArgumentError.



Returns
	{:ok, result} on successful evaluation
	{:error, error_struct} if parsing or execution fails

Error Types
	Predicator.Errors.TypeMismatchError - Type mismatch in operation
	Predicator.Errors.UndefinedVariableError - Variable not found in context
	Predicator.Errors.EvaluationError - General evaluation error (division by zero, etc.)
	Predicator.Errors.ParseError - Expression parsing error, carrying both
:position and :span

Examples
# Simple expressions
iex> Predicator.evaluate("true")
{:ok, true}

iex> Predicator.evaluate("2 + 3")
{:ok, 5}

# With context
iex> Predicator.evaluate("limit > 85", %{"limit" => 90})
{:ok, true}

# With custom functions
iex> custom_functions = %{"double" => {1, fn [n], _context -> {:ok, n * 2} end}}
iex> Predicator.evaluate("double(21)", %{}, functions: custom_functions)
{:ok, 42}

# Pre-compiled instruction lists
iex> Predicator.evaluate([["lit", 42]])
{:ok, 42}

# Type coercion with + operator (string concatenation)
iex> Predicator.evaluate("limit + 'hello'", %{"limit" => 5})
{:ok, "5hello"}

# Error handling for incompatible types
iex> {:error, error} = Predicator.evaluate("limit * true", %{"limit" => 5})
iex> String.contains?(error.message, "multiply requires")
true
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          @spec evaluate!(
  binary() | Predicator.Types.instruction_list() | Predicator.Compiled.t(),
  Predicator.Types.context(),
  keyword()
) :: Predicator.Types.value()


      


Evaluates a predicate expression or instruction list, raising on errors.
Similar to evaluate/3 but raises an exception for error results instead
of returning error tuples. Follows the Elixir convention of bang functions.
Examples
iex> Predicator.evaluate!("limit > 85", %{"limit" => 90})
true

iex> Predicator.evaluate!([["lit", 42]])
42

# With custom functions
iex> custom_functions = %{"double" => {1, fn [n], _context -> {:ok, n * 2} end}}
iex> Predicator.evaluate!("double(21)", %{}, functions: custom_functions)
42

# A pre-compiled %Predicator.Compiled{}
iex> {:ok, compiled} = Predicator.compile_with_positions("limit > 85")
iex> Predicator.evaluate!(compiled, %{"limit" => 90})
true

# This would raise an exception:
# Predicator.evaluate!("limit >", %{})
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          @spec evaluator(Predicator.Types.instruction_list(), Predicator.Types.context()) ::
  Predicator.Evaluator.t()


      


Creates a new evaluator state for low-level instruction processing.
This function is useful when you need fine-grained control over the
evaluation process or want to inspect the evaluator state.
Parameters
	instructions - List of instructions to prepare for execution
	context - Optional context map with variable bindings (default: %{})

Returns
An %Predicator.Evaluator{} struct ready for execution.
Examples
iex> evaluator = Predicator.evaluator([["lit", 42]])
iex> evaluator.instructions
[["lit", 42]]

iex> evaluator = Predicator.evaluator([["load", "x"]], %{"x" => 10})
iex> evaluator.context
%{"x" => 10}
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          @spec execute(
  binary() | Predicator.Types.instruction_list() | Predicator.Compiled.t(),
  Predicator.Types.context() | Predicator.Context.t(),
  keyword()
) :: {:ok, Predicator.Context.t()} | {:error, struct(), Predicator.Context.t()}


      


Runs a statement program - a source string, an instruction list, or a
Predicator.Compiled.t/0 - and returns the resulting context.
This is statement mode's entry point (docs/isa.md section 2), the sibling
of evaluate/3 for the {:program, ...} / {:assignment, ...} grammar
parse_program/2 produces. Where evaluate/3 returns the value an
expression reduces to, execute/3 returns the context a program's
writes produced - a program halts with an empty stack by design, so there
is no expression result to return.
Parameters
Same shape as evaluate/3:
	program_or_source - a source string (parsed with parse_program/2, not
parse/2), a pre-compiled instruction list, or a Predicator.Compiled.t/0
from compile_program_with_positions/1
	context - a bare map or a Predicator.Context.t/0 (default %{})
	opts - same options evaluate/3 accepts (:functions, :providers,
:builtins, :host, :positions, :segment_positions, :on_unbound,
:loop_budget, :protected_roots); :positions or :segment_positions
alongside a %Compiled{} raises ArgumentError, same as evaluate/3.
Unlike evaluate/3, a program can compile a store, so
:segment_positions - the table from compiled.segment_positions - can
change a store failure's reported position here, and :protected_roots	a list of context root names a store may not write - only matters
here, since evaluate/3 never runs a store; see
Predicator.Evaluator.evaluate/3's option list for the fuller entry.



Protected context roots
Passing protected_roots: ["_event", ...] refuses any store whose path's
root segment is in the list, instead of performing the write: the run stops
at that statement with {:error, %Predicator.Errors.EvaluationError{reason: "protected_root"}, context}, where error.details.root names the offending
root. Protection is per-root, not per-path - _event.name = 1 is refused
because _event is protected, and there is no way to protect _event.name
while leaving _event.other writable. The error arm's partial context is
unchanged by this option: it still carries every write made before the
refused statement, exactly as any other store failure's does. Absent the
option, behavior is byte-identical to today.
Returns
	{:ok, context} - every statement ran; context.data holds every write

	{:error, error_struct, context} - execution stopped at the failing
statement. context is the context as of the last successfully
completed statement - every earlier write survives, the failing
statement's write does not happen, and no later statement runs. Handing
back this partial context costs nothing (contexts are immutable) and
commit-or-discard is left to the caller: a caller wanting all-or-nothing
drops the third element and keeps the context it already had.
case Predicator.execute(program, ctx) do
  {:ok, ctx} -> ctx
  {:error, _error, _partial} -> ctx    # all-or-nothing is a caller policy
end


A caller who also wants the program's last expression statement's value
calls execute_value/3 instead.
Examples
iex> {:ok, ctx} = Predicator.execute("x = 1; y = x + 2", %{})
iex> ctx.data
%{"x" => 1, "y" => 3}

iex> {:error, %Predicator.Errors.EvaluationError{reason: "not_a_container"}, ctx} =
...>   Predicator.execute("a = 1; a.b = 2; c = 3", %{})
iex> ctx.data
%{"a" => 1}

iex> {:error, %Predicator.Errors.EvaluationError{reason: "protected_root"} = error, ctx} =
...>   Predicator.execute("x = 1; _event = 2", %{}, protected_roots: ["_event"])
iex> {error.details.root, ctx.data}
{"_event", %{"x" => 1}}
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          @spec execute_value(
  binary() | Predicator.Types.instruction_list() | Predicator.Compiled.t(),
  Predicator.Types.context() | Predicator.Context.t(),
  keyword()
) ::
  {:ok, Predicator.Types.value(), Predicator.Context.t()}
  | {:error, struct(), Predicator.Context.t()}


      


Runs a statement program - a source string, an instruction list, or a
Predicator.Compiled.t/0 - and returns the resulting context plus the
value the program's last expression statement produced.
This is execute/3 plus the last expression statement's value; call
execute/3 instead when the value is not wanted.
The value is the value of the program's last expression statement:
:undefined when the program has none (a program of assignments only), and
:undefined for a hand-built instruction list that pops nothing. See
Predicator.Evaluator.last_value/1 for the exact definition, which this
function projects.
Parameters
Same as execute/3: program_or_source, context (default %{}), and
opts (default []), including :positions or :segment_positions
alongside a %Compiled{} raising ArgumentError, and :protected_roots
(see execute/3's "Protected context roots" section).
Returns
	{:ok, value, context} - every statement ran; value is the last
expression statement's value (or :undefined), context.data holds every
write
	{:error, error_struct, context} - identical to execute/3's error
arm: no value is reported for a run that stopped early. A caller who
wants the partial run's last value has Evaluator.run_state/1 and
Evaluator.last_value/1 directly.

This is a host-API convenience, not an ISA guarantee - see
docs/isa.md section 2's host-convenience paragraph. A sibling
implementation need not offer it.
Examples
iex> {:ok, value, ctx} = Predicator.execute_value("x = 2; x * 10", %{})
iex> value
20
iex> ctx.data
%{"x" => 2}

iex> {:ok, value, _ctx} = Predicator.execute_value("x = 1", %{})
iex> value
:undefined

iex> {:error, %Predicator.Errors.EvaluationError{reason: "not_a_container"}, ctx} =
...>   Predicator.execute_value("a = 1; a.b = 2; c = 3", %{})
iex> ctx.data
%{"a" => 1}

iex> {:error, %Predicator.Errors.EvaluationError{reason: "protected_root"} = error, ctx} =
...>   Predicator.execute_value("x = 1; _event = 2", %{}, protected_roots: ["_event"])
iex> {error.details.root, ctx.data}
{"_event", %{"x" => 1}}

  



  
    
      
    
    
      isa_version()



        
          
        

    

  


  

      

          @spec isa_version() :: pos_integer()


      


Returns the ISA version this build emits and can run.
ISA versions are integers, independent of this library's semantic version
(ADR-0003). Compare it against Predicator.Instructions.required_isa/1
before running a stored instruction list, so a version mismatch is caught
up front instead of failing partway through evaluation. See
docs/isa.md for the full versioning scheme.
Examples
iex> Predicator.isa_version()
6

  



    

  
    
      
    
    
      parse(expression, opts \\ [])



        
          
        

    

  


  

      

          @spec parse(
  binary(),
  keyword()
) ::
  {:ok, Predicator.Parser.ast()}
  | {:error, binary(), pos_integer(), pos_integer(), Predicator.Types.span()}


      


Parses an expression string into an Abstract Syntax Tree.
Every node carries a trailing {line, column} source position. Pass
spans: true for a Predicator.Types.span/0 in that slot instead - the
source text the node covers, which is what a diagnostic underlines.
Examples
iex> Predicator.parse("limit > 85")
{:ok, {:comparison, :gt, {:identifier, "limit", {1, 1}}, {:literal, 85, {1, 9}}, {1, 7}}}

iex> Predicator.parse("limit > 85", spans: true)
{:ok, {:comparison, :gt, {:identifier, "limit", {{1, 1}, {1, 6}}}, {:literal, 85, {{1, 9}, {1, 11}}}, {{1, 1}, {1, 11}}}}

  



    

  
    
      
    
    
      parse_program(source, opts \\ [])



        
          
        

    

  


  

      

          @spec parse_program(
  binary(),
  keyword()
) :: Predicator.Parser.program_result()


      


Parses a statement-sequence string into a Predicator.Parser.program/0.
Implements program := statement (";" statement)* [";"], where a statement
is either an assignment (location "=" expression) or an ordinary
expression. This is a separate entry point from parse/2, not an option on
it: parse/2 never returns a program, and parse_program/2 always returns
one, even for a single statement.
Examples
iex> Predicator.parse_program("a = 1; b = a + 1")
{:ok,
 {:program,
  [
    {:assignment, {:identifier, "a", {1, 1}}, {:literal, 1, {1, 5}}, {1, 3}},
    {:assignment, {:identifier, "b", {1, 8}},
     {:arithmetic, :add, {:identifier, "a", {1, 12}}, {:literal, 1, {1, 16}}, {1, 14}},
     {1, 10}}
  ], {1, 1}}}

iex> Predicator.parse_program("42 = 1")
{:error, "Left side of '=' must be an assignable location - an identifier, a property access, or a bracket access.", 1, 4, {{1, 4}, {1, 5}}}

  



  
    
      
    
    
      run_evaluator(evaluator)



        
          
        

    

  


  

      

          @spec run_evaluator(Predicator.Evaluator.t()) ::
  {:ok, Predicator.Evaluator.t()} | {:error, term()}


      


Runs an evaluator until completion.
This provides direct access to the low-level evaluator API for cases
where you need more control than the execute/2 function provides.
Parameters
	evaluator - An %Predicator.Evaluator{} struct

Returns
	{:ok, final_evaluator_state} on success
	{:error, reason} on failure

Examples
iex> evaluator = Predicator.evaluator([["lit", 42]])
iex> {:ok, final_state} = Predicator.run_evaluator(evaluator)
iex> final_state.stack
[42]

  


        

      


  

    
Predicator.Cast 
    



      
The :: cast conversion matrix.
Implements every legal source-to-target conversion for the seven scalar
ISA type names. The normative matrix is
docs/isa.md section 5, under cast; ADR-0011
records why casting is an opcode rather than a lowering to call.
cast/2 is total over values and never raises or returns an error tuple:
:undefined propagates, and a conversion that cannot produce a value of the
target type also yields :undefined. This module is not part of the
predicate surface - the only way an author reaches it is through :: - it
is public for the same reason Predicator.Duration is: a value-layer
helper worth documenting and testing on its own.

      


      
        Summary


  
    Functions
  


    
      
        cast(value, type_name)

      


        Converts value to the named type, or :undefined when it cannot.



    


    
      
        type_names()

      


        The seven scalar ISA type names casts accept (docs/isa.md section 3).



    





      


      
        Functions


        


  
    
      
    
    
      cast(value, type_name)



        
          
        

    

  


  

      

          @spec cast(term(), binary()) :: term()


      


Converts value to the named type, or :undefined when it cannot.
type_name must be one of type_names/0; passing anything else is a
FunctionClauseError at this module's boundary, since the caller (the
evaluator, guarded on the same list) never passes one.

  



  
    
      
    
    
      type_names()



        
          
        

    

  


  

      

          @spec type_names() :: [binary()]


      


The seven scalar ISA type names casts accept (docs/isa.md section 3).

  


        

      


  

    
Predicator.Compiled 
    



      
A compiled program and its source-location table, as one value.
Returned by Predicator.compile_with_positions/1 and
Predicator.compile_with_spans/1, and accepted directly by
Predicator.evaluate/3, which threads the table itself - so the table cannot
be dropped between compilation and evaluation (ADR-0009).
What to store
This struct is an in-memory Elixir value and is not a wire format. A
consumer that persists a compiled program stores compiled.instructions - a
bare JSON array, byte-identical to what Predicator.compile/1 emits for the
same source. Do not serialize the struct: positions and segment_positions
both hold offsets into the source string the program was compiled from, and
they are meaningless to anything that does not also hold that string.
segment_positions is a second Elixir-side derived table, present for the
same reason and with the same storage advice as positions - it is empty
for a program compiling no assignment. An expression compiles no store, so
compile_with_positions/1 and compile_with_spans/1 always return an empty
one; compile_program_with_positions/1 populates it whenever the program
contains an assignment.
A program loaded back from storage as a bare list evaluates fine and reports
position: nil on runtime errors, which is correct - the source is gone.
A consumer that wants positions back after a round trip should persist the
source, not the table, and recompile with compile_with_positions/1 (or
compile_with_spans/1) on load - recompiling the same source is
deterministic and yields an identical table every time. The table itself is
a derived fact, the same reasoning ADR-0009 already applied to reject an
isa_version field: a cached copy of a derived fact can disagree with the
thing it claims to describe. Nothing checks that a positions table
actually came from the instructions list it is attached to, so a table
compiled from one source and attached to another source's instructions
produces no error - just a confidently wrong position, which is worse than
the honest position: nil an unpaired instruction list reports.
Examples
iex> compiled = Predicator.Compiled.new(
...>   [["load", "limit"], ["lit", 85], ["compare", "GT"]],
...>   %{0 => {1, 1}, 1 => {1, 9}, 2 => {1, 7}}
...> )
iex> compiled.instructions
[["load", "limit"], ["lit", 85], ["compare", "GT"]]
iex> compiled.positions
%{0 => {1, 1}, 1 => {1, 9}, 2 => {1, 7}}
Recompiling the same source is deterministic, which is what makes
"persist the source, recompile on load" a sound way to get positions back:
iex> {:ok, first} = Predicator.compile_with_positions("limit > 85")
iex> {:ok, second} = Predicator.compile_with_positions("limit > 85")
iex> first == second
true

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A compiled program paired with the source-location table for its
instructions.



    





  
    Functions
  


    
      
        new(instructions, positions \\ %{}, segment_positions \\ %{})

      


        Pairs an instruction list with a source-location table and, optionally, a
segment-position table.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Predicator.Compiled{
  instructions: Predicator.Types.instruction_list(),
  positions: Predicator.Types.position_table() | Predicator.Types.span_table(),
  segment_positions: Predicator.Types.segment_position_table()
}


      


A compiled program paired with the source-location table for its
instructions.
positions is a Predicator.Types.position_table/0 under
Predicator.compile_with_positions/1 and a
Predicator.Types.span_table/0 under Predicator.compile_with_spans/1.
One field, not two: nothing below the façade distinguishes them -
Predicator.Evaluator reads either without knowing which, and
Predicator.Errors.put_position/2 discriminates a nil, a point, and a span
at the point of use.
The struct deliberately carries no ISA version: it is computable from the
instruction list by Predicator.Instructions.required_isa/1, and a stored
copy of a derived fact can disagree with the list it claims to describe
(ADR-0003, ADR-0009).
segment_positions is a new field (px-ids), added rather than folded
into positions: ADR-0009 treats adding a field to this struct as additive
and reshaping positions's meaning as not, so the per-store segment table
gets its own field rather than changing what positions holds.

  


        

      

      
        Functions


        


    

    

  
    
      
    
    
      new(instructions, positions \\ %{}, segment_positions \\ %{})



        
          
        

    

  


  

      

          @spec new(
  Predicator.Types.instruction_list(),
  Predicator.Types.position_table() | Predicator.Types.span_table(),
  Predicator.Types.segment_position_table()
) :: t()


      


Pairs an instruction list with a source-location table and, optionally, a
segment-position table.
For a caller who stored a bare instruction list and kept its tables
separately - Predicator.compile_with_positions/1,
Predicator.compile_with_spans/1, and Predicator.compile_program_with_positions/1
build the struct themselves.
Examples
iex> compiled = Predicator.Compiled.new([["lit", 42]], %{0 => {1, 1}})
iex> compiled.positions
%{0 => {1, 1}}
iex> compiled.segment_positions
%{}

iex> Predicator.Compiled.new([["lit", 42]]).positions
%{}

iex> compiled = Predicator.Compiled.new(
...>   [["lit", "a"], ["lit", "b"], ["lit", 1], ["store", 2]],
...>   %{0 => {1, 1}, 1 => {1, 2}, 2 => {1, 7}, 3 => {1, 1}},
...>   %{3 => [{1, 1}, {1, 2}]}
...> )
iex> compiled.segment_positions
%{3 => [{1, 1}, {1, 2}]}

  


        

      


  

    
Predicator.Compiler 
    



      
Compiler that converts AST to various representations using visitors.
The compiler orchestrates different visitors to transform Abstract Syntax Trees
into executable instructions, string representations, or other formats.
Examples
iex> ast = {:comparison, :gt, {:identifier, "limit", nil}, {:literal, 85, nil}, nil}
iex> Predicator.Compiler.to_instructions(ast)
[["load", "limit"], ["lit", 85], ["compare", "GT"]]

# Future visitors will enable:
# iex> Predicator.Compiler.to_string(ast)
# "limit > 85"

# iex> Predicator.Compiler.to_dot(ast)
# "digraph {...}"

      


      
        Summary


  
    Functions
  


    
      
        to_instructions(ast, opts \\ [])

      


        Converts an AST to stack machine instructions.



    


    
      
        to_instructions_with_positions(ast, opts \\ [])

      


        Converts an AST to stack machine instructions plus a source-position side
table.



    


    
      
        to_instructions_with_segment_positions(ast, opts \\ [])

      


        Converts an AST to stack machine instructions, a source-position side table,
and a per-store segment-position side table.



    


    
      
        to_string(ast, opts \\ [])

      


        Converts an AST to a string representation.



    





      


      
        Functions


        


    

  
    
      
    
    
      to_instructions(ast, opts \\ [])



        
          
        

    

  


  

      

          @spec to_instructions(
  Predicator.Parser.visitable(),
  keyword()
) :: [[binary() | term()]] | {:error, struct()}


      


Converts an AST to stack machine instructions.
Uses the InstructionsVisitor to generate a list of instructions that can
be executed by the stack-based evaluator.
Parameters
	ast - The Abstract Syntax Tree to compile - a bare expression, or a
Predicator.Parser.program/0, which compiles to a flat statement
program (each statement followed by a store or a pop)
	opts - Optional compiler options

Returns
List of instructions in the format [["operation", ...args]].
Examples
iex> ast = {:literal, 42, nil}
iex> Predicator.Compiler.to_instructions(ast)
[["lit", 42]]

iex> ast = {:comparison, :eq, {:identifier, "name", nil}, {:literal, "John", nil}, nil}
iex> Predicator.Compiler.to_instructions(ast)
[["load", "name"], ["lit", "John"], ["compare", "EQ"]]

iex> {:ok, program} = Predicator.parse_program("x = 1")
iex> Predicator.Compiler.to_instructions(program)
[["lit", "x"], ["lit", 1], ["store", 1]]

  



    

  
    
      
    
    
      to_instructions_with_positions(ast, opts \\ [])



        
          
        

    

  


  

      

          @spec to_instructions_with_positions(
  Predicator.Parser.visitable(),
  keyword()
) ::
  {[[binary() | term()]],
   Predicator.Types.position_table() | Predicator.Types.span_table()}
  | {:error, struct()}


      


Converts an AST to stack machine instructions plus a source-position side
table.
The instruction list is identical to to_instructions/2's - the side table is
a separate Elixir-side value, so the interchange format and any stored
compiled artifacts are unaffected (ADR-0001). The table maps each
instruction's 0-based index to the {line, column} of the AST node that
emitted it; nodes with no position contribute no entry, so a caller-supplied
position-free AST yields an empty table. An AST parsed with spans: true
yields a Predicator.Types.span_table/0 instead - see
Predicator.compile_with_spans/1.
Examples
iex> ast = {:comparison, :gt, {:identifier, "limit", {1, 1}}, {:literal, 85, {1, 9}}, {1, 7}}
iex> Predicator.Compiler.to_instructions_with_positions(ast)
{[["load", "limit"], ["lit", 85], ["compare", "GT"]],
 %{0 => {1, 1}, 1 => {1, 9}, 2 => {1, 7}}}

iex> Predicator.Compiler.to_instructions_with_positions({:literal, 42, nil})
{[["lit", 42]], %{}}

iex> {:ok, program} = Predicator.parse_program("x = 1", spans: false)
iex> Predicator.Compiler.to_instructions_with_positions(program)
{[["lit", "x"], ["lit", 1], ["store", 1]], %{0 => {1, 1}, 1 => {1, 5}, 2 => {1, 1}}}

  



    

  
    
      
    
    
      to_instructions_with_segment_positions(ast, opts \\ [])



        
          
        

    

  


  

      

          @spec to_instructions_with_segment_positions(
  Predicator.Parser.visitable(),
  keyword()
) ::
  {[[binary() | term()]],
   Predicator.Types.position_table() | Predicator.Types.span_table(),
   Predicator.Types.segment_position_table()}
  | {:error, struct()}


      


Converts an AST to stack machine instructions, a source-position side table,
and a per-store segment-position side table.
The instruction list and position table are identical to what
to_instructions_with_positions/2 returns for the same AST - this function
adds a third table mapping each ["store", n] instruction's 0-based index
to one source annotation per location segment in its lhs chain, root-first
(Predicator.Types.segment_position_table/0). An assignment-free AST
contributes no entry, so an expression compiles to an empty segment table.
Examples
iex> {:ok, program} = Predicator.parse_program("a.b = 1", spans: false)
iex> Predicator.Compiler.to_instructions_with_segment_positions(program)
{[["lit", "a"], ["lit", "b"], ["lit", 1], ["store", 2]],
 %{0 => {1, 1}, 1 => {1, 3}, 2 => {1, 7}, 3 => {1, 1}},
 %{3 => [{1, 1}, {1, 3}]}}

  



    

  
    
      
    
    
      to_string(ast, opts \\ [])



        
          
        

    

  


  

      

          @spec to_string(
  Predicator.Parser.visitable(),
  keyword()
) :: binary()


      


Converts an AST to a string representation.
Uses the StringVisitor to generate a readable string representation
of the Abstract Syntax Tree. This is useful for debugging, documentation,
and displaying expressions to users.
Parameters
	ast - The Abstract Syntax Tree to convert - a bare expression, or a
Predicator.Parser.program/0, which renders as its statements joined by
"; "
	opts - Optional formatting options:	:parentheses - :minimal (default) | :explicit | :none

	:spacing - :normal (default) | :compact | :verbose




Returns
String representation of the AST.
Examples
iex> ast = {:literal, 42, nil}
iex> Predicator.Compiler.to_string(ast)
"42"

iex> ast = {:comparison, :gt, {:identifier, "limit", nil}, {:literal, 85, nil}, nil}
iex> Predicator.Compiler.to_string(ast)
"limit > 85"

iex> ast = {:comparison, :gt, {:identifier, "age", nil}, {:literal, 21, nil}, nil}
iex> Predicator.Compiler.to_string(ast, parentheses: :explicit)
"(age > 21)"

  


        

      


  

    
Predicator.Conformance.Coverage 
    



      
The diffing logic behind mix corpus.coverage (px-35i.4 Phase 6).
The corpus is authored JSON, not extracted from the existing 16k-line
ExUnit suite (see the plan's "The generation mechanism" section) - so
nothing keeps the corpus in step with what that suite actually exercises.
This module is the coverage instrument that closes that loop: it turns the
suite into an authoring checklist rather than a source, without making it
the corpus's source of truth.
What this measures, and what it does not
This is a heuristic, best-effort report, not a precise instrument. It
works in three steps, all pure functions here plus real compiler calls -
never eval, never hand-rolled opcode matching against source text:
	extract_sources/1 statically scans one .exs file's AST for calls to
Predicator.evaluate/2, Predicator.evaluate/3, or Predicator.compile/1
whose first argument is a literal string, and returns those literal
source strings. This is exactly the ~25% static-AST pass the plan's
"Current State Analysis" section already describes and sanctions as a
legitimate, partial signal - used here for a report, not as the corpus's
authoring mechanism, so the drift caveats that ruled it out as the
mechanism do not apply.
	suite_pattern_frequencies/1 compiles each extracted source through the
real Predicator.compile/1 (not string matching) and counts patterns:
an opcode name for most instructions, but "compare:OPERATOR" for
compare and "call:function_name" for call, because those two
opcodes carry the operand that actually distinguishes one case from
another (STRICT_EQ vs GT, len vs upper) - the same operand-aware
cut Predicator.Conformance.Features already makes for feature tags.
A source that fails to compile is skipped; the AST scan is approximate
and a false-positive extraction (e.g. a string that merely looks like a
literal source but is test scaffolding) is expected and harmless here.
	corpus_pattern_frequencies/1 computes the same patterns from the
shipped corpus's own instructions (already decoded JSON case maps),
and diff/2 reports every pattern the suite's static extraction hits
more often than the corpus does, grouped by tier.

What this does not see: the ~75% of suite assertions that build context
from a bound variable or executed setup (unresolvable without running the
suite), any assertion carrying a third opts argument, error-shape
assertions, or instruction-list literals fed directly to evaluate/2,3.
Those are exactly the classes the bead's own extractability note names as
unreachable by a static pass. The report is therefore a floor on suite
coverage, not a ceiling, and its top entries need a human read before being
authored as cases - some will be Elixir-internal scaffolding (opts
handling, struct internals) rather than genuine corpus gaps.
Classifying tier-5 (call:<name>) gaps
diff/2 alone cannot tell a genuine builtin gap from noise: a call:<name>
pattern's name might be a test-registered function (boom, double, ...)
that a sibling implementation could never implement, or a builtin whose
result is non-deterministic (Date.now, Math.random) and therefore can
never get a pinned corpus case either. classify/2 sorts every gap into
one of three statuses (px-q1f):
	:gap - a genuine builtin gap, worth authoring.
	:excluded - a documented exclusion: relative_date (an opcode, see
conformance/README.md's "Opcodes excluded from the coverage rule") or a
name in documented_exclusion_functions/0 (see the README's "Functions
excluded from the coverage rule"). Shown inline with a note rather than as
a bare corpus: 0 row.
	:suite_local - a call:<name> whose name is not a key of the caller-
supplied builtin registry (in practice Predicator.Context.new(). functions), so it was registered by an individual ExUnit test via its
own opts[:functions] map and can never become a corpus case.
format_report/1 moves these to a trailing labelled section rather than
dropping them silently - the report is a heuristic instrument, and a
reader who remembers writing a test for one of these names should be able
to see where it went rather than wonder if the scan missed it.

Classification is deliberately not a hardcoded name list on the "this is
a builtin" side: classify/2 takes the registry as data from the caller
(mix corpus.coverage passes Predicator.Context.new().functions's keys)
so a new builtin needs no update here to stop showing up as suite-local.
Report only: nothing here writes a case or fails a gate.

      


      
        Summary


  
    Types
  


    
      
        gap()

      


        One coverage gap: a pattern the suite hits more than the corpus does.



