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    IchorRuntime
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The small runtime support library Ichor-generated
parsers call into, plus a handful of standalone toolkit modules useful to
any engine you build on top of one. Every parser mix ichor.gen writes
to disk, and every module use Ichor, grammar: ..., actions: ...
splices code into, resolves a handful of module names at runtime --
Ichor.Actions, Ichor.Error, the compiled Tokenizer/Parser
combinators, Grammar.VM.Token, and (for @engine lr/glr grammars)
the LR/GLR shift-reduce and GSS runtime. This package is exactly that
set, plus Ichor.Toolkit.Pratt, Ichor.Toolkit.TermWalk, and
Ichor.Backtrack -- three self-contained pieces a generated parser's
own @native(...) callbacks (or an engine built on top of one) commonly
need at every match/evaluation, not just once at grammar-generation
time.
Ichor itself -- the Aether grammar
language, its ABNF/BNF/EBNF/PEG importers, Grammar.Analysis, the
LR/GLR table builder, and both codegen backends -- never runs after a
grammar's been compiled. Splitting it out this way means a project that
only ever runs mix ichor.gen ahead of time can depend on
ichor_runtime as an ordinary dependency, and on ichor itself as
only: :dev, runtime: false -- the bulk of the library (grammar
parsing, analysis, and codegen) genuinely never ships to production,
including in a mix release build.
Installation
def deps do
  [
    {:ichor_runtime, "~> 0.5"},
    {:ichor, "~> 0.6", only: :dev, runtime: false}
  ]
end
A project that instead loads/compiles grammars at runtime (via
Grammar.VM, Grammar.LR, or Grammar.GLR, rather than pregenerated
code) still needs the full ichor package as a normal dependency --
ichor_runtime is a piece Ichor's own interpreted backends depend on
too, not a replacement for it. In that case, just depend on ichor;
ichor_runtime comes along transitively.
What's in here
	Capture dispatch (Ichor.Actions, Ichor.Capture, Ichor.Node,
Ichor.Error) -- the mechanism a generated run/1,2 uses to turn a
raw parse into your Ichor.Actions module's actual result. You
implement an Ichor.Actions behaviour; this is what calls it. Also
where Ichor.Actions.evaluate_node/3 lives -- the re-entry point a
grammar with macro-like features (LISP's own defmacro, most
notably) needs to evaluate a capture tree that didn't come from the
original parse (a macro's own expansion).
	The compiled Tokenizer/Parser runtime
(Grammar.Native.Runtime.Parser/Tokenizer, Grammar.VM.Token,
Grammar.Source, Grammar.Lexer) -- the shared combinators every
mix ichor.gen-generated module's own tokenizer/parser functions call
into. Not meant to be called directly; generated code is the only
caller.
	The LR/GLR runtime (Grammar.LRTable, Grammar.LRTable.Production/
.Captures, Grammar.LR.Stack, Grammar.GLR.GSS/.Runtime) -- same
idea, for a grammar tagged @engine lr/@engine glr: the shift-reduce
stack and graph-structured-stack machinery a compiled LR/GLR parser's
generated dispatch functions call into. Also not meant to be called
directly.
	Ichor.CustomLexeme/Ichor.CustomRule -- the behaviours a
grammar's own @native("Module", "function", ...) escape hatch
dispatches to. You implement these; nothing here calls them for you.
	Ichor.Toolkit.Pratt -- precedence-climbing (Pratt) expression
parsing over a runtime-mutable operator table (prefix/infix/postfix).
Genuinely standalone -- useful for any expression grammar with
operator precedence, whether or not it was ever generated by Ichor.
	Ichor.Toolkit.TermWalk -- generic fold/rewrite recursion over
any term type implementing Ichor.Backtrack.Term. Standalone.
	Ichor.Backtrack (+ .Bindings/.Term/.Tree) -- a generic
lazy-search-plus-unification substrate for logic-language evaluation
models (SLD-resolution and friends). Standalone -- nothing else in
this package calls it.
	Ichor.Toolkit.Result -- reduce_ok/map_ok, an
Enum.reduce-with-early-exit-on-failure pair. Standalone, tiny,
useful anywhere you're threading a fallible step over a collection.

See the cheatsheet for worked examples of every
standalone piece (Pratt, TermWalk, Backtrack, Result), and for
what an Ichor.Actions module actually receives at runtime. For the
grammar-authoring side of things -- writing .aether grammars,
mix ichor.gen, use Ichor -- see
Ichor's own docs.
Released versions are documented on
hexdocs.pm/ichor_runtime; docs for
the unreleased main branch are published to
joetjen.github.io/ichor_runtime
on every push (see .github/workflows/docs.yml).
Development
mix deps.get
mix precommit

mix precommit chains format -> compile --warnings-as-errors ->
credo --strict -> sobelow -> test -> dialyzer.
License
Apache-2.0 -- see LICENSE.


  

    Cheatsheet

Quick reference for everything in ichor_runtime, worked examples for
the standalone pieces (Pratt, TermWalk, Backtrack, Result). See
the README for the big picture, or
Ichor's own docs for grammar authoring
(.aether syntax, mix ichor.gen, use Ichor).
What an Ichor.Actions module receives
You never call Ichor.Actions.evaluate/5 yourself -- a generated
run/1,2 calls it, dispatching into your own Ichor.Actions
implementation. This is the shape your callbacks see:
defmodule MyLang.Actions do
  @behaviour Ichor.Actions

  @impl true
  def handle_token(:NUMBER, text, _ctx), do: {:ok, String.to_integer(text)}

  @impl true
  def handle_rule(:add, %{left: l, right: r}, ctx) do
    {:ok, lv, ctx} = l.eval.(ctx)
    {:ok, rv, ctx} = r.eval.(ctx)
    {:ok, lv + rv, ctx}
  end

  # optional: runs once, after everything else
  @impl true
  def finalize(ctx), do: :ok
end
	Implement only the rules/tokens that need custom behavior -- anything
else falls back automatically: a rule with exactly one meaningful
capture passes its value straight through; more than one builds an
%Ichor.Node{rule: ..., captures: %{...}}; an unhandled token's raw
text passes through unchanged.
	A capture under */+/{n,m} always arrives as a list, even if
it matched zero or one times -- never a bare value, never a missing
key.
	Each capture is an %Ichor.Capture{}: .node is the raw, unevaluated
parse (Ichor.Capture.node_t() -- {:token, name, text} /
{:rule, name, sub_captures} / {:text, text}, where sub_captures
is an Ichor.Capture.raw_captures() -- [{name, value_or_values}],
an ordered list, not a map, so a nested rule's own capture order
survives); .eval.(ctx) evaluates it and returns
{:ok, value, new_ctx}. Call .eval only when you actually want the
value -- this is what lets an if/quote-style special form skip
evaluating a branch entirely.
	Ichor.Actions.evaluate_node/3 re-enters this same dispatch for a
capture node that didn't come from the original parse -- a macro's own
expansion, most notably (LISP's defmacro):
Ichor.Actions.evaluate_node({:rule, :form, [op: {:token, :PLUS, "+"}]}, MyLang.Actions, ctx).
	Errors are %Ichor.Error{} (Ichor.Error.new/1, Ichor.Error.format/1)
-- the same struct every stage (lexer, parser, your own actions) uses,
so error output looks consistent regardless of where it came from.
	.span is where a capture matched, {line, column, length} (nil for
a node handed to evaluate_node/3); a default %Ichor.Node{} has its
rule's span too.
	An action's error with no line is placed where its rule or token
matched and shown with a caret: return {:error, Ichor.Error.new(message: "...", stage: :action)} and the user is pointed at the text. An error
that already has a line keeps it.

@native(...) callbacks
The behaviours a grammar's own @native("Module", "function", ...)
escape hatch dispatches to -- you implement these, nothing here calls
them for you:
defmodule MyRuleCallback do
  @behaviour Ichor.CustomRule

  @impl true
  def match(stream, pos, context, rule_matchers) do
    # stream/pos: the token stream and current position, same contract
    # as any compiled rule matcher. context: read-only, whatever the
    # previous top-level form evaluated to. rule_matchers: a map
    # restricted to this node's own declared dependencies, each
    # (stream, pos, context -> {:ok, new_pos, ref_stack, raw_captures} | :fail).
    :fail
  end
end

defmodule MyLexemeCallback do
  @behaviour Ichor.CustomLexeme

  @impl true
  def scan(input, context, rule_matchers) do
    # input: the *remaining suffix* of the source text. Returns
    # {:ok, text, rest, capture} where text <> rest == input, and
    # capture is nil (ordinary {:token, name, text} capture) or an
    # explicit Ichor.Capture.node_t() override.
    :fail
  end
end
Ichor.Toolkit.Pratt: operator-precedence expression parsing
A runtime-mutable table (prefix/infix/postfix operators, any precedence)
plus a driver that climbs it. Complete worked example -- arithmetic with
prefix -, infix + - * /, postfix ! (factorial), and % registered
as both infix (modulo) and postfix (percent) -- the one genuinely
ambiguous case can_start_operand? exists to resolve:
alias Ichor.Toolkit.Pratt

table =
  Pratt.new()
  |> Pratt.prefix("-", 100)
  |> Pratt.infix("+", 10)
  |> Pratt.infix("-", 10)
  |> Pratt.infix("*", 20)
  |> Pratt.infix("/", 20)
  |> Pratt.infix("%", 20)
  |> Pratt.postfix("!", 30)
  |> Pratt.postfix("%", 30)

tokens = {{:num, 5}, {:op, "!"}, {:op, "+"}, {:num, 2}} # "5! + 2"

# peek_op must return nil, not crash, once pos runs off the end --
# elem/2 doesn't bounds-check, so every callback goes through this.
at = fn pos -> if pos < tuple_size(tokens), do: elem(tokens, pos), else: nil end

callbacks = %{
  peek_op: fn pos ->
    case at.(pos) do
      {:op, name} -> {name, pos + 1}
      _ -> nil
    end
  end,
  parse_primary: fn pos ->
    case at.(pos) do
      {:num, n} -> {:ok, pos + 1, n}
      _ -> :fail
    end
  end,
  # only needed because "%" is registered both infix and postfix --
  # resolves the ambiguity by checking whether a valid operand follows
  can_start_operand?: fn pos -> match?({:num, _}, at.(pos)) end,
  build: fn
    :prefix, "-", [a] -> -a
    :infix, "+", [a, b] -> a + b
    :infix, "-", [a, b] -> a - b
    :infix, "*", [a, b] -> a * b
    :infix, "/", [a, b] -> a / b
    :infix, "%", [a, b] -> rem(a, b)
    :postfix, "!", [a] -> Enum.reduce(1..a, 1, &*/2)
    :postfix, "%", [a] -> a / 100
  end
}