    


    
      
        gap_status()

      


        A gap's classification, set by classify/2 (absent - equivalently :gap -
on a gap fresh out of diff/2, which knows nothing about the builtin
registry)



    


    
      
        pattern()

      


        A pattern: an opcode name, or "opcode:operand" for compare/call.



    


    
      
        pattern_frequencies()

      


        pattern => how many times it was observed.



    





  
    Functions
  


    
      
        classify(gaps, builtin_names)

      


        Classifies each gap's :status (see the moduledoc's "Classifying tier-5
gaps" section and gap_status/0): :gap, :excluded, or :suite_local.



    


    
      
        corpus_pattern_frequencies(cases)

      


        Computes pattern frequencies from decoded corpus case maps (the shipped
conformance/corpus/tier-*.json cases, already JSON.decode/1-ed).



    


    
      
        diff(suite_freqs, corpus_freqs)

      


        Diffs suite pattern frequencies against corpus pattern frequencies.



    


    
      
        documented_exclusion_functions()

      


        The builtin function names documented as non-deterministic exclusions in
conformance/README.md's "Functions excluded from the coverage rule"
section - Date.now and Math.random. classify/2 marks a call:<name>
gap whose name is in this set as :excluded rather than :gap, the same
treatment relative_date gets as an opcode-level exclusion.



    


    
      
        extract_sources(file_content)

      


        Extracts literal source strings from one file's Elixir source.



    


    
      
        format_report(gaps)

      


        Formats a list of gaps (as returned by diff/2, typically classified by
classify/2 first) as a human-readable report, grouped by tier so it is
actionable one tier at a time.



    


    
      
        suite_pattern_frequencies(sources)

      


        Computes pattern frequencies for a list of extracted source strings.



    





      


      
        Types


        


  
    
      
    
    
      gap()



        
          
        

    

  


  

      

          @type gap() :: %{
  :tier => pos_integer(),
  :tier_name => String.t(),
  :pattern => pattern(),
  :suite_count => pos_integer(),
  :corpus_count => non_neg_integer(),
  optional(:status) => gap_status()
}


      


One coverage gap: a pattern the suite hits more than the corpus does.

  



  
    
      
    
    
      gap_status()



        
          
        

    

  


  

      

          @type gap_status() :: :gap | :excluded | :suite_local


      


A gap's classification, set by classify/2 (absent - equivalently :gap -
on a gap fresh out of diff/2, which knows nothing about the builtin
registry):
	:gap - worth authoring.
	:excluded - a documented, non-deterministic exclusion; see the
moduledoc's "Classifying tier-5 gaps" section.
	:suite_local - a test-registered function name, never a corpus
candidate.


  



  
    
      
    
    
      pattern()



        
          
        

    

  


  

      

          @type pattern() :: String.t()


      


A pattern: an opcode name, or "opcode:operand" for compare/call.

  



  
    
      
    
    
      pattern_frequencies()



        
          
        

    

  


  

      

          @type pattern_frequencies() :: %{required(pattern()) => pos_integer()}


      


pattern => how many times it was observed.

  


        

      

      
        Functions


        


  
    
      
    
    
      classify(gaps, builtin_names)



        
          
        

    

  


  

      

          @spec classify([gap()], MapSet.t(String.t())) :: [gap()]


      


Classifies each gap's :status (see the moduledoc's "Classifying tier-5
gaps" section and gap_status/0): :gap, :excluded, or :suite_local.
builtin_names is the set of function names the classifier treats as
real builtins - in practice the caller passes
Predicator.Context.new().functions's keys, so this module never
hardcodes "what is a builtin" itself. A gap whose pattern is not a
call:<name> pattern (i.e. not tier 5) is :gap unless it is the
documented opcode exclusion relative_date.
Examples
iex> gaps = [
...>   %{tier: 5, tier_name: "functions", pattern: "call:Math.abs", suite_count: 3, corpus_count: 0},
...>   %{tier: 5, tier_name: "functions", pattern: "call:Date.now", suite_count: 6, corpus_count: 0},
...>   %{tier: 5, tier_name: "functions", pattern: "call:boom", suite_count: 2, corpus_count: 0},
...>   %{tier: 4, tier_name: "rich types", pattern: "relative_date", suite_count: 4, corpus_count: 0}
...> ]
iex> Predicator.Conformance.Coverage.classify(gaps, MapSet.new(["Math.abs", "Date.now"]))
...> |> Enum.map(& &1.status)
[:gap, :excluded, :suite_local, :excluded]

  



  
    
      
    
    
      corpus_pattern_frequencies(cases)



        
          
        

    

  


  

      

          @spec corpus_pattern_frequencies([map()]) :: pattern_frequencies()


      


Computes pattern frequencies from decoded corpus case maps (the shipped
conformance/corpus/tier-*.json cases, already JSON.decode/1-ed).
Reads each case's "instructions" field the same way suite_pattern_frequencies/1
reads a compiled instruction list - the tagged-value codec only affects
operand values, never the opcode strings this counts.
Examples
iex> cases = [%{"instructions" => [["load", "a"], ["lit", 1], ["compare", "GT"]]}]
iex> Predicator.Conformance.Coverage.corpus_pattern_frequencies(cases)
%{"load" => 1, "lit" => 1, "compare:GT" => 1}

  



  
    
      
    
    
      diff(suite_freqs, corpus_freqs)



        
          
        

    

  


  

      

          @spec diff(pattern_frequencies(), pattern_frequencies()) :: [gap()]


      


Diffs suite pattern frequencies against corpus pattern frequencies.
Returns every pattern the suite hits more than the corpus does (corpus
absence counts as 0), grouped implicitly by carrying each entry's tier -
format_report/1 does the grouping for display. A pattern whose opcode is
not in Predicator.Instructions.opcodes/0 (should not happen for anything
that compiled, but kept defensive) is skipped rather than crashing the
report.
Sorted by tier, then by descending suite count, then by pattern name, so
the most-exercised gap in the lowest tier sorts first - the tier a sibling
is most likely to be working on right now.
Examples
iex> suite = %{"compare:GT" => 5, "compare:STRICT_EQ" => 2, "lit" => 10}
iex> corpus = %{"compare:GT" => 5, "lit" => 3}
iex> Predicator.Conformance.Coverage.diff(suite, corpus)
[
  %{tier: 1, tier_name: "core", pattern: "lit", suite_count: 10, corpus_count: 3},
  %{tier: 1, tier_name: "core", pattern: "compare:STRICT_EQ", suite_count: 2, corpus_count: 0}
]

  



  
    
      
    
    
      documented_exclusion_functions()



        
          
        

    

  


  

      

          @spec documented_exclusion_functions() :: MapSet.t(String.t())


      


The builtin function names documented as non-deterministic exclusions in
conformance/README.md's "Functions excluded from the coverage rule"
section - Date.now and Math.random. classify/2 marks a call:<name>
gap whose name is in this set as :excluded rather than :gap, the same
treatment relative_date gets as an opcode-level exclusion.
Examples
iex> Predicator.Conformance.Coverage.documented_exclusion_functions() |> Enum.sort()
["Date.now", "Math.random"]

  



  
    
      
    
    
      extract_sources(file_content)



        
          
        

    

  


  

      

          @spec extract_sources(String.t()) :: [String.t()]


      


Extracts literal source strings from one file's Elixir source.
Scans the AST (not a regex over the text) for calls to
Predicator.evaluate/2, Predicator.evaluate/3, or Predicator.compile/1
whose first argument is a literal string. A file that fails to parse
returns [] rather than raising - this is a best-effort scan over test
files, not a compiler.
Examples
iex> Predicator.Conformance.Coverage.extract_sources("Predicator.evaluate(\"a > 1\", %{})")
["a > 1"]

iex> Predicator.Conformance.Coverage.extract_sources("Predicator.compile(\"x\")")
["x"]

iex> Predicator.Conformance.Coverage.extract_sources("Predicator.evaluate(source, %{})")
[]

iex> Predicator.Conformance.Coverage.extract_sources("not valid elixir (")
[]

  



  
    
      
    
    
      format_report(gaps)



        
          
        

    

  


  

      

          @spec format_report([gap()]) :: String.t()


      


Formats a list of gaps (as returned by diff/2, typically classified by
classify/2 first) as a human-readable report, grouped by tier so it is
actionable one tier at a time.
A gap's :status (absent counts as :gap) controls how it is shown:
:gap prints plainly, :excluded gets an inline note instead of
appearing as an unqualified corpus: 0 row, and :suite_local entries are
pulled out of every tier and moved to a trailing labelled section rather
than being silently dropped - this is a heuristic instrument, and a reader
who remembers writing a test against one of these names should see where it
went, not wonder if the scan missed it.
Examples
iex> Predicator.Conformance.Coverage.format_report([])
"No coverage gaps found: every pattern the suite's extracted sources exercise\nappears at least as often in the corpus.\n"

  



  
    
      
    
    
      suite_pattern_frequencies(sources)



        
          
        

    

  


  

      

          @spec suite_pattern_frequencies([String.t()]) :: pattern_frequencies()


      


Computes pattern frequencies for a list of extracted source strings.
Each source is compiled through the real Predicator.compile/1. A source
that fails to compile contributes nothing - the extraction in
extract_sources/1 is approximate, so an uncompilable "source" is expected
(e.g. a string that merely looked like one).
Examples
iex> Predicator.Conformance.Coverage.suite_pattern_frequencies(["1 > 2", "1 > 2", "a == b"])
%{"compare:GT" => 2, "compare:EQ" => 1, "lit" => 4, "load" => 2}

  


        

      


  

    
Predicator.Conformance.Features 
    



      
Feature tags for the conformance corpus (px-35i.4).
Tiers (Predicator.Instructions.tier/1) are the coarse cut: "everything a
tier-N implementation needs". Feature tags are the finer cut across
tiers - durations, strict_equality, short_circuit - so an
implementation that wants one advanced feature early can select for it
without taking its whole tier, and a sibling reports what it lacks in these
terms (bead px-35i.4's description).
The full tag vocabulary: comparison, strict_equality, short_circuit,
arithmetic, membership, access, objects, dates, datetimes,
durations, functions, legacy_logical, undefined, errors, casts.
This is a good-faith mapping, not an exhaustive one - see the per-clause
comments below for the simplifications taken. lit, load, not, and
unary_bang carry no tag of their own; they show up in nearly every case
and would just add noise.

      


      
        Summary


  
    Types
  


    
      
        outcome()

      


        A case outcome, as computed by the generator - what the tags are derived
from. :retired stands in for a real error struct when a case's expected
is frozen data rather than a live evaluation (Predicator.Conformance. Generator's retired-opcode path) - outcome_tags/1's {:error, _other}
catch-all maps it to the same "errors" tag a real struct would produce.



    





  
    Functions
  


    
      
        compute(instructions, context, outcome, extra_tags)

      


        Computes the feature tag set for a case: opcode-derived tags from
instructions, plus value-derived tags from context and the case
outcome, merged with any authored extra_tags.



    





      


      
        Types


        


  
    
      
    
    
      outcome()



        
          
        

    

  


  

      

          @type outcome() :: {:result, term()} | {:error, struct() | :retired}


      


A case outcome, as computed by the generator - what the tags are derived
from. :retired stands in for a real error struct when a case's expected
is frozen data rather than a live evaluation (Predicator.Conformance. Generator's retired-opcode path) - outcome_tags/1's {:error, _other}
catch-all maps it to the same "errors" tag a real struct would produce.

  


        

      

      
        Functions


        


  
    
      
    
    
      compute(instructions, context, outcome, extra_tags)



        
          
        

    

  


  

      

          @spec compute(Predicator.Types.instruction_list(), map(), outcome(), [String.t()]) ::
  [String.t()]


      


Computes the feature tag set for a case: opcode-derived tags from
instructions, plus value-derived tags from context and the case
outcome, merged with any authored extra_tags.
Returns a sorted, deduplicated list of tag strings - sorted so the shipped
corpus is deterministic (Predicator.Conformance.JSON's canonical encoder
sorts map keys but not list contents, so this function does its own
sorting).
Examples
iex> Predicator.Conformance.Features.compute([["lit", 1]], %{}, {:result, 1}, [])
[]

iex> Predicator.Conformance.Features.compute([["compare", "GT"]], %{}, {:result, true}, [])
["comparison"]

iex> Predicator.Conformance.Features.compute([["compare", "STRICT_EQ"]], %{}, {:result, true}, [])
["comparison", "strict_equality"]

iex> Predicator.Conformance.Features.compute([["and"]], %{}, {:result, true}, [])
["legacy_logical"]

iex> Predicator.Conformance.Features.compute([["add"]], %{}, {:result, :undefined}, ["custom"])
["arithmetic", "custom", "undefined"]

  


        

      


  

    
Predicator.Conformance.Generator 
    



      
The pure half of conformance corpus generation (px-35i.4).
generate/1 takes decoded authored cases - already-JSON.decode/1-ed maps
from conformance/cases/*.json - and runs each through the real compiler
and evaluator, deriving everything the authored case does not spell out:
instructions (when a case authors source), expected_result or
expected_error, tier, and features.
An authored expected or tier is an assertion, not data: if either
disagrees with what the real pipeline computes, generation fails naming the
case and both values, so a sibling author's belief about semantics gets
checked against Elixir's behavior rather than silently overwritten.
Failures accumulate rather than halting on the first one - a contributor
fixing five broken cases should see five errors in one run, not one at a
time.
This module writes nothing to disk and knows nothing about
conformance/cases/*.json as files; mix corpus.generate (px-35i.4
Phase 4) is the thin I/O shell around it.

      


      
        Summary


  
    Types
  


    
      
        authored_case()

      


        An authored case, already JSON-decoded: string keys, JSON-shaped values.



    


    
      
        case_error()

      


        One per-case generation failure: the case id (nil if unknown) and a human-readable problem.



    


    
      
        completed_case()

      


        A completed case: the authored fields plus everything the generator derived.



    





  
    Functions
  


    
      
        generate(cases, opts \\ [])

      


        Runs every authored case through the real compiler and evaluator.



    





      


      
        Types


        


  
    
      
    
    
      authored_case()



        
          
        

    

  


  

      

          @type authored_case() :: %{optional(String.t()) => term()}


      


An authored case, already JSON-decoded: string keys, JSON-shaped values.

  



  
    
      
    
    
      case_error()



        
          
        

    

  


  

      

          @type case_error() :: %{id: String.t() | nil, problem: String.t()}


      


One per-case generation failure: the case id (nil if unknown) and a human-readable problem.

  



  
    
      
    
    
      completed_case()



        
          
        

    

  


  

      

          @type completed_case() :: %{optional(String.t()) => term()}


      


A completed case: the authored fields plus everything the generator derived.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      generate(cases, opts \\ [])



        
          
        

    

  


  

      

          @spec generate(
  [authored_case()],
  keyword()
) ::
  {:ok,
   %{tiers: %{required(pos_integer()) => [completed_case()]}, manifest: map()}}
  | {:error, [case_error()]}


      


Runs every authored case through the real compiler and evaluator.
Returns {:ok, %{tiers: %{1 => [case], ...}, manifest: manifest}} when
every case generates cleanly, or {:error, [case_error, ...]} with every
failing case's problem, not just the first.
Accepts an options keyword list. The only option is :retired_opcodes, a
MapSet of opcode names this build's reference evaluator can no longer run
(docs/isa.md section 4, "Retired opcodes"). It defaults to the opcodes
present in Instructions.opcodes/0 but absent from
Instructions.opcode_set(Instructions.isa_version()) - today that default
is empty, since no opcode carries :removed_in yet. A case that uses a
retired opcode is classified in generate_case/3 and takes a frozen-
expectation path instead of running the pipeline below.
Examples
iex> {:ok, result} = Predicator.Conformance.Generator.generate([
...>   %{"id" => "core/literal-true", "source" => "true", "expected" => %{"result" => true}}
...> ])
iex> result.tiers[1]
[
  %{
    "id" => "core/literal-true",
    "source" => "true",
    "instructions" => [["lit", true]],
    "context" => %{},
    "expected_result" => true,
    "tier" => 1,
    "features" => []
  }
]

iex> Predicator.Conformance.Generator.generate([%{"id" => "bad", "source" => "limit >"}])
{:error, [%{id: "bad", problem: "source \"limit >\" failed to compile: Expected number, string, boolean, date, datetime, identifier, function call, list, object, or '(' but found end of input"}]}

  


        

      


  

    
Predicator.Conformance.JSON 
    



      
A deterministic JSON writer for the conformance corpus (px-35i.4).
The built-in JSON.encode!/1 does not guarantee map key order, which makes
its output unusable for a byte-compared, checked-in corpus: two semantically
identical maps built by inserting keys in a different order could encode
differently, turning the staleness test red for no reason. encode_canonical/1
fixes that by walking the term itself, sorting object keys by codepoint, and
emitting no incidental whitespace - JSON.encode!/1 is still used underneath
for scalar and string escaping, so the escaping rules stay the standard
library's.
encode_lines/1 is the shipped corpus format: a list of objects, one per
line, so that changing a single case is a one-line diff instead of a
whole-file rewrite.

      


      
        Summary


  
    Types
  


    
      
        json_value()

      


        A term encodable as JSON: what JSON.decode/1 can produce, plus atom map keys.



    





  
    Functions
  


    
      
        encode_canonical(term)

      


        Encodes term as canonical JSON: object keys sorted by codepoint, no
incidental whitespace.



    


    
      
        encode_lines(items)

      


        Encodes a list of terms as the shipped corpus format: one canonical-JSON
object per line, each terminated by \n.



    





      


      
        Types


        


  
    
      
    
    
      json_value()



        
          
        

    

  


  

      

          @type json_value() ::
  nil
  | boolean()
  | number()
  | binary()
  | [json_value()]
  | %{optional(binary() | atom()) => json_value()}


      


A term encodable as JSON: what JSON.decode/1 can produce, plus atom map keys.

  


        

      

      
        Functions


        


  
    
      
    
    
      encode_canonical(term)



        
          
        

    

  


  

      

          @spec encode_canonical(json_value()) :: binary()


      


Encodes term as canonical JSON: object keys sorted by codepoint, no
incidental whitespace.
Examples
iex> Predicator.Conformance.JSON.encode_canonical(%{"b" => 1, "a" => 2})
~s({"a":2,"b":1})

iex> Predicator.Conformance.JSON.encode_canonical([1, "two", true, nil])
~s([1,"two",true,null])

  



  
    
      
    
    
      encode_lines(items)



        
          
        

    

  


  

      

          @spec encode_lines([json_value()]) :: binary()


      


Encodes a list of terms as the shipped corpus format: one canonical-JSON
object per line, each terminated by \n.
Examples
iex> Predicator.Conformance.JSON.encode_lines([%{"id" => 1}, %{"id" => 2}])
~s({"id":1}\n{"id":2}\n)

  


        

      


  

    
Predicator.Conformance.Values 
    



      
The tagged-value codec for the conformance corpus (px-35i.4).
Plain JSON scalars, arrays, and objects mean themselves - including a bare
JSON null, which decodes to predicator's null value with no tag of its own
(px-o9v). docs/isa.md section 3's value domain also includes Date,
DateTime, duration, and :undefined, none of which JSON can represent
directly, so each of those is carried as an object with a $type key:
{"$type": "date", "value": "2026-08-06"}
{"$type": "datetime", "value": "2026-08-06T12:00:00Z"}
{"$type": "datetime", "value": "2026-08-06T12:00:00.500000Z"}
{"$type": "duration", "value": {"years":0,"months":0,"weeks":0,"days":3,"hours":0,"minutes":0,"seconds":0}}
{"$type": "undefined"}
A duration tag's value carries the normative eight-key map from
docs/isa.md section 3 - years, months, weeks, days, hours,
minutes, seconds, milliseconds, all always present in the value
itself. The JSON compacts it: milliseconds is emitted only when non-zero,
and from_json/1 restores it as 0 when absent, so the two forms decode
identically. The other seven units are always written out.
An object with a literal "$type" key that is not one of predicator's own
values (i.e. supplied inside an authored case's plain map) would be
ambiguous with the tag namespace, so to_json/1 rejects it rather than
silently emitting a tag.

      


      
        Summary


  
    Types
  


    
      
        json()

      


        A JSON-shaped term: what Predicator.Conformance.JSON writes and JSON.decode/1 reads.



    





  
    Functions
  


    
      
        from_json(value)

      


        Decodes a tagged-JSON term back into a predicator value.



    


    
      
        to_json(date)

      


        Encodes a predicator value (Predicator.Types.value/0, plus plain maps
and lists of the same) into the tagged JSON encoding.



    





      


      
        Types


        


  
    
      
    
    
      json()



        
          
        

    

  


  

      

          @type json() ::
  nil
  | boolean()
  | number()
  | binary()
  | [json()]
  | %{optional(binary()) => json()}


      


A JSON-shaped term: what Predicator.Conformance.JSON writes and JSON.decode/1 reads.

  


        

      

      
        Functions


        


  
    
      
    
    
      from_json(value)



        
          
        

    

  


  

      

          @spec from_json(json()) :: {:ok, term()} | {:error, term()}


      


Decodes a tagged-JSON term back into a predicator value.
The inverse of to_json/1 up to canonicalization: to_json(from_json(to_json(v))) == to_json(v) for every value to_json/1 accepts, and from_json(to_json(v)) == {:ok, v} for every value except a DateTime whose precision field
disagrees with its own sub-second component, which comes back canonicalized.
Returns {:error, {:unknown_type, type}} for an object whose $type is not
one of "date", "datetime", "duration", or "undefined".
Examples
iex> Predicator.Conformance.Values.from_json(%{"$type" => "undefined"})
{:ok, :undefined}

iex> Predicator.Conformance.Values.from_json(%{"$type" => "date", "value" => "2026-08-06"})
{:ok, ~D[2026-08-06]}

iex> Predicator.Conformance.Values.from_json(42)
{:ok, 42}

iex> Predicator.Conformance.Values.from_json(%{"$type" => "nope"})
{:error, {:unknown_type, "nope"}}

  



  
    
      
    
    
      to_json(date)



        
          
        

    

  


  

      

          @spec to_json(term()) :: {:ok, json()} | {:error, {:unencodable, term()}}


      


Encodes a predicator value (Predicator.Types.value/0, plus plain maps
and lists of the same) into the tagged JSON encoding.
Returns {:error, {:unencodable, term}} for anything outside the ISA
value domain, and for a plain map that contains a literal "$type" key.
Examples
iex> Predicator.Conformance.Values.to_json(:undefined)
{:ok, %{"$type" => "undefined"}}

iex> Predicator.Conformance.Values.to_json(~D[2026-08-06])
{:ok, %{"$type" => "date", "value" => "2026-08-06"}}

iex> Predicator.Conformance.Values.to_json(~U[2026-08-06T12:00:00Z])
{:ok, %{"$type" => "datetime", "value" => "2026-08-06T12:00:00Z"}}

iex> Predicator.Conformance.Values.to_json(~U[2026-08-06T12:00:00.5Z])
{:ok, %{"$type" => "datetime", "value" => "2026-08-06T12:00:00.500000Z"}}

iex> Predicator.Conformance.Values.to_json(42)
{:ok, 42}

iex> Predicator.Conformance.Values.to_json(%{"$type" => "oops"})
{:error, {:unencodable, %{"$type" => "oops"}}}

iex> Predicator.Conformance.Values.to_json({:not, :a, :json, :value})
{:error, {:unencodable, {:not, :a, :json, :value}}}

  


        

      


  

    
Predicator.Context 
    



      
A bound evaluation context: data, functions, and the unbound-variable policy.
Build one with new/2, evaluate Predicator.evaluate/3 against it many
times, and rebind cheaply with bind/3 between evaluations - functions
resolve once, at construction, not on every evaluate call.
Functions
functions is a closed dispatch map, resolved once by new/2 from three
sources, folded left so a later one shadows an earlier same-named entry:
the four builtin provider modules (:builtins, default true), then
:providers - a list of Predicator.FunctionProvider modules, left to
right - then :functions, an inline %{name => {arity, fun}} closure map
merged last. A provider module is validated at construction
(ArgumentError on a bad one - host API misuse, not a predicate-derived
failure); a resolved entry is either {arity, {module, atom}} or
{arity, fun}, and the evaluator dispatches both the same way, handing the
function (args, context).
The host slot
host is an opaque carrier for whatever a function provider needs at call
time - a database connection, a request struct, a tenant id. It is stored
exactly as given, with no normalization: unlike data, atom keys inside a
host term are never touched. It is never readable from
predicate text - there is no syntax that reaches it - and it is never
merged into data. Set it with new/2's :host option or put_host/2.
Examples
iex> context = Predicator.Context.new(%{"limit" => 85})
iex> Predicator.evaluate("limit > 80", context)
{:ok, true}

iex> context = Predicator.Context.new(%{})
iex> context = Predicator.Context.bind(context, "limit", 90)
iex> Predicator.evaluate("limit", context)
{:ok, 90}

      


      
        Summary


  
    Types
  


    
      
        function_entry()

      


        A function entry the evaluator can dispatch: an MFA pair or a closure.



    


    
      
        on_unbound()

      


        Policy for a load of an unbound root variable.



    


    
      
        t()

      


        A bound evaluation context.



    





  
    Functions
  


    
      
        assign(context, path_or_expression, value)

      


        Assigns value at path_or_expression, returning the rebound context.



    


    
      
        bind(context, name, value)

      


        Binds name to value in data. O(1): a single Map.put/3, plus
normalizing value itself (O(size of value), not O(size of data) -
data is already normalized from construction or a prior bind/3).



    


    
      
        bound?(context, name)

      


        Answers whether name is bound in context's data, resolved by
Predicator.Evaluator.resolve_key/2 - the same lookup the evaluator uses
when a load instruction records an unbound read, so the two cannot
disagree. Presence, not definedness: a name bound to :undefined is bound.



    


    
      
        new(data \\ %{}, opts \\ [])

      


        Builds a context, resolving its function dispatch map once.



    


    
      
        put_host(context, host)

      


        Replaces context's host term, leaving data, functions, and
on_unbound untouched. The new host is stored exactly as given - no
normalization, same as new/2's :host option.



    


    
      
        resolve_functions(opts \\ [])

      


        Resolves opts's :builtins, :providers, and :functions into a single
dispatch map - the same resolution new/2 performs internally, exposed so
Predicator.Evaluator.evaluate/3 can route its own :functions/
:providers/:builtins opts through it without going through the rest of
new/2 (data normalization, :on_unbound validation, which evaluate/3
deliberately does not enforce).



    





      


      
        Types


        


  
    
      
    
    
      function_entry()



        
          
        

    

  


  

      

          @type function_entry() :: {module(), atom()} | function()


      


A function entry the evaluator can dispatch: an MFA pair or a closure.

  



  
    
      
    
    
      on_unbound()



        
          
        

    

  


  

      

          @type on_unbound() :: :undefined | :error


      


Policy for a load of an unbound root variable.
:undefined (the default) pushes the :undefined sentinel and lets
three-valued logic absorb it. :error makes the load fail with
Predicator.Errors.UndefinedVariableError, halting the run.
Roots only, under either policy: a missing key on a bound map
(user.nope), a missing nested path, and an out-of-range index all stay
:undefined. This mirrors ECMAScript - a ReferenceError for an
undeclared variable, a silent undefined for a missing property - and
keeps guards over sparse data usable.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Predicator.Context{
  data: Predicator.Types.context(),
  functions: %{
    required(binary()) =>
      {Predicator.Evaluator.function_arity(), function_entry()}
  },
  host: term(),
  on_unbound: on_unbound()
}


      


A bound evaluation context.