Pratt.parse(table, 0, callbacks)
#=> {:ok, 4, 122}  -- pos 4 (consumed everything), value 5! + 2 = 122
min_prec (the optional 4th argument to parse/4, default 0) is what
recursion uses internally to only accept an operator binding at least
that tightly -- pass a higher value yourself if you're embedding a
sub-expression that itself must bind tighter than some enclosing
context.
Ichor.Backtrack: logic-language evaluation (Prolog-style SLD-resolution)
A substitution (Bindings) plus a lazy, depth-first search
(Tree) over any term representation you supply (Term):
defmodule MyTerms do
  @behaviour Ichor.Backtrack.Term

  def variable?({:var, _id}), do: true
  def variable?(_), do: false
  def var_id({:var, id}), do: id
  def compound?({:compound, _f, _args}), do: true
  def compound?(_), do: false
  def deconstruct({:compound, f, args}), do: {f, args}
  # optional -- only needed if you ever rebuild a term (substitution):
  def reconstruct(f, args), do: {:compound, f, args}
end

alias Ichor.Backtrack.{Tree, Bindings}

x = {:var, make_ref()}
t1 = {:compound, :father, [:tom, x]}
t2 = {:compound, :father, [:tom, :bob]}

Bindings.unify(MyTerms, Bindings.new(), t1, t2)
#=> {:ok, bindings}  -- x now bound to :bob

Bindings.resolve(MyTerms, bindings, x)
#=> :bob

Bindings.unify_occurs_check(MyTerms, Bindings.new(), x, {:compound, :f, [x]})
#=> :fail  -- unify/4 would instead silently build an infinite term,
#            matching ISO Prolog's own default (unify_with_occurs_check/2
#            is opt-in there too); a type checker generally wants this
A goal is a function bindings -> lazy solution sequence
(Tree.unit/0/Tree.fail/0 are the two trivial ones; Tree.disjunction/2/
Tree.conjunction/2/Tree.once/1 combine goals into bigger ones). A
goal that unifies a query against one fact, tried against a small
"database" via disjunction/2:
unify_goal = fn fact, query ->
  fn bindings ->
    case Bindings.unify(MyTerms, bindings, query, fact) do
      {:ok, new_bindings} -> Tree.of_one(new_bindings)
      :fail -> Tree.empty()
    end
  end
end

facts = [
  {:compound, :father, [:tom, :bob]},
  {:compound, :father, [:bob, :ann]}
]

query = {:compound, :father, [:tom, {:var, :who}]}

goal =
  facts
  |> Enum.map(&unify_goal.(&1, query))
  |> Enum.reduce(Tree.fail(), &Tree.disjunction/2)

goal.(Bindings.new())
|> Tree.to_list()
|> Enum.map(&Bindings.resolve(MyTerms, &1, {:var, :who}))
#=> [:bob]  -- every solution's own binding for `who`, eagerly collected
#            (Tree.to_list/1 is for tests/finite searches only -- pull
#            one at a time via Tree.next/1 for a search that might not
#            terminate)
Ichor.Toolkit.TermWalk: generic recursion over a Term
fold/4 (visit every node, accumulate) and rewrite/3 (transform every
node, top-down, rebuilding compounds) over any Ichor.Backtrack.Term:
alias Ichor.Toolkit.TermWalk

term = {:compound, :add, [{:var, :x}, {:compound, :mul, [{:var, :y}, 2]}]}

TermWalk.fold(MyTerms, term, MapSet.new(), fn
  {:var, id}, acc -> MapSet.put(acc, id)
  _other, acc -> acc
end)
#=> MapSet.new([:x, :y])  -- every variable id referenced anywhere in term

TermWalk.rewrite(MyTerms, term, fn
  {:var, :x} -> 10
  other -> other
end)
#=> {:compound, :add, [10, {:compound, :mul, [{:var, :y}, 2]}]}
Ichor.Toolkit.Result: fallible-step traversal
alias Ichor.Toolkit.Result

Result.reduce_ok([1, 2, 3], 0, fn x, acc -> {:ok, acc + x} end)
#=> {:ok, 6}

Result.reduce_ok([1, -1, 2], 0, fn
  x, _acc when x < 0 -> {:error, "negative: #{x}"}
  x, acc -> {:ok, acc + x}
end)
#=> {:error, "negative: -1"}  -- stops at the first failure

Result.map_ok([1, 2, 3], :state, fn x, state -> {:ok, x * 2, state} end)
#=> {:ok, [2, 4, 6], :state}
reduce_ok/3 passes any non-{:ok, _} step result straight through
unexamined -- works equally for a bare :fail atom or {:error, reason},
whatever your own step function returns as failure. map_ok/3 is built
on reduce_ok/3.


  

    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.
[0.5.0] - 2026-10-20
Added
	Every capture knows where it matched: %Ichor.Capture{} has a
span, {line, column, length}, and a default %Ichor.Node{} the
span of its rule -- until now its span was always nil. Nil when the
parse recorded no positions: a node handed to evaluate_node/3, or a
parser generated before this release.
	Ichor.Capture.at/3 records the token range a raw capture
matched, and plain/1 takes those records off again. A parser
wraps every capture value with at/3; Ichor.Actions unwraps them
before an action sees anything, so .node is as it always was.
	Grammar.Source.Locator: where a token range of a parse is in its
input, as a span. Built once per parse.
	Ichor.Actions.evaluate/6 takes options: :locator, the parse's
locator, and :range, the token range its root matched.

Fixed
	An action's error says where. An error a handle_rule/3 or
handle_token/3 returns with no line is placed where that rule or
token matched, and shown with its line and a caret; nothing else
about it changes. It used to come back with no position at all, so a
domain error raised in an action -- a refused map key, a schema
violation -- could not be shown where it was. The innermost place
wins: an error that already has a line keeps it.

Changed
	Grammar.LRTable.Captures.build/3 records the token range of
every value it builds (Ichor.Capture.at/3). An LR or GLR parser
generated by ichor 0.5 or earlier builds through it, so its
parse/2 returns captures with the records in them; regenerate it
with ichor 0.6, whose parse/2 takes them off (plain/1).

0.4.0 - 2026-10-19
Added
	Ichor.Error has a data field: whatever a stage hands through
with its error -- most often an action failing with its own domain
error, which its caller unwraps. Nil unless something sets it;
format/1 ignores it.
	The lossless tree, Ichor.Syntax: every byte of an input, as
tokens -- trivia and punctuation included, with byte offsets, lines
and columns -- under every grammar rule that matched them
(Ichor.Syntax.Node, Ichor.Syntax.Token). tree/3 weaves a token
stream into a parse's rule records; text/1 is a node's input, and
the root's is the whole input, byte for byte; tokens/1 its leaves.
Trivia never sits at a node's edge: it belongs to the deepest node
with something significant on both sides. The runtime half of
ichor's lossless mode.
	Ichor.Syntax.Record: how a lossless parser records its rules,
inside its ordinary captures, so backtracking and merging handle them
as they handle every capture.
	Grammar.LR.Lossless: the LR loop for a lossless parse, table-driven
so the generated fast parser's state functions are left as they are.
	Grammar.GLR.Runtime.run/7: takes the function that builds each
reduction's captures; run/6 builds them as before.

Fixed
	An LR or GLR rule repeated three times or more is a flat list.
Splicing a repetition's helper into a capture the production already
held nested the helper's list as one value: doc := entry+ with three
entries gave [a, [b, c]], which Ichor.Actions could not evaluate.
The splice now appends the list's elements, as the PEG backends do.
	Grammar.Source.placed/2 keeps every field of an error it shows.
It rebuilt the error field by field, so a field it did not name was
lost; it now fills in only the snippet.

0.3.0 - 2026-10-18
Changed
	Licensed under the Apache License 2.0 (Apache-2.0); it was MIT.

Added
	Grammar.Source.trimmed/2: a token stream without the @skip
tokens before its first other token and after its last, which every
engine and backend now applies before matching the root, so trivia
around an input means the same to all of them.
	Grammar.Source.position/3 and placed/2: where a position in a
token stream is -- its token, or past the last one the end of the
input -- and an error that says nowhere placed at the end of the
input. No input at all is line 1, column 1.
	Every error shows where: Grammar.Source.placed/2 also gives an
error with a position and no snippet the line it is on and a caret,
so an LR or GLR error renders like a PEG one -- it used to say where
and show nothing.
	Grammar.LRTable.unexpected_error/3: "unexpected end of input"
with the end of the input's line and column. unexpected_error/2
stays for parsers generated before it.
	Docs for the main branch are now published to GitHub Pages
(.github/workflows/docs.yml) on every push, at
joetjen.github.io/ichor_runtime.
Released versions continue to be documented on hexdocs.pm;
mix.exs's docs() sets a canonical URL pointing there so the two
copies don't compete as duplicate content.

0.2.0 - 2026-08-03
Fixed
	Ichor.Actions.eval_all/2 could evaluate sibling captures in the
wrong order (and, for an Actions module implementing custom
special-form logic that assumes a particular evaluation order, thread
context incorrectly) because it relied on a plain Elixir map's own
iteration order, which Elixir/Erlang make no guarantee about --
observed to actually differ between Erlang/OTP versions for the exact
same code and input.

Changed
	Breaking: raw capture data (Ichor.Capture.node_t/0's :rule
variant, Ichor.Actions.evaluate/5's raw_captures argument,
Grammar.LRTable.Captures.build/3's return value, and
Grammar.Native.Runtime.Parser.merge_captures/2's accumulator) is now
an ordered list of {name, value} pairs (Ichor.Capture.raw_captures/0)
instead of a plain map, preserving true first-occurrence RHS/source
order end to end -- the fix for the ordering bug above. A grammar's
generated Actions module, or any hand-written code that pattern-matches
or constructs raw_captures/node_t() values directly (e.g. for
macro-expansion via Ichor.Actions.evaluate_node/3), needs updating
from %{name: value} to [{name, value}]/[name: value]. The already-
evaluated Ichor.Actions.captures/0 map handed to handle_rule/3
callbacks is unchanged (still a plain map, keyed for ergonomic access).
	Ichor.Capture gained a position field (defaults to 0) recording
a capture's index among its siblings; eval_all/2 now sorts by it
before folding, instead of trusting captures' own map order.

0.1.0 - 2026-07-29
Added
	First release, extracted from ichor's
own monorepo (packages/ichor_runtime, via git subtree split -- this
repository's history starts with the commits that originally added
that directory) into its own independently-published-and-maintained
project. ~24 modules: everything a mix ichor.gen-generated parser
(or use Ichor-compiled module) actually calls at runtime, plus three
self-contained toolkit modules useful to an engine built on top of
one:	Capture dispatch: Ichor.Actions, Ichor.Capture, Ichor.Node,
Ichor.Error.
	The compiled Tokenizer/Parser runtime:
Grammar.Native.Runtime.Parser/Tokenizer, Grammar.VM.Token,
Grammar.Source, Grammar.Lexer.
	The LR/GLR runtime: Grammar.LRTable, Grammar.LRTable.Production/
.Captures, Grammar.LR.Stack, Grammar.GLR.GSS/.Runtime.
	@native(...) callback behaviours: Ichor.CustomLexeme,
Ichor.CustomRule.
	Standalone toolkit: Ichor.Toolkit.Pratt (precedence-climbing
expression parsing), Ichor.Toolkit.TermWalk (generic fold/
rewrite recursion), Ichor.Backtrack (+ .Bindings/.Term/
.Tree, a lazy-search-plus-unification substrate for
logic-language evaluation models), Ichor.Toolkit.Result
(reduce_ok/map_ok).
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                                 Apache License
                           Version 2.0, January 2004
                        http://www.apache.org/licenses/

   TERMS AND CONDITIONS FOR USE, REPRODUCTION, AND DISTRIBUTION

   1. Definitions.

      "License" shall mean the terms and conditions for use, reproduction,
      and distribution as defined by Sections 1 through 9 of this document.

      "Licensor" shall mean the copyright owner or entity authorized by
      the copyright owner that is granting the License.

      "Legal Entity" shall mean the union of the acting entity and all
      other entities that control, are controlled by, or are under common
      control with that entity. For the purposes of this definition,
      "control" means (i) the power, direct or indirect, to cause the
      direction or management of such entity, whether by contract or
      otherwise, or (ii) ownership of fifty percent (50%) or more of the
      outstanding shares, or (iii) beneficial ownership of such entity.

      "You" (or "Your") shall mean an individual or Legal Entity
      exercising permissions granted by this License.

      "Source" form shall mean the preferred form for making modifications,
      including but not limited to software source code, documentation
      source, and configuration files.

      "Object" form shall mean any form resulting from mechanical
      transformation or translation of a Source form, including but
      not limited to compiled object code, generated documentation,
      and conversions to other media types.

      "Work" shall mean the work of authorship, whether in Source or
      Object form, made available under the License, as indicated by a
      copyright notice that is included in or attached to the work
      (an example is provided in the Appendix below).

      "Derivative Works" shall mean any work, whether in Source or Object
      form, that is based on (or derived from) the Work and for which the
      editorial revisions, annotations, elaborations, or other modifications
      represent, as a whole, an original work of authorship. For the purposes
      of this License, Derivative Works shall not include works that remain
      separable from, or merely link (or bind by name) to the interfaces of,
      the Work and Derivative Works thereof.

      "Contribution" shall mean any work of authorship, including
      the original version of the Work and any modifications or additions
      to that Work or Derivative Works thereof, that is intentionally
      submitted to Licensor for inclusion in the Work by the copyright owner
      or by an individual or Legal Entity authorized to submit on behalf of
      the copyright owner. For the purposes of this definition, "submitted"
      means any form of electronic, verbal, or written communication sent
      to the Licensor or its representatives, including but not limited to
      communication on electronic mailing lists, source code control systems,
      and issue tracking systems that are managed by, or on behalf of, the
      Licensor for the purpose of discussing and improving the Work, but
      excluding communication that is conspicuously marked or otherwise
      designated in writing by the copyright owner as "Not a Contribution."

      "Contributor" shall mean Licensor and any individual or Legal Entity
      on behalf of whom a Contribution has been received by Licensor and
      subsequently incorporated within the Work.

   2. Grant of Copyright License. Subject to the terms and conditions of
      this License, each Contributor hereby grants to You a perpetual,
      worldwide, non-exclusive, no-charge, royalty-free, irrevocable
      copyright license to reproduce, prepare Derivative Works of,
      publicly display, publicly perform, sublicense, and distribute the
      Work and such Derivative Works in Source or Object form.

   3. Grant of Patent License. Subject to the terms and conditions of
      this License, each Contributor hereby grants to You a perpetual,
      worldwide, non-exclusive, no-charge, royalty-free, irrevocable
      (except as stated in this section) patent license to make, have made,
      use, offer to sell, sell, import, and otherwise transfer the Work,
      where such license applies only to those patent claims licensable
      by such Contributor that are necessarily infringed by their
      Contribution(s) alone or by combination of their Contribution(s)
      with the Work to which such Contribution(s) was submitted. If You
      institute patent litigation against any entity (including a
      cross-claim or counterclaim in a lawsuit) alleging that the Work
      or a Contribution incorporated within the Work constitutes direct
      or contributory patent infringement, then any patent licenses
      granted to You under this License for that Work shall terminate
      as of the date such litigation is filed.

   4. Redistribution. You may reproduce and distribute copies of the
      Work or Derivative Works thereof in any medium, with or without
      modifications, and in Source or Object form, provided that You
      meet the following conditions:

      (a) You must give any other recipients of the Work or
          Derivative Works a copy of this License; and

      (b) You must cause any modified files to carry prominent notices
          stating that You changed the files; and

      (c) You must retain, in the Source form of any Derivative Works
          that You distribute, all copyright, patent, trademark, and
          attribution notices from the Source form of the Work,
          excluding those notices that do not pertain to any part of
          the Derivative Works; and

      (d) If the Work includes a "NOTICE" text file as part of its
          distribution, then any Derivative Works that You distribute must
          include a readable copy of the attribution notices contained
          within such NOTICE file, excluding those notices that do not
          pertain to any part of the Derivative Works, in at least one
          of the following places: within a NOTICE text file distributed
          as part of the Derivative Works; within the Source form or
          documentation, if provided along with the Derivative Works; or,
          within a display generated by the Derivative Works, if and
          wherever such third-party notices normally appear. The contents
          of the NOTICE file are for informational purposes only and
          do not modify the License. You may add Your own attribution
          notices within Derivative Works that You distribute, alongside
          or as an addendum to the NOTICE text from the Work, provided
          that such additional attribution notices cannot be construed
          as modifying the License.

      You may add Your own copyright statement to Your modifications and
      may provide additional or different license terms and conditions
      for use, reproduction, or distribution of Your modifications, or
      for any such Derivative Works as a whole, provided Your use,
      reproduction, and distribution of the Work otherwise complies with
      the conditions stated in this License.

   5. Submission of Contributions. Unless You explicitly state otherwise,
      any Contribution intentionally submitted for inclusion in the Work
      by You to the Licensor shall be under the terms and conditions of
      this License, without any additional terms or conditions.
      Notwithstanding the above, nothing herein shall supersede or modify
      the terms of any separate license agreement you may have executed
      with Licensor regarding such Contributions.

   6. Trademarks. This License does not grant permission to use the trade
      names, trademarks, service marks, or product names of the Licensor,
      except as required for reasonable and customary use in describing the
      origin of the Work and reproducing the content of the NOTICE file.

   7. Disclaimer of Warranty. Unless required by applicable law or
      agreed to in writing, Licensor provides the Work (and each
      Contributor provides its Contributions) on an "AS IS" BASIS,
      WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or
      implied, including, without limitation, any warranties or conditions
      of TITLE, NON-INFRINGEMENT, MERCHANTABILITY, or FITNESS FOR A
      PARTICULAR PURPOSE. You are solely responsible for determining the
      appropriateness of using or redistributing the Work and assume any
      risks associated with Your exercise of permissions under this License.

   8. Limitation of Liability. In no event and under no legal theory,
      whether in tort (including negligence), contract, or otherwise,
      unless required by applicable law (such as deliberate and grossly
      negligent acts) or agreed to in writing, shall any Contributor be
      liable to You for damages, including any direct, indirect, special,
      incidental, or consequential damages of any character arising as a
      result of this License or out of the use or inability to use the
      Work (including but not limited to damages for loss of goodwill,
      work stoppage, computer failure or malfunction, or any and all
      other commercial damages or losses), even if such Contributor
      has been advised of the possibility of such damages.

   9. Accepting Warranty or Additional Liability. While redistributing
      the Work or Derivative Works thereof, You may choose to offer,
      and charge a fee for, acceptance of support, warranty, indemnity,
      or other liability obligations and/or rights consistent with this
      License. However, in accepting such obligations, You may act only
      on Your own behalf and on Your sole responsibility, not on behalf
      of any other Contributor, and only if You agree to indemnify,
      defend, and hold each Contributor harmless for any liability
      incurred by, or claims asserted against, such Contributor by reason
      of your accepting any such warranty or additional liability.

   END OF TERMS AND CONDITIONS

   APPENDIX: How to apply the Apache License to your work.

      To apply the Apache License to your work, attach the following
      boilerplate notice, with the fields enclosed by brackets "[]"
      replaced with your own identifying information. (Don't include
      the brackets!)  The text should be enclosed in the appropriate
      comment syntax for the file format. We also recommend that a
      file or class name and description of purpose be included on the
      same "printed page" as the copyright notice for easier
      identification within third-party archives.

   Copyright 2026 Jan Oetjen

   Licensed under the Apache License, Version 2.0 (the "License");
   you may not use this file except in compliance with the License.
   You may obtain a copy of the License at

       http://www.apache.org/licenses/LICENSE-2.0

   Unless required by applicable law or agreed to in writing, software
   distributed under the License is distributed on an "AS IS" BASIS,
   WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
   See the License for the specific language governing permissions and
   limitations under the License.



  

    
Grammar.LR.Lossless 
    



      
The LR shift-reduce loop for a lossless parse: the same moves as
Grammar.LR's and Grammar.Native.LR's, building captures with
Ichor.Syntax.Record.reduced/3, so the rules' records travel with them.
Table-driven on purpose, for both backends. The generated LR parser
compiles every state into its own function, which calls the ordinary
Grammar.LR.Stack.reduce/4 inline. A lossless variant of those would
be a second copy of every state function. Instead, a parser generated
with lossless: true embeds its table as data and hands it to this
loop through action_fn/goto_fn -- the shape Grammar.GLR.Runtime
already takes -- so the fast path's functions stay exactly as they
are, and the lossless path pays for lookups rather than for code.

      


      
        Summary


  
    Functions
  


    
      
        run(action_fn, goto_fn, productions, start_state, end_symbol, stream)

      


        Runs the loop over stream from start_state. action_fn answers a
state and a lookahead with the table's list of actions -- one, since an
LR table has no conflicts -- and goto_fn a state and a nonterminal
with the state to go to.



    





      


      
        Functions


        


  
    
      
    
    
      run(action_fn, goto_fn, productions, start_state, end_symbol, stream)



        
          
        

    

  


  

      

          @spec run(
  (Grammar.LRTable.state_id(), atom() -> [Grammar.LRTable.action()]),
  (Grammar.LRTable.state_id(), atom() -> Grammar.LRTable.state_id() | nil),
  %{required(non_neg_integer()) => Grammar.LRTable.Production.t()},
  Grammar.LRTable.state_id(),
  atom(),
  tuple()
) ::
  {:ok, non_neg_integer(), Ichor.Capture.raw_captures()}
  | {:error, Ichor.Error.t()}


      


Runs the loop over stream from start_state. action_fn answers a
state and a lookahead with the table's list of actions -- one, since an
LR table has no conflicts -- and goto_fn a state and a nonterminal
with the state to go to.

  


        

      


  

    
Grammar.Source.Locator 
    



      
Where a range of a parse's token stream is in its input, as an
Ichor.Node.source_span/0: {line, column, length}.
A parser records each capture's place as the token range [from, to)
it matched (Ichor.Capture.at/3) -- two integers, nothing to compute
while matching, and most of them never asked for. Ichor.Actions
turns a range into a span only when it builds the capture, through
this.
Built once per parse. new/2 reads the input once for where each
line starts, so a span is a few lookups whatever its size. A span is
measured from the input's line starts rather than by adding up token
texts, because a stream need not hold every token in between: the
shift-reduce engines drop the skip tokens.
Lines and columns are 1-based, and columns and lengths count
codepoints, as Grammar.Native.Runtime.Tokenizer does.