  


        

      

      
        Functions


        


  
    
      
    
    
      assign(context, path_or_expression, value)



        
          
        

    

  


  

      

          @spec assign(
  t(),
  binary() | Predicator.ContextLocation.location_path(),
  Predicator.Types.value()
) ::
  {:ok, t()} | {:error, struct()}


      


Assigns value at path_or_expression, returning the rebound context.
path_or_expression is either a location expression string (resolved
against the context's current data, then written) or an
already-resolved Predicator.ContextLocation.location_path/0. Writes
through Predicator.ContextLocation.put/3 - the same auto-vivifying write
algorithm as Predicator.context_assign/4 and the future store opcode
(px-tbv.2). functions, on_unbound, and host are carried over
unchanged. value is stored verbatim, the same as bind/3 stores a
scalar.
Examples
iex> context = Predicator.Context.new(%{})
iex> {:ok, context} = Predicator.Context.assign(context, "user.name", "Ada")
iex> context.data
%{"user" => %{"name" => "Ada"}}

iex> context = Predicator.Context.new(%{"items" => [1, 2, 3]})
iex> {:ok, context} = Predicator.Context.assign(context, ["items", 1], "x")
iex> context.data
%{"items" => [1, "x", 3]}

  



  
    
      
    
    
      bind(context, name, value)



        
          
        

    

  


  

      

          @spec bind(t(), binary(), Predicator.Types.value()) :: t()


      


Binds name to value in data. O(1): a single Map.put/3, plus
normalizing value itself (O(size of value), not O(size of data) -
data is already normalized from construction or a prior bind/3).
value is normalized the same way new/2 normalizes data: atom keys
become string keys (string keys win on collision), recursing through
nested maps and lists; structs pass through unchanged. nil is preserved
as-is - it is the null value, distinct from the :undefined sentinel; see
docs/reference/language.md.
functions, on_unbound, and host are carried over unchanged.
Examples
iex> context = Predicator.Context.new(%{"a" => 1})
iex> Predicator.Context.bind(context, "b", 2).data
%{"a" => 1, "b" => 2}

iex> context = Predicator.Context.new(%{})
iex> Predicator.Context.bind(context, "user", %{name: nil}).data
%{"user" => %{"name" => nil}}

  



  
    
      
    
    
      bound?(context, name)



        
          
        

    

  


  

      

          @spec bound?(t(), binary()) :: boolean()


      


Answers whether name is bound in context's data, resolved by
Predicator.Evaluator.resolve_key/2 - the same lookup the evaluator uses
when a load instruction records an unbound read, so the two cannot
disagree. Presence, not definedness: a name bound to :undefined is bound.
resolve_key/2 also accepts an atom key, but a Context's data never has
one: new/2 and bind/3 normalized them to string keys already. The
%{limit: 85} example below is bound because of that normalization, not
because of an atom lookup here.
Examples
iex> context = Predicator.Context.new(%{"limit" => 85})
iex> Predicator.Context.bound?(context, "limit")
true
iex> Predicator.Context.bound?(context, "missing")
false

iex> context = Predicator.Context.new(%{limit: 85})
iex> Predicator.Context.bound?(context, "limit")
true

  



    

    

  
    
      
    
    
      new(data \\ %{}, opts \\ [])



        
          
        

    

  


  

      

          @spec new(
  Predicator.Types.context(),
  keyword()
) :: t()


      


Builds a context, resolving its function dispatch map once.
Parameters
	data - the bound-variable map (default %{})
	opts:	:builtins - true (default) includes the four builtin provider
modules; false drops them, leaving only :providers and
:functions
	:providers - a list of Predicator.FunctionProvider modules,
resolved left to right (a later module shadows an earlier one's
same-named entry), after the builtins and before :functions. A
module that fails to load, does not export functions/0, or names an
atom not exported at arity 2 raises ArgumentError, naming the module
and the offending entry
	:functions - an inline %{name => {arity, fun}} closure map, merged
last (shadows both builtins and :providers) - same as
Predicator.evaluate/3's :functions option
	:on_unbound - :undefined (default) | :error - see
on_unbound/0; any other value raises ArgumentError

	:host - default nil - see the "The host slot" section above
	:normalize - true (default) | false - see the "The :normalize
option" section below; any other value raises ArgumentError




data is normalized deeply before it is stored: atom keys become string
keys (a string key wins if both are present at the same level), recursing
through nested maps and lists. Date, DateTime, and any other struct
pass through unchanged. nil is preserved as-is - it is the null value,
distinct from the :undefined sentinel; see docs/reference/language.md.
Passing normalize: false skips this walk entirely and stores data
exactly as given - the caller vouches that the invariant it would have
established already holds.
host, by contrast, is stored exactly as given - no normalization, atom
keys intact.
The :normalize option
:normalize is true by default, which is what runs the data walk
described above. Passing normalize: false skips it and stores data
exactly as given - a caller-vouches option: the caller asserts that data
already satisfies the normalization invariant (string keys throughout, at
every level, with any nested map or list already normalized the same way)
and accepts that violating it is the caller's own bug, not a defect here. A
context built this way behaves identically to a normalized one as long as
the invariant actually holds; if it does not, lookups keyed on a string
that was never converted from an atom simply miss, the same silent
:undefined a genuinely-unbound name produces.
This is safe to offer because it asks for nothing bind/3 does not already
assume: bind/3's O(1) claim rests on "data is already normalized from
construction" (see bind/3 below), so a caller vouching for that at
construction time is upholding the same invariant bind/3 has relied on
all along, just one call earlier.
The walk this skips is the entire size-scaling term of a build, so what it
is worth depends on the shape of data: over a handful of flat scalar roots
it is a small slice of the total, and over a large nested datamodel it is
very nearly all of it. bench/results/260814-context-build.md carries the
measured decomposition across three sizes; it is not transcribed here,
because a figure in a moduledoc goes stale and the results file does not
(px-10u; see also px-rnc for the fixed-term counterpart, memoized as of that
bead - which also means the walk is a larger share of what remains). A
caller that
already guarantees the invariant - for example because its data model uses
string keys natively and its own preprocessing already normalized nested
structures - pays that cost for no benefit.
Performance
A build pays two costs, and they scale differently. The normalization walk
described above is proportional to the size of data - normalize: false
removes it (px-10u; see the :normalize section above). The other cost is
fixed: resolving :builtins and :providers into the dispatch map, which
does not shrink as data gets smaller and does not grow as it gets larger.
That fixed term is memoized as of px-rnc: a new/2 call against a provider
list already seen in this process reuses the cached resolution instead of
re-validating it, so repeat builds against the same provider list no longer
re-pay validation. A build is still a build, though - the memo removes
re-validation, not the allocation and struct construction new/2 does on
every call.
The anti-pattern this leaves is calling new/2 once per evaluation. Hold
one context and rebind instead: bind/3 is O(1) in the size of data, and
put_host/2 is a plain struct field update - both exist so a caller never
has to pay new/2's cost per evaluation, which is what ADR-0014's design is
for. See bench/context_build.exs and its results file,
bench/results/260814-context-build.md, for the actual numbers, rather than
a figure transcribed here that would go stale.
Examples
iex> Predicator.Context.new(%{"x" => 1}).data
%{"x" => 1}

iex> Predicator.Context.new(%{user: %{name: nil}}).data
%{"user" => %{"name" => nil}}

iex> Predicator.Context.new(%{"user" => %{name: "Ada"}}, normalize: false).data
%{"user" => %{name: "Ada"}}

iex> context = Predicator.Context.new(%{"x" => nil})
iex> {Predicator.Context.bound?(context, "x"), Predicator.evaluate("x === undefined", context)}
{true, {:ok, false}}

iex> Predicator.Context.new().on_unbound
:undefined

iex> context = Predicator.Context.new(%{}, on_unbound: :error)
iex> {:error, error} = Predicator.evaluate("missing OR true", context)
iex> {error.variable, error.position}
{"missing", {1, 1}}

iex> Predicator.Context.new(%{}, builtins: false).functions
%{}

  



  
    
      
    
    
      put_host(context, host)



        
          
        

    

  


  

      

          @spec put_host(t(), term()) :: t()


      


Replaces context's host term, leaving data, functions, and
on_unbound untouched. The new host is stored exactly as given - no
normalization, same as new/2's :host option.
Examples
iex> context = Predicator.Context.new(%{})
iex> Predicator.Context.put_host(context, %{conn: :db}).host
%{conn: :db}

  



    

  
    
      
    
    
      resolve_functions(opts \\ [])



        
          
        

    

  


  

      

          @spec resolve_functions(keyword()) :: %{
  required(binary()) =>
    {Predicator.Evaluator.function_arity(), function_entry()}
}


      


Resolves opts's :builtins, :providers, and :functions into a single
dispatch map - the same resolution new/2 performs internally, exposed so
Predicator.Evaluator.evaluate/3 can route its own :functions/
:providers/:builtins opts through it without going through the rest of
new/2 (data normalization, :on_unbound validation, which evaluate/3
deliberately does not enforce).
Order: the builtin providers (Predicator.FunctionProvider.builtin_providers/0,
unless builtins: false), then opts[:providers] left to right, then
opts[:functions] merged last - each later source shadows a same-named
entry from an earlier one.
Raises ArgumentError under the same conditions new/2 does, for the same
reason: a bad provider module is host API misuse, not a predicate-derived
failure (ADR-0004).

  


        

      


  

    
Predicator.ContextLocation 
    



      
Resolves location paths for assignment operations in SCXML datamodel expressions.
This module takes parsed AST nodes and extracts location paths that can be used
for assignment operations. It validates that expressions represent assignable
locations (l-values) rather than computed values.
Location Path Format
Location paths are returned as lists of keys/indices that represent the path
to a specific location in the context data structure:
	["user"] - top-level variable user
	["user", "name"] - property access user.name
	["items", 0] - array access items[0]
	["user", "profile", "settings", "theme"] - nested access user.profile.settings.theme

Assignable vs Non-Assignable
Assignable (valid locations):
	Simple identifiers: user
	Property access: user.name, obj.prop
	Bracket access: items[0], obj["key"]
	Mixed notation: user.items[0].name, data["users"][0]["profile"]

Non-Assignable (invalid locations):
	Literals: 42, "string", true
	Function calls: len(items), upper(name)
	Arithmetic expressions: user.age + 1, items[i + 1]
	Any computed values that can't be used as assignment targets

Assignment
put/3 writes a value at a resolved location path, creating any missing
intermediate containers along the way (auto-vivification):
	A segment whose current value is missing, nil, or :undefined is created:
a %{} when the next segment is a string key, a [] when it is an integer
index.
	Existing data is never destroyed to make room. A path that traverses a
scalar returns a :not_a_container error, as does a string segment against
an existing list.
	Integer indices past the end of a list pad the gap with :undefined;
negative indices return :invalid_index.
	The leaf is always overwritten, whatever it currently holds.

Examples
iex> alias Predicator.{ContextLocation, Lexer, Parser}
iex> {:ok, tokens} = Lexer.tokenize("user.name")
iex> {:ok, ast} = Parser.parse(tokens)
iex> ContextLocation.resolve(ast, %{"user" => %{"name" => "John"}})
{:ok, ["user", "name"]}

iex> alias Predicator.{ContextLocation, Lexer, Parser}
iex> {:ok, tokens} = Lexer.tokenize("items[0]")
iex> {:ok, ast} = Parser.parse(tokens)
iex> ContextLocation.resolve(ast, %{"items" => [1, 2, 3]})
{:ok, ["items", 0]}

      


      
        Summary


  
    Types
  


    
      
        location_path()

      


        A location path representing the sequence of keys/indices to reach a location in the context.



    


    
      
        location_result()

      


        Result of resolving a location expression.



    


    
      
        put_result()

      


        Result of writing a value at a location path.



    





  
    Functions
  


    
      
        put(context, path, value)

      


        Writes value into context at path, creating missing intermediate containers.



    


    
      
        resolve(ast_node, context)

      


        Resolves an AST node to a location path for assignment operations.



    


    
      
        resolve_expression(expression, context)

      


        Tokenizes, parses, and resolves a location expression in one step.



    





      


      
        Types


        


  
    
      
    
    
      location_path()



        
          
        

    

  


  

      

          @type location_path() :: [binary() | integer()]


      


A location path representing the sequence of keys/indices to reach a location in the context.
String keys represent object properties, integer keys represent array indices.

  



  
    
      
    
    
      location_result()



        
          
        

    

  


  

      

          @type location_result() ::
  {:ok, location_path()} | {:error, Predicator.Errors.LocationError.t()}


      


Result of resolving a location expression.
Returns either a successful path or a structured error explaining why the location is invalid.

  



  
    
      
    
    
      put_result()



        
          
        

    

  


  

      

          @type put_result() ::
  {:ok, Predicator.Types.context()}
  | {:error, Predicator.Errors.LocationError.t()}


      


Result of writing a value at a location path.
Returns either the updated context or a structured error explaining why the
write could not be performed.

  


        

      

      
        Functions


        


  
    
      
    
    
      put(context, path, value)



        
          
        

    

  


  

      

          @spec put(Predicator.Types.context(), location_path(), term()) :: put_result()


      


Writes value into context at path, creating missing intermediate containers.
Auto-vivification is ECMAScript-like: a missing (or nil/:undefined) segment
is created as a map when the next segment is a string key, and as a list when
the next segment is an integer index. Existing data is never destroyed - a path
that traverses a scalar returns a :not_a_container error. The leaf is always
overwritten.
Integer indices past the end of an existing list pad the gap with :undefined.
Negative indices are rejected with :invalid_index. An integer segment against
an existing map is allowed and writes with the integer key, because refusing
would destroy data the caller put there.
String and integer keys only
put/3 consults string and integer keys, never atom keys. Writing
["user", "name"] into a context holding %{user: %{}} vivifies a new
"user" map beside the atom key rather than descending into it. A caller
reaching put/3 via Predicator.Context.assign/3 never has atom keys to
worry about in the first place, since Context.new/2/bind/3 already
normalize them away deeply and eagerly. This note matters only for a
caller invoking put/3 directly on a hand-built map.
Parameters
	context - The context map to write into
	path - A location path as returned by resolve/2
	value - The value to write at the leaf

Returns
	{:ok, context} - The updated context
	{:error, %LocationError{}} - An error explaining why the write failed

Examples
iex> Predicator.ContextLocation.put(%{}, ["user", "profile", "name"], "Ada")
{:ok, %{"user" => %{"profile" => %{"name" => "Ada"}}}}

iex> Predicator.ContextLocation.put(%{"items" => [1]}, ["items", 2], "x")
{:ok, %{"items" => [1, :undefined, "x"]}}

iex> {:error, error} = Predicator.ContextLocation.put(%{"user" => 5}, ["user", "name"], "Ada")
iex> error.type
:not_a_container

  



  
    
      
    
    
      resolve(ast_node, context)



        
          
        

    

  


  

      

          @spec resolve(term(), Predicator.Types.context()) :: location_result()


      


Resolves an AST node to a location path for assignment operations.
Takes a parsed AST node and attempts to extract a valid location path.
Validates that the expression represents an assignable location.
Parameters
	ast_node - The parsed AST node to resolve
	context - The evaluation context (used for validating array bounds, etc.)

Returns
	{:ok, path} - A valid location path
	{:error, %LocationError{}} - An error explaining why the location is invalid

Examples
# Simple identifier
resolve({:identifier, "user", nil}, %{})
#=> {:ok, ["user"]}

# Property access
resolve({:property_access, {:identifier, "user", nil}, "name", nil}, %{})
#=> {:ok, ["user", "name"]}

# Bracket access
resolve({:bracket_access, {:identifier, "items", nil}, {:literal, 0, nil}, nil}, %{})
#=> {:ok, ["items", 0]}

# Invalid: literal value
resolve({:literal, 42, nil}, %{})
#=> {:error, %LocationError{type: :not_assignable, message: "Cannot assign to literal value"}}

  



  
    
      
    
    
      resolve_expression(expression, context)



        
          
        

    

  


  

      

          @spec resolve_expression(binary(), Predicator.Types.context()) ::
  location_result() | {:error, Predicator.Errors.ParseError.t()}


      


Tokenizes, parses, and resolves a location expression in one step.
Equivalent to parsing expression and calling resolve/2 on the result,
except parse and tokenize errors are wrapped as Predicator.Errors.ParseError
the same way Predicator.context_location/3 does - this is that
function's implementation, extracted so Predicator.Context.assign/3 can
share it without depending on the Predicator module.

  


        

      


  

    
Predicator.Duration 
    



      
Duration utilities for time span calculations in Predicator expressions.
This module provides functions to create, manipulate, and convert duration
values for use in relative date expressions and date arithmetic.
Examples
iex> Predicator.Duration.new(days: 3, hours: 8)
%{years: 0, months: 0, weeks: 0, days: 3, hours: 8, minutes: 0, seconds: 0, milliseconds: 0}

iex> Predicator.Duration.from_units([{"3", "d"}, {"8", "h"}])
{:ok, %{years: 0, months: 0, weeks: 0, days: 3, hours: 8, minutes: 0, seconds: 0, milliseconds: 0}}

iex> Predicator.Duration.to_seconds(%{days: 1, hours: 2, minutes: 30})
95400

      


      
        Summary


  
    Functions
  


    
      
        add_to_date(date, duration)

      


        Adds a duration to a Date, returning a Date.



    


    
      
        add_to_datetime(datetime, duration)

      


        Adds a duration to a DateTime, returning a DateTime.



    


    
      
        add_unit(duration, unit, value)

      


        Adds a specific unit amount to a duration.



    


    
      
        expand_fraction(integer_part, fraction_digits, unit)

      


        Expands a fractional duration component into whole-unit integer pairs.



    


    
      
        from_units(unit_pairs)

      


        Creates a duration from parsed unit pairs.



    


    
      
        new(opts \\ [])

      


        Creates a new duration with specified time units.



    


    
      
        parse(string)

      


        Parses a duration literal string into a duration map.



    


    
      
        subtract_from_date(date, duration)

      


        Subtracts a duration from a Date, returning a Date.



    


    
      
        subtract_from_datetime(datetime, duration)

      


        Subtracts a duration from a DateTime, returning a DateTime.



    


    
      
        to_milliseconds(duration)

      


        Converts a duration to total milliseconds (approximate for months and years).



    


    
      
        to_seconds(duration)

      


        Converts a duration to total seconds (approximate for months and years).



    


    
      
        to_string(duration)

      


        Converts a duration to a human-readable string.



    





      


      
        Functions


        


  
    
      
    
    
      add_to_date(date, duration)



        
          
        

    

  


  

      

          @spec add_to_date(Date.t(), Predicator.Types.duration()) :: Date.t()


      


Adds a duration to a Date, returning a Date.
Examples
iex> date = ~D[2024-01-15]
iex> duration = Predicator.Duration.new(days: 3, weeks: 1)
iex> Predicator.Duration.add_to_date(date, duration)
~D[2024-01-25]

  



  
    
      
    
    
      add_to_datetime(datetime, duration)



        
          
        

    

  


  

      

          @spec add_to_datetime(DateTime.t(), Predicator.Types.duration()) :: DateTime.t()


      


Adds a duration to a DateTime, returning a DateTime.
Examples
iex> datetime = ~U[2024-01-15T10:30:00Z]
iex> duration = Predicator.Duration.new(days: 2, hours: 3, minutes: 30)
iex> Predicator.Duration.add_to_datetime(datetime, duration)
~U[2024-01-17T14:00:00Z]

  



  
    
      
    
    
      add_unit(duration, unit, value)



        
          
        

    

  


  

      

          @spec add_unit(Predicator.Types.duration(), binary(), non_neg_integer()) ::
  Predicator.Types.duration()


      


Adds a specific unit amount to a duration.
Examples
iex> duration = Predicator.Duration.new(days: 1)
iex> Predicator.Duration.add_unit(duration, "h", 3)
%{years: 0, months: 0, weeks: 0, days: 1, hours: 3, minutes: 0, seconds: 0, milliseconds: 0}

  



  
    
      
    
    
      expand_fraction(integer_part, fraction_digits, unit)



        
          
        

    

  


  

      

          @spec expand_fraction(non_neg_integer(), binary(), binary()) ::
  {:ok, [{non_neg_integer(), binary()}]}
  | {:error, :subunit_remainder}
  | {:error, :unknown_unit}


      


Expands a fractional duration component into whole-unit integer pairs.
integer_part is the whole-number portion of the component and
fraction_digits its fractional digits as a literal decimal string (never
a parsed float - see Decision 2 in the decision record cited above: binary
floats must not appear anywhere on this path). unit is the component's
source unit.
The fraction is valid only if it converts to an exact whole number of
milliseconds; a sub-millisecond remainder is {:error, :subunit_remainder}
rather than rounded or truncated. A valid remainder decomposes greedily,
largest-first, through d, h, m, s, ms only - never back into w,
mo, or y - and the integer part (when non-zero) keeps its own source
unit. An unrecognized unit is {:error, :unknown_unit}.
Examples
iex> Predicator.Duration.expand_fraction(1, "5", "s")
{:ok, [{1, "s"}, {500, "ms"}]}

iex> Predicator.Duration.expand_fraction(0, "5", "mo")
{:ok, [{15, "d"}]}

iex> Predicator.Duration.expand_fraction(0, "5", "ms")
{:error, :subunit_remainder}

iex> Predicator.Duration.expand_fraction(1, "5", "x")
{:error, :unknown_unit}

  



  
    
      
    
    
      from_units(unit_pairs)



        
          
        

    

  


  

      

          @spec from_units([{binary(), binary()}]) ::
  {:ok, Predicator.Types.duration()} | {:error, binary()}


      


Creates a duration from parsed unit pairs.
Takes a list of {value, unit} tuples and converts them to a duration.
Examples
iex> Predicator.Duration.from_units([{"3", "d"}, {"8", "h"}])
{:ok, %{years: 0, months: 0, weeks: 0, days: 3, hours: 8, minutes: 0, seconds: 0, milliseconds: 0}}

iex> Predicator.Duration.from_units([{"invalid", "d"}])
{:error, "Invalid duration value: invalid"}

  



    

  
    
      
    
    
      new(opts \\ [])



        
          
        

    

  


  

      

          @spec new(keyword()) :: Predicator.Types.duration()


      


Creates a new duration with specified time units.
All unspecified units default to 0.
Examples
iex> Predicator.Duration.new(days: 2, hours: 3)
%{years: 0, months: 0, weeks: 0, days: 2, hours: 3, minutes: 0, seconds: 0, milliseconds: 0}

iex> Predicator.Duration.new()
%{years: 0, months: 0, weeks: 0, days: 0, hours: 0, minutes: 0, seconds: 0, milliseconds: 0}

  



  
    
      
    
    
      parse(string)



        
          
        

    

  


  

      

          @spec parse(binary()) :: {:ok, Predicator.Types.duration()} | :error


      


Parses a duration literal string into a duration map.
This is the inverse of to_string/1: the whole string must be a sequence
of one or more <digits>(.<digits>)?<unit> pairs, with no whitespace, no
sign, and no partial consumption. The accepted units are exactly the eight
to_string/1 emits - y, mo, w, d, h, m, s, ms - with mo
and ms matched before the single-character units so "1mo" is one
month, not one minute followed by a stray o. Values are non-negative
integers, optionally with a decimal fraction - there is no bare fraction
(".5s") and no trailing dot ("1.s"). A fractional component must
convert to an exact whole number of milliseconds or the whole string is
:error; a valid fraction expands to the integer part on its own unit plus
a remainder decomposed largest-first through d, h, m, s, ms only.
Fractions are permitted on every unit; mo and y fractions commit the
documented 30-day and 365-day approximations at parse time (so
parse("0.5mo") yields days: 15 and no months). Repeated units
accumulate, matching add_unit/3, expansions included. Anything else - a
bad unit, trailing or leading junk, a sign, a bare number, or the empty
string - is :error.
Examples
iex> Predicator.Duration.parse("3d8h30m")
{:ok, %{years: 0, months: 0, weeks: 0, days: 3, hours: 8, minutes: 30, seconds: 0, milliseconds: 0}}

iex> Predicator.Duration.parse("0s")
{:ok, %{years: 0, months: 0, weeks: 0, days: 0, hours: 0, minutes: 0, seconds: 0, milliseconds: 0}}

iex> Predicator.Duration.parse("1d ")
:error

iex> Predicator.Duration.parse("1.5s")
{:ok, %{years: 0, months: 0, weeks: 0, days: 0, hours: 0, minutes: 0, seconds: 1, milliseconds: 500}}

iex> Predicator.Duration.parse("0.5mo")
{:ok, %{years: 0, months: 0, weeks: 0, days: 15, hours: 0, minutes: 0, seconds: 0, milliseconds: 0}}

iex> Predicator.Duration.parse("0.5ms")
:error

  



  
    
      
    
    
      subtract_from_date(date, duration)



        
          
        

    

  


  

      

          @spec subtract_from_date(Date.t(), Predicator.Types.duration()) :: Date.t()


      


Subtracts a duration from a Date, returning a Date.
Examples
iex> date = ~D[2024-01-25]
iex> duration = Predicator.Duration.new(days: 3, weeks: 1)
iex> Predicator.Duration.subtract_from_date(date, duration)
~D[2024-01-15]

  



  
    
      
    
    
      subtract_from_datetime(datetime, duration)



        
          
        

    

  


  

      

          @spec subtract_from_datetime(DateTime.t(), Predicator.Types.duration()) ::
  DateTime.t()


      


Subtracts a duration from a DateTime, returning a DateTime.
Examples
iex> datetime = ~U[2024-01-17T14:00:00Z]
iex> duration = Predicator.Duration.new(days: 2, hours: 3, minutes: 30)
iex> Predicator.Duration.subtract_from_datetime(datetime, duration)
~U[2024-01-15T10:30:00Z]

  



  
    
      
    
    
      to_milliseconds(duration)



        
          
        

    

  


  

      

          @spec to_milliseconds(Predicator.Types.duration()) :: integer()


      


Converts a duration to total milliseconds (approximate for months and years).
Uses approximate conversions:
	1 month = 30 days
	1 year = 365 days

Examples
iex> Predicator.Duration.to_milliseconds(%{seconds: 1, milliseconds: 500})
1500

iex> Predicator.Duration.to_milliseconds(%{minutes: 1, seconds: 30, milliseconds: 250})
90250

  



  
    
      
    
    
      to_seconds(duration)



        
          
        

    

  


  

      

          @spec to_seconds(Predicator.Types.duration()) :: integer()


      


Converts a duration to total seconds (approximate for months and years).
Uses approximate conversions:
	1 month = 30 days
	1 year = 365 days

Examples
iex> Predicator.Duration.to_seconds(%{days: 1, hours: 2, minutes: 30, seconds: 15})
95415

iex> Predicator.Duration.to_seconds(%{weeks: 2})
1209600

  



  
    
      
    
    
      to_string(duration)



        
          
        

    

  


  

      

          @spec to_string(Predicator.Types.duration()) :: binary()


      


Converts a duration to a human-readable string.
Examples
iex> duration = Predicator.Duration.new(days: 3, hours: 8, minutes: 30)
iex> Predicator.Duration.to_string(duration)
"3d8h30m"

iex> duration = Predicator.Duration.new(weeks: 2)
iex> Predicator.Duration.to_string(duration)
"2w"

  


        

      


  

    
Predicator.Errors 
    



      
Common utilities for error formatting across all Predicator error modules.
This module provides shared functions for formatting error messages,
type names, and operation names consistently across all error types.

      


      
        Summary


  
    Functions
  


    
      
        expected_type_name(type)

      


        Formats an expected type name for error messages with proper articles.



    


    
      
        operation_display_name(op)

      


        Formats an operation name for user-friendly error messages.



    


    
      
        put_position(error, span)

      


        Attaches a source position or span to an error struct.



    


    
      
        type_name_with_value(type, value)

      


        Formats a type name with its value for error messages.



    





      


      
        Functions


        


  
    
      
    
    
      expected_type_name(type)



        
          
        

    

  


  

      

          @spec expected_type_name(atom()) :: String.t()


      


Formats an expected type name for error messages with proper articles.
Examples
iex> Predicator.Errors.expected_type_name(:integer)
"an integer"

iex> Predicator.Errors.expected_type_name(:boolean)
"a boolean"

iex> Predicator.Errors.expected_type_name(:custom_type)
"a custom_type"

  



  
    
      
    
    
      operation_display_name(op)



        
          
        

    

  


  

      

          @spec operation_display_name(atom()) :: String.t()


      


Formats an operation name for user-friendly error messages.
Examples
iex> Predicator.Errors.operation_display_name(:add)
"Arithmetic add"

iex> Predicator.Errors.operation_display_name(:logical_and)
"Logical AND"

iex> Predicator.Errors.operation_display_name(:unary_bang)
"Logical NOT"

iex> Predicator.Errors.operation_display_name(:pop_jump_if_falsy)
"Condition"

  



  
    
      
    
    
      put_position(error, span)



        
          
        

    

  


  

      

          @spec put_position(
  term(),
  Predicator.Types.position() | Predicator.Types.span() | nil
) :: term()


      


Attaches a source position or span to an error struct.
Given a Predicator.Types.position/0, sets :position. Given a
Predicator.Types.span/0, sets :span to the span and :position to its
start, so a caller reading only :position keeps getting a usable caret when
the program was compiled with spans.
Returns the error unchanged when the location is nil or when the value has no
:position field, so it is safe to call on any error value - including the
bare-string errors some evaluator paths return internally.
Examples
iex> error = Predicator.Errors.EvaluationError.new("boom", "boom")
iex> Predicator.Errors.put_position(error, {1, 3}).position
{1, 3}

iex> error = Predicator.Errors.EvaluationError.new("boom", "boom")
iex> decorated = Predicator.Errors.put_position(error, {{1, 1}, {1, 9}})
iex> {decorated.position, decorated.span}
{{1, 1}, {{1, 1}, {1, 9}}}

iex> error = Predicator.Errors.ParseError.new("boom", 1, 1)
iex> decorated = Predicator.Errors.put_position(error, {{1, 1}, {1, 6}})
iex> {decorated.position, decorated.span}
{{1, 1}, {{1, 1}, {1, 6}}}

iex> error = Predicator.Errors.ParseError.new("boom", 1, 1)
iex> decorated = Predicator.Errors.put_position(error, {1, 3})
iex> {decorated.position, decorated.span}
{{1, 3}, nil}

iex> error = Predicator.Errors.EvaluationError.new("boom", "boom")
iex> Predicator.Errors.put_position(error, nil).position
nil

iex> Predicator.Errors.put_position("boom", {1, 3})
"boom"

  



  
    
      
    
    
      type_name_with_value(type, value)



        
          
        

    

  


  

      

          @spec type_name_with_value(atom(), any()) :: String.t()


      


Formats a type name with its value for error messages.
Examples
iex> Predicator.Errors.type_name_with_value(:string, "hello")
"\"hello\" (string)"

iex> Predicator.Errors.type_name_with_value(:integer, 42)
"42 (integer)"

iex> Predicator.Errors.type_name_with_value(:undefined, :undefined)
":undefined (undefined)"

  


        

      


  

    
Predicator.Errors.EvaluationError 
    



      
Error struct for general evaluation errors in Predicator evaluation.
This error occurs for runtime evaluation problems like division by zero,
function call errors, or insufficient operands.
Fields
	message - Human-readable error description
	reason - Structured reason code for the error
	operation - The operation that failed (optional)
	position - {line, column} of the source token that produced the failing
instruction, when a position table was available (optional)
	span - the source text the failing instruction's AST node covers, when the
program was compiled with spans (optional). position names the token to
blame; span is what to underline.
	details - structured, error-specific data (optional, default nil), the
same shape Predicator.Errors.LocationError already uses. It lets a host
read machine-readable data off an error without parsing message, which is
non-normative.