      


      
        Summary


  
    Types
  


    
      
        t()

      


        input is the text parsed, kept to show a placed error's line;
stream is the token stream the parse ran over; line_starts the
codepoint offset each line of the input begins at; end_at the
{line, column} just past the input's last character.



    





  
    Functions
  


    
      
        new(stream, input)

      


        The locator for a parse of input over stream (a tuple of
Grammar.VM.Tokens, as every engine matches against).



    


    
      
        span(locator, from, to)

      


        The span of the tokens [from, to): where the first one starts, and
how many codepoints there are from there to the end of the last one.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.Source.Locator{
  end_at: {pos_integer(), pos_integer()},
  input: String.t(),
  line_starts: tuple(),
  stream: tuple()
}


      


input is the text parsed, kept to show a placed error's line;
stream is the token stream the parse ran over; line_starts the
codepoint offset each line of the input begins at; end_at the
{line, column} just past the input's last character.

  


        

      

      
        Functions


        


  
    
      
    
    
      new(stream, input)



        
          
        

    

  


  

      

          @spec new(tuple(), String.t()) :: t()


      


The locator for a parse of input over stream (a tuple of
Grammar.VM.Tokens, as every engine matches against).

  



  
    
      
    
    
      span(locator, from, to)



        
          
        

    

  


  

      

          @spec span(t(), non_neg_integer(), non_neg_integer()) :: Ichor.Node.source_span()


      


The span of the tokens [from, to): where the first one starts, and
how many codepoints there are from there to the end of the last one.
An empty range (from == to) is a place, not a stretch: where the
token at from starts -- or the end of the input, past the last
token -- with length 0.

  


        

      


  

    
Ichor.Syntax 
    



      
The lossless tree: every byte of the input, as tokens under the rules
that matched them.
The ordinary parse result keeps what a grammar captures and steps over
the rest -- trivia, punctuation, the order of differently named
captures. A tool that edits a document and writes it back (a
formatter, a config updater keeping its comments) needs all of it.
A parser generated with lossless: true returns this tree beside its
ordinary value (design/lossless-mode.md in ichor).
The tree holds four promises, whatever the grammar:
	Lossless. text(root) is the input, byte for byte.
	Ordered. The leaves, left to right, are every token of the
input: named tokens, literals, punctuation and trivia.
	Trivia sits between, never at an edge. No node but the root
begins or ends with a trivia token. A trivia token belongs to the
deepest node with something significant on both sides of it;
the input's leading and trailing trivia belong to the root.
	Every rule that matched is a node, the ones the ordinary
tree passes through included. A rule that matched nothing is an
empty node.

Which comment belongs to which value is not decided here: that is a
policy of the format, and the tree hands a consumer what it needs to
decide it -- each trivia token's siblings, line and column.

      


      
        Summary


  
    Types
  


    
      
        record()

      


        A rule's match as a parser records it: the rule, the token range
[from, to) of the trimmed stream it matched, and the records of the
rules it called, in order (Ichor.Syntax.Record).



    





  
    Functions
  


    
      
        text(node_or_token)

      


        The input a node or token covers: for the root, the whole input.



    


    
      
        tokens(node)

      


        Every token under a node, in source order.



    


    
      
        tree(arg, tokens, skip)

      


        The lossless tree of a parse: record is the root rule's match, its
token ranges counted in the stream with leading and trailing trivia
trimmed (Grammar.Source.trimmed/2); tokens is the whole stream,
untrimmed, exactly as the tokenizer returned it; skip is the
grammar's @skip token, or nil.



    





      


      
        Types


        


  
    
      
    
    
      record()



        
          
        

    

  


  

      

          @type record() :: {atom(), non_neg_integer(), non_neg_integer(), [record()]}


      


A rule's match as a parser records it: the rule, the token range
[from, to) of the trimmed stream it matched, and the records of the
rules it called, in order (Ichor.Syntax.Record).

  


        

      

      
        Functions


        


  
    
      
    
    
      text(node_or_token)



        
          
        

    

  


  

      

          @spec text(Ichor.Syntax.Node.t() | Ichor.Syntax.Token.t()) :: String.t()


      


The input a node or token covers: for the root, the whole input.
iex> Ichor.Syntax.text(%Ichor.Syntax.Token{name: :N, text: "42"})
"42"

  



  
    
      
    
    
      tokens(node)



        
          
        

    

  


  

      

          @spec tokens(Ichor.Syntax.Node.t()) :: [Ichor.Syntax.Token.t()]


      


Every token under a node, in source order.
iex> Ichor.Syntax.tokens(%Ichor.Syntax.Node{rule: :empty, children: []})
[]

  



  
    
      
    
    
      tree(arg, tokens, skip)



        
          
        

    

  


  

      

          @spec tree(record(), [Grammar.VM.Token.t()], atom() | nil) :: Ichor.Syntax.Node.t()


      


The lossless tree of a parse: record is the root rule's match, its
token ranges counted in the stream with leading and trailing trivia
trimmed (Grammar.Source.trimmed/2); tokens is the whole stream,
untrimmed, exactly as the tokenizer returned it; skip is the
grammar's @skip token, or nil.
Examples
iex> tokens = [
...>   %Grammar.VM.Token{name: :N, text: "1", line: 1, column: 1},
...>   %Grammar.VM.Token{name: :WS, text: " ", line: 1, column: 2},
...>   %Grammar.VM.Token{name: :N, text: "2", line: 1, column: 3}
...> ]
iex> tree = Ichor.Syntax.tree({:pair, 0, 3, [{:n, 2, 3, []}]}, tokens, :WS)
iex> Enum.map(tree.children, & &1.__struct__)
[Ichor.Syntax.Token, Ichor.Syntax.Token, Ichor.Syntax.Node]
iex> Ichor.Syntax.text(tree)
"1 2"

  


        

      


  

    
Ichor.Syntax.Node 
    



      
One grammar rule's match in a lossless tree (Ichor.Syntax): every
token and every rule it covers, in source order.
offset and size are in bytes, so the input this node covers is
binary_part(input, node.offset, node.size). line and column are
where it starts, counted as the tokenizer counts them (1-based,
columns in codepoints). A rule that matched nothing is a node with no
children and a size of 0, at the place it sits in the tree.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Ichor.Syntax.Node{
  children: [t() | Ichor.Syntax.Token.t()],
  column: pos_integer(),
  line: pos_integer(),
  offset: non_neg_integer(),
  rule: atom(),
  size: non_neg_integer()
}


      



  


        

      


  

    
Ichor.Syntax.Record 
    



      
How a lossless parser records which rules matched where, for
Ichor.Syntax.tree/3 to weave the tokens into.
The records travel inside the ordinary raw captures, under one
reserved name (key/0), rather than beside them. That is what makes
them correct for free: every backend already discards a failed
alternative's captures and merges a name captured more than once into
one ordered list, so a record of a rule that was tried and abandoned
never survives, and the ones that do stay in source order. The key
can never collide with a grammar's own capture name, since $ is not
a name character in any grammar notation Ichor reads.
A rule's own captures hold its callees' records; the call site takes
them out before the captures go anywhere else (called/4), so
Ichor.Actions never sees one, and records the call as one record in
its place.

      


      
        Summary


  
    Functions
  


    
      
        called(rule, from, to, captures)

      


        A call of rule that matched the tokens [from, to), whose own
captures were captures: the captures without the records, for the
ordinary {:rule, rule, captures}, and the call's own record, holding
those records as its children.



    


    
      
        key()

      


        The reserved capture name records travel under.



    


    
      
        reduced(production, entries, stream)

      


        Grammar.LRTable.Captures.build/3, recording: the captures for
production, holding the records of the rules on its right-hand
side. It takes what build/3 takes, so a runtime can be handed
either.



    


    
      
        root(rule, to, captures)

      


        The root's record of a parse that matched [0, to) with captures,
and the captures without the records -- for Ichor.Actions.



    


    
      
        take(captures)

      


        The records captures hold, in order, and captures without them.



    





      


      
        Functions


        


  
    
      
    
    
      called(rule, from, to, captures)



        
          
        

    

  


  

      

          @spec called(
  atom(),
  non_neg_integer(),
  non_neg_integer(),
  Ichor.Capture.raw_captures()
) ::
  {Ichor.Capture.raw_captures(), Ichor.Syntax.record()}


      


A call of rule that matched the tokens [from, to), whose own
captures were captures: the captures without the records, for the
ordinary {:rule, rule, captures}, and the call's own record, holding
those records as its children.

  



  
    
      
    
    
      key()



        
          
        

    

  


  

      

          @spec key() :: atom()


      


The reserved capture name records travel under.

  



  
    
      
    
    
      reduced(production, entries, stream)



        
          
        

    

  


  

      

          @spec reduced(
  Grammar.LRTable.Production.t(),
  [Grammar.LRTable.Captures.entry()],
  tuple()
) ::
  Ichor.Capture.raw_captures()


      


Grammar.LRTable.Captures.build/3, recording: the captures for
production, holding the records of the rules on its right-hand
side. It takes what build/3 takes, so a runtime can be handed
either.
A grammar rule on the right-hand side is recorded as one record over
the span it covers. A helper nonterminal LR desugaring made up
($star_1, $grp_2, ... -- every name starting with $) is not a
rule the grammar's author wrote, so its records are spliced into this
production's own. A helper's span is taken whatever kind of capture
the production makes of it: a :text capture drops the helper's
captures but keeps its records, as the PEG backends do.

  



  
    
      
    
    
      root(rule, to, captures)



        
          
        

    

  


  

      

          @spec root(atom(), non_neg_integer(), Ichor.Capture.raw_captures()) ::
  {Ichor.Capture.raw_captures(), Ichor.Syntax.record()}


      


The root's record of a parse that matched [0, to) with captures,
and the captures without the records -- for Ichor.Actions.