Examples
%Predicator.Errors.EvaluationError{
  message: "Division by zero",
  reason: "division_by_zero",
  operation: :divide
}

%Predicator.Errors.EvaluationError{
  message: "Function len() expects 1 arguments, got 0",
  reason: "insufficient_arguments",
  operation: :function_call
}

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        insufficient_operands(operation, got, expected)

      


        Creates an evaluation error for insufficient operands.



    


    
      
        new(message, reason, operation \\ nil)

      


        Creates an evaluation error.



    


    
      
        protected_root(root)

      


        Creates an evaluation error for a store refused by the :protected_roots
evaluation option.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Predicator.Errors.EvaluationError{
  details: map() | nil,
  message: binary(),
  operation: atom() | nil,
  position: Predicator.Types.position() | nil,
  reason: binary(),
  span: Predicator.Types.span() | nil
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      insufficient_operands(operation, got, expected)



        
          
        

    

  


  

      

          @spec insufficient_operands(atom(), integer(), integer()) :: t()


      


Creates an evaluation error for insufficient operands.

  



    

  
    
      
    
    
      new(message, reason, operation \\ nil)



        
          
        

    

  


  

      

          @spec new(binary(), binary(), atom() | nil) :: t()


      


Creates an evaluation error.

  



  
    
      
    
    
      protected_root(root)



        
          
        

    

  


  

      

          @spec protected_root(binary()) :: t()


      


Creates an evaluation error for a store refused by the :protected_roots
evaluation option.
details.root carries the offending root as data, so a host maps this onto
its own error vocabulary without matching on message (messages are
non-normative, docs/isa.md §2).

  


        

      


  

    
Predicator.Errors.LocationError 
    



      
Error struct for location expression validation failures.
This error is raised when attempting to resolve a location path for assignment
operations, but the expression does not represent a valid assignable location.
It also covers the write-time failures of Predicator.ContextLocation.put/3.
Error Types
Resolution failures:
	:not_assignable - Expression cannot be used as an assignment target
	:invalid_node - Unknown or unsupported AST node type
	:undefined_variable - Variable referenced in bracket key is not defined
	:invalid_key - Bracket key is not a valid string or integer
	:computed_key - Computed expressions cannot be used as assignment keys

Write failures:
	:not_a_container - Path traverses a value that is neither a map nor a list
	:invalid_index - List index in the path is out of range (negative)

Examples
# Cannot assign to literal values
%LocationError{
  type: :not_assignable,
  message: "Cannot assign to literal value",
  details: %{expression_type: "literal value", value: 42}
}

# Cannot assign to function calls
%LocationError{
  type: :not_assignable,
  message: "Cannot assign to function call",
  details: %{expression_type: "function call", value: "len"}
}

# Invalid bracket key type
%LocationError{
  type: :invalid_key,
  message: "Bracket key must be string or integer",
  details: %{key_type: "boolean", key_value: true}
}

      


      
        Summary


  
    Types
  


    
      
        error_type()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        computed_key(message, expression)

      


        Creates a LocationError for computed expressions used as bracket keys.



    


    
      
        invalid_index(location, index, path_index \\ nil)

      


        Creates a LocationError for an out-of-range list index in a location path.



    


    
      
        invalid_key(message, key_value)

      


        Creates a LocationError for invalid bracket key types.



    


    
      
        invalid_node(message, node)

      


        Creates a LocationError for invalid or unknown AST node types.



    


    
      
        not_a_container(location, segment, value, path_index \\ nil)

      


        Creates a LocationError for assignment through a non-container value.



    


    
      
        not_assignable(expression_type, value)

      


        Creates a LocationError for non-assignable expressions.



    


    
      
        undefined_variable(message, variable_name)

      


        Creates a LocationError for undefined variables in bracket keys.



    





      


      
        Types


        


  
    
      
    
    
      error_type()



        
          
        

    

  


  

      

          @type error_type() ::
  :not_assignable
  | :invalid_node
  | :undefined_variable
  | :invalid_key
  | :computed_key
  | :not_a_container
  | :invalid_index


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Predicator.Errors.LocationError{
  details: map(),
  message: binary(),
  type: error_type()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      computed_key(message, expression)



        
          
        

    

  


  

      

          @spec computed_key(binary(), term()) :: t()


      


Creates a LocationError for computed expressions used as bracket keys.

  



    

  
    
      
    
    
      invalid_index(location, index, path_index \\ nil)



        
          
        

    

  


  

      

          @spec invalid_index(binary(), integer(), non_neg_integer() | nil) :: t()


      


Creates a LocationError for an out-of-range list index in a location path.
path_index is the failing segment's 0-based index in the root-first location
path, or nil when the caller cannot identify one - see not_a_container/4.
It is unrelated to index: index is the out-of-range list index the
segment held, path_index is where that segment sits in the path itself, and
the two are different integers that happen to share a neighborhood in
details.

  



  
    
      
    
    
      invalid_key(message, key_value)



        
          
        

    

  


  

      

          @spec invalid_key(binary(), term()) :: t()


      


Creates a LocationError for invalid bracket key types.

  



  
    
      
    
    
      invalid_node(message, node)



        
          
        

    

  


  

      

          @spec invalid_node(binary(), term()) :: t()


      


Creates a LocationError for invalid or unknown AST node types.

  



    

  
    
      
    
    
      not_a_container(location, segment, value, path_index \\ nil)



        
          
        

    

  


  

      

          @spec not_a_container(binary(), term(), term(), non_neg_integer() | nil) :: t()


      


Creates a LocationError for assignment through a non-container value.
Used when a location path traverses a value that is neither a map nor a list,
so intermediate structure cannot be created without destroying existing data.
path_index is the failing segment's 0-based index in the root-first location
path, or nil when the caller cannot identify one. Predicator.Evaluator's
store path joins it with the run's segment-position table to point a store
failure at the segment that failed rather than at the location's root (px-ids).
It is deliberately a details key rather than a struct field: this struct is
shared with Predicator.ContextLocation.resolve/2 and
Predicator.Context.assign/3, which have no path to index.

  



  
    
      
    
    
      not_assignable(expression_type, value)



        
          
        

    

  


  

      

          @spec not_assignable(binary(), term()) :: t()


      


Creates a LocationError for non-assignable expressions.
Used when an expression cannot be used as an assignment target (l-value).

  



  
    
      
    
    
      undefined_variable(message, variable_name)



        
          
        

    

  


  

      

          @spec undefined_variable(binary(), binary()) :: t()


      


Creates a LocationError for undefined variables in bracket keys.

  


        

      


  

    
Predicator.Errors.ParseError 
    



      
Error struct for parse errors in Predicator expressions.
This error occurs when the input expression cannot be parsed due to syntax errors.
Fields
	message - Human-readable error description. Never contains the
location - that is always :position
	position - {line, column} of the syntax error, typed
Predicator.Types.position/0 so generic error-reporting code can read a
position uniformly across ParseError, EvaluationError,
TypeMismatchError, and UndefinedVariableError
	span - the source text the failing token or construct covers, when the
failure carried a token extent (optional, default nil). position is
always the span's start when both are present.

Examples
A parse error from a compile entry point carries all three fields - the
span comes from the token stream, so it is present in every compile mode,
not only the _with_spans ones:
iex> {:error, error} = Predicator.compile("limit > > 5")
iex> {error.position, error.span}
{{1, 9}, {{1, 9}, {1, 10}}}
:span is nil only on an error a caller built through new/3:
iex> Predicator.Errors.ParseError.new("boom", 1, 10)
%Predicator.Errors.ParseError{message: "boom", position: {1, 10}, span: nil}
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    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        new(message, line, column)

      


        Creates a parse error.



    


    
      
        new(message, line, column, span)

      


        Creates a parse error with a source span.
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      t()



        
          
        

    

  


  

      

          @type t() :: %Predicator.Errors.ParseError{
  message: binary(),
  position: Predicator.Types.position(),
  span: Predicator.Types.span() | nil
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      new(message, line, column)



        
          
        

    

  


  

      

          @spec new(binary(), pos_integer(), pos_integer()) :: t()


      


Creates a parse error.
Takes the line and column separately because that is the shape
Predicator.Lexer.tokenize/1 and Predicator.Parser.parse/2 report failures
in; the struct stores them as a single :position tuple. :span is nil.

  



  
    
      
    
    
      new(message, line, column, span)



        
          
        

    

  


  

      

          @spec new(binary(), pos_integer(), pos_integer(), Predicator.Types.span() | nil) ::
  t()


      


Creates a parse error with a source span.
Like new/3, but also records the token or construct extent the failure
covers. :position is set to the span's start.

  


        

      


  

    
Predicator.Errors.TypeMismatchError 
    



      
Error struct for type mismatch errors in Predicator evaluation.
This error occurs when an operation receives values of incorrect types,
such as trying to perform arithmetic on strings or logical operations on integers.
Fields
	message - Human-readable error description
	expected - The type that was expected (e.g., :integer, :boolean)
	got - The actual type(s) received (single type or tuple for binary operations)
	values - The actual value(s) that caused the error (optional, for debugging)
	operation - The operation that failed (e.g., :add, :logical_and)
	position - {line, column} of the source token that produced the failing
instruction, when a position table was available (optional)
	span - the source text the failing instruction's AST node covers, when the
program was compiled with spans (optional). position names the token to
blame; span is what to underline.

Examples
%Predicator.Errors.TypeMismatchError{
  message: "Arithmetic add requires integers, got "hello" (string) and 5 (integer)",
  expected: :integer,
  got: {:string, :integer},
  values: {"hello", 5},
  operation: :add
}

%Predicator.Errors.TypeMismatchError{
  message: "Unary minus requires an integer, got "text" (string)",
  expected: :integer,
  got: :string,
  values: "text",
  operation: :unary_minus
}

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        binary(operation, expected, arg1, arg2)

      


        Creates a type mismatch error for binary operations.



    


    
      
        unary(operation, expected, got, value)

      


        Creates a type mismatch error for unary operations.



    


    
      
        unary(operation, expected, got, value, expected_text)

      


        Creates a type mismatch error for a unary operation that accepts more than one
type, spelling the accepted set out in the message while expected stays the
single normative atom a consumer matches on.
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      t()



        
          
        

    

  


  

      

          @type t() :: %Predicator.Errors.TypeMismatchError{
  expected: atom(),
  got: atom() | {atom(), atom()},
  message: binary(),
  operation: atom(),
  position: Predicator.Types.position() | nil,
  span: Predicator.Types.span() | nil,
  values: term()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      binary(operation, expected, arg1, arg2)



        
          
        

    

  


  

      

          @spec binary(atom(), atom(), {atom(), atom()}, {any(), any()}) :: t()


      


Creates a type mismatch error for binary operations.

  



  
    
      
    
    
      unary(operation, expected, got, value)



        
          
        

    

  


  

      

          @spec unary(atom(), atom(), atom(), any()) :: t()


      


Creates a type mismatch error for unary operations.

  



  
    
      
    
    
      unary(operation, expected, got, value, expected_text)



        
          
        

    

  


  

      

          @spec unary(atom(), atom(), atom(), any(), String.t()) :: t()


      


Creates a type mismatch error for a unary operation that accepts more than one
type, spelling the accepted set out in the message while expected stays the
single normative atom a consumer matches on.
store accepts a string or an integer segment but reports expected: :string,
the mirror of bracket_access's key rule (docs/isa.md section 5); a message
built from the atom alone would tell a user something false about what the
opcode accepts.
Examples
iex> error = Predicator.Errors.TypeMismatchError.unary(:store, :string, :boolean, true, "a string or an integer")
iex> {error.expected, error.message}
{:string, "Assignment requires a string or an integer, got true (boolean)"}

  


        

      


  

    
Predicator.Errors.UndefinedVariableError 
    



      
Error struct for undefined variable errors in Predicator evaluation.
This error occurs when trying to access a variable that doesn't exist in the evaluation context.
Fields
	message - Human-readable error description
	variable - The name of the undefined variable
	position - {line, column} of the source token that produced the failing
instruction, when a position table was available (optional)
	span - the source text the failing instruction's AST node covers, when the
program was compiled with spans (optional). position names the token to
blame; span is what to underline.

Examples
%Predicator.Errors.UndefinedVariableError{
  message: "Undefined variable: limit",
  variable: "limit"
}

%Predicator.Errors.UndefinedVariableError{
  message: "Undefined variable: user.profile.settings",
  variable: "user.profile.settings"
}
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        t()

      


    





  
    Functions
  


    
      
        new(variable)

      


        Creates an undefined variable error.
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          @type t() :: %Predicator.Errors.UndefinedVariableError{
  message: binary(),
  position: Predicator.Types.position() | nil,
  span: Predicator.Types.span() | nil,
  variable: binary()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      new(variable)



        
          
        

    

  


  

      

          @spec new(binary()) :: t()


      


Creates an undefined variable error.

  


        

      


  

    
Predicator.Evaluator 
    



      
Stack-based evaluator for predicator instructions.
The evaluator executes a list of instructions using a stack machine approach.
Instructions operate on a stack, with the most recent values at the top (head of list).
The instruction set - every opcode this module accepts, its operands, stack
effect, and error semantics - is specified in
docs/isa.md, not here. and and or were retired at
ISA v3: a stored pre-3.7 artifact containing either is refused with a
message naming the removing version and pointing at
Predicator.Instructions.upgrade/1, though the ISA table (docs/isa.md §4)
keeps their rows.

      


      
        Summary


  
    Types
  


    
      
        function_arity()

      


        A function's accepted argument count(s): a fixed arity, or a set of arities for optional/variadic-style args



    


    
      
        t()

      


        Internal evaluator state



    


    
      
        unbound_load()

      


        An executed load of a root that was not bound, paired with the source location
of the ["load", _] instruction that read it.



    





  
    Functions
  


    
      
        default_loop_budget()

      


        The default number of back edges a single execution may take.



    


    
      
        evaluate(instructions, context \\ %{}, opts \\ [])

      


        Evaluates a list of instructions with the given context and options.



    


    
      
        evaluate!(instructions, context \\ %{}, opts \\ [])

      


        Evaluates a list of instructions with the given context and options, raising on errors.



    


    
      
        evaluate_prepared(evaluator)

      


        Runs an already-built evaluator to completion and extracts its result.



    


    
      
        last_value(evaluator)

      


        The value the most recently executed ["pop"] instruction discarded, or
:undefined if the run executed none.



    


    
      
        loop_budget_from_opts(opts)

      


        Reads and validates the :loop_budget evaluation option.



    


    
      
        protected_roots_from_opts(opts)

      


        Reads and validates the :protected_roots evaluation option.



    


    
      
        resolve_key(data, name)

      


        Resolves name to the key it is bound under in data, or :unbound.



    


    
      
        run(evaluator)

      


        Runs the evaluator until it halts or encounters an error.



    


    
      
        run_prepared(evaluator)

      


        Runs an already-built evaluator to completion, returning its result and
its final state - on the error path too.



    


    
      
        run_state(evaluator)

      


        Runs an already-built evaluator to halt, returning the final state on both
paths.



    


    
      
        step(evaluator)

      


        Executes a single instruction step.



    


    
      
        types_match(a, b)

      


    


    
      
        unbound_loads(evaluator)

      


        The root variables this run loaded and did not find bound, in execution
order, without repeats.



    


    
      
        unbound_loads_with_locations(evaluator)

      


        The same loads unbound_loads/1 reports, each paired with the source location
of the ["load", _] instruction that read it.
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      function_arity()



        
          
        

    

  


  

      

          @type function_arity() :: non_neg_integer() | [non_neg_integer()]


      


A function's accepted argument count(s): a fixed arity, or a set of arities for optional/variadic-style args

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Predicator.Evaluator{
  context: Predicator.Types.context(),
  functions: %{
    required(binary()) =>
      {function_arity(), Predicator.Context.function_entry()}
  },
  halted: boolean(),
  host: term(),
  instruction_pointer: non_neg_integer(),
  instructions: Predicator.Types.instruction_list() | tuple(),
  last_value: Predicator.Types.value(),
  loop_budget: non_neg_integer(),
  on_unbound: Predicator.Context.on_unbound(),
  positions: Predicator.Types.position_table() | Predicator.Types.span_table(),
  protected_roots: [binary()],
  segment_positions: Predicator.Types.segment_position_table(),
  size: non_neg_integer() | nil,
  stack: [Predicator.Types.value()],
  unbound_loads: [unbound_load()]
}


      


Internal evaluator state

  



  
    
      
    
    
      unbound_load()



        
          
        

    

  


  

      

          @type unbound_load() ::
  {binary(), Predicator.Types.position() | Predicator.Types.span() | nil}


      


An executed load of a root that was not bound, paired with the source location
of the ["load", _] instruction that read it.
The location is the raw positions table entry: nil when the run carried no
table or the index was uncovered, a Predicator.Types.position/0 under point
positions, a Predicator.Types.span/0 under spans. Hand it to
Predicator.Errors.put_position/2, which discriminates the three.

  


        

      

      
        Functions


        


  
    
      
    
    
      default_loop_budget()



        
          
        

    

  


  

      

          @spec default_loop_budget() :: non_neg_integer()


      


The default number of back edges a single execution may take.
ADR-0013: a program with no jump_backward never touches this counter, so
the v5 termination-by-construction property is unaffected. The value is
implementation-local, exactly as :on_unbound is - ISA v6 makes only the
existence of a bound and the "loop_budget_exceeded" reason normative.

  



    

    

  
    
      
    
    
      evaluate(instructions, context \\ %{}, opts \\ [])



        
          
        

    

  


  

      

          @spec evaluate(
  Predicator.Types.instruction_list(),
  Predicator.Types.context(),
  keyword()
) ::
  Predicator.Types.internal_result()


      


Evaluates a list of instructions with the given context and options.
Returns the top value on the stack when evaluation completes,
or an error if something goes wrong.
Parameters
	instructions - List of instructions to execute
	context - Context map with variable bindings (default: %{})
	opts - Options keyword list:	:functions, :providers, :builtins - resolved into the dispatch
map the same way Predicator.Context.new/2 resolves them (see
Predicator.Context.resolve_functions/1): the builtin providers
(unless builtins: false), then :providers left to right, then the
inline :functions closure map %{name => {arity, function}}, each
shadowing a same-named entry from an earlier source
	:host - opaque term threaded to every function call's %Context{}
as context.host (default nil)
	:positions - Side table mapping a 0-based instruction index to the
{line, column} of the AST node that emitted it, as produced by
Predicator.Compiler.to_instructions_with_positions/2 and carried in a
Predicator.Compiled.t/0's positions field. Runtime errors raised by
an instruction with a table entry carry it as :position. A span table
from compiled.positions, where compiled is what
Predicator.compile_with_spans/1 returned, works here too: such an
error carries the span as :span and the span's start as :position.
	:segment_positions - the per-store segment-position side table from
compiled.segment_positions, as produced by
Predicator.Compiler.to_instructions_with_segment_positions/2. Read only
by store, to blame the exact failing location segment rather than the
store instruction's own positions entry (the lhs root). A run carrying
no table - or none for the failing store - positions a store failure
exactly as :positions alone would; passing this option changes no
other opcode's behavior.
	:on_unbound - :undefined (default) or :error. Under :error, a
["load", name] whose name is not present in context returns
{:error, %Predicator.Errors.UndefinedVariableError{}} instead of
pushing :undefined. Unlike Predicator.Context.new/2, this option is
not validated here: any value other than :error behaves as
:undefined.
	:loop_budget - the number of back edges (jump_backward, ISA v6) a
single execution may take, default 10000, shared
across every loop in the program. Exhaustion returns
{:error, %Predicator.Errors.EvaluationError{reason: "loop_budget_exceeded"}}.
Must be a non-negative integer; anything else raises ArgumentError.
	:protected_roots - a list of context root names (binaries) a store
may not write, default []. A store whose path's root segment is in
the list returns
{:error, %Predicator.Errors.EvaluationError{reason: "protected_root"}}
naming the root in details.root instead of writing it. Root-segment
matching only - protection is per-root, not per-path. Must be a list of
binaries; anything else raises ArgumentError.



Examples
iex> Predicator.Evaluator.evaluate([["lit", 42]], %{})
42

iex> Predicator.Evaluator.evaluate([["load", "limit"]], %{"limit" => 85})
85

# With custom functions
iex> custom_functions = %{"double" => {1, fn [n], _context -> {:ok, n * 2} end}}
iex> instructions = [["lit", 21], ["call", "double", 1]]
iex> Predicator.Evaluator.evaluate(instructions, %{}, functions: custom_functions)
42

  



    

    

  
    
      
    
    
      evaluate!(instructions, context \\ %{}, opts \\ [])



        
          
        

    

  


  

      

          @spec evaluate!(
  Predicator.Types.instruction_list(),
  Predicator.Types.context(),
  keyword()
) ::
  Predicator.Types.value()


      


Evaluates a list of instructions with the given context and options, raising on errors.
Similar to evaluate/3 but raises an exception for error results instead
of returning error tuples. Follows the Elixir convention of bang functions.
Examples
iex> Predicator.Evaluator.evaluate!([["lit", 42]], %{})
42

iex> Predicator.Evaluator.evaluate!([["load", "limit"]], %{"limit" => 85})
85

# With custom functions
iex> custom_functions = %{"double" => {1, fn [n], _context -> {:ok, n * 2} end}}
iex> instructions = [["lit", 21], ["call", "double", 1]]
iex> Predicator.Evaluator.evaluate!(instructions, %{}, functions: custom_functions)
42

  



  
    
      
    
    
      evaluate_prepared(evaluator)



        
          
        

    

  


  

      

          @spec evaluate_prepared(t()) :: Predicator.Types.internal_result()


      


Runs an already-built evaluator to completion and extracts its result.
Unlike evaluate/3, this does no function merging - evaluator.functions
is used as given. This is what evaluate/3 uses internally, and what
Predicator.Context-based evaluation uses to skip the per-call merge.

  



  
    
      
    
    
      last_value(evaluator)



        
          
        

    

  


  

      

          @spec last_value(t()) :: Predicator.Types.value()


      


The value the most recently executed ["pop"] instruction discarded, or
:undefined if the run executed none.
For a program the compiler produced this is the last expression statement's
value: pop is emitted after every expression statement and after nothing
else, so the last one to run carries the last statement's value. It is defined
over the instruction list rather than over the AST, so it answers for a
hand-built list too.
Two things it deliberately is not:
	Not the stack top at halt. A list that leaves a residue on the stack
without popping it reports :undefined; docs/isa.md section 2 discards the
residue.
	Not written by jump_if_falsy_or_pop / jump_if_true_or_pop. Those pop
as part of a jump, mid-expression, and their operand is not a statement's
value.

Predicator.execute_value/2 is the façade over this.
Examples
iex> instructions = [["lit", 1], ["pop"], ["lit", 2], ["pop"]]
iex> {:ok, final} = Predicator.Evaluator.run_state(%Predicator.Evaluator{instructions: instructions})
iex> Predicator.Evaluator.last_value(final)
2

iex> {:ok, final} = Predicator.Evaluator.run_state(%Predicator.Evaluator{instructions: [["lit", 1]]})
iex> Predicator.Evaluator.last_value(final)
:undefined

  



  
    
      
    
    
      loop_budget_from_opts(opts)



        
          
        

    

  


  

      

          @spec loop_budget_from_opts(keyword()) :: non_neg_integer()


      


Reads and validates the :loop_budget evaluation option.
Raises ArgumentError for anything that is not a non-negative integer -
host-API misuse, not a predicate-derived failure (ADR-0004), the same line
Predicator.Context.new/2 draws for a malformed :on_unbound.

  



  
    
      
    
    
      protected_roots_from_opts(opts)



        
          
        

    

  


  

      

          @spec protected_roots_from_opts(keyword()) :: [binary()]


      


Reads and validates the :protected_roots evaluation option.
A list of root names (binaries) a store may not write. Default [] - the
empty list is the "option absent" case and costs one Enum.member?/2 against
an empty list per store.
Raises ArgumentError for anything that is not a list of binaries - host-API
misuse, not a predicate-derived failure (ADR-0004), the same line
loop_budget_from_opts/1 and Predicator.Context.new/2 draw.

  



  
    
      
    
    
      resolve_key(data, name)



        
          
        

    

  


  

      

          @spec resolve_key(Predicator.Types.context(), binary()) ::
  {:ok, binary() | atom()} | :unbound


      


Resolves name to the key it is bound under in data, or :unbound.
A root variable may be stored under a string key or the equivalent atom key;
this answers which. Predicator.Context.bound?/2 and the evaluator's own
unbound-load recording both go through here, so they cannot drift apart from
each other.
Note this asks about presence, not value: a name bound to :undefined (or
to nil) resolves to {:ok, key}, because it is bound.
Atom keys resolve here but no longer load
This is deliberately wider than what a load instruction reads. Since
px-8um.2, load does a plain string-key lookup: Predicator.Context.new/2
and bind/3 normalize atom keys away at the edge, so no Context-routed
data can still carry one. The atom branch below survives only for a caller
who bypasses that edge - Predicator.Evaluator.evaluate/3 or
Predicator.evaluator/2 handed a hand-built atom-keyed map.
For that caller the two answers are asymmetric: %{limit: 85} loads as
:undefined (no string key) while resolving as {:ok, :limit} (present),
so the load is not recorded in unbound_loads. Bound-but-undefined is a
state this API already models, and treating a present atom key as unbound
bookkeeping would be the worse answer. Nothing reachable through
Predicator.evaluate/3 can observe the asymmetry.
Examples
iex> Predicator.Evaluator.resolve_key(%{"limit" => 85}, "limit")
{:ok, "limit"}

iex> Predicator.Evaluator.resolve_key(%{limit: 85}, "limit")
{:ok, :limit}

iex> Predicator.Evaluator.resolve_key(%{"limit" => 85}, "missing")
:unbound

  



  
    
      
    
    
      run(evaluator)



        
          
        

    

  


  

      

          @spec run(t()) :: {:ok, t()} | {:error, struct()}


      


Runs the evaluator until it halts or encounters an error.
Returns {:ok, final_state} on success or {:error, reason} on failure.

  



  
    
      
    
    
      run_prepared(evaluator)



        
          
        

    

  


  

      

          @spec run_prepared(t()) ::
  {:ok, Predicator.Types.value(), t()} | {:error, struct(), t()}


      


Runs an already-built evaluator to completion, returning its result and
its final state - on the error path too.
Same as evaluate_prepared/1 except that the caller keeps the state the run
produced - unbound_loads/1 in particular, which Predicator.evaluate/3
reads to name the variable behind an :undefined result and behind a
TypeMismatchError that rejected an :undefined operand (px-8um.7).

  



  
    
      
    
    
      run_state(evaluator)



        
          
        

    

  


  

      

          @spec run_state(t()) :: {:ok, t()} | {:error, struct(), t()}


      


Runs an already-built evaluator to halt, returning the final state on both
paths.
This is statement mode's entry point (docs/isa.md section 2): unlike
run_prepared/1 it applies no expression-mode result rule, so an empty
stack at halt is a normal halt rather than empty_stack. On error the state
returned is the pre-step one, holding every write the statements before the
failing instruction performed - a ["load", _] instruction never errors,
so the pre-step state holds every unbound load recorded before the failing
instruction too, which is all of them.

  



  
    
      
    
    
      step(evaluator)



        
          
        

    

  


  

      

          @spec step(t()) :: {:ok, t()} | {:error, term()}


      


Executes a single instruction step.
Returns the updated evaluator state or an error.

  



  
    
      
    
    
      types_match(a, b)


        (macro)


        
          
        

    

  


  


  



  
    
      
    
    
      unbound_loads(evaluator)



        
          
        

    

  


  

      

          @spec unbound_loads(t()) :: [binary()]


      


The root variables this run loaded and did not find bound, in execution
order, without repeats.
This is what the run actually read, not what the program contains: a load
inside a branch jump_if_falsy_or_pop/jump_if_true_or_pop skipped never
executes and never appears here. Predicator.evaluate/3 uses it to name the
variable behind an :undefined result.
It records executed loads, not provenance - a run that executes two unbound
loads lists both, even if only the second one's :undefined reached the
result. Deciding that would require tracking which stack value descends from
which load.
unbound_loads_with_locations/1 returns the same loads with the source
location of each.
Examples
iex> instructions = [["load", "a"], ["load", "b"]]
iex> {:ok, _result, evaluator} =
...>   Predicator.Evaluator.run_prepared(%Predicator.Evaluator{
...>     instructions: instructions,
...>     context: %{"a" => 1}
...>   })
iex> Predicator.Evaluator.unbound_loads(evaluator)
["b"]

  



  
    
      
    
    
      unbound_loads_with_locations(evaluator)



        
          
        

    

  


  

      

          @spec unbound_loads_with_locations(t()) :: [unbound_load()]


      


The same loads unbound_loads/1 reports, each paired with the source location
of the ["load", _] instruction that read it.
The location comes from the run's positions table, read at the load itself, so
it names the variable's token - not the operator that later rejected its
:undefined. It is nil when the run carried no table (an instruction-list
caller who passed no positions:), a {line, column} under point positions, and
a span under a table from compiled.positions, where compiled is the
Predicator.Compiled.t/0 Predicator.compile_with_spans/1 returned.
Predicator.evaluate/3 uses this to position the UndefinedVariableError it
builds after the run.
A name loaded more than once appears once, with the location of its first
executed load.
Examples
iex> instructions = [["load", "a"], ["load", "b"]]
iex> {:ok, _result, evaluator} =
...>   Predicator.Evaluator.run_prepared(%Predicator.Evaluator{
...>     instructions: instructions,
...>     context: %{},
...>     positions: %{1 => {1, 5}}
...>   })
iex> Predicator.Evaluator.unbound_loads_with_locations(evaluator)
[{"a", nil}, {"b", {1, 5}}]

  


        

      


  

    
Predicator.FunctionProvider behaviour
    



      
Behaviour for a module that supplies callable functions to the evaluator.
A provider names its functions by binding each name to an {arity, atom}
pair - the atom is the name of a def on the same module, with signature
(args :: [Types.value()], context) :: {:ok, Types.value()} | {:error, binary()}.
Naming the implementation by atom, rather than exposing a closure directly,
is what lets a caller resolve module and atom separately - apply/3
against the pair - instead of carrying a function() value around.
Predicator.Context.new/2's :providers option resolves a list of provider
modules into the evaluator's dispatch map; the four builtin modules
(SystemFunctions, DateFunctions, JSONFunctions, MathFunctions) are
the default provider list, named by builtin_providers/0.

      


      
        Summary


  
    Types
  


    
      
        entry()

      


        A function's binding: its accepted arity/arities, and the atom naming its implementation.



    


    
      
        name()

      


        A function name, as it appears in a predicator expression.



    





  
    Callbacks
  


    
      
        functions()

      


        Returns the functions this provider exposes, keyed by name.



    





  
    Functions
  


    
      
        builtin_providers()

      


        The four builtin provider modules, in shadowing order.



    





      


      
        Types


        


  
    
      
    
    
      entry()



        
          
        

    

  


  

      

          @type entry() :: {Predicator.Evaluator.function_arity(), atom()}


      


A function's binding: its accepted arity/arities, and the atom naming its implementation.

  



  
    
      
    
    
      name()



        
          
        

    

  


  

      

          @type name() :: binary()


      


A function name, as it appears in a predicator expression.

  


        

      

      
        Callbacks


        


  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @callback functions() :: %{required(name()) => entry()}


      


Returns the functions this provider exposes, keyed by name.
Each value is {arity, atom}, where atom names a public function on the
same module accepting (args, context) and returning
{:ok, Types.value()} | {:error, binary()}.

  


        

      

      
        Functions


        


  
    
      
    
    
      builtin_providers()



        
          
        

    

  


  

      

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


      


The four builtin provider modules, in shadowing order.
Predicator.Context.new/2 resolves this list first when builtins: true
(the default), so a later entry - a :providers module, then the inline
:functions map - overrides a same-named builtin. This is the one place
the default list is written down; conformance tooling that needs "every
registered name" calls Predicator.Context.new().functions rather than
duplicating it.

  


        

      


  

    
Predicator.Functions.DateFunctions 
    



      
Date and time related functions for use in predicator expressions.
This module provides temporal functions for working with dates, times,
durations, and relative date calculations.
Available Functions
Date/Time Functions
	year(date) - Extracts the year from a date or datetime
	month(date) - Extracts the month from a date or datetime
	day(date) - Extracts the day from a date or datetime
	now() - Returns the current UTC datetime (alias for Date.now())

Examples
iex> Predicator.Functions.DateFunctions.call_year([~D[2023-05-15]], %{})
{:ok, 2023}

iex> Predicator.Functions.DateFunctions.call_date_now([], %{})
{:ok, %DateTime{}}

      


      
        Summary


  
    Types
  


    
      
        function_result()

      


    





  
    Functions
  


    
      
        call_date_now(arg1, context)

      


        Returns the current UTC datetime (alias for Date.now()).



    


    
      
        call_day(arg1, context)

      


        Extracts the day from a date or datetime.



    


    
      
        call_month(arg1, context)

      


        Extracts the month from a date or datetime.



    


    
      
        call_year(arg1, context)

      


        Extracts the year from a date or datetime.



    


    
      
        functions()

      


        Returns all date functions as a Predicator.FunctionProvider map.



    





      


      
        Types


        


  
    
      
    
    
      function_result()



        
          
        

    

  


  

      

          @type function_result() :: {:ok, Predicator.Types.value()} | {:error, binary()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      call_date_now(arg1, context)



        
          
        

    

  


  

      

          @spec call_date_now([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Returns the current UTC datetime (alias for Date.now()).

  



  
    
      
    
    
      call_day(arg1, context)



        
          
        

    

  


  

      

          @spec call_day([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Extracts the day from a date or datetime.

  



  
    
      
    
    
      call_month(arg1, context)



        
          
        

    

  


  

      

          @spec call_month([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Extracts the month from a date or datetime.

  



  
    
      
    
    
      call_year(arg1, context)



        
          
        

    

  


  

      

          @spec call_year([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Extracts the year from a date or datetime.

  



  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @spec functions() :: %{
  required(Predicator.FunctionProvider.name()) =>
    Predicator.FunctionProvider.entry()
}


      


Returns all date functions as a Predicator.FunctionProvider map.
Returns
A map where keys are function names and values are {arity, atom} pairs -
atom naming a public call_*/2 function on this module.
Examples
iex> functions = Predicator.Functions.DateFunctions.functions()
iex> Map.has_key?(functions, "Date.year")
true

iex> {arity, _atom} = functions["Date.year"]
iex> arity
1

  


        

      


  

    
Predicator.Functions.JSONFunctions 
    



      
JSON manipulation functions for Predicator expressions.
Provides SCXML-compatible JSON functions for serializing and parsing data.
Available Functions
	JSON.stringify(value) - Converts a value to a JSON string
	JSON.parse(string) - Parses a JSON string into a value

Examples
iex> {:ok, result} = Predicator.evaluate("JSON.stringify(user)",
...>   %{"user" => %{"name" => "John", "age" => 30}},
...>   providers: [Predicator.Functions.JSONFunctions])
iex> result
~s({"age":30,"name":"John"})

iex> {:ok, result} = Predicator.evaluate("JSON.parse(data)",
...>   %{"data" => ~s({"status":"ok"})},
...>   providers: [Predicator.Functions.JSONFunctions])
iex> result
%{"status" => "ok"}

      


      
        Summary


  
    Types
  


    
      
        function_result()

      


    





  
    Functions
  


    
      
        call_parse(list, context)

      


        Parses a JSON string into a value.



    


    
      
        call_stringify(list, context)

      


        Converts a value to a JSON string.



    


    
      
        functions()

      


        Returns all JSON functions as a Predicator.FunctionProvider map.



    





      


      
        Types


        


  
    
      
    
    
      function_result()



        
          
        

    

  


  

      

          @type function_result() :: {:ok, Predicator.Types.value()} | {:error, binary()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      call_parse(list, context)



        
          
        

    

  


  

      

          @spec call_parse([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Parses a JSON string into a value.

  



  
    
      
    
    
      call_stringify(list, context)



        
          
        

    

  


  

      

          @spec call_stringify([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Converts a value to a JSON string.

  



  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @spec functions() :: %{
  required(Predicator.FunctionProvider.name()) =>
    Predicator.FunctionProvider.entry()
}


      


Returns all JSON functions as a Predicator.FunctionProvider map.

  


        

      


  

    
Predicator.Functions.MathFunctions 
    



      
Mathematical functions for Predicator expressions.
Provides SCXML-compatible Math functions for numerical computations.
Available Functions
	Math.pow(base, exponent) - Raises base to the power of exponent; integer
in, non-negative integer exponent, integer out
	Math.sqrt(value) - Returns the square root of a number; integer in with
an exact integer root, integer out
	Math.abs(value) - Returns the absolute value
	Math.floor(value) - Rounds down to the nearest integer
	Math.ceil(value) - Rounds up to the nearest integer
	Math.round(value) - Rounds to the nearest integer
	Math.min(a, b) - Returns the smaller of two numbers
	Math.max(a, b) - Returns the larger of two numbers
	Math.random() - Returns a random float between 0 and 1

Examples
iex> {:ok, result} = Predicator.evaluate("Math.pow(2, 3)",
...>   %{}, providers: [Predicator.Functions.MathFunctions])
iex> result
8

iex> {:ok, result} = Predicator.evaluate("Math.sqrt(16)",
...>   %{}, providers: [Predicator.Functions.MathFunctions])
iex> result
4

      


      
        Summary


  
    Types
  


    
      
        function_result()

      


    





  
    Functions
  


    
      
        call_abs(list, context)

      


        Returns the absolute value of a number.



    


    
      
        call_ceil(list, context)

      


        Rounds a number up to the nearest integer.



    


    
      
        call_floor(list, context)

      


        Rounds a number down to the nearest integer.



    


    
      
        call_max(list, context)

      


        Returns the larger of two numbers.



    


    
      
        call_min(list, context)

      


        Returns the smaller of two numbers.



    


    
      
        call_pow(list, context)

      


        Raises base to the power of exponent.



    


    
      
        call_random(list, context)

      


        Returns a random float between 0 and 1.



    


    
      
        call_round(list, context)

      


        Rounds a number to the nearest integer.



    


    
      
        call_sqrt(list, context)

      


        Returns the square root of a number.



    


    
      
        functions()

      


        Returns all math functions as a Predicator.FunctionProvider map.



    





      


      
        Types


        


  
    
      
    
    
      function_result()



        
          
        

    

  


  

      

          @type function_result() :: {:ok, Predicator.Types.value()} | {:error, binary()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      call_abs(list, context)



        
          
        

    

  


  

      

          @spec call_abs([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Returns the absolute value of a number.

  



  
    
      
    
    
      call_ceil(list, context)



        
          
        

    

  


  

      

          @spec call_ceil([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Rounds a number up to the nearest integer.

  



  
    
      
    
    
      call_floor(list, context)



        
          
        

    

  


  

      

          @spec call_floor([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Rounds a number down to the nearest integer.

  



  
    
      
    
    
      call_max(list, context)



        
          
        

    

  


  

      

          @spec call_max([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Returns the larger of two numbers.

  



  
    
      
    
    
      call_min(list, context)



        
          
        

    

  


  

      

          @spec call_min([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Returns the smaller of two numbers.

  



  
    
      
    
    
      call_pow(list, context)



        
          
        

    

  


  

      

          @spec call_pow([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Raises base to the power of exponent.
Returns an integer when both arguments are integers and the exponent is
non-negative - computed exactly, with no float rounding at large magnitudes.
Returns a float otherwise (float argument, or negative exponent).

  



  
    
      
    
    
      call_random(list, context)



        
          
        

    

  


  

      

          @spec call_random([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Returns a random float between 0 and 1.

  



  
    
      
    
    
      call_round(list, context)



        
          
        

    

  


  

      

          @spec call_round([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Rounds a number to the nearest integer.

  



  
    
      
    
    
      call_sqrt(list, context)



        
          
        

    

  


  

      

          @spec call_sqrt([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Returns the square root of a number.
Returns an integer when the argument is a non-negative integer with an exact
integer square root (Math.sqrt(16) is 4). Returns a float otherwise. A
negative argument is an error, not NaN.

  



  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @spec functions() :: %{
  required(Predicator.FunctionProvider.name()) =>
    Predicator.FunctionProvider.entry()
}


      


Returns all math functions as a Predicator.FunctionProvider map.

  


        

      


  

    
Predicator.Functions.SystemFunctions 
    



      
Built-in helper functions for use in predicator expressions.
This module provides a collection of utility functions that can be called
within predicator expressions using function call syntax. These functions
operate on values from the evaluation context and return computed results.
Available Functions
String Functions
	len(string) - Returns the length of a string
	upper(string) - Converts string to uppercase
	lower(string) - Converts string to lowercase
	trim(string) - Removes leading and trailing whitespace
	starts_with(string, prefix) - Tests whether a string starts with a prefix
	ends_with(string, suffix) - Tests whether a string ends with a suffix
	substring(string, start[, len]) - Extracts a substring from a start index
	index_of(string, sub) - Finds the index of a substring, or -1

List Functions
	concat(list1, list2) - Concatenates two lists

Examples
iex> Predicator.evaluate("len('hello')", %{})
{:ok, 5}

iex> Predicator.evaluate("upper('world')", %{})
{:ok, "WORLD"}

iex> Predicator.evaluate("starts_with('hello world', 'hello')", %{})
{:ok, true}

iex> Predicator.evaluate("ends_with('hello world', 'world')", %{})
{:ok, true}

iex> Predicator.evaluate("substring('hello world', 6)", %{})
{:ok, "world"}

iex> Predicator.evaluate("substring('hello world', 0, 5)", %{})
{:ok, "hello"}

iex> Predicator.evaluate("index_of('hello world', 'world')", %{})
{:ok, 6}

iex> Predicator.evaluate("index_of('hello world', 'nope')", %{})
{:ok, -1}

iex> Predicator.evaluate("concat([1, 2], [3])", %{})
{:ok, [1, 2, 3]}

      


      
        Summary


  
    Types
  


    
      
        function_result()

      


    





  
    Functions
  


    
      
        call_concat(list, context)

      


        Concatenates two lists.



    


    
      
        call_ends_with(arg1, context)

      


        Tests whether a string ends with a suffix.



    


    
      
        call_index_of(arg1, context)

      


        Finds the index of a substring, or -1 if it is not present.



    


    
      
        call_len(arg1, context)

      


        Returns the length of a string.



    


    
      
        call_lower(arg1, context)

      


        Converts a string to lowercase.



    


    
      
        call_starts_with(arg1, context)

      


        Tests whether a string starts with a prefix.



    


    
      
        call_substring(arg1, context)

      


        Extracts a substring from a start index, with an optional length.



    


    
      
        call_trim(arg1, context)

      


        Removes leading and trailing whitespace from a string.



    


    
      
        call_upper(arg1, context)

      


        Converts a string to uppercase.



    


    
      
        functions()

      


        Returns all system functions as a Predicator.FunctionProvider map.



    





      


      
        Types


        


  
    
      
    
    
      function_result()



        
          
        

    

  


  

      

          @type function_result() :: {:ok, Predicator.Types.value()} | {:error, binary()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      call_concat(list, context)



        
          
        

    

  


  

      

          @spec call_concat([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Concatenates two lists.

  



  
    
      
    
    
      call_ends_with(arg1, context)



        
          
        

    

  


  

      

          @spec call_ends_with([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Tests whether a string ends with a suffix.

  



  
    
      
    
    
      call_index_of(arg1, context)



        
          
        

    

  


  

      

          @spec call_index_of([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Finds the index of a substring, or -1 if it is not present.

  



  
    
      
    
    
      call_len(arg1, context)



        
          
        

    

  


  

      

          @spec call_len([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Returns the length of a string.

  



  
    
      
    
    
      call_lower(arg1, context)



        
          
        

    

  


  

      

          @spec call_lower([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Converts a string to lowercase.

  



  
    
      
    
    
      call_starts_with(arg1, context)



        
          
        

    

  


  

      

          @spec call_starts_with([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Tests whether a string starts with a prefix.

  



  
    
      
    
    
      call_substring(arg1, context)



        
          
        

    

  


  

      

          @spec call_substring([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Extracts a substring from a start index, with an optional length.

  



  
    
      
    
    
      call_trim(arg1, context)



        
          
        

    

  


  

      

          @spec call_trim([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Removes leading and trailing whitespace from a string.

  



  
    
      
    
    
      call_upper(arg1, context)



        
          
        

    

  


  

      

          @spec call_upper([Predicator.Types.value()], Predicator.Context.t()) ::
  function_result()


      


Converts a string to uppercase.

  



  
    
      
    
    
      functions()



        
          
        

    

  


  

      

          @spec functions() :: %{
  required(Predicator.FunctionProvider.name()) =>
    Predicator.FunctionProvider.entry()
}


      


Returns all system functions as a Predicator.FunctionProvider map.
Returns
A map where keys are function names and values are {arity, atom} pairs -
atom naming a public call_*/2 function on this module.
Examples
iex> functions = Predicator.Functions.SystemFunctions.functions()
iex> Map.has_key?(functions, "len")
true
iex> {arity, _atom} = functions["len"]
iex> arity
1

  


        

      


  

    
Predicator.Instructions 
    



      
Version and tier queries over a compiled instruction list.
The instruction set is versioned (ADR-0003): there is a current ISA version
this build emits and can run, and any instruction list can be asked what
version it requires. A consumer holding a stored artifact, or a sibling
handed a list, compares the two and refuses up front rather than failing
partway through a run.
Every opcode also carries a conformance tier (px-35i.4): a
conformance-corpus grouping, a function of opcode only, that never depends
on the value types an expression happens to use. A lower tier is a smaller,
more foundational surface, so an implementation that has only tier 1 can
run only tier 1's cases and get a green.
The opcode set, the ISA version each opcode was introduced at, and each
opcode's tier are specified in docs/isa.md section 4;
the table below is its executable form - one table with two columns, not
two tables - and a test asserts the two agree.
A retired opcode keeps its row rather than losing it: the row gains an
optional :removed_in key naming the ISA version that retired it, so
required_isa/1 and tier/1 keep answering with a version instead of
falling back to unknown_opcode for an artifact that predates the
retirement. A version's opcode set is therefore an interval - introduced at
one version and, if ever retired, removed at another - and is fixed once
minted: retiring an opcode at a later version does not change what an
earlier version's set was. in_isa?/2, opcode_set/1, and retired_in/1
are the queries built on that interval.
Migration
Retiring an opcode requires an upgrade path (ADR-0003), so a stored
artifact holding a retired opcode is never simply stranded: upgrade/1
rewrites it onto the current instruction set. See its @doc for the
guarantee, the divergences it documents, and worked examples.

      


      
        Summary


  
    Types
  


    
      
        opcode_info()

      


        One opcode's table entry: the ISA version that introduced it, its conformance
tier, and - only when it has been retired - the ISA version that removed it.
An opcode is in ISA version v iff isa <= v < removed_in (docs/isa.md §1);
an entry with no :removed_in key has never been retired.



    





  
    Functions
  


    
      
        in_isa?(info, version)

      


        Returns whether an opcode's table entry is a member of version's opcode set.



    


    
      
        isa_version()

      


        Returns the ISA version this build emits and can run.



    


    
      
        opcode_set(version)

      


        Returns the set of opcode names that are members of version's opcode set.



    


    
      
        opcodes()

      


        Returns the full opcode table: every known opcode mapped to the ISA version
that introduced it and its conformance tier (docs/isa.md section 4).



    


    
      
        required_isa(instructions)

      


        Returns the minimum ISA version required to run instructions.



    


    
      
        retired_in(opcode)

      


        Returns the ISA version that retired a single opcode, or nil if it has
never been retired.



    


    
      
        tier(opcode)

      


        Returns the conformance tier for a single opcode.



    


    
      
        upgrade(instructions)

      


        Rewrites a pre-3.7 instruction list containing the retired "and"/"or"
opcodes into current jump form.



    





      


      
        Types


        


  
    
      
    
    
      opcode_info()



        
          
        

    

  


  

      

          @type opcode_info() :: %{
  :isa => pos_integer(),
  :tier => pos_integer(),
  optional(:removed_in) => pos_integer()
}


      


One opcode's table entry: the ISA version that introduced it, its conformance
tier, and - only when it has been retired - the ISA version that removed it.
An opcode is in ISA version v iff isa <= v < removed_in (docs/isa.md §1);
an entry with no :removed_in key has never been retired.

  


        

      

      
        Functions


        


  
    
      
    
    
      in_isa?(info, version)



        
          
        

    

  


  

      

          @spec in_isa?(opcode_info(), pos_integer()) :: boolean()


      


Returns whether an opcode's table entry is a member of version's opcode set.
A live entry (no :removed_in key) is in every version at or after the one
that introduced it. A retired entry is in every version from the one that
introduced it up to, but not including, the one that removed it - the
half-open interval [isa, removed_in) (docs/isa.md §1). This is the
membership test opcode_set/1 is built from, and it is what a consumer
should apply instead of a bare required_isa(list) <= isa_version()
comparison once any opcode is retired: a retired opcode still reports the
version that introduced it, so the <= comparison alone cannot see that a
later build no longer runs it.
Takes an explicit opcode_info() rather than an opcode name so the retired
branch is doctestable and unit-testable today, before any real opcode
carries a :removed_in value.
Examples
iex> Predicator.Instructions.in_isa?(%{isa: 1, tier: 1}, 1)
true

iex> Predicator.Instructions.in_isa?(%{isa: 2, tier: 3}, 1)
false

iex> Predicator.Instructions.in_isa?(%{isa: 1, tier: 1, removed_in: 3}, 2)
true

iex> Predicator.Instructions.in_isa?(%{isa: 1, tier: 1, removed_in: 3}, 3)
false

iex> Predicator.Instructions.in_isa?(%{isa: 1, tier: 1, removed_in: 3}, 4)
false

  



  
    
      
    
    
      isa_version()



        
          
        

    

  


  

      

          @spec isa_version() :: pos_integer()


      


Returns the ISA version this build emits and can run.

  



  
    
      
    
    
      opcode_set(version)



        
          
        

    

  


  

      

          @spec opcode_set(pos_integer()) :: MapSet.t(String.t())


      


Returns the set of opcode names that are members of version's opcode set.
A build running ISA version v can run an instruction list iff every
opcode it uses is a member of opcode_set(v). This is the check that
supersedes a bare required_isa(list) <= isa_version() comparison once any
opcode is retired - required_isa/1 alone stops being sufficient because a
retired opcode still reports the version that introduced it, not the
version that removed it.
Examples
iex> Predicator.Instructions.opcode_set(1) |> MapSet.member?("make_list")
false

iex> Predicator.Instructions.opcode_set(2) |> MapSet.member?("make_list")
true

  



  
    
      
    
    
      opcodes()



        
          
        

    

  


  

      

          @spec opcodes() :: %{optional(String.t()) => opcode_info()}


      


Returns the full opcode table: every known opcode mapped to the ISA version
that introduced it and its conformance tier (docs/isa.md section 4).
Examples
iex> Predicator.Instructions.opcodes()["lit"]
%{isa: 1, tier: 1}

  



  
    
      
    
    
      required_isa(instructions)



        
          
        

    

  


  

      

          @spec required_isa(Predicator.Types.instruction_list()) ::
  {:ok, pos_integer()} | {:error, Predicator.Errors.EvaluationError.t()}


      


Returns the minimum ISA version required to run instructions.
Scans only the opcode - the head of each top-level element - and never
recurses into operands. That is deliberate, not incomplete: a list literal
compiles to a nested list that looks like an instruction, e.g.
['load', 'x'] compiles to [["lit", ["load", "x"]]]
(lib/predicator/visitors/instructions_visitor.ex:223). Recursing into
operands would read "load" there and report a version the program does
not actually require. Every real operand the compiler emits is a value or
an integer, never a nested instruction (docs/isa.md sections 2 and 5), so
a flat scan is sufficient as well as safe.
Returns {:ok, 1} for an empty list - there is no v0, and the floor keeps
required_isa(list) <= isa_version() correct without a :none case.
Returns {:error, %EvaluationError{reason: "unknown_opcode"}} when an
element's head is a binary not in the opcode table, and
{:error, %EvaluationError{reason: "malformed_instruction"}} when an
element is not a non-empty list headed by a binary. Both carry
operation: :required_isa, distinct from the evaluator's
"unknown_instruction", which covers malformed operands too - this
function does not look at operands.
Examples
iex> {:ok, instructions} = Predicator.compile("a > 1")
iex> Predicator.Instructions.required_isa(instructions)
{:ok, 1}

iex> {:ok, instructions} = Predicator.compile("a and b")
iex> Predicator.Instructions.required_isa(instructions)
{:ok, 2}

iex> Predicator.Instructions.required_isa([])
{:ok, 1}

iex> Predicator.Instructions.required_isa([["nope"]])
{:error, %Predicator.Errors.EvaluationError{reason: "unknown_opcode", message: "Unknown opcode \"nope\"; this build supports ISA v6", operation: :required_isa}}

  



  
    
      
    
    
      retired_in(opcode)



        
          
        

    

  


  

      

          @spec retired_in(String.t()) ::
  {:ok, pos_integer() | nil} | {:error, Predicator.Errors.EvaluationError.t()}


      


Returns the ISA version that retired a single opcode, or nil if it has
never been retired.
Mirrors tier/1's shape, including its unknown_opcode error for an
opcode not in the table. Together with required_isa/1, this is what lets
a refusal name both halves of ADR-0003's promised message: the version an
instruction list needs, and, when that opcode has since been retired, the
version that removed it.
Examples
iex> Predicator.Instructions.retired_in("lit")
{:ok, nil}

iex> Predicator.Instructions.retired_in("nope")
{:error, %Predicator.Errors.EvaluationError{reason: "unknown_opcode", message: "Unknown opcode: \"nope\"", operation: :retired_in}}

  



  
    
      
    
    
      tier(opcode)



        
          
        

    

  


  

      

          @spec tier(String.t()) ::
  {:ok, pos_integer()} | {:error, Predicator.Errors.EvaluationError.t()}


      


Returns the conformance tier for a single opcode.
Tier is a conformance-corpus grouping (px-35i.4), a function of opcode
only - it never depends on the value types an expression happens to use
(docs/isa.md section 4). Returns
{:error, %EvaluationError{reason: "unknown_opcode"}} for an opcode not in
the table, the same reason required_isa/1 uses.
Examples
iex> Predicator.Instructions.tier("lit")
{:ok, 1}

iex> Predicator.Instructions.tier("make_list")
{:ok, 3}

iex> Predicator.Instructions.tier("nope")
{:error, %Predicator.Errors.EvaluationError{reason: "unknown_opcode", message: "Unknown opcode: \"nope\"", operation: :tier}}

  



  
    
      
    
    
      upgrade(instructions)



        
          
        

    

  


  

      

          @spec upgrade(Predicator.Types.instruction_list()) ::
  {:ok, Predicator.Types.instruction_list()}
  | {:error, Predicator.Errors.EvaluationError.t()}


      


Rewrites a pre-3.7 instruction list containing the retired "and"/"or"
opcodes into current jump form.
Identity guarantee: a list containing neither retired opcode is
returned unchanged. A consumer can therefore call upgrade/1
unconditionally over every stored artifact instead of pre-filtering for
the ones that need it.
Returns {:error, %EvaluationError{reason: "unsupported_upgrade"}},
operation: :upgrade, rather than a wrong answer, when the list is not
something upgrade/1 can safely rewrite: it mixes a v2 opcode with a
retired opcode (a genuine pre-3.7 artifact cannot be in that state), it
underflows its own stack, it contains an opcode upgrade/1 does not
recognize (including a "call" whose count operand is not a
non-negative integer), or it contains a malformed element.
Semantic divergences
The rewritten list is not answer-preserving against the legacy opcodes -
by design, per ADR-0001's Consequences, which already calls the
short-circuit change on 3.7.0's compiler-emitted jumps "a bugfix" that
breaks a consumer relying on the old behavior. upgrade/1 moves a stored
artifact onto the same semantics every source-compiled expression has had
since 3.7.0. Against the legacy opcodes, the upgraded list differs when
and only when:
	Short-circuiting. The right operand is no longer evaluated once the
left operand decides the result. Observable when the right operand
would have errored or loaded an unbound variable: legacy raised: the
upgraded form returns the left value without touching the right.
	:undefined operands. Legacy raises a TypeMismatchError.
Upgraded: undefined and x is :undefined; undefined or x is x's
value (ECMAScript-aligned, ADR-0001).
	A non-boolean right operand the left operand did not decide.
true and 1 was a TypeMismatchError and is now 1. A non-boolean
left operand still errors, since the guard sits on the operand the
expression actually depends on - but the error moves from the retired
opcode to the jump, so a consumer matching on it sees operation: :jump_if_falsy_or_pop / :jump_if_true_or_pop where it saw
:logical_and / :logical_or, and a correspondingly reworded message.
The struct is a TypeMismatchError either way.