  



  
    
      
    
    
      take(captures)



        
          
        

    

  


  

      

          @spec take(Ichor.Capture.raw_captures()) ::
  {[Ichor.Syntax.record()], Ichor.Capture.raw_captures()}


      


The records captures hold, in order, and captures without them.
iex> Ichor.Syntax.Record.take([{:n, {:text, "1"}}])
{[], [{:n, {:text, "1"}}]}

  


        

      


  

    
Ichor.Syntax.Token 
    



      
One token in a lossless tree (Ichor.Syntax): every token of the input
is one, punctuation, literals and trivia included.
name is the token's name in the grammar -- ANON_n for a literal
the grammar wrote inline. trivia is true for the grammar's @skip
token: the comments and whitespace the ordinary parser steps over.
offset is in bytes; line and column are the tokenizer's own.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Ichor.Syntax.Token{
  column: pos_integer(),
  line: pos_integer(),
  name: atom(),
  offset: non_neg_integer(),
  text: String.t(),
  trivia: boolean()
}


      



  


        

      


  

    
Ichor.Actions behaviour
    



      
How a parsed Aether AST turns into an actual result -- a sandboxed
program's final value, a config's map/struct, a query's result set, or
transpiled output. One mechanism, used differently per grammar: a
grammar's Actions module only implements the rules/tokens it needs
custom behavior for (@optional_callbacks); everything else falls back
to the defaults below.
handle_rule/handle_token are never invoked directly by user code --
Grammar.VM builds the raw capture tree during matching (an
Ichor.Capture.raw_captures/0 list, in true source order at every
level -- never a plain map, which Elixir/Erlang make no cross-version
iteration-order guarantee about), and this module's evaluate/5 walks
it, calling into the actions module (or the default fallback) as it
goes, threading context throughout.
evaluate_node/3 is the companion entry point for a raw capture node
that didn't come from the original parse -- a grammar with
macro-like features (LISP's own defmacro/expansion is the reference
case) needs to evaluate the result of its own expansion through this
same handle_rule/handle_token dispatch, not skip it. Not
Lisp-specific in principle: any grammar with macro-like features needs
this same re-entry point. Genuinely a runtime concern (called from
generated/hand-written Actions code while actually running a parse),
unlike Ichor.generate/3/Ichor.__using__/1, which only ever run at
compile time -- that split is exactly why this lives here, in
ichor_runtime, rather than alongside those two in ichor proper.

      


      
        Summary


  
    Types
  


    
      
        capture_shapes()

      


    


    
      
        captures()

      


    


    
      
        context()

      


    





  
    Callbacks
  


    
      
        finalize(context)

      


    


    
      
        handle_rule(rule, captures, context)

      


    


    
      
        handle_token(token, text, context)

      


    





  
    Functions
  


    
      
        eval_all(captures, context)

      


        Eagerly invokes every capture's eval, in true source order (each
%Capture{}'s own position, not captures' incidental map
iteration order -- see Ichor.Capture's moduledoc for why those two
can differ), threading context through -- the plain bottom-up fold
that's correct for grammars with no special-form semantics (most
config/markup/query grammars, as opposed to something like LISP's
if/quote, which need to not evaluate an untaken branch at all).
A list-valued capture (the same name captured more than once, e.g.
inside a *) resolves to a list of values in the same order. Halts
and returns immediately on the first error.



    


    
      
        evaluate(root_rule, raw_captures, actions_module, initial_context, capture_shapes \\ %{}, opts \\ [])

      


        The single entry point tying Grammar.VM's raw capture tree to a
grammar's Actions module: evaluates the root rule, then runs
finalize/1 over whatever context that produced. Returns the final
context alongside the value -- needed whenever more than one top-level
match must thread context forward (e.g. loading a multi-form source
file one top-level form at a time); callers that only need the value
can just ignore it.



    


    
      
        evaluate_node(node, actions_module, context)

      


        Evaluates a raw capture node (as found on any Ichor.Capture.node, or
built directly by something like a macro's unreify) against
actions_module, starting from context. See this module's own
moduledoc for when you need this instead of an ordinary .eval thunk.



    





      


      
        Types


        


  
    
      
    
    
      capture_shapes()



        
          
        

    

  


  

      

          @type capture_shapes() :: %{optional(atom()) => MapSet.t(atom())}


      



  



  
    
      
    
    
      captures()



        
          
        

    

  


  

      

          @type captures() :: %{optional(atom()) => Ichor.Capture.t() | [Ichor.Capture.t()]}


      



  



  
    
      
    
    
      context()



        
          
        

    

  


  

      

          @type context() :: term()


      



  


        

      

      
        Callbacks


        


  
    
      
    
    
      finalize(context)


        (optional)


        
          
        

    

  


  

      

          @callback finalize(context :: context()) :: :ok | {:error, [Ichor.Error.t()]}


      



  



  
    
      
    
    
      handle_rule(rule, captures, context)


        (optional)


        
          
        

    

  


  

      

          @callback handle_rule(rule :: atom(), captures :: captures(), context :: context()) ::
  {:ok, term(), context()} | {:error, Ichor.Error.t()}


      



  



  
    
      
    
    
      handle_token(token, text, context)


        (optional)


        
          
        

    

  


  

      

          @callback handle_token(token :: atom(), text :: String.t(), context :: context()) ::
  {:ok, term()} | {:error, Ichor.Error.t()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      eval_all(captures, context)



        
          
        

    

  


  

      

          @spec eval_all(captures(), context()) ::
  {:ok, %{optional(atom()) => term()}, context()} | {:error, Ichor.Error.t()}


      


Eagerly invokes every capture's eval, in true source order (each
%Capture{}'s own position, not captures' incidental map
iteration order -- see Ichor.Capture's moduledoc for why those two
can differ), threading context through -- the plain bottom-up fold
that's correct for grammars with no special-form semantics (most
config/markup/query grammars, as opposed to something like LISP's
if/quote, which need to not evaluate an untaken branch at all).
A list-valued capture (the same name captured more than once, e.g.
inside a *) resolves to a list of values in the same order. Halts
and returns immediately on the first error.
A %Capture{} built by hand rather than via dispatch_rule/5
(directly constructing this map for a test, say) defaults every
position to 0 -- ties between those fall back to whatever order
captures itself happens to enumerate in, same as this function's
behavior before position existed. Give hand-built captures distinct
positions if you need this function's ordering guarantee to hold
for them too.

  



    

    

  
    
      
    
    
      evaluate(root_rule, raw_captures, actions_module, initial_context, capture_shapes \\ %{}, opts \\ [])



        
          
        

    

  


  

      

          @spec evaluate(
  atom(),
  Ichor.Capture.raw_captures(),
  module(),
  context(),
  capture_shapes(),
  keyword()
) ::
  {:ok, term(), context()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


The single entry point tying Grammar.VM's raw capture tree to a
grammar's Actions module: evaluates the root rule, then runs
finalize/1 over whatever context that produced. Returns the final
context alongside the value -- needed whenever more than one top-level
match must thread context forward (e.g. loading a multi-form source
file one top-level form at a time); callers that only need the value
can just ignore it.
capture_shapes (from Grammar.VM.RuleCompiler.capture_shapes/1) says,
per rule, which capture names sit under a */+/{n,m} -- needed so
e.g. an op: that matched zero times still shows up as [], not as a
missing key indistinguishable from "this rule shape never has an
:op" (see that function's docs for why this can't just be inferred
from the raw tree at dispatch time).
Options
	:locator -- the parse's Grammar.Source.Locator. With it, every
capture the parser recorded the place of (Ichor.Capture.at/3)
gets its span, a default Ichor.Node gets its own, and an
action's error with no position is placed (below). Without it,
every span is nil and errors are returned as the actions gave
them.
	:range -- the token range {from, to} the root rule matched;
the whole stream by default. A sequence of top-level matches
gives each one its own.

An action's error says where
An error a handle_rule/3 or handle_token/3 returns with no line
is placed where that rule or token matched, and shown with the line
it is on and a caret; nothing else about it changes. The action best
placed to say where is the one that refused, so an error that already
has a position -- placed by a nested rule's own action, or by the
action itself -- keeps it. finalize/1's errors belong to no rule
and are left as they are.

  



  
    
      
    
    
      evaluate_node(node, actions_module, context)



        
          
        

    

  


  

      

          @spec evaluate_node(Ichor.Capture.node_t(), module(), context()) ::
  {:ok, term(), context()} | {:error, Ichor.Error.t()}


      


Evaluates a raw capture node (as found on any Ichor.Capture.node, or
built directly by something like a macro's unreify) against
actions_module, starting from context. See this module's own
moduledoc for when you need this instead of an ordinary .eval thunk.
A node carries no positions, so every capture under it has a nil
span, and an error from it is returned as the action gave it.

  


        

      


  

    
Ichor.Capture 
    



      
Every capture an action receives bundles the raw parsed structure with
a callable to evaluate it: node is always available, unevaluated --
what quote returns directly. eval is what an action calls when it
actually wants a child's value, with an explicit context it controls.
Never evaluated automatically -- that's the whole point: a special
form like if or quote decides whether and when to call eval
at all, which is exactly what lets an untaken if branch, or quote's
own argument, go unevaluated (and unbound-symbol/nonterminating errors
inside them stay latent) instead of always eagerly running.
position is this capture's index among its siblings in the
enclosing rule's own raw_captures/0 list (its first-occurrence RHS
position, for a name captured more than once) -- Ichor.Actions.eval_all/2
sorts by it instead of trusting a plain map's own iteration order,
which Elixir/Erlang make no cross-version guarantee about. Defaults to
0, which is only meaningful (and only ever ties) for a %Capture{}
built by hand rather than by Ichor.Actions.dispatch_rule/5's own
pipeline -- ties fall back to whatever order the underlying map
happens to enumerate in, same as before this field existed.
span is where the capture matched, as {line, column, length}
(Ichor.Node.source_span/0), or nil when the parse recorded no
positions -- a node an action built itself and handed to
Ichor.Actions.evaluate_node/3, or a parser generated before spans
existed. An action can place its own errors with it; one that
returns an error with no position has it placed there for it
(Ichor.Actions).
Recorded positions
A parser records where each capture matched by wrapping its value
with at/3 -- the token range [from, to), nothing more, since most
spans are never asked for. The wrapper is the runtime's own: it
travels inside the raw captures, so it survives exactly what they
survive (a failed alternative's captures are dropped, a repeated
name's are merged in order), and Ichor.Actions takes it off before
an action sees anything. node never holds one, however deep.

      


      
        Summary


  
    Types
  


    
      
        at()

      


        A value a parser recorded the place of: the token range [from, to) it matched, in the stream the parse ran over (at/3).



    


    
      
        eval_fun()

      


    


    
      
        node_t()

      


    


    
      
        raw_captures()

      


        One named RHS position's raw (unevaluated) value, or a list of them
for a name captured more than once -- what Grammar.LRTable.Captures.build/3
(LR/GLR) and Grammar.Native.Runtime.Parser.merge_captures/2 (PEG)
each build one production/rule at a time. A list, not a map: list
order is the one thing Elixir actually guarantees, which is exactly
what lets position above (and hand-authored macro-expansion nodes
passed to Ichor.Actions.evaluate_node/3) mean anything at all.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        at(node, from, to)

      


        node, recorded as having matched the tokens [from, to).



    


    
      
        plain(values)

      


        value -- a node, raw captures, or a list of either -- with every
recorded position (at/3) taken off, however deep.



    





      


      
        Types


        


  
    
      
    
    
      at()



        
          
        

    

  


  

      

          @type at() :: {:"$at", node_t(), non_neg_integer(), non_neg_integer()}


      


A value a parser recorded the place of: the token range [from, to) it matched, in the stream the parse ran over (at/3).