The upgraded list requires ISA v2
Jumps are ISA v2 opcodes (docs/isa.md section 4), so upgrading raises a
list's required_isa/1 answer from 1 to 2. This matters only where a
stored artifact is shared with another implementation: both the Ruby and
JavaScript siblings claim ISA v1 today, and a v1 implementation that ran
the legacy list will refuse the upgraded one. Upgrade in step with the
consumers of the artifact, not ahead of them.
Examples
iex> Predicator.Instructions.upgrade([["lit", 1], ["lit", 2], ["add"]])
{:ok, [["lit", 1], ["lit", 2], ["add"]]}

iex> Predicator.Instructions.upgrade([["lit", true], ["lit", false], ["and"]])
{:ok, [["lit", true], ["jump_if_falsy_or_pop", 2], ["lit", false]]}

iex> instructions = [
...>   ["lit", true], ["lit", false], ["and"],
...>   ["lit", true], ["or"]
...> ]
iex> Predicator.Instructions.upgrade(instructions)
{:ok,
 [
   ["lit", true],
   ["jump_if_falsy_or_pop", 2],
   ["lit", false],
   ["jump_if_true_or_pop", 2],
   ["lit", true]
 ]}

iex> Predicator.Instructions.upgrade([["and"]])
{:error, %Predicator.Errors.EvaluationError{reason: "unsupported_upgrade", message: "Cannot upgrade: stack underflow at index 0 ([\"and\"]) - needs 2 value(s), only 0 available", operation: :upgrade}}

  


        

      


  

    
Predicator.Lexer 
    



      
Lexical analyzer for predicator expressions.
The lexer converts input strings into a stream of tokens with complete
position tracking for detailed error reporting. Each token includes:
	Token type and value
	Line and column position
	Length for precise error highlighting

Error spans
A lexical error returns {:error, message, line, column, span}, where
span's start always equals {line, column} and its end is exclusive. How
wide the span is depends on the failure, and the three widths are deliberate:
	An unexpected character spans one character. The offending character
is one character, so there is nothing wider to underline.
	An unterminated string literal spans the opening quote alone. The
literal runs to end of source by definition, so underlining its true
extent would underline the rest of the program; pointing at where the
literal began is the better diagnostic.
	A malformed or unterminated date/datetime literal spans the whole
literal - the opening # through the closing #, or through end of input
when there is none. Here the literal is wrong as a unit, and a caret on
the opening # under-describes the failure.

A date literal containing a raw newline gets a span whose end is on a later
line, the same way a multi-line string token's end_position does.
Example
iex> Predicator.Lexer.tokenize("limit > 85")
{:ok, [
  {:identifier, 1, 1, 5, "limit"},
  {:gt, 1, 7, 1, ">"},
  {:integer, 1, 9, 2, 85},
  {:eof, 1, 11, 0, nil}
]}

      


      
        Summary


  
    Types
  


    
      
        lexer_state()

      


        Internal lexer state for position tracking.



    


    
      
        position()

      


        Position information for a token.



    


    
      
        result()

      


        Lexer result - either success with tokens or error with details.



    


    
      
        token()

      


        A lexical token with position information.



    





  
    Functions
  


    
      
        tokenize(input)

      


        Tokenizes an input string into a list of tokens.



    





      


      
        Types


        


  
    
      
    
    
      lexer_state()



        
          
        

    

  


  

      

          @type lexer_state() :: %{
  input: binary(),
  position: non_neg_integer(),
  line: pos_integer(),
  column: pos_integer(),
  tokens: [token()]
}


      


Internal lexer state for position tracking.

  



  
    
      
    
    
      position()



        
          
        

    

  


  

      

          @type position() ::
  {line :: pos_integer(), column :: pos_integer(), length :: pos_integer()}


      


Position information for a token.
Contains:
	line - 1-based line number
	column - 1-based column number
	length - number of characters in the token


  



  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() ::
  {:ok, [token()]}
  | {:error, binary(), pos_integer(), pos_integer(), Predicator.Types.span()}


      


Lexer result - either success with tokens or error with details.

  



  
    
      
    
    
      token()



        
          
        

    

  


  

      

          @type token() ::
  {:identifier, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:integer, pos_integer(), pos_integer(), pos_integer(), integer()}
  | {:float, pos_integer(), pos_integer(), pos_integer(), float()}
  | {:string, pos_integer(), pos_integer(), pos_integer(), binary(),
     :double | :single, {pos_integer(), pos_integer()}}
  | {:boolean, pos_integer(), pos_integer(), pos_integer(), boolean()}
  | {:undefined, pos_integer(), pos_integer(), pos_integer(), :undefined}
  | {:null, pos_integer(), pos_integer(), pos_integer(), nil}
  | {:date, pos_integer(), pos_integer(), pos_integer(), Date.t()}
  | {:datetime, pos_integer(), pos_integer(), pos_integer(), DateTime.t()}
  | {:gt, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:lt, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:gte, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:lte, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:eq, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:ne, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:equal_equal, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:strict_equal, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:strict_ne, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:plus, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:minus, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:multiply, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:divide, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:modulo, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:and_and, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:or_or, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:bang, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:and_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:or_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:not_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:lparen, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:rparen, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:lbracket, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:rbracket, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:lbrace, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:rbrace, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:colon, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:double_colon, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:comma, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:semicolon, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:dot, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:in_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:contains_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:if_kw, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:else_kw, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:while_kw, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:function_name, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:qualified_function_name, pos_integer(), pos_integer(), pos_integer(),
     binary()}
  | {:duration_unit, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:fractional_number, pos_integer(), pos_integer(), pos_integer(),
     {integer(), binary()}}
  | {:ago_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:from_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:now_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:next_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:last_op, pos_integer(), pos_integer(), pos_integer(), binary()}
  | {:eof, pos_integer(), pos_integer(), pos_integer(), nil}


      


A lexical token with position information.
Format: {type, line, column, length, value}, except :string, which is
{:string, line, column, length, value, quote_type, end_position}.
length is the token's source character count. end_position is the
exclusive end - one past the closing quote - and is {line, column + length}
for every literal on a single line. The two disagree only when the literal
contains a raw newline, which is why the string token stores it rather than
letting a consumer compute it.

  


        

      

      
        Functions


        


  
    
      
    
    
      tokenize(input)



        
          
        

    

  


  

      

          @spec tokenize(binary()) :: result()


      


Tokenizes an input string into a list of tokens.
Parameters
	input - The expression string to tokenize

Returns
	{:ok, tokens} - Successfully tokenized input
	{:error, message, line, column, span} - Lexical error with position and
extent; span's start always equals {line, column}

Examples
iex> Predicator.Lexer.tokenize("limit > 85")
{:ok, [
  {:identifier, 1, 1, 5, "limit"},
  {:gt, 1, 7, 1, ">"},
  {:integer, 1, 9, 2, 85},
  {:eof, 1, 11, 0, nil}
]}

iex> Predicator.Lexer.tokenize("age >= 18")
{:ok, [
  {:identifier, 1, 1, 3, "age"},
  {:gte, 1, 5, 2, ">="},
  {:integer, 1, 8, 2, 18},
  {:eof, 1, 10, 0, nil}
]}

iex> Predicator.Lexer.tokenize("name == \"John\"")
{:ok, [
  {:identifier, 1, 1, 4, "name"},
  {:equal_equal, 1, 6, 2, "=="},
  {:string, 1, 9, 6, "John", :double, {1, 15}},
  {:eof, 1, 15, 0, nil}
]}

iex> Predicator.Lexer.tokenize("limit > 85 AND age >= 18")
{:ok, [
  {:identifier, 1, 1, 5, "limit"},
  {:gt, 1, 7, 1, ">"},
  {:integer, 1, 9, 2, 85},
  {:and_op, 1, 12, 3, "AND"},
  {:identifier, 1, 16, 3, "age"},
  {:gte, 1, 20, 2, ">="},
  {:integer, 1, 23, 2, 18},
  {:eof, 1, 25, 0, nil}
]}
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Recursive descent parser for predicator expressions.
The parser converts a stream of tokens from the lexer into an Abstract Syntax Tree (AST)
with comprehensive error reporting including exact position information.
Grammar
The parser implements this grammar with proper operator precedence:
program      → statement ( ";" statement )* ( ";" )?
statement    → if_statement | while_statement | assignment | expression
if_statement → "if" expression block ( "else" ( block | if_statement ) )?
while_statement → "while" expression block
block        → "{" ( statement ( ";" statement )* ( ";" )? )? "}"
assignment   → location "=" expression
location     → IDENTIFIER ( "." IDENTIFIER | "[" expression "]" )*
expression   → logical_or
logical_or   → logical_and ( "OR" | "||" logical_and )*
logical_and  → logical_not ( "AND" | "&&" logical_not )*
logical_not  → "NOT" | "!" logical_not | comparison
comparison   → addition ( ( ">" | "<" | ">=" | "<=" | "==" | "!=" | "===" | "!==" | "in" | "contains" ) addition )?
addition     → multiplication ( ( "+" | "-" ) multiplication )*
multiplication → unary ( ( "*" | "/" | "%" ) unary )*
unary        → ( "-" | "!" ) unary | postfix
postfix      → primary ( "[" expression "]" | "." IDENTIFIER | "::" TYPE_NAME )*
TYPE_NAME    → "integer" | "float" | "string" | "boolean" | "date" | "datetime" | "duration"
primary      → NUMBER | FLOAT | STRING | BOOLEAN | DATE | DATETIME | IDENTIFIER | duration | relative_date | function_call | list | object | "(" expression ")"
function_call → FUNCTION_NAME "(" ( expression ( "," expression )* )? ")"
list         → "[" ( expression ( "," expression )* )? "]"
object       → "{" ( object_entry ( "," object_entry )* )? "}"
object_entry → object_key ":" expression
object_key   → IDENTIFIER | STRING
duration     → NUMBER UNIT+
relative_date → duration "ago" | duration "from" "now" | "next" duration | "last" duration
TYPE_NAME is matched contextually against an IDENTIFIER token rather than
lexed as its own keyword, so the seven names remain usable as variables,
properties, and object keys everywhere else (ADR-0011).
Two entry points reach those two grammars. parse/2 parses the expression
production alone and rejects a top-level =; parse_program/2 parses the
program production and is the only place assignment is legal. The mode -
expression or statement - belongs to the entry point rather than to anything
in the token stream, which is the same split docs/isa.md draws between
Predicator.evaluate/2,3 and Predicator.execute/2.
= is assignment, not equality: it is valid only at the start of a statement
and only with an assignable left side. A bare = in expression position is a
parse error naming == as the fix. == and === are the only equality
operators.
Source positions
Every AST node carries a trailing {line, column} giving the 1-based position
of the token that defines it. Leaves point at their own token; operators point
at the operator token, so the arithmetic node in a * true reports column 3.
A node built by a caller rather than parsed carries nil in that slot. The
slot is not optional: there is one AST shape, and the visitors match on it.
Source spans
Pass spans: true to parse/2 and the same trailing slot carries a
Predicator.Types.span/0 instead - the source text the node covers, which
is what a diagnostic underlines.
# default
{:arithmetic, :multiply, {:identifier, "a", {1, 1}}, {:literal, true, {1, 5}}, {1, 3}}

# spans: true
{:arithmetic, :multiply,
  {:identifier, "a", {{1, 1}, {1, 2}}},
  {:literal, true, {{1, 5}, {1, 9}}},
  {{1, 1}, {1, 9}}}
A span's end is exclusive - one past the last character - so on a single line
end_column - start_column is the length, matching LSP ranges. One parse
produces one kind of metadata throughout; positions and spans are never mixed
in a single tree.
A parenthesized expression's span widens to include its parentheses: (a + b)
gives the arithmetic node the span of (a + b), not just a + b, so the
span always reads as balanced. Nesting composes to the outermost pair -
((a)) gives the identifier node the span of ((a)) - and a parenthesized
leaf widens the same way a parenthesized compound expression does.
Examples
iex> {:ok, tokens} = Predicator.Lexer.tokenize("limit > 85")
iex> Predicator.Parser.parse(tokens)
{:ok, {:comparison, :gt, {:identifier, "limit", {1, 1}}, {:literal, 85, {1, 9}}, {1, 7}}}

iex> {:ok, tokens} = Predicator.Lexer.tokenize("(age >= 18)")
iex> Predicator.Parser.parse(tokens)
{:ok, {:comparison, :gte, {:identifier, "age", {1, 2}}, {:literal, 18, {1, 9}}, {1, 6}}}

iex> {:ok, tokens} = Predicator.Lexer.tokenize("limit > 85 AND age >= 18")
iex> Predicator.Parser.parse(tokens)
{:ok, {:logical_and, {:comparison, :gt, {:identifier, "limit", {1, 1}}, {:literal, 85, {1, 9}}, {1, 7}}, {:comparison, :gte, {:identifier, "age", {1, 16}}, {:literal, 18, {1, 23}}, {1, 20}}, {1, 12}}}

      


      
        Summary


  
    Types
  


    
      
        arithmetic_op()

      


        Arithmetic operators in the AST.



    


    
      
        assignment()

      


        An assignment statement: location "=" expression.



    


    
      
        ast()

      


        Abstract Syntax Tree node types.



    


    
      
        block()

      


        A brace-delimited statement sequence: "{" ( statement (";" statement)* (";")? )? "}".



    


    
      
        comparison_op()

      


        Comparison operators in the AST.



    


    
      
        if_statement()

      


        An if statement: "if" expression block ( "else" ( block | if_statement ) )?.



    


    
      
        membership_op()

      


        Membership operators in the AST.



    


    
      
        object_entry()

      


        An object entry (key-value pair) in an object literal.



    


    
      
        object_key()

      


        A key in an object literal.



    


    
      
        object_key_style()

      


        How an object key was written: bare ({name: 1}), double-quoted
({"name": 1}), or single-quoted ({'name': 1}).



    


    
      
        parser_state()

      


        Internal parser state for tracking position and tokens.



    


    
      
        position()

      


        A node's trailing source metadata.



    


    
      
        program()

      


        A parsed statement sequence: statement (";" statement)* [";"].



    


    
      
        program_result()

      


        Program parser result.



    


    
      
        relative_direction()

      


        Relative date directions in the AST.



    


    
      
        result()

      


        Parser result - either success with AST or error with details.



    


    
      
        statement()

      


        One statement: an if statement, a while statement, an assignment, or a bare
expression.



    


    
      
        unary_op()

      


        Unary operators in the AST.



    


    
      
        value()

      


        A value that can appear in literals, including the undefined and null
literals.



    


    
      
        visitable()

      


        Anything a visitor accepts: a whole program, any single statement, or the
block an if statement holds. Wider than ast/0, which is the expression
layer only.



    


    
      
        while_statement()

      


        A while statement: "while" expression block.



    





  
    Functions
  


    
      
        parse(tokens, opts \\ [])

      


        Parses a list of tokens into an Abstract Syntax Tree.



    


    
      
        parse_program(tokens, opts \\ [])

      


        Parses a list of tokens into a statement sequence.



    





      


      
        Types


        


  
    
      
    
    
      arithmetic_op()



        
          
        

    

  


  

      

          @type arithmetic_op() :: :add | :subtract | :multiply | :divide | :modulo


      


Arithmetic operators in the AST.
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          @type assignment() :: {:assignment, ast(), ast(), position()}


      


An assignment statement: location "=" expression.
location is the raw access chain the parser built - an {:identifier, ...}
optionally wrapped in any number of {:property_access, ...} and
{:bracket_access, ...} nodes. It is kept as a chain rather than flattened to
a path because a bracket key may be an arbitrary expression, resolvable only
against a context; Predicator.ContextLocation.resolve/2 does that at
runtime. The chain's depth is the segment count ["store", n] needs
(ADR-0001).
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          @type ast() ::
  {:literal, value(), position()}
  | {:string_literal, binary(), :double | :single, position()}
  | {:identifier, binary(), position()}
  | {:comparison, comparison_op(), ast(), ast(), position()}
  | {:arithmetic, arithmetic_op(), ast(), ast(), position()}
  | {:unary, unary_op(), ast(), position()}
  | {:membership, membership_op(), ast(), ast(), position()}
  | {:logical_and, ast(), ast(), position()}
  | {:logical_or, ast(), ast(), position()}
  | {:logical_not, ast(), position()}
  | {:list, [ast()], position()}
  | {:object, [object_entry()], position()}
  | {:function_call, binary(), [ast()], position()}
  | {:bracket_access, ast(), ast(), position()}
  | {:property_access, ast(), binary(), position()}
  | {:cast, ast(), binary(), position()}
  | {:duration, [{integer(), binary()}], position()}
  | {:relative_date, ast(), relative_direction(), position()}


      


Abstract Syntax Tree node types.
Every node carries a trailing source position - the {line, column} of the
token that defines it, or nil for a node built by a caller rather than
parsed.
	{:literal, value, pos} - A literal value (number, boolean, list, date, datetime, duration)
	{:string_literal, value, quote_type, pos} - A string literal with quote type information
	{:identifier, name, pos} - A variable reference
	{:comparison, operator, left, right, pos} - A comparison expression (including equality)
	{:arithmetic, operator, left, right, pos} - An arithmetic expression (+, -, *, /, %)
	{:unary, operator, operand, pos} - A unary expression (-, !)
	{:logical_and, left, right, pos} - A logical AND expression
	{:logical_or, left, right, pos} - A logical OR expression
	{:logical_not, operand, pos} - A logical NOT expression
	{:list, elements, pos} - A list literal
	{:object, entries, pos} - An object literal whose keys are object_key/0
	{:membership, operator, left, right, pos} - A membership operation (in/contains)
	{:function_call, name, arguments, pos} - A function call with arguments
	{:bracket_access, object, key, pos} - A bracket access expression (obj[key])
	{:property_access, object, property, pos} - A property access expression (obj.prop)
	{:cast, expression, type_name, pos} - a postfix type cast (expr::integer);
type_name is one of the seven scalar ISA type names, validated at parse time
	{:duration, units, pos} - A duration literal (e.g., 3d8h)
	{:relative_date, duration, direction, pos} - A relative date expression (e.g., 3d ago, next 2w)
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          @type block() :: {:block, [statement()], position()}


      


A brace-delimited statement sequence: "{" ( statement (";" statement)* (";")? )? "}".
Produced only as the then/else slot of an if_statement/0 or the body slot
of a while_statement/0 - a block has no meaning without the statement
that holds it. Not a member of ast/0, the same as program/0 and
assignment/0.
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          @type comparison_op() ::
  :gt | :lt | :gte | :lte | :eq | :equal_equal | :ne | :strict_eq | :strict_ne


      


Comparison operators in the AST.
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          @type if_statement() :: {:if, ast(), block(), block() | nil, position()}


      


An if statement: "if" expression block ( "else" ( block | if_statement ) )?.
else_block is nil when there is no else and a block/0 when there is
	including for else { }, whose empty block stays distinguishable from an
absent one. else if c { B } desugars to an else_block of
{:block, [{:if, c, ..., ...}], pos}, with no separate chain node in the AST
(ADR-0013). Not a member of ast/0.
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          @type membership_op() :: :in | :contains


      


Membership operators in the AST.
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          @type object_entry() :: {object_key(), ast()}


      


An object entry (key-value pair) in an object literal.
The key can be either an identifier or a string literal.
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          @type object_key() :: {:object_key, binary(), object_key_style(), position()}


      


A key in an object literal.
Object keys have their own tag rather than reusing the expression node tags,
so no consumer has to tell a key from an expression by tuple arity. style
records how the key was written - bare, or quoted with which character - so
Predicator.Visitors.StringVisitor can render it back as the author wrote it.
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          @type object_key_style() :: :identifier | :double | :single


      


How an object key was written: bare ({name: 1}), double-quoted
({"name": 1}), or single-quoted ({'name': 1}).
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          @type parser_state() :: %{
  tokens: [Predicator.Lexer.token()],
  position: non_neg_integer(),
  spans?: boolean()
}


      


Internal parser state for tracking position and tokens.
spans? records whether the caller asked for spans; it selects what loc/3
puts in each node's trailing slot.
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          @type position() :: Predicator.Types.position() | Predicator.Types.span() | nil


      


A node's trailing source metadata.
A Predicator.Types.position/0 by default - the {line, column} of the
token that defines the node - or a Predicator.Types.span/0 when the AST
was parsed with spans: true, or nil when the node was not produced by the
parser. One parse produces one kind throughout; the two are never mixed in a
single tree.
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          @type program() :: {:program, [statement()], position()}


      


A parsed statement sequence: statement (";" statement)* [";"].
Produced only by parse_program/2. A program is never an ast/0: the
expression entry point cannot return one, and an expression consumer never
has to handle one.
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          @type program_result() ::
  {:ok, program()}
  | {:error, binary(), pos_integer(), pos_integer(), Predicator.Types.span()}


      


Program parser result.
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          @type relative_direction() :: :ago | :future | :next | :last


      


Relative date directions in the AST.
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          @type result() ::
  {:ok, ast()}
  | {:error, binary(), pos_integer(), pos_integer(), Predicator.Types.span()}


      


Parser result - either success with AST or error with details.
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          @type statement() :: assignment() | if_statement() | while_statement() | ast()


      


One statement: an if statement, a while statement, an assignment, or a bare
expression.
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          @type unary_op() :: :minus | :bang


      


Unary operators in the AST.
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          @type value() ::
  boolean()
  | integer()
  | binary()
  | [value()]
  | Date.t()
  | DateTime.t()
  | Predicator.Types.duration()
  | :undefined
  | nil


      


A value that can appear in literals, including the undefined and null
literals.
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          @type visitable() :: program() | statement() | block()


      


Anything a visitor accepts: a whole program, any single statement, or the
block an if statement holds. Wider than ast/0, which is the expression
layer only.
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          @type while_statement() :: {:while, ast(), block(), position()}


      


A while statement: "while" expression block.
Statement-position only, on the same terms as if_statement/0: braces are
mandatory and the body block opens no scope of its own (ADR-0013). Not a
member of ast/0.
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          @spec parse(
  [Predicator.Lexer.token()],
  keyword()
) :: result()


      


Parses a list of tokens into an Abstract Syntax Tree.
Parameters
	tokens - List of tokens from the lexer
	opts - Options:	:spans - when true, each node's trailing slot carries a
Predicator.Types.span/0 covering the source text the node spans,
instead of the {line, column} of the token that defines it. Defaults to
false.



Returns
	{:ok, ast} - Successfully parsed expression
	{:error, message, line, column} - Parse error with position

Examples
iex> {:ok, tokens} = Predicator.Lexer.tokenize("limit > 85")
iex> Predicator.Parser.parse(tokens)
{:ok, {:comparison, :gt, {:identifier, "limit", {1, 1}}, {:literal, 85, {1, 9}}, {1, 7}}}

iex> {:ok, tokens} = Predicator.Lexer.tokenize("name == \"John\"")
iex> Predicator.Parser.parse(tokens)
{:ok, {:comparison, :equal_equal, {:identifier, "name", {1, 1}}, {:string_literal, "John", :double, {1, 9}}, {1, 6}}}

iex> {:ok, tokens} = Predicator.Lexer.tokenize("active == true")
iex> Predicator.Parser.parse(tokens)
{:ok, {:comparison, :equal_equal, {:identifier, "active", {1, 1}}, {:literal, true, {1, 11}}, {1, 8}}}

iex> {:ok, tokens} = Predicator.Lexer.tokenize("a * true")
iex> Predicator.Parser.parse(tokens, spans: true)
{:ok, {:arithmetic, :multiply, {:identifier, "a", {{1, 1}, {1, 2}}}, {:literal, true, {{1, 5}, {1, 9}}}, {{1, 1}, {1, 9}}}}
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          @spec parse_program(
  [Predicator.Lexer.token()],
  keyword()
) :: program_result()


      


Parses a list of tokens into a statement sequence.
Implements program := statement (";" statement)* [";"], where a statement
is either an assignment (location "=" expression) or an ordinary
expression. parse/2 and parse_program/2 are separate entry points
because the mode - expression or statement - belongs to the entry point, not
to the token stream (docs/isa.md section 2): parse/2 never returns a
program/0, and parse_program/2 always returns one, even for a single
statement.
Parameters
	tokens - List of tokens from the lexer
	opts - Options: :spans, with the same meaning as parse/2

Returns
	{:ok, program} - Successfully parsed statement sequence
	{:error, message, line, column} - Parse error with position

Examples
iex> {:ok, tokens} = Predicator.Lexer.tokenize("a = 1; b = a + 1")
iex> {:ok, {:program, statements, _pos}} = Predicator.Parser.parse_program(tokens)
iex> statements
[
  {:assignment, {:identifier, "a", {1, 1}}, {:literal, 1, {1, 5}}, {1, 3}},
  {:assignment, {:identifier, "b", {1, 8}}, {:arithmetic, :add, {:identifier, "a", {1, 12}}, {:literal, 1, {1, 16}}, {1, 14}}, {1, 10}}
]

iex> {:ok, tokens} = Predicator.Lexer.tokenize("42 = 1")
iex> Predicator.Parser.parse_program(tokens)
{:error, "Left side of '=' must be an assignable location - an identifier, a property access, or a bracket access.", 1, 4, {{1, 4}, {1, 5}}}
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The subset of the expression language a picklist-style editor can render.
A structured authoring surface - the row of dropdowns that reads
field / operator / value, repeated down a form - cannot render an
arbitrary expression. It has no place to put a parenthesis, no second
precedence level, and no way to draw NOT. What it can render is a flat
list of comparisons joined by one connective, and that is exactly what this
module names as a value.
t/0 is that value: a list of clause/0s joined by one
connective/0. A clause is {path, op, value} - a field path, a
comparison or membership operator, and a literal (or a list of literals).
Nothing else is in the subset.
iex> {:ok, simple} = Predicator.Simple.from_source("status == 'active' AND amount >= 500")
iex> simple.connective
:and
iex> Predicator.Simple.to_source(simple)
"status == 'active' AND amount >= 500"
Outside the subset
Everything the editor cannot draw answers :outside - a plain atom, not an
error, because being outside the subset is an ordinary and expected answer
about a perfectly valid expression. Mixed AND/OR, parentheses, NOT,
arithmetic, function calls, casts, and object literals are all outside, by
decision rather than by omission.
iex> Predicator.Simple.from_source("status == 'active' AND (amount >= 500 OR plan == 'pro')")
:outside

iex> Predicator.Simple.from_source("amount + 1 >= 500")
:outside
:outside is not a judgement about the expression. from_source/1 keeps
{:error, error} for source that does not parse at all, so a caller can
tell "this is a valid expression my editor cannot draw" from "this is not an
expression".
iex> {:error, error} = Predicator.Simple.from_source("status == ==")
iex> error.position
{1, 11}
Round-tripping
Two laws hold for every well-formed t/0, and
test/predicator/simple_test.exs exercises both over an enumerated corpus:
	from_ast(to_ast(simple)) == {:ok, simple}
	to_source(simple) parses to to_ast(simple), modulo source positions

The second law is what constrains the subset's edges. It is why the subset
admits :equal_equal but not :eq, admits {:string_literal, value, style}
but not a bare binary {:literal, value}, and admits only non-negative
numbers - in each case the excluded shape decompiles to source that parses
back as something else, so a value carrying it could not survive a trip
through the editor. See "What the subset admits" below.
What the subset admits
A path/0 is an identifier, optionally followed by property and bracket
accesses: status, card.brand, cart['items']. A bracket key is a string
or a non-negative integer, never a computed expression.
A value/0 is one scalar or a list of scalars. A scalar is a non-negative
integer, a non-negative float, a boolean, a string (carrying the quote style
it was written with), a date, a datetime, a duration, or a relative date.
Two exclusions are deliberate and each has a reason:
	Excluded	Why
	Negative numbers	The parser reads -5 as a unary node, never as a negative literal, so a negative literal could not have come from a parse and does not survive one
	:eq, and a bare binary {:literal, "text"}	Both decompile to source that parses back as a different node (:equal_equal and :string_literal), breaking the source round-trip

Float literals were a third exclusion until px-gv1. It was contingent, not
structural: Predicator.decompile/2 had no clause for a float and raised,
so to_source/2 could not have stayed total. px-ggb gave the writer that
clause, so the reason went and the exclusion went with it.
Integers and floats are one kind, and two shapes
A float is its own scalar/0 shape, {:float, 19.99}, because the AST
literal it builds differs from an integer's and the round-trip laws have to
preserve which one an author wrote.
iex> Predicator.Simple.from_source("card.amount >= 19.99")
{:ok, %Predicator.Simple{connective: nil, clauses: [{[root: "card", property: "amount"], :gte, {:float, 19.99}}]}}
It is not its own Predicator.Vocabulary.value_kind/0. For choosing an
operator both are :number, since every operator worth offering beside
19.99 is one worth offering beside 500. See operators/1.
Which operators an editor offers
operators/1 answers, for one kind of value, which operators a row of the
form should offer. value_kind/1 answers which kind a value is, so
the pair composes into the whole question a row asks and a consumer keeps
no translation of its own. The answer is read from Predicator.Vocabulary - the
labels, the arities, the AST atoms and the per-kind admissions all live on
the operator entries there, so this module holds no second copy of the
grammar and a change to the language reaches the editor without one.
iex> Predicator.Simple.operators(:list)
[%{op: :in, lexeme: "IN", label: "is one of", arity: 2}]
The lexeme is the spelling to_source/2 renders, not merely a spelling the
lexer accepts: a word operator is enumerated in both cases (in and IN),
and offering the one the decompiler does not write would put a label beside
a row that renders differently the moment it is saved.
Purity
Nothing here evaluates, and nothing here raises on input.
from_ast/1 is total over every Predicator.Parser.ast/0: the answer to a
node it does not recognise is :outside, never an exception.
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        clause()

      


        One row of the editor: a field path, an operator, and a value.