  



  
    
      
    
    
      eval_fun()



        
          
        

    

  


  

      

          @type eval_fun() :: (term() -> {:ok, term(), term()} | {:error, Ichor.Error.t()})


      



  



  
    
      
    
    
      node_t()



        
          
        

    

  


  

      

          @type node_t() ::
  {:token, atom(), String.t()}
  | {:rule, atom(), raw_captures()}
  | {:text, String.t()}


      



  



  
    
      
    
    
      raw_captures()



        
          
        

    

  


  

      

          @type raw_captures() :: [{atom(), node_t() | at() | [node_t() | at()]}]


      


One named RHS position's raw (unevaluated) value, or a list of them
for a name captured more than once -- what Grammar.LRTable.Captures.build/3
(LR/GLR) and Grammar.Native.Runtime.Parser.merge_captures/2 (PEG)
each build one production/rule at a time. A list, not a map: list
order is the one thing Elixir actually guarantees, which is exactly
what lets position above (and hand-authored macro-expansion nodes
passed to Ichor.Actions.evaluate_node/3) mean anything at all.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Ichor.Capture{
  eval: eval_fun(),
  node: node_t(),
  position: non_neg_integer(),
  span: Ichor.Node.source_span() | nil
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      at(node, from, to)



        
          
        

    

  


  

      

          @spec at(node_t(), non_neg_integer(), non_neg_integer()) :: at()


      


node, recorded as having matched the tokens [from, to).
Examples
iex> Ichor.Capture.at({:token, :NUMBER, "1"}, 3, 4)
{:"$at", {:token, :NUMBER, "1"}, 3, 4}

  



  
    
      
    
    
      plain(values)



        
          
        

    

  


  

      

          @spec plain(term()) :: term()


      


value -- a node, raw captures, or a list of either -- with every
recorded position (at/3) taken off, however deep.
For a parser handing a match to code that is promised plain nodes: a
Ichor.CustomRule.match/4 or Ichor.CustomLexeme.scan/3
callback's rule_matchers. Those nodes have no positions of their
own; the place the callback's result matched is recorded around it.
Examples
iex> Ichor.Capture.plain(
...>   Ichor.Capture.at({:rule, :pair, [key: Ichor.Capture.at({:token, :WORD, "a"}, 0, 1)]}, 0, 3)
...> )
{:rule, :pair, [key: {:token, :WORD, "a"}]}

  


        

      


  

    
Ichor.CustomLexeme behaviour
    



      
The behaviour a Grammar.IR.CustomLexeme @native("Module", "function", ...) node (at token position) dispatches to -- the
escape hatch for lexical constructs a fixed maximal-munch tokenizer
can't express: a heredoc's dynamic terminator, a string literal with
embedded interpolated expressions, a \catcode-style mid-scan
reconfiguration.
scan/3 receives:
	input -- the remaining suffix of the source text, not a
position into some fixed original string (matching the convention
every other char-level matcher in this codebase already uses:
"what's left" rather than "where am I").
	context -- read-only, same meaning as Ichor.CustomRule.match/4's
-- whatever the previous top-level form evaluated to, or nil
outside a sequence.
	rule_matchers -- a map restricted to @native(...)'s declared
dependencies (always rules, never tokens -- the one narrow,
explicit carve-out to "a token body may only reference other
tokens"), each a (input -> {:ok, text, rest, capture} | :fail)
function: re-lexes input from scratch and matches the named
rule, returning how much was consumed and that rule's own raw
capture, wrapped as {:rule, name, captures}.

Returns {:ok, text, rest, capture} where text <> rest == input.
capture, unlike an ordinary token's flat text, may be nil (this
token behaves like any other -- its capture is built as {:token, name, text} downstream, same as if a plain char-level pattern had
matched) or an explicit Ichor.Capture.node_t() overriding that
default -- what a string-interpolation token needs, to carry its
embedded expressions' parsed structure through to Ichor.Actions
rather than collapsing them into flat text.
Unlike Ichor.CustomRule, this always stands alone as an entire token
definition (see Grammar.IR.CustomLexeme's own moduledoc for why), so
there's no rule_matchers-style callback into this token from
elsewhere to worry about.

      


      
        Summary


  
    Types
  


    
      
        rule_matcher()

      


    


    
      
        rule_matchers()

      


    





  
    Callbacks
  


    
      
        scan(input, context, rule_matchers)

      


    





      


      
        Types


        


  
    
      
    
    
      rule_matcher()



        
          
        

    

  


  

      

          @type rule_matcher() :: (String.t() ->
                     {:ok, String.t(), String.t(), Ichor.Capture.node_t()}
                     | :fail)


      



  



  
    
      
    
    
      rule_matchers()



        
          
        

    

  


  

      

          @type rule_matchers() :: %{optional(atom()) => rule_matcher()}


      



  


        

      

      
        Callbacks


        


  
    
      
    
    
      scan(input, context, rule_matchers)



        
          
        

    

  


  

      

          @callback scan(input :: String.t(), context :: term(), rule_matchers :: rule_matchers()) ::
  {:ok, text :: String.t(), rest :: String.t(), Ichor.Capture.node_t() | nil}
  | :fail


      



  


        

      


  

    
Ichor.CustomRule behaviour
    



      
The behaviour a Grammar.IR.Custom @native("Module", "function", ...)
node dispatches to -- the escape hatch for grammar constructs no static
PEG grammar can express: a Prolog-style mutable operator-precedence
table, C's typedef-vs-expression ambiguity, and similar "what matches
here depends on something read earlier" problems.
match/4 receives:
	stream/pos -- the same token stream and position any compiled
rule matcher already works over; advance pos however far was
consumed, same contract as everywhere else.
	context -- read-only. Whatever Ichor.Actions.evaluate/5 last
produced from a previous top-level form (via run_sequence/4),
or whatever run/4's initial_context was outside a sequence.
Matching never produces a new context; only evaluating a
previous form does.
	rule_matchers -- a map restricted to exactly the dependencies
declared in @native(...)'s own argument list (never the whole
compiled grammar), each a (stream, pos -> {:ok, new_pos, Ichor.Capture.node_t()} | :fail) function delegating back into
the grammar's own compiled rule of that name.

The return shape is the same Ichor.Capture.node_t() every other rule
produces, so whatever the callback returns plugs straight into ordinary
Ichor.Actions.handle_rule/handle_token dispatch downstream, with no
special-casing.
@native("Module", "function", ...) names its own callback function
explicitly, so it doesn't have to be called match -- @behaviour Ichor.CustomRule + @impl true is a convenience for a module that
happens to name its callback match/4 (the common case), not a
requirement; a differently-named function of the same shape works
exactly the same way, it just implements this informally.

      


      
        Summary


  
    Types
  


    
      
        rule_matcher()

      


    


    
      
        rule_matchers()

      


    





  
    Callbacks
  


    
      
        match(stream, pos, context, rule_matchers)

      


    





      


      
        Types


        


  
    
      
    
    
      rule_matcher()



        
          
        

    

  


  

      

          @type rule_matcher() :: (tuple(), non_neg_integer() ->
                     {:ok, non_neg_integer(), Ichor.Capture.node_t()} | :fail)


      



  



  
    
      
    
    
      rule_matchers()



        
          
        

    

  


  

      

          @type rule_matchers() :: %{optional(atom()) => rule_matcher()}


      



  


        

      

      
        Callbacks


        


  
    
      
    
    
      match(stream, pos, context, rule_matchers)



        
          
        

    

  


  

      

          @callback match(
  stream :: tuple(),
  pos :: non_neg_integer(),
  context :: term(),
  rule_matchers :: rule_matchers()
) :: {:ok, non_neg_integer(), Ichor.Capture.node_t()} | :fail


      



  


        

      


  

    
Ichor.Node 
    



      
The default-fallback shape Ichor.Actions builds for a matched rule
that has more than one meaningful capture (a rule with exactly one
capture passes that capture's own value straight through instead):
rule names the matched rule, captures maps each capture name to its
already-evaluated value (or a list of values, for a name captured more
than once -- e.g. inside a *), and span locates the whole match
back in the original input.

      


      
        Summary


  
    Types
  


    
      
        source_span()

      


        Mirrors Grammar.IR.Meta.source_span/0 (dev-only, in ichor proper): 1-based line, 1-based column, match length.



    


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      source_span()



        
          
        

    

  


  

      

          @type source_span() ::
  {line :: pos_integer(), column :: pos_integer(), length :: non_neg_integer()}


      


Mirrors Grammar.IR.Meta.source_span/0 (dev-only, in ichor proper): 1-based line, 1-based column, match length.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Ichor.Node{
  captures: %{optional(atom()) => term() | [term()]},
  rule: atom(),
  span: source_span() | nil
}


      



  


        

      


  

    
Ichor.Error 
    



      
One error struct, reused across every stage -- Lexer, Parser, analysis
pass, and Ichor.Actions -- so errors look the same regardless of
origin.
context_lines is pre-rendered at construction time, not lazily
computed on access: cheap to do once, and keeps every stage's error
output visually consistent.
data is whatever a stage wants to hand through with its error --
most often an action failing with its own domain error, wrapped here
so the parser's result stays an Ichor.Error and its caller unwraps
it. Ichor itself never sets or reads it, and format/1 ignores it.

      


      
        Summary


  
    Types
  


    
      
        stage()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        format(error)

      


        Renders the full human-readable error: location, message, and the
caret-annotated snippet, in that order.



    


    
      
        new(opts)

      


        Builds a Ichor.Error, pre-rendering context_lines immediately.



    





      


      
        Types


        


  
    
      
    
    
      stage()



        
          
        

    

  


  

      

          @type stage() :: :lexer | :parser | :analysis | :action


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Ichor.Error{
  column: pos_integer() | nil,
  context_lines: String.t() | nil,
  data: term(),
  expected: term(),
  file: String.t() | nil,
  found: term(),
  line: pos_integer() | nil,
  message: String.t(),
  stage: stage() | nil
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      format(error)



        
          
        

    

  


  

      

          @spec format(t()) :: String.t()


      


Renders the full human-readable error: location, message, and the
caret-annotated snippet, in that order.
Examples
iex> error = Ichor.Error.new(
...>   message: "expected ')'",
...>   stage: :parser,
...>   file: "calc.aether",
...>   line: 1,
...>   column: 8,
...>   source: "(2 + 3"
...> )
iex> Ichor.Error.format(error)
"calc.aether:1:8: expected ')'\n1 | (2 + 3\n  |        ^"

  



  
    
      
    
    
      new(opts)



        
          
        

    

  


  

      

          @spec new(keyword()) :: t()


      


Builds a Ichor.Error, pre-rendering context_lines immediately.
Accepts :message (required), :stage, :line, :column, :file,
:expected, :found, :data, and either :source (the full source text, used
to render a caret-annotated snippet at :line/:column) or a
pre-rendered :context_lines directly, for callers that already have
one (e.g. re-wrapping an error from another stage).
Examples
iex> error = Ichor.Error.new(
...>   message: "expected ')'",
...>   stage: :parser,
...>   line: 1,
...>   column: 8,
...>   expected: ")",
...>   found: :eof,
...>   source: "(2 + 3"
...> )
iex> error.context_lines
"1 | (2 + 3\n  |        ^"

iex> Ichor.Error.new(message: "boom", source: nil, line: nil).context_lines
nil

  


        

      


  

    
Grammar.Lexer 
    



      
The Lexer stage of Aether's Reader/Tokenizer/Lexer/Parser split: walks
a Tokenizer's raw token stream left-to-right, applying every
@keywords/@refine rule an Aether.Grammar's refiners map
declares, before the Parser ever runs.
Shared by both backends (Grammar.VM calls this directly;
Grammar.Native's generated tokenize/2 calls it with
grammar.refiners spliced in as a literal at compile time) since this
operates purely on already-produced tokens plus a small data table --
unlike the Tokenizer/Parser stages, there's no per-grammar compiled
matching logic to generate here, @keywords is just a plain map and
@refine just dispatches to an already-compiled module by name.

      


      
        Summary


  
    Types
  


    
      
        refiner()

      


        Mirrors Aether.Grammar.refiner/0 (dev-only, in ichor proper).



    





  
    Functions
  


    
      
        reclassify(tokens, refiners)

      


        Reclassifies tokens in order, or reports the first @refine-rejected
one. refiners empty is the overwhelmingly common case (most grammars
have no @keywords/@refine at all), short-circuited without walking
the list.



    





      


      
        Types


        


  
    
      
    
    
      refiner()



        
          
        

    

  


  

      

          @type refiner() ::
  {:keywords, %{required(String.t()) => atom()}}
  | {:custom, module :: module(), function :: atom(),
     possible_names :: [atom()]}


      


Mirrors Aether.Grammar.refiner/0 (dev-only, in ichor proper).

  


        

      

      
        Functions


        


  
    
      
    
    
      reclassify(tokens, refiners)



        
          
        

    

  


  

      

          @spec reclassify([Grammar.VM.Token.t()], %{required(atom()) => refiner()}) ::
  {:ok, [Grammar.VM.Token.t()]} | {:error, Ichor.Error.t()}


      


Reclassifies tokens in order, or reports the first @refine-rejected
one. refiners empty is the overwhelmingly common case (most grammars
have no @keywords/@refine at all), short-circuited without walking
the list.

  


        

      


  

    
Grammar.Native.Runtime.Parser 
    



      
Rule-level helpers shared by every Grammar.Native.RuleCompiler-generated
function -- the Parser stage of Aether's Reader/Tokenizer/Lexer/Parser
split. Mirrors Grammar.VM.TokenInterpreter's own semantics exactly
(same backtracking discipline, same no-progress guard on Star), just
expressed as plain function composition instead of a bytecode
interpreter loop -- Grammar.VM.Compiler's moduledoc describes the
same combinators this module implements.
Every combinator here operates on a {:ok, pos, ref_stack, captures} | :fail shape, where captures is a raw-captures list in exactly the
shape Ichor.Actions already expects (Ichor.Capture.raw_captures/0:
{:token, name, text} / {:rule, name, sub_captures} / {:text, text} values, keyed by name, in first-occurrence RHS order) --
generated code builds this list compositionally as it goes, rather
than through a single mutable per-rule frame the way
Grammar.VM.TokenInterpreter does, since plain Elixir recursion
already gives every failed alternative's partial captures nowhere to
leak to (they're just a discarded return value, never mutated shared
state). A list, not a map: list order is the one thing Elixir
actually guarantees, which is exactly what lets Ichor.Actions.eval_all/2
evaluate sibling captures in true source order instead of trusting a
plain map's own (cross-OTP-version-unstable) iteration order.

      


      
        Summary


  
    Types
  


    
      
        captures()

      


    


    
      
        rule_fun()

      


    


    
      
        rule_result()

      


    





  
    Functions
  


    
      
        and_pred(fun, stream, pos, ref_stack, context)

      


        Positive lookahead: consumes nothing either way.



    


    
      
        call_n_times(fun, n, stream, pos, ref_stack, context)

      


        Calls fun exactly n times in sequence, merging captures, failing outward if any call fails.



    


    
      
        concat_text(stream, start_pos, end_pos)

      


        Concatenates the raw text of every token in [start_pos, end_pos) -- the :text capture kind's raw value.



    


    
      
        indent_enter(fun, stream, pos, ref_stack, context)

      


        @indent(expr): the current token's column must exceed the enclosing reference column; pushes its own column as the new reference for expr, pops it back off afterward.



    


    
      
        match_token(stream, pos, name)

      


        Matches one stream token named name at pos, advancing by one -- the
raw building block every bare token reference compiles to. capture
is the token's own override (see Grammar.VM.Token) -- nil unless a
Grammar.IR.CustomLexeme matched it with one attached.



    


    
      
        merge_captures(acc, new)

      


        Folds every entry of new into acc, list-appending (or
list-wrapping) on repeat capture names -- the same rule a rule's own
capture frame follows in the VM (Grammar.VM.TokenInterpreter's own
private merge_capture helper). A new name is appended at the end of
acc (landing at its first-occurrence position); a repeat name
updates its existing entry in place, not moving it.



    


    
      
        not_pred(fun, stream, pos, ref_stack, context)

      


        Negative lookahead: consumes nothing either way.



    


    
      
        opt(fun, stream, pos, ref_stack, context)

      


        Zero or one: on failure, a zero-width success with no captures.



    


    
      
        plus(fun, stream, pos, ref_stack, context)

      


        One or more, greedy: one mandatory match, then star/6 for the rest.



    


    
      
        rep(fun, min, max, stream, pos, ref_stack, context)

      


        Bounded repetition {n,m}: min mandatory calls, then up to max - min more (or unbounded, when max == :infinity).



    


    
      
        samecol_check(fun, stream, pos, ref_stack, context)

      


        @samecol(expr): the current token's column must exactly match the enclosing reference column.



    


    
      
        skip_leading_trivia(stream, pos, skip_name)

      


        Skips tokens named skip_name at pos (mirrors Grammar.VM's own
private skip_leading_trivia/3, for the same run_sequence case:
between two top-level matches there's no enclosing sequence for
Aether.Parser's skip-splicing to have spliced anything into, so a
leading @skip token here is genuinely unconsumed leftover from the
previous top-level match). skip_name is nil for a @noskip
grammar, in which case pos is returned unchanged.



    


    
      
        star(fun, stream, pos, ref_stack, context, acc \\ [])

      


        Zero or more, greedy. Guards against a body that matches without
consuming anything (Grammar.VM.Compiler's own test_progress doc
explains why this can't be left to the static lint alone) -- a
zero-width success is still incorporated once, then the loop stops
rather than looping forever.



    


    
      
        token_at(stream, pos)

      


    


    
      
        try_alts(list, stream, pos, ref_stack, context)

      


        Ordered PEG choice: the first alternative that succeeds wins, tried in order.



    


    
      
        unexpected_token_error(stream, pos, input)

      


        A token stream matched only a prefix of the input -- the same error Grammar.VM's own match/2 reports.



    





      


      
        Types


        


  
    
      
    
    
      captures()



        
          
        

    

  


  

      

          @type captures() :: Ichor.Capture.raw_captures()


      



  



  
    
      
    
    
      rule_fun()



        
          
        

    

  


  

      

          @type rule_fun() :: (tuple(), non_neg_integer(), [integer()], term() -> rule_result())


      



  



  
    
      
    
    
      rule_result()



        
          
        

    

  


  

      

          @type rule_result() :: {:ok, non_neg_integer(), [integer()], captures()} | :fail


      



  


        

      

      
        Functions


        


  
    
      
    
    
      and_pred(fun, stream, pos, ref_stack, context)



        
          
        

    

  


  

      

          @spec and_pred(rule_fun(), tuple(), non_neg_integer(), [integer()], term()) ::
  rule_result()


      


Positive lookahead: consumes nothing either way.

  



  
    
      
    
    
      call_n_times(fun, n, stream, pos, ref_stack, context)



        
          
        

    

  


  

      

          @spec call_n_times(
  rule_fun(),
  non_neg_integer(),
  tuple(),
  non_neg_integer(),
  [integer()],
  term()
) ::
  rule_result()


      


Calls fun exactly n times in sequence, merging captures, failing outward if any call fails.

  



  
    
      
    
    
      concat_text(stream, start_pos, end_pos)



        
          
        

    

  


  

      

          @spec concat_text(tuple(), non_neg_integer(), non_neg_integer()) :: String.t()


      


Concatenates the raw text of every token in [start_pos, end_pos) -- the :text capture kind's raw value.

  



  
    
      
    
    
      indent_enter(fun, stream, pos, ref_stack, context)



        
          
        

    

  


  

      

          @spec indent_enter(rule_fun(), tuple(), non_neg_integer(), [integer()], term()) ::
  rule_result()


      


@indent(expr): the current token's column must exceed the enclosing reference column; pushes its own column as the new reference for expr, pops it back off afterward.

  



  
    
      
    
    
      match_token(stream, pos, name)



        
          
        

    

  


  

      

          @spec match_token(tuple(), non_neg_integer(), atom()) ::
  {:ok, non_neg_integer(), String.t(), term()} | :fail


      


Matches one stream token named name at pos, advancing by one -- the
raw building block every bare token reference compiles to. capture
is the token's own override (see Grammar.VM.Token) -- nil unless a
Grammar.IR.CustomLexeme matched it with one attached.

  



  
    
      
    
    
      merge_captures(acc, new)



        
          
        

    

  


  

      

          @spec merge_captures(captures(), captures()) :: captures()


      


Folds every entry of new into acc, list-appending (or
list-wrapping) on repeat capture names -- the same rule a rule's own
capture frame follows in the VM (Grammar.VM.TokenInterpreter's own
private merge_capture helper). A new name is appended at the end of
acc (landing at its first-occurrence position); a repeat name
updates its existing entry in place, not moving it.
Unlike that VM function, this one has to merge whole subtree
capture lists at once (a Seq/Star node's already-accumulated
captures), not a single new occurrence at a time -- so a value that's
already a list (built up by a nested Star/Plus/Rep sharing this
same capture name) has to be flattened into the result rather than
wrapped as one more element, or [a, b, c] merged against a sibling
d would wrongly become [d, [a, b, c]] instead of [d, a, b, c].
A raw capture value is always a {:token, ...} / {:rule, ...} /
{:text, ...} tuple, never a bare list on its own, so "the value is
a list" unambiguously means "already an accumulation," never "one
occurrence that happens to look like a list."

  



  
    
      
    
    
      not_pred(fun, stream, pos, ref_stack, context)



        
          
        

    

  


  

      

          @spec not_pred(rule_fun(), tuple(), non_neg_integer(), [integer()], term()) ::
  rule_result()


      


Negative lookahead: consumes nothing either way.

  



  
    
      
    
    
      opt(fun, stream, pos, ref_stack, context)



        
          
        

    

  


  

      

          @spec opt(rule_fun(), tuple(), non_neg_integer(), [integer()], term()) ::
  rule_result()


      


Zero or one: on failure, a zero-width success with no captures.

  



  
    
      
    
    
      plus(fun, stream, pos, ref_stack, context)



        
          
        

    

  


  

      

          @spec plus(rule_fun(), tuple(), non_neg_integer(), [integer()], term()) ::
  rule_result()


      


One or more, greedy: one mandatory match, then star/6 for the rest.