    


    
      
        connective()

      


        The connective joining the clauses.



    


    
      
        op()

      


        A comparison or membership operator, spelled as the AST spells it.



    


    
      
        path()

      


        A field path: a root identifier and the accesses that follow it.



    


    
      
        scalar()

      


        A single value in a clause.



    


    
      
        segment()

      


        One step along a field path.



    


    
      
        t()

      


        The subset value: clauses joined by one connective.



    


    
      
        value()

      


        The right-hand side of a clause: one scalar, or a list of them.
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        duration_units()

      


        The duration units a scalar/0 duration may use.



    


    
      
        from_ast(ast)

      


        Reads a t/0 out of an AST, or answers :outside.



    


    
      
        from_source(source)

      


        Parses source and reads a t/0 out of it.



    


    
      
        operators(kind)

      


        The operators an editor should offer for a value of kind.



    


    
      
        to_ast(simple)

      


        Builds the AST for a t/0.



    


    
      
        to_source(simple, opts \\ [])

      


        Renders a t/0 back to source, through Predicator.decompile/2.



    


    
      
        value_kind(arg)

      


        The Predicator.Vocabulary.value_kind/0 that governs value.



    


    
      
        well_formed?(arg1)

      


        Answers whether a value satisfies the invariants to_ast/1 expects.



    





      


      
        Types


        


  
    
      
    
    
      clause()



        
          
        

    

  


  

      

          @type clause() :: {path(), op(), value()}


      


One row of the editor: a field path, an operator, and a value.

  



  
    
      
    
    
      connective()



        
          
        

    

  


  

      

          @type connective() :: :and | :or | nil


      


The connective joining the clauses.
nil for a single clause, which is joined to nothing. A t/0 carrying one
clause and a non-nil connective is not well-formed - see well_formed?/1.

  



  
    
      
    
    
      op()



        
          
        

    

  


  

      

          @type op() ::
  :gt
  | :gte
  | :lt
  | :lte
  | :equal_equal
  | :ne
  | :strict_eq
  | :strict_ne
  | :in
  | :contains


      


A comparison or membership operator, spelled as the AST spells it.

  



  
    
      
    
    
      path()



        
          
        

    

  


  

      

          @type path() :: [segment(), ...]


      


A field path: a root identifier and the accesses that follow it.

  



  
    
      
    
    
      scalar()



        
          
        

    

  


  

      

          @type scalar() ::
  {:integer, non_neg_integer()}
  | {:float, float()}
  | {:boolean, boolean()}
  | {:string, binary(), :single | :double}
  | {:date, Date.t()}
  | {:datetime, DateTime.t()}
  | {:duration, [{non_neg_integer(), binary()}, ...]}
  | {:relative_date, [{non_neg_integer(), binary()}, ...],
     :ago | :future | :next | :last}


      


A single value in a clause.
A string carries the quote style it was written with, so plan == 'pro'
decompiles back to single quotes rather than switching house style under the
author.

  



  
    
      
    
    
      segment()



        
          
        

    

  


  

      

          @type segment() ::
  {:root, binary()}
  | {:property, binary()}
  | {:key, binary() | non_neg_integer()}


      


One step along a field path.
The first segment of a path is always {:root, name} and no later segment
ever is. A {:key, ...} segment is a bracket access and a {:property, ...}
segment is a dotted one; the two are kept apart because cart['items'] and
cart.items are different source text for the same lookup.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Predicator.Simple{clauses: [clause(), ...], connective: connective()}


      


The subset value: clauses joined by one connective.
:clauses is never empty. :connective is nil exactly when there is one
clause.

  



  
    
      
    
    
      value()



        
          
        

    

  


  

      

          @type value() :: scalar() | {:list, [scalar()]}


      


The right-hand side of a clause: one scalar, or a list of them.

  


        

      

      
        Functions


        


  
    
      
    
    
      duration_units()



        
          
        

    

  


  

      

          @spec duration_units() :: [binary()]


      


The duration units a scalar/0 duration may use.
Read from Predicator.Vocabulary, which is the grammar's single enumerated
source (px-15q), so a unit added to the lexer reaches this subset without a
second list to update by hand.
Examples
iex> "d" in Predicator.Simple.duration_units()
true

  



  
    
      
    
    
      from_ast(ast)



        
          
        

    

  


  

      

          @spec from_ast(Predicator.Parser.ast()) :: {:ok, t()} | :outside


      


Reads a t/0 out of an AST, or answers :outside.
Total: every Predicator.Parser.ast/0 gets an answer, and an AST outside
the subset gets :outside rather than an exception. Source positions are
ignored, so a hand-built node carrying nil reads the same as a parsed one.
Examples
iex> {:ok, ast} = Predicator.parse("amount >= 500")
iex> Predicator.Simple.from_ast(ast)
{:ok, %Predicator.Simple{connective: nil, clauses: [{[root: "amount"], :gte, {:integer, 500}}]}}

iex> {:ok, ast} = Predicator.parse("NOT plan == 'pro'")
iex> Predicator.Simple.from_ast(ast)
:outside

  



  
    
      
    
    
      from_source(source)



        
          
        

    

  


  

      

          @spec from_source(binary()) ::
  {:ok, t()} | :outside | {:error, Predicator.Errors.ParseError.t()}


      


Parses source and reads a t/0 out of it.
Adds one arm to from_ast/1's two: {:error, error} for source that does
not parse, carrying a Predicator.Errors.ParseError.t/0 with the position
and span of the failure (ADR-0015). The three arms answer three different
questions - in the subset, a valid expression outside it, and not an
expression - and a caller that collapses any two of them loses information
an editor needs.
Examples
iex> Predicator.Simple.from_source("step in ['payment', 'review']")
{:ok,
 %Predicator.Simple{
   connective: nil,
   clauses: [{[root: "step"], :in, {:list, [{:string, "payment", :single}, {:string, "review", :single}]}}]
 }}

iex> Predicator.Simple.from_source("len(step) > 0")
:outside

iex> {:error, %Predicator.Errors.ParseError{}} = Predicator.Simple.from_source("step in [")
iex> :ok
:ok

  



  
    
      
    
    
      operators(kind)



        
          
        

    

  


  

      

          @spec operators(Predicator.Vocabulary.value_kind()) :: [
  %{op: op(), lexeme: binary(), label: binary(), arity: 2}
]


      


The operators an editor should offer for a value of kind.
One entry per operator, in the order Predicator.Vocabulary enumerates
them, carrying everything a picklist row needs: :op is the atom to put in
a clause/0, :lexeme is the spelling to_source/2 renders, :label is
the phrase to show, and :arity is how many operands the operator takes -
always 2 here, since every operator in the subset is a comparison or a
membership test.
Nothing is enumerated locally, and nothing about the vocabulary is re-derived
here. The admissions are the :value_kinds on the vocabulary's operator
entries, the atoms are its :ast_ops, and the choice between the two
spellings of a word operator is its :canonical marker - so an operator this
subset does not admit, or one the grammar does not admit for this kind of
value, is never offered, and neither is the lower-case spelling of one
to_source/2 would render in upper case.
test/predicator/simple_test.exs holds that as an invariant over every kind.
kind is guarded against Predicator.Vocabulary.value_kinds/0, so a
misspelled kind raises FunctionClauseError rather than answering with the
empty list that a kind with no operators would answer with. :number is the
kind for an integer and for a float alike - there is no :float kind to ask
for, by the decision recorded above.
Examples
iex> Predicator.Simple.operators(:boolean) |> Enum.map(& &1.op)
[:equal_equal, :strict_eq, :ne, :strict_ne, :contains]

iex> Predicator.Simple.operators(:number) |> Enum.find(&(&1.op == :gte))
%{op: :gte, lexeme: ">=", label: "is at least", arity: 2}

iex> Predicator.Simple.operators(:list) |> Enum.map(& &1.lexeme)
["IN"]

  



  
    
      
    
    
      to_ast(simple)



        
          
        

    

  


  

      

          @spec to_ast(t()) :: Predicator.Parser.ast()


      


Builds the AST for a t/0.
Every node carries nil in its trailing position slot - the value records
what the expression means, not where it was written. Clauses are joined
left-associatively, which is the shape Predicator.Parser.parse/2 produces
for the same source.
Expects a well-formed value; see well_formed?/1.
Examples
iex> {:ok, simple} = Predicator.Simple.from_source("plan == 'pro'")
iex> Predicator.Simple.to_ast(simple)
{:comparison, :equal_equal, {:identifier, "plan", nil}, {:string_literal, "pro", :single, nil}, nil}

  



    

  
    
      
    
    
      to_source(simple, opts \\ [])



        
          
        

    

  


  

      

          @spec to_source(
  t(),
  keyword()
) :: binary()


      


Renders a t/0 back to source, through Predicator.decompile/2.
opts are that function's formatting options - :parentheses and
:spacing - so a caller that renders the rest of its expressions one way
renders these the same way.
Examples
iex> {:ok, simple} = Predicator.Simple.from_source("status == 'active' AND amount >= 500")
iex> Predicator.Simple.to_source(simple)
"status == 'active' AND amount >= 500"

iex> {:ok, simple} = Predicator.Simple.from_source("plan == 'pro'")
iex> Predicator.Simple.to_source(simple, spacing: :compact)
"plan=='pro'"

  



  
    
      
    
    
      value_kind(arg)



        
          
        

    

  


  

      

          @spec value_kind(value()) :: Predicator.Vocabulary.value_kind()


      


The Predicator.Vocabulary.value_kind/0 that governs value.
operators/1 answers which operators belong beside a kind of value.
This answers which kind a value is, so the two compose into the whole
question an editor row asks - value |> value_kind() |> operators() - and
no consumer has to keep its own translation from the subset's scalar tags
to the vocabulary's kinds. Two consumers writing that translation
separately could disagree about the same value; there is one answer here
instead, and it is this package's.
The mapping is not one-to-one, and the two places it is not are decisions
rather than omissions.
An integer and a float are two scalar/0 shapes and one kind, :number,
for the reason recorded above: every operator worth offering beside 19.99
is one worth offering beside 500.
iex> Predicator.Simple.value_kind({:integer, 500})
:number

iex> Predicator.Simple.value_kind({:float, 19.99})
:number
A relative date is :datetime. There is no :relative_date kind and this
is not a gap left for a consumer to judge: 30d ago is a point in time by
the time anything compares it - Predicator.Evaluator resolves it against
DateTime.utc_now/0 and pushes a DateTime.t/0 - so the operators that
apply to it are the datetime operators, and a kind of its own would name
the same list under a second name.
iex> Predicator.Simple.value_kind({:relative_date, [{30, "d"}], :ago})
:datetime

iex> Predicator.Simple.operators(:datetime) == Predicator.Simple.operators(:date)
true
A list is :list whatever its members are, which is what makes IN the
operator offered for it.
iex> Predicator.Simple.value_kind({:list, [{:string, "payment", :single}]})
:list

  



  
    
      
    
    
      well_formed?(arg1)



        
          
        

    

  


  

      

          @spec well_formed?(term()) :: boolean()


      


Answers whether a value satisfies the invariants to_ast/1 expects.
Every value from_ast/1 returns is well-formed; this function is for
values a caller assembled itself - an editor building one from form state.
The invariants are that :clauses is a non-empty list of structurally valid
clauses, and that :connective is nil exactly when there is one clause.
Examples
iex> {:ok, simple} = Predicator.Simple.from_source("amount >= 500")
iex> Predicator.Simple.well_formed?(simple)
true

iex> Predicator.Simple.well_formed?(%Predicator.Simple{connective: :and, clauses: [{[root: "amount"], :gte, {:integer, 500}}]})
false

  


        

      


  

    
Predicator.Types 
    



      
Core type definitions for the Predicator library.
This module defines all the fundamental types used throughout the
Predicator system for instructions, evaluation contexts, and results.

      


      
        Summary


  
    Types
  


    
      
        context()

      


        The evaluation context containing variable bindings.



    


    
      
        duration()

      


        A duration representing a time span.



    


    
      
        evaluator_state()

      


        The internal state of the stack machine evaluator.



    


    
      
        instruction()

      


        A single instruction in the stack machine.



    


    
      
        instruction_list()

      


        A list of instructions that form a complete program.



    


    
      
        internal_result()

      


        The internal result of evaluating a predicate from Evaluator functions.



    


    
      
        location_path()

      


        Location path for assignment expressions.



    


    
      
        location_result()

      


        Result type for location expression evaluation.



    


    
      
        position()

      


        A source position: 1-based line and column of the token that defines an AST
node.



    


    
      
        position_table()

      


        Maps a 0-based instruction index to the source position of the AST node that
emitted it. Produced by Predicator.Compiler.to_instructions_with_positions/2
and carried as compiled.positions on the Predicator.Compiled.t/0 that
Predicator.compile_with_positions/1 returns; never part of the instruction
list itself, so interchange and stored compiled artifacts are unaffected.



    


    
      
        result()

      


        The result of evaluating a predicate from public API functions.



    


    
      
        scxml_error()

      


        SCXML-compatible error result for enhanced error handling.



    


    
      
        scxml_result()

      


        SCXML-compatible result type for value expressions.



    


    
      
        segment_position_table()

      


        Maps a ["store", n] instruction's 0-based index to one source annotation
per location segment in the assignment's lhs chain, root-first.



    


    
      
        span()

      


        A source span: the start and end of the source text an AST node covers.



    


    
      
        span_table()

      


        Maps a 0-based instruction index to the span of the AST node that emitted it.



    


    
      
        value()

      


        A single value that can be used in predicates.



    





  
    Functions
  


    
      
        types_match?(a, b)

      


        Checks if two values have matching types for operations.



    


    
      
        undefined?(value)

      


        Checks if a value is undefined.



    





      


      
        Types


        


  
    
      
    
    
      context()



        
          
        

    

  


  

      

          @type context() :: %{required(binary() | atom()) => value()}


      


The evaluation context containing variable bindings.
Context maps variable names (strings or atoms) to their values.
Both string and atom keys are supported for flexibility.
Examples
%{"limit" => 85, "name" => "Alice"}
%{limit: 85, name: "Alice"}

  



  
    
      
    
    
      duration()



        
          
        

    

  


  

      

          @type duration() :: %{
  years: non_neg_integer(),
  months: non_neg_integer(),
  weeks: non_neg_integer(),
  days: non_neg_integer(),
  hours: non_neg_integer(),
  minutes: non_neg_integer(),
  seconds: non_neg_integer(),
  milliseconds: non_neg_integer()
}


      


A duration representing a time span.
Duration is represented as a map with fields for different time units. All
eight keys are always present; an unspecified unit is 0.
	years - number of years (default: 0)
	months - number of months (default: 0)
	weeks - number of weeks (default: 0)
	days - number of days (default: 0)
	hours - number of hours (default: 0)
	minutes - number of minutes (default: 0)
	seconds - number of seconds (default: 0)
	milliseconds - number of milliseconds (default: 0)

Examples
3 days 8 hours. Every unit the expression did not name is present and 0,
so the map is always this wide:
%{years: 0, months: 0, weeks: 0, days: 3,
  hours: 8, minutes: 0, seconds: 0, milliseconds: 0}
Build one with Predicator.Duration.new/1 rather than writing the literal,
which fills the units you omit:
Predicator.Duration.new(weeks: 2)
Predicator.Duration.new(minutes: 30)

  



  
    
      
    
    
      evaluator_state()



        
          
        

    

  


  

      

          @type evaluator_state() :: %{
  instructions: instruction_list(),
  instruction_pointer: non_neg_integer(),
  stack: [value()],
  context: context(),
  halted: boolean()
}


      


The internal state of the stack machine evaluator.
Contains:
	instructions - list of instructions to execute
	instruction_pointer - current position in instruction list
	stack - evaluation stack (top element is head of list)
	context - variable bindings
	halted - whether execution has stopped


  



  
    
      
    
    
      instruction()



        
          
        

    

  


  

      

          @type instruction() :: [binary() | value()]


      


A single instruction in the stack machine.
Instructions are lists where the first element is the operation name
and remaining elements are arguments. The full opcode set - every
instruction the evaluator accepts, its operands, stack effect, and error
semantics - is specified in docs/isa.md.
No instruction carries a source position. Positions travel in a separate
position_table/0, produced alongside the instruction list by
Predicator.Compiler.to_instructions_with_positions/2 and available as
compiled.positions on the Predicator.Compiled.t/0 that
Predicator.compile_with_positions/1 returns, so the instruction format
stays exactly what the Ruby and JavaScript siblings interchange (ADR-0001).
That side table holds span/0 values instead when the AST was parsed with
spans: true; the instruction format is unaffected either way.
Examples
["lit", 42]           # Push literal 42 onto stack
["load", "limit"]     # Load variable 'limit' from context
["compare", "GT"]     # Pop two values, compare with >, push result

  



  
    
      
    
    
      instruction_list()



        
          
        

    

  


  

      

          @type instruction_list() :: [instruction()]


      


A list of instructions that form a complete program.
Instructions are executed in order by the stack machine.

  



  
    
      
    
    
      internal_result()



        
          
        

    

  


  

      

          @type internal_result() :: value() | {:error, term()}


      


The internal result of evaluating a predicate from Evaluator functions.
Returns:
	value() - the final evaluation result value
	{:error, term()} - evaluation error with details


  



  
    
      
    
    
      location_path()



        
          
        

    

  


  

      

          @type location_path() :: [binary() | non_neg_integer()]


      


Location path for assignment expressions.
Represents the path to an assignable location in nested data structures:
	Simple property: ["user", "name"]
	Array index: ["items", 0, "price"]
	Dynamic property: ["user", "settings", "theme"] (for user.settings["theme"])


  



  
    
      
    
    
      location_result()



        
          
        

    

  


  

      

          @type location_result() :: {:ok, location_path()} | scxml_error()


      


Result type for location expression evaluation.
Returns:
	{:ok, location_path()} - valid assignment path
	scxml_error() - error if location is not assignable


  



  
    
      
    
    
      position()



        
          
        

    

  


  

      

          @type position() :: {line :: pos_integer(), column :: pos_integer()}


      


A source position: 1-based line and column of the token that defines an AST
node.

  



  
    
      
    
    
      position_table()



        
          
        

    

  


  

      

          @type position_table() :: %{required(non_neg_integer()) => position()}


      


Maps a 0-based instruction index to the source position of the AST node that
emitted it. Produced by Predicator.Compiler.to_instructions_with_positions/2
and carried as compiled.positions on the Predicator.Compiled.t/0 that
Predicator.compile_with_positions/1 returns; never part of the instruction
list itself, so interchange and stored compiled artifacts are unaffected.

  



  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() :: {:ok, value()} | {:error, term()}


      


The result of evaluating a predicate from public API functions.
Returns:
	{:ok, value()} - successful evaluation with result value
	{:error, term()} - evaluation error with details


  



  
    
      
    
    
      scxml_error()



        
          
        

    

  


  

      

          @type scxml_error() ::
  {:error, :undefined_variable, %{variable: binary()}}
  | {:error, :type_mismatch, %{expected: atom(), got: atom()}}
  | {:error, :invalid_location, %{expression: binary()}}
  | {:error, :evaluation_error, %{reason: binary()}}
  | {:error, :parse_error,
     %{message: binary(), line: integer(), column: integer()}}


      


SCXML-compatible error result for enhanced error handling.
Returns structured error information for SCXML datamodel compatibility:
	{:error, :undefined_variable, %{variable: binary()}} - Variable not found in context
	{:error, :type_mismatch, %{expected: atom(), got: atom()}} - Type mismatch in operation
	{:error, :invalid_location, %{expression: binary()}} - Invalid assignment target
	{:error, :evaluation_error, %{reason: binary()}} - General evaluation error
	{:error, :parse_error, %{message: binary(), line: integer(), column: integer()}} - Parse error


  



  
    
      
    
    
      scxml_result()



        
          
        

    

  


  

      

          @type scxml_result() :: {:ok, value()} | scxml_error()


      


SCXML-compatible result type for value expressions.
Returns:
	{:ok, value()} - successful evaluation with result value
	scxml_error() - structured error with SCXML-compatible details


  



  
    
      
    
    
      segment_position_table()



        
          
        

    

  


  

      

          @type segment_position_table() :: %{
  required(non_neg_integer()) => [position() | span() | nil]
}


      


Maps a ["store", n] instruction's 0-based index to one source annotation
per location segment in the assignment's lhs chain, root-first.
A segment's annotation is nil when the node that produced it carried none;
otherwise it is a position/0 or a span/0, matching whichever mode
position_table/0 or span_table/0 is in for the same compile. Produced
by Predicator.Compiler.to_instructions_with_segment_positions/2 and carried
as compiled.segment_positions on the Predicator.Compiled.t/0 that
returns it. Like position_table/0 this is never part of the instruction
list, so interchange and stored compiled artifacts are unaffected.

  



  
    
      
    
    
      span()



        
          
        

    

  


  

      

          @type span() :: {start :: position(), end_exclusive :: position()}


      


A source span: the start and end of the source text an AST node covers.
The end is exclusive - it names the position one past the last character -
so on a single line end_column - start_column is the span's length, matching
LSP ranges. The identifier limit at line 1 column 1 spans
{{1, 1}, {1, 6}}.
A span composes two position/0 values; a point position and a span answer
different questions, and both are available. See
Predicator.Parser.parse/2's :spans option.

  



  
    
      
    
    
      span_table()



        
          
        

    

  


  

      

          @type span_table() :: %{required(non_neg_integer()) => span()}


      


Maps a 0-based instruction index to the span of the AST node that emitted it.
The span-mode counterpart of position_table/0, produced by
Predicator.Compiler.to_instructions_with_positions/2 from an AST parsed with
spans: true, and carried as compiled.positions on the
Predicator.Compiled.t/0 that Predicator.compile_with_spans/1 returns.
Like the position table it is never part of the instruction list, so
interchange and stored compiled artifacts are unaffected.

  



  
    
      
    
    
      value()



        
          
        

    

  


  

      

          @type value() ::
  boolean()
  | integer()
  | float()
  | binary()
  | list()
  | Date.t()
  | DateTime.t()
  | duration()
  | :undefined
  | nil


      


A single value that can be used in predicates.
Values can be:
	boolean() - true/false values
	integer() - integer numeric values
	float() - floating-point numeric values
	binary() - string values
	list() - lists of values
	Date.t() - date values
	DateTime.t() - datetime values
	duration() - duration values for time spans
	:undefined - represents an absence: an unbound variable or a value that
could not be produced; see Predicator.Undefined for the canonical
definition of the sentinel
	nil - the null value: present, but with no content. Distinct from
:undefined, which is an absence. nil === :undefined is false.


  


        

      

      
        Functions


        


  
    
      
    
    
      types_match?(a, b)



        
          
        

    

  


  

      

          @spec types_match?(value(), value()) :: boolean()


      


Checks if two values have matching types for operations.
Two values have matching types if they are both:
	integers
	booleans
	binaries (strings)
	lists
	maps (objects)
	dates
	datetimes

Examples
iex> Predicator.Types.types_match?(1, 2)
true

iex> Predicator.Types.types_match?("hello", "world")
true

iex> Predicator.Types.types_match?(%{a: 1}, %{b: 2})
true

iex> Predicator.Types.types_match?(1, "hello")
false

  



  
    
      
    
    
      undefined?(value)



        
          
        

    

  


  

      

          @spec undefined?(value()) :: boolean()


      


Checks if a value is undefined.
Delegates to Predicator.Undefined.undefined?/1 - see that module for the
canonical definition of the :undefined sentinel.
Examples
iex> Predicator.Types.undefined?(:undefined)
true

iex> Predicator.Types.undefined?(42)
false

  


        

      


  

    
Predicator.Undefined 
    



      
The :undefined sentinel: predicator's representation of an unbound or
missing value.
The atom stays the runtime representation - it is pervasive in tests and
the Ruby/JavaScript siblings, JSON-adjacent, and cheap. A struct sentinel
would break instruction interchange and every existing embedding for
aesthetic gain (the instruction list is the cross-language interchange
format, ADR-0001). This module owns it publicly instead: one place that
names the atom, checks for it, and normalizes it against nil at a
JSON-shaped boundary.

      


      
        Summary


  
    Functions
  


    
      
        from_nil(value)

      


        Converts nil to the :undefined sentinel; any other value passes
through unchanged. The inverse of to_nil/1.



    


    
      
        to_nil(value)

      


        Converts the :undefined sentinel to nil; any other value passes
through unchanged.



    


    
      
        undefined?(arg1)

      


        Checks whether value is the :undefined sentinel.



    


    
      
        value()

      


        The :undefined sentinel value.



    





      


      
        Functions


        


  
    
      
    
    
      from_nil(value)



        
          
        

    

  


  

      

          @spec from_nil(Predicator.Types.value() | nil) :: Predicator.Types.value()


      


Converts nil to the :undefined sentinel; any other value passes
through unchanged. The inverse of to_nil/1.
For normalizing an incoming nil (JSON null, a host application's own
"missing") to predicator's sentinel at the edge. This is an edge helper
for a boundary that does not distinguish null from undefined -
Predicator.Context.new/2 no longer calls it: a nil in a context is now
the null value.
Examples
iex> Predicator.Undefined.from_nil(nil)
:undefined

iex> Predicator.Undefined.from_nil(42)
42

  



  
    
      
    
    
      to_nil(value)



        
          
        

    

  


  

      

          @spec to_nil(Predicator.Types.value()) :: Predicator.Types.value() | nil


      


Converts the :undefined sentinel to nil; any other value passes
through unchanged.
For embedding at a boundary that speaks nil rather than :undefined
(JSON output, a host application's own representation of "missing"). This
is an edge helper for a boundary that does not distinguish null from
undefined - Predicator.Context itself keeps them apart.
Examples
iex> Predicator.Undefined.to_nil(:undefined)
nil

iex> Predicator.Undefined.to_nil(42)
42

  



  
    
      
    
    
      undefined?(arg1)



        
          
        

    

  


  

      

          @spec undefined?(Predicator.Types.value() | nil) :: boolean()


      


Checks whether value is the :undefined sentinel.
Examples
iex> Predicator.Undefined.undefined?(:undefined)
true

iex> Predicator.Undefined.undefined?(nil)
false

iex> Predicator.Undefined.undefined?(42)
false

  



  
    
      
    
    
      value()



        
          
        

    

  


  

      

          @spec value() :: :undefined


      


The :undefined sentinel value.
Examples
iex> Predicator.Undefined.value()
:undefined

  


        

      


  

    
Predicator.Visitor behaviour
    



      
Behaviour for AST visitors.
Visitors implement the visitor pattern to traverse and transform
Abstract Syntax Trees into various representations.
Examples
defmodule MyVisitor do
  @behaviour Predicator.Visitor

  @impl true
  def visit({:literal, value, _slot}, _opts) do
    value
  end

  @impl true
  def visit({:identifier, name, _slot}, _opts) do
    name
  end

  @impl true
  def visit({:comparison, op, left, right, _slot}, opts) do
    left_result = visit(left, opts)
    right_result = visit(right, opts)
    {op, left_result, right_result}
  end
end

      


      
        Summary


  
    Callbacks
  


    
      
        visit(ast_node, opts)

      


        Visits an AST node and returns the transformed result.



    





  
    Functions
  


    
      
        accept(ast_node, visitor_module, opts \\ [])

      


        Utility function to accept a visitor and process an AST.



    





      


      
        Callbacks


        


  
    
      
    
    
      visit(ast_node, opts)



        
          
        

    

  


  

      

          @callback visit(ast_node :: Predicator.Parser.visitable(), opts :: keyword()) :: term()


      


Visits an AST node and returns the transformed result.
Parameters
	ast_node - The AST node to visit
	opts - Optional visitor-specific options

Returns
The transformed representation (type depends on visitor implementation)
Source positions
The contract is a positioned AST: every node carries a trailing slot holding
a position, a span, or nil. Implementations match on that shape directly -
there is no position-free variant and no normalization on the way in.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      accept(ast_node, visitor_module, opts \\ [])



        
          
        

    

  


  

      

          @spec accept(Predicator.Parser.visitable(), module(), keyword()) :: term()


      


Utility function to accept a visitor and process an AST.
This provides a convenient interface for applying visitors to AST nodes.
Examples
iex> ast = {:literal, 42, nil}
iex> Predicator.Visitor.accept(ast, MyVisitor)
42

  


        

      


  

    
Predicator.Visitors.InstructionsVisitor 
    



      
Visitor that converts AST nodes to stack machine instructions.
This visitor implements post-order traversal to generate instruction lists
that can be executed by the stack-based evaluator. Instructions are generated
in the correct order for stack-based evaluation.
Source positions
Internally the traversal pairs every instruction with the source position of
the AST node that emitted it. visit/2 discards those positions and returns
the plain instruction list; visit_with_positions/2 returns both. The
instruction list is identical either way - positions never enter the
instruction format itself, so cross-language interchange and stored compiled
artifacts are unaffected (ADR-0001). The paired value is whatever the node
carried in its trailing slot, so an AST parsed with spans: true yields a
span table rather than a position table.
Both entry points require a node with a trailing slot. A caller hand-building
an AST supplies nil there, which produces no entry in the position table.
Examples
iex> ast = {:literal, 42, nil}
iex> Predicator.Visitors.InstructionsVisitor.visit(ast, [])
[["lit", 42]]

iex> ast = {:identifier, "limit", nil}
iex> Predicator.Visitors.InstructionsVisitor.visit(ast, [])
[["load", "limit"]]

iex> ast = {:comparison, :gt, {:identifier, "limit", nil}, {:literal, 85, nil}, nil}
iex> Predicator.Visitors.InstructionsVisitor.visit(ast, [])
[["load", "limit"], ["lit", 85], ["compare", "GT"]]

iex> ast = {:logical_and, {:literal, true, nil}, {:literal, false, nil}, nil}
iex> Predicator.Visitors.InstructionsVisitor.visit(ast, [])
[["lit", true], ["jump_if_falsy_or_pop", 2], ["lit", false]]

iex> ast = {:function_call, "len", [{:identifier, "name", nil}], nil}
iex> Predicator.Visitors.InstructionsVisitor.visit(ast, [])
[["load", "name"], ["call", "len", 1]]

iex> ast = {:if, {:literal, true, nil}, {:block, [], nil}, nil, nil}
iex> Predicator.Visitors.InstructionsVisitor.visit(ast, [])
[["lit", true], ["pop_jump_if_falsy", 1]]

      


      
        Summary


  
    Types
  


    
      
        annotated()

      


        One instruction paired with the source position of the node that emitted it.



    





  
    Functions
  


    
      
        visit(ast_node, opts \\ [])

      


        Visits an AST node and returns stack machine instructions.



    


    
      
        visit_with_positions(ast_node, opts \\ [])

      


        Returns the instruction list and a side table mapping each instruction's
0-based index to the source position of the AST node that emitted it.



    


    
      
        visit_with_segment_positions(ast_node, opts \\ [])

      


        Returns the instruction list, the position table visit_with_positions/2
returns, and a per-store segment-position table.



    





      


      
        Types


        


  
    
      
    
    
      annotated()



        
          
        

    

  


  

      

          @type annotated() ::
  {[binary() | term()],
   Predicator.Types.position() | Predicator.Types.span() | nil}
  | {[binary() | term()],
     Predicator.Types.position() | Predicator.Types.span() | nil,
     [Predicator.Types.position() | Predicator.Types.span() | nil]}


      


One instruction paired with the source position of the node that emitted it.
Every clause but one produces the two-element form. A ["store", n]
instruction produces the three-element form instead, whose third element is
location_segment_annotations/1's list - one annotation per lhs segment,
root-first. Nothing else in this module ever emits or reads a third element.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      visit(ast_node, opts \\ [])



        
          
        

    

  


  

      

          @spec visit(
  Predicator.Parser.visitable(),
  keyword()
) :: [[binary() | term()]]


      


Visits an AST node and returns stack machine instructions.
Uses post-order traversal to ensure operands are pushed onto the stack
before operators are applied.
Parameters
	ast_node - The AST node to convert to instructions
	opts - Optional visitor options (currently unused)

Returns
List of instructions in the format [["operation", ...args]].

  



    

  
    
      
    
    
      visit_with_positions(ast_node, opts \\ [])



        
          
        

    

  


  

      

          @spec visit_with_positions(
  Predicator.Parser.visitable(),
  keyword()
) ::
  {[[binary() | term()]],
   Predicator.Types.position_table() | Predicator.Types.span_table()}


      


Returns the instruction list and a side table mapping each instruction's
0-based index to the source position of the AST node that emitted it.
Nodes carrying a nil position contribute no entry, so a position-free AST
yields an empty table. The instruction list is identical to visit/2's.
Examples
iex> ast = {:comparison, :gt, {:identifier, "limit", {1, 1}}, {:literal, 85, {1, 9}}, {1, 7}}
iex> Predicator.Visitors.InstructionsVisitor.visit_with_positions(ast)
{[["load", "limit"], ["lit", 85], ["compare", "GT"]],
 %{0 => {1, 1}, 1 => {1, 9}, 2 => {1, 7}}}

iex> Predicator.Visitors.InstructionsVisitor.visit_with_positions({:literal, 42, nil})
{[["lit", 42]], %{}}

  



    

  
    
      
    
    
      visit_with_segment_positions(ast_node, opts \\ [])



        
          
        

    

  


  

      

          @spec visit_with_segment_positions(
  Predicator.Parser.visitable(),
  keyword()
) ::
  {[[binary() | term()]],
   Predicator.Types.position_table() | Predicator.Types.span_table(),
   Predicator.Types.segment_position_table()}


      


Returns the instruction list, the position table visit_with_positions/2
returns, and a per-store segment-position table.
The segment table maps each ["store", n] instruction's 0-based index to
the list location_segment_annotations/1 built for its lhs chain - one
annotation per location segment, root-first, whatever n counts as depth
(location_depth/1). Every other instruction contributes no entry. The
instruction list and the position table are identical to what
visit_with_positions/2 returns for the same AST - this function differs
only in returning the third table alongside them.
Examples
iex> {:ok, program} = Predicator.parse_program("a.b = 1", spans: false)
iex> Predicator.Visitors.InstructionsVisitor.visit_with_segment_positions(program)
{[["lit", "a"], ["lit", "b"], ["lit", 1], ["store", 2]],
 %{0 => {1, 1}, 1 => {1, 3}, 2 => {1, 7}, 3 => {1, 1}},
 %{3 => [{1, 1}, {1, 3}]}}

  


        

      


  

    
Predicator.Visitors.StringVisitor 
    



      
Visitor that converts AST nodes back to string expressions.
This visitor implements the inverse of parsing - it takes an Abstract Syntax Tree
and generates a readable string representation. This is useful for debugging,
documentation, and round-trip testing.
A node's trailing slot is ignored: rendering a parsed AST and rendering the
same tree with nil in every slot produce identical strings. A caller
hand-building an AST supplies nil there - the slot is part of the node
shape, not an add-on.
Examples
iex> ast = {:literal, 42, nil}
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
"42"

iex> ast = {:identifier, "limit", nil}
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
"limit"

iex> ast = {:comparison, :gt, {:identifier, "limit", nil}, {:literal, 85, nil}, nil}
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
"limit > 85"

iex> {:ok, ast} = Predicator.parse(~s(name == "John"))
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
~s(name == "John")

iex> ast = {:logical_and, {:literal, true, nil}, {:literal, false, nil}, nil}
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
"true AND false"

iex> ast = {:logical_not, {:literal, true, nil}, nil}
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
"NOT true"

iex> ast = {:function_call, "len", [{:identifier, "name", nil}], nil}
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
"len(name)"

iex> ast = {:cast, {:identifier, "limit", nil}, "integer", nil}
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
"limit::integer"

iex> ast = {:object, [], nil}
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
"{}"

iex> {:ok, ast} = Predicator.parse(~s({name: "John"}))
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
~s({name: "John"})

iex> {:ok, ast} = Predicator.parse(~s({"first name": "John"}))
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
~s({"first name": "John"})

iex> {:ok, ast} = Predicator.parse_program("if a { x = 1 } else if b { x = 2 }")
iex> Predicator.Visitors.StringVisitor.visit(ast, [])
"if a { x = 1 } else if b { x = 2 }"

      


      
        Summary


  
    Functions
  


    
      
        visit(ast_node, opts \\ [])

      


        Visits an AST node and returns its string representation.



    





      


      
        Functions


        


    

  
    
      
    
    
      visit(ast_node, opts \\ [])



        
          
        

    

  


  

      

          @spec visit(
  Predicator.Parser.visitable(),
  keyword()
) :: binary()


      


Visits an AST node and returns its string representation.
Parameters
	ast_node - The AST node to convert to a string
	opts - Optional visitor options:	:parentheses - :minimal (default) | :explicit | :none

	:spacing - :normal (default) | :compact | :verbose




Returns
String representation of the AST node.
Options
	:parentheses controls parentheses generation:
	:minimal - only add parentheses when necessary for precedence
	:explicit - add parentheses around all comparisons
	:none - never add parentheses (may change meaning!)


	:spacing controls whitespace:
	:normal - standard spacing: "limit > 85"
	:compact - minimal spacing: "limit>85"
	:verbose - extra spacing: "limit  >  85"




  


        

      


  

    
Predicator.Vocabulary 
    



      
The grammar's fixed vocabulary, enumerated for editor tooling.
An expression editor that offers completion needs to know what the language
accepts: which operators exist, which words are reserved, which duration
units follow a number, and which functions are callable. Function names have
always been reachable - Predicator.Context.new/2 resolves them from
Predicator.FunctionProvider modules - but the operator and keyword lexemes
lived only inside Predicator.Lexer's private clause heads, so a consumer
wanting completion had to hard-code a second copy of the grammar and keep it
in sync by hand. This module is the first copy made public instead.
It is a reading surface, not a parsing one. Nothing here participates in
lexing, parsing, compiling, or evaluating; the entries describe the grammar
the lexer already implements, and adding a category or a doc string changes
no program's meaning. test/predicator/vocabulary_sync_test.exs binds the
two together: it round-trips every enumerated lexeme through
Predicator.Lexer.tokenize/1, and it checks the enumeration against the
lexer's own Predicator.Lexer.token/0 union, its classify_identifier/1
clause heads, and its duration_unit?/1 clause heads, so a token added to
the lexer without a matching entry here turns the suite red rather than
quietly shipping an editor that cannot complete it.
Entries
Every static entry is a map with at least these five keys:
	:lexeme - the exact source text, e.g. ">=", "contains"
	:token_type - the Predicator.Lexer.token/0 tag it lexes to
	:category - one of categories/0
	:display - what an editor shows in a completion list, which differs from
the lexeme only where the bare lexeme reads badly on its own ("a + b"
for "+", "1d" for the duration unit "d")
	:doc - one line of prose, sentence case, no trailing period

A function entry carries the same five keys plus :arity, since a function's
arity is part of what an editor needs to complete a call. Its :doc is
nil: a provider binds a name to {arity, atom} and carries no description,
so there is nothing truthful to put there, and an invented sentence in a
documented field is worse than an absent one.
Operator entries
An entry in an operator category - the six categories operators/0 returns -
carries five more keys, because a structured editor needs more about an
operator than a completion list does. A picklist has to name the operator in
a sentence, know how many operands it takes, know which atom the parser will
put in the AST for it, know which kinds of value it is worth offering it for
at all, and - where the same operator is enumerated twice - know which of the
two spellings to write:
	:label - a short phrase read in place of the operator, e.g. "is at least" for ">=". :display is a template and :doc is a sentence of
prose about the semantics; neither is a UI string, which is why this is
its own key
	:arity - how many operands the operator takes. "-" takes [1, 2],
since it is both subtraction and negation
	:ast_op - the atom Predicator.Parser.parse/2 puts in the node it
builds, which differs from :token_type for three operators (:in_op
becomes :in, :contains_op becomes :contains, :strict_equal
becomes :strict_eq). nil where no node carries the operator as an
atom of its own
	:value_kinds - the value_kind/0s the operator is worth offering for,
as the kind of the value on its right. nil for an operator that does not
compare a field against a value at all - the logical, arithmetic, temporal
and cast categories
	:canonical - whether this spelling is the one Predicator.decompile/2
writes for the operator. See "Case" below: a word operator is enumerated in
both cases, and only one of the two entries is the spelling a caller that
means to render source should offer

Entries outside an operator category carry none of the five. That is the
shape function_entry/0 already has against entry/0: an entry carries
the keys its kind of thing has, and no placeholder keys for the ones it does
not.
What :value_kinds admits, and two deliberate exclusions
The admissions follow Predicator.Evaluator's own comparison semantics.
Ordered comparison (>, >=, <, <=) is admitted where the evaluator
orders the kind meaningfully: numbers and strings through its types_match
guard, dates and datetimes chronologically, durations as the numbers they
reduce to. Equality is admitted for every scalar kind. in takes a list on
its right and nothing else; contains takes a list on its left, so the
value beside it is a scalar of any kind.
Two things the evaluator does answer are still not admitted, because a
picklist offering them would be offering nonsense:
	Excluded	Why
	Ordered comparison of booleans	types_match admits them, so true > false evaluates - by Erlang term order, which is not a fact about the author's data
	Equality against a list	Lists compare with ==, but the operator an author reaches for beside a list is in, and offering both invites writing the one that is almost never meant

Neither exclusion narrows the grammar. Both are the kind of judgement
Predicator.Simple already records for the shapes it leaves out: the
language still accepts them, and the structured surface still does not offer
them.
Case
The word operators are accepted in two cases - and and AND both lex to
:and_op - and both are enumerated, as separate entries with the same
:token_type. An editor offering only one of them would be offering a house
style the grammar does not have. if, else, while, and the temporal
words are lower-case only, and are enumerated only that way.
Enumerating both cases leaves a caller that renders source with a question
the enumeration alone cannot answer: of the two entries for one operator,
which spelling does Predicator.decompile/2 write? That is a fact about this
vocabulary, so :canonical answers it here rather than leaving each caller
to re-derive it. It is false on exactly one thing: the lower-case entry of
a word operator enumerated in both cases. Every other operator entry is the
only spelling there is and is therefore its own canonical one - ">=", and
the lower-case-only temporal words alike. It says nothing about what parses:
both spellings lex to the same token type, and an editor offering completions
wants both.
Examples
iex> Predicator.Vocabulary.by_category(:arithmetic) |> Enum.map(& &1.lexeme)
["+", "-", "*", "/", "%"]

iex> Predicator.Vocabulary.tokens() |> Enum.find(&(&1.lexeme == ">=")) |> Map.take([:token_type, :category])
%{token_type: :gte, category: :comparison}

iex> Predicator.Vocabulary.functions() |> Enum.any?(&(&1.lexeme == "len"))
true

      


      
        Summary


  
    Types
  


    
      
        category()

      


        The kind of thing an entry is, which is what an editor groups a completion
list by.



    


    
      
        entry()

      


        A fixed lexeme of the grammar - an operator, keyword, literal word, separator, or duration unit.



    


    
      
        function_entry()

      


        A callable function, resolved from the providers rather than from the lexer.



    


    
      
        operator_entry()

      


        An operator entry: an entry/0 plus what a structured editor needs in
order to offer the operator as a choice. See "Operator entries" above.



    


    
      
        value_kind()

      


        The kind of a value on the right of an operator, as a structured editor
models it.



    





  
    Functions
  


    
      
        all(opts \\ [])

      


        Every entry: tokens/0 followed by functions/1 on the same opts.



    


    
      
        by_category(category)

      


        The entries in one category.



    


    
      
        categories()

      


        Every category an entry can carry, in the order tokens/0 groups them.



    


    
      
        functions(opts \\ [])

      


        The callable functions, resolved the same way Predicator.Context.new/2
resolves them.



    


    
      
        keywords()

      


        The word-shaped entries: everything an editor must not offer as a plain
identifier, because the lexer classifies it as something else.



    


    
      
        operators()

      


        The entries that combine or compare values: the comparison, logical,
arithmetic, membership, temporal, and cast categories.



    


    
      
        tokens()

      


        Every fixed lexeme of the grammar: operators, keywords, literal words,
brackets, separators, and duration units.



    


    
      
        value_kinds()

      


        Every kind of value an operator can be offered for.



    





      


      
        Types


        


  
    
      
    
    
      category()



        
          
        

    

  


  

      

          @type category() ::
  :comparison
  | :logical
  | :arithmetic
  | :membership
  | :temporal
  | :control
  | :literal
  | :grouping
  | :punctuation
  | :cast
  | :duration_unit
  | :function


      


The kind of thing an entry is, which is what an editor groups a completion
list by.
:cast holds the single :: postfix operator (ADR-0011); :grouping holds
the bracket pairs; :punctuation holds the separators that are neither.

  



  
    
      
    
    
      entry()



        
          
        

    

  


  

      

          @type entry() :: %{
  lexeme: binary(),
  token_type: atom(),
  category: category(),
  display: binary(),
  doc: binary()
}


      


A fixed lexeme of the grammar - an operator, keyword, literal word, separator, or duration unit.

  



  
    
      
    
    
      function_entry()



        
          
        

    

  


  

      

          @type function_entry() :: %{
  lexeme: binary(),
  token_type: :function_name | :qualified_function_name,
  category: :function,
  display: binary(),
  doc: nil,
  arity: Predicator.Evaluator.function_arity()
}


      


A callable function, resolved from the providers rather than from the lexer.
:token_type is :qualified_function_name for a namespaced name
("Math.abs") and :function_name for a bare one ("len"), matching what
the lexer produces for a call to it.

  



  
    
      
    
    
      operator_entry()



        
          
        

    

  


  

      

          @type operator_entry() :: %{
  lexeme: binary(),
  token_type: atom(),
  category: category(),
  display: binary(),
  doc: binary(),
  label: binary(),
  arity: 0 | 1 | 2 | [1 | 2, ...],
  ast_op: atom() | nil,
  value_kinds: [value_kind()] | nil,
  canonical: boolean()
}


      


An operator entry: an entry/0 plus what a structured editor needs in
order to offer the operator as a choice. See "Operator entries" above.

  



  
    
      
    
    
      value_kind()



        
          
        

    

  


  

      

          @type value_kind() ::
  :string | :number | :boolean | :date | :datetime | :duration | :list


      


The kind of a value on the right of an operator, as a structured editor
models it.
These are the kinds Predicator.Simple admits as a scalar or as a list of
them, and no others.
:number covers integer and float literals together. They are two shapes in
Predicator.Simple.scalar/0, because the AST literal differs and the
round-trip has to preserve which one was written, but they are one kind
here: every operator worth offering beside 19.99 is worth offering beside
500, so a :float kind would duplicate :number's list exactly and make
every editor branch on a distinction that changes nothing it renders
(px-gv1).
There is no :relative_date either, because 3d ago is a datetime by the
time anything compares it.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      all(opts \\ [])



        
          
        

    

  


  

      

          @spec all(keyword()) :: [entry() | operator_entry() | function_entry(), ...]


      


Every entry: tokens/0 followed by functions/1 on the same opts.
Examples
iex> length(Predicator.Vocabulary.all()) == length(Predicator.Vocabulary.tokens()) + length(Predicator.Vocabulary.functions())
true

  



  
    
      
    
    
      by_category(category)



        
          
        

    

  


  

      

          @spec by_category(category()) :: [entry() | operator_entry() | function_entry()]


      


The entries in one category.
The argument is guarded against categories/0, so a misspelled category
raises FunctionClauseError rather than returning an empty list that reads
like a category the grammar happens not to use.
Examples
iex> Predicator.Vocabulary.by_category(:cast) |> Enum.map(& &1.lexeme)
["::"]

iex> Predicator.Vocabulary.by_category(:literal) |> Enum.map(& &1.lexeme)
["true", "false", "null", "undefined"]

  



  
    
      
    
    
      categories()



        
          
        

    

  


  

      

          @spec categories() :: [category(), ...]


      


Every category an entry can carry, in the order tokens/0 groups them.
Examples
iex> :duration_unit in Predicator.Vocabulary.categories()
true

  



    

  
    
      
    
    
      functions(opts \\ [])



        
          
        

    

  


  

      

          @spec functions(keyword()) :: [function_entry()]


      


The callable functions, resolved the same way Predicator.Context.new/2
resolves them.
opts takes :builtins, :providers, and :functions, and is passed
straight to Predicator.Context.resolve_functions/1, so the names returned
here are exactly the names a context built with the same options will
accept - including a host's own providers, which is the case an editor
embedded in a host application actually has.
Entries are sorted by name, since a dispatch map has no order and a
completion list needs one.
Examples
iex> Predicator.Vocabulary.functions(builtins: false)
[]

iex> Predicator.Vocabulary.functions() |> Enum.find(&(&1.lexeme == "len")) |> Map.take([:display, :arity, :doc])
%{display: "len(...)", arity: 1, doc: nil}

iex> Predicator.Vocabulary.functions() |> Enum.find(&(&1.lexeme == "Math.abs")) |> Map.fetch!(:token_type)
:qualified_function_name

  



  
    
      
    
    
      keywords()



        
          
        

    

  


  

      

          @spec keywords() :: [entry() | operator_entry(), ...]


      


The word-shaped entries: everything an editor must not offer as a plain
identifier, because the lexer classifies it as something else.
Duration units are excluded. d is an ordinary identifier everywhere except
immediately after a number, so treating it as a reserved word would be
wrong; by_category(:duration_unit) is where those live.
Examples
iex> Predicator.Vocabulary.keywords() |> Enum.map(& &1.lexeme) |> Enum.member?("contains")
true

iex> Predicator.Vocabulary.keywords() |> Enum.map(& &1.lexeme) |> Enum.member?("d")
false

  



  
    
      
    
    
      operators()



        
          
        

    

  


  

      

          @spec operators() :: [operator_entry(), ...]


      


The entries that combine or compare values: the comparison, logical,
arithmetic, membership, temporal, and cast categories.
Every entry here is an operator_entry/0, carrying :label, :arity,
:ast_op, :value_kinds, and :canonical on top of what tokens/0
carries. See "Operator entries" in the module documentation for what each one
means.
Examples
iex> Predicator.Vocabulary.operators() |> Enum.all?(&(&1.category != :literal))
true

iex> Predicator.Vocabulary.operators() |> Enum.find(&(&1.lexeme == ">=")) |> Map.take([:label, :arity, :ast_op])
%{label: "is at least", arity: 2, ast_op: :gte}

iex> Predicator.Vocabulary.operators() |> Enum.find(&(&1.lexeme == "IN")) |> Map.fetch!(:value_kinds)
[:list]

iex> Predicator.Vocabulary.operators() |> Enum.filter(&(&1.token_type == :in_op)) |> Enum.map(&{&1.lexeme, &1.canonical})
[{"in", false}, {"IN", true}]

  



  
    
      
    
    
      tokens()



        
          
        

    

  


  

      

          @spec tokens() :: [entry() | operator_entry(), ...]


      


Every fixed lexeme of the grammar: operators, keywords, literal words,
brackets, separators, and duration units.
Functions are not here - they depend on which providers a caller resolves,
so they come from functions/0 and functions/1 instead. all/0 is the
two lists together.
Examples
iex> Predicator.Vocabulary.tokens() |> Enum.map(& &1.category) |> Enum.uniq() |> Enum.member?(:function)
false
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          @spec value_kinds() :: [value_kind(), ...]


      


Every kind of value an operator can be offered for.
The vocabulary of :value_kinds on an operator_entry/0, enumerated so a
caller can iterate the kinds rather than hard-code them.
Examples
iex> Predicator.Vocabulary.value_kinds()
[:string, :number, :boolean, :date, :datetime, :duration, :list]

  


        

      


  

    
mix corpus.coverage 
    



      
Prints a checklist of behaviors the existing ExUnit suite exercises that
the shipped conformance corpus does not (px-35i.4 Phase 6).
The corpus is authored JSON completed by the real pipeline, not extracted
from the suite (see docs/plans/260807-px-35i.4-conformance-corpus.md's
"The generation mechanism" section) - so nothing else tells an author what
the 16k-line suite exercises that the corpus does not. This task closes
that loop, using the existing suite as an authoring checklist rather than
as the corpus's source of truth.
What it does
	Reads every test/**/*.exs file except test/predicator/conformance/**
(the corpus's own test suite, not "the existing suite" this task
checklists) and statically extracts literal Predicator.evaluate/2,3 and
Predicator.compile/1 source strings via
Predicator.Conformance.Coverage.extract_sources/1.
	Compiles each extracted source through the real compiler and counts
opcode/operand patterns via
Predicator.Conformance.Coverage.suite_pattern_frequencies/1.
	Reads the shipped conformance/corpus/tier-*.json cases and computes the
same patterns via corpus_pattern_frequencies/1.
	Diffs the two, keeping every pattern the suite hits more than the
corpus.
	Classifies each tier-5 (call:<name>) gap against the real builtin
registry (Predicator.Context.new().functions's keys) via
Coverage.classify/2, and prints the result grouped by tier -
px-q1f, so a test-registered function name (boom, double, ...)
reads as "not a corpus candidate" rather than as an unauthored gap, and
a non-deterministic builtin (Date.now, Math.random, same for the
relative_date opcode) reads as a documented exclusion rather than a
bare corpus: 0.

This is dev-only tooling: it never writes a conformance case, never touches
conformance/cases/, and never fails the gate - a wide report is expected
and is not itself a failure. It is a heuristic report (see
Predicator.Conformance.Coverage's moduledoc for exactly what it can and
cannot see); its top entries need a human read before being authored as
cases, since some will still be Elixir-internal test scaffolding that
classify/2's registry check does not catch (e.g. an opts-handling
assertion that happens to compile) rather than genuine corpus gaps.
Usage
mix corpus.coverage

      




  

    
mix corpus.generate 
    



      
Regenerates conformance/corpus/tier-*.json and conformance/manifest.json
from the authored cases in conformance/cases/*.json (px-35i.4).
Each authored case is run through the real compiler and evaluator by
Predicator.Conformance.Generator.generate/1, which fills in
instructions, expected_result/expected_error, tier, and features.
This task is the thin I/O shell around that pure function: it reads the
authored files, writes the completed corpus (one case per line, sorted by
id, via Predicator.Conformance.JSON.encode_lines/1) and the manifest, and
is otherwise deliberately free of logic - anything that needs a test belongs
in Predicator.Conformance.*, not here.
Usage
mix corpus.generate          # regenerate and write conformance/corpus/ and manifest.json
mix corpus.generate --check  # regenerate in memory, diff against the checked-in files,
                              # write nothing, exit non-zero on drift (for CI)
A case that fails to generate - a compile error, an authored expected or
tier mismatch, an unknown opcode, and so on - prints every failing case's
id and problem (not just the first) and exits non-zero without writing
anything.

      


      
        Summary


  
    Types
  


    
      
        file_map()

      


        Relative path (from the project root) mapped to the exact bytes it should contain.



    





  
    Functions
  


    
      
        build_files()

      


        Reads conformance/cases/*.json, runs Predicator.Conformance.Generator.generate/1,
and returns the exact file map mix corpus.generate would write: relative
path (from the project root) mapped to the exact bytes that file should
contain.
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      file_map()



        
          
        

    

  


  

      

          @type file_map() :: %{required(String.t()) => binary()}


      


Relative path (from the project root) mapped to the exact bytes it should contain.

  


        

      

      
        Functions


        


  
    
      
    
    
      build_files()



        
          
        

    

  


  

      

          @spec build_files() ::
  {:ok, file_map()} | {:error, [Predicator.Conformance.Generator.case_error()]}


      


Reads conformance/cases/*.json, runs Predicator.Conformance.Generator.generate/1,
and returns the exact file map mix corpus.generate would write: relative
path (from the project root) mapped to the exact bytes that file should
contain.
Public so test/predicator/conformance/corpus_freshness_test.exs can
regenerate in memory and byte-compare against the checked-in files without
duplicating the assembly logic (tier file naming, canonical encoding, the
corpus_hash computation) - a second hand-maintained copy of that logic is
exactly the kind of drift this whole bead exists to prevent.
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