  



  
    
      
    
    
      rep(fun, min, max, stream, pos, ref_stack, context)



        
          
        

    

  


  

      

          @spec rep(
  rule_fun(),
  non_neg_integer(),
  non_neg_integer() | :infinity,
  tuple(),
  non_neg_integer(),
  [integer()],
  term()
) :: rule_result()


      


Bounded repetition {n,m}: min mandatory calls, then up to max - min more (or unbounded, when max == :infinity).

  



  
    
      
    
    
      samecol_check(fun, stream, pos, ref_stack, context)



        
          
        

    

  


  

      

          @spec samecol_check(rule_fun(), tuple(), non_neg_integer(), [integer()], term()) ::
  rule_result()


      


@samecol(expr): the current token's column must exactly match the enclosing reference column.

  



  
    
      
    
    
      skip_leading_trivia(stream, pos, skip_name)



        
          
        

    

  


  

      

          @spec skip_leading_trivia(tuple(), non_neg_integer(), atom() | nil) ::
  non_neg_integer()


      


Skips tokens named skip_name at pos (mirrors Grammar.VM's own
private skip_leading_trivia/3, for the same run_sequence case:
between two top-level matches there's no enclosing sequence for
Aether.Parser's skip-splicing to have spliced anything into, so a
leading @skip token here is genuinely unconsumed leftover from the
previous top-level match). skip_name is nil for a @noskip
grammar, in which case pos is returned unchanged.

  



    

  
    
      
    
    
      star(fun, stream, pos, ref_stack, context, acc \\ [])



        
          
        

    

  


  

      

          @spec star(rule_fun(), tuple(), non_neg_integer(), [integer()], term(), captures()) ::
  rule_result()


      


Zero or more, greedy. Guards against a body that matches without
consuming anything (Grammar.VM.Compiler's own test_progress doc
explains why this can't be left to the static lint alone) -- a
zero-width success is still incorporated once, then the loop stops
rather than looping forever.

  



  
    
      
    
    
      token_at(stream, pos)



        
          
        

    

  


  

      

          @spec token_at(tuple(), non_neg_integer()) :: Grammar.VM.Token.t() | nil


      



  



  
    
      
    
    
      try_alts(list, stream, pos, ref_stack, context)



        
          
        

    

  


  

      

          @spec try_alts([rule_fun()], tuple(), non_neg_integer(), [integer()], term()) ::
  rule_result()


      


Ordered PEG choice: the first alternative that succeeds wins, tried in order.

  



  
    
      
    
    
      unexpected_token_error(stream, pos, input)



        
          
        

    

  


  

      

          @spec unexpected_token_error(tuple(), non_neg_integer(), String.t()) ::
  Ichor.Error.t()


      


A token stream matched only a prefix of the input -- the same error Grammar.VM's own match/2 reports.

  


        

      


  

    
Grammar.Native.Runtime.Tokenizer 
    



      
Char-level helpers shared by every Grammar.Native.CharCompiler-generated
function, plus the maximal-munch driver Grammar.Native.generate/2's own
lex_candidates/2 feeds into -- the Tokenizer stage of Aether's
Reader/Tokenizer/Lexer/Parser split. No captures, no ref_stack --
tokens can never contain a Capture or Indent, so a token body is
just text in, {matched text, rest} out.

      


      
        Summary


  
    Types
  


    
      
        char_fun()

      


    


    
      
        char_result()

      


    





  
    Functions
  


    
      
        advance_line_col(text, line, col)

      


    


    
      
        and_pred_char(fun, input)

      


    


    
      
        call_n_times_char(fun, n, input)

      


    


    
      
        first_char_match(list, input)

      


        Ordered choice: tries each of funs against input in order, short-circuiting on the first success (never evaluating later alternatives, same as PEG's own ordered choice).



    


    
      
        in_ranges?(cp, ranges)

      


    


    
      
        not_pred_char(fun, input)

      


    


    
      
        opt_char(fun, input)

      


    


    
      
        pick_longest(candidates)

      


        Picks the longest-matching candidate at the current lexer position,
ties broken by declaration order (candidates tried in that order,
replaced only on a strictly longer match). A zero-width match is
never accepted as "the next token" -- accepting one would advance
nothing and loop forever (mirrors Grammar.VM.Tokenizer's own private
consider helper's same guard exactly); such a token can still exist
and be referenced from inside other tokens, it just can't win maximal
munch on its own.



    


    
      
        plus_char(fun, input)

      


    


    
      
        rep_char(fun, min, max, input)

      


    


    
      
        star_char(fun, input, acc \\ "")

      


    


    
      
        tokenize(get_candidates, input)

      


        Tokenizes input completely via maximal munch, or reports the first position nothing matches -- get_candidates rebuilds the per-token match attempts against whatever's left of the input at each position.



    


    
      
        tokenize_prefix(get_candidates, input)

      


        Like tokenize/2, but tokenizes only as much of a prefix of input
as it can -- stopping (successfully) the moment nothing matches,
instead of failing. For Ichor.CustomLexeme's re-lex-and-match
primitive: the trailing bytes after wherever a dependency rule
actually stops (an interpolated string's closing }, say) generally
aren't valid tokens in their own right, and were never supposed to be
-- they belong to whatever's scanning the outer token, not to this
inner match.



    





      


      
        Types


        


  
    
      
    
    
      char_fun()



        
          
        

    

  


  

      

          @type char_fun() :: (String.t() -> char_result())


      



  



  
    
      
    
    
      char_result()



        
          
        

    

  


  

      

          @type char_result() :: {:ok, String.t(), String.t()} | :fail


      



  


        

      

      
        Functions


        


  
    
      
    
    
      advance_line_col(text, line, col)



        
          
        

    

  


  

      

          @spec advance_line_col(String.t(), pos_integer(), pos_integer()) ::
  {pos_integer(), pos_integer()}


      



  



  
    
      
    
    
      and_pred_char(fun, input)



        
          
        

    

  


  

      

          @spec and_pred_char(char_fun(), String.t()) :: char_result()


      



  



  
    
      
    
    
      call_n_times_char(fun, n, input)



        
          
        

    

  


  

      

          @spec call_n_times_char(char_fun(), non_neg_integer(), String.t()) :: char_result()


      



  



  
    
      
    
    
      first_char_match(list, input)



        
          
        

    

  


  

      

          @spec first_char_match([char_fun()], String.t()) :: char_result()


      


Ordered choice: tries each of funs against input in order, short-circuiting on the first success (never evaluating later alternatives, same as PEG's own ordered choice).

  



  
    
      
    
    
      in_ranges?(cp, ranges)



        
          
        

    

  


  

      

          @spec in_ranges?(non_neg_integer(), [{non_neg_integer(), non_neg_integer()}]) ::
  boolean()


      



  



  
    
      
    
    
      not_pred_char(fun, input)



        
          
        

    

  


  

      

          @spec not_pred_char(char_fun(), String.t()) :: char_result()


      



  



  
    
      
    
    
      opt_char(fun, input)



        
          
        

    

  


  

      

          @spec opt_char(char_fun(), String.t()) :: char_result()


      



  



  
    
      
    
    
      pick_longest(candidates)



        
          
        

    

  


  

      

          @spec pick_longest([{atom(), (-> {:ok, String.t(), String.t(), term()} | :fail)}]) ::
  {:ok, atom(), String.t(), String.t(), term()} | :fail


      


Picks the longest-matching candidate at the current lexer position,
ties broken by declaration order (candidates tried in that order,
replaced only on a strictly longer match). A zero-width match is
never accepted as "the next token" -- accepting one would advance
nothing and loop forever (mirrors Grammar.VM.Tokenizer's own private
consider helper's same guard exactly); such a token can still exist
and be referenced from inside other tokens, it just can't win maximal
munch on its own.
capture is nil for an ordinary candidate, or a Grammar.IR.Custom Lexeme-matched one's explicit override -- see Grammar.VM.Token.

  



  
    
      
    
    
      plus_char(fun, input)



        
          
        

    

  


  

      

          @spec plus_char(char_fun(), String.t()) :: char_result()


      



  



  
    
      
    
    
      rep_char(fun, min, max, input)



        
          
        

    

  


  

      

          @spec rep_char(
  char_fun(),
  non_neg_integer(),
  non_neg_integer() | :infinity,
  String.t()
) ::
  char_result()


      



  



    

  
    
      
    
    
      star_char(fun, input, acc \\ "")



        
          
        

    

  


  

      

          @spec star_char(char_fun(), String.t(), String.t()) :: char_result()


      



  



  
    
      
    
    
      tokenize(get_candidates, input)



        
          
        

    

  


  

      

          @spec tokenize(
  (String.t() ->
     [{atom(), (-> {:ok, String.t(), String.t(), term()} | :fail)}]),
  String.t()
) :: {:ok, [Grammar.VM.Token.t()]} | {:error, Ichor.Error.t()}


      


Tokenizes input completely via maximal munch, or reports the first position nothing matches -- get_candidates rebuilds the per-token match attempts against whatever's left of the input at each position.

  



  
    
      
    
    
      tokenize_prefix(get_candidates, input)



        
          
        

    

  


  

      

          @spec tokenize_prefix(
  (String.t() ->
     [{atom(), (-> {:ok, String.t(), String.t(), term()} | :fail)}]),
  String.t()
) :: {:ok, [Grammar.VM.Token.t()]}


      


Like tokenize/2, but tokenizes only as much of a prefix of input
as it can -- stopping (successfully) the moment nothing matches,
instead of failing. For Ichor.CustomLexeme's re-lex-and-match
primitive: the trailing bytes after wherever a dependency rule
actually stops (an interpolated string's closing }, say) generally
aren't valid tokens in their own right, and were never supposed to be
-- they belong to whatever's scanning the outer token, not to this
inner match.

  


        

      


  

    
Grammar.Source 
    



      
The very first, Reader-adjacent stage in front of the Tokenizer:
confirms input is valid UTF-8 before any char-level matcher --
built on Elixir binary pattern matching against ::utf8 codepoints --
ever touches it. Malformed input left unchecked doesn't fail cleanly:
it crashes a compiled matcher with a MatchError partway through
tokenizing, deep inside either backend, instead of surfacing as an
ordinary Ichor.Error.
Shared by both backends (Grammar.VM.parse/3/run_sequence/4 call
this directly; Grammar.Native's generated tokenize/2 calls it too)
since, like Grammar.Lexer, this is pure data validation with nothing
grammar-specific to compile.

      


      
        Summary


  
    Functions
  


    
      
        placed(errors, input)

      


        error -- or each of a list of them -- placed at the end of input
when it says nowhere, and shown: given the line of input it is on,
and a caret, when it has a position but no snippet.



    


    
      
        position(stream, pos, input)

      


        Where position pos of stream is, as {line, column}: where its
token starts, or, past the last token, the end of input.



    


    
      
        trimmed(tokens, skip)

      


        tokens without the skip tokens before the first other token and
after the last.



    


    
      
        validate(input)

      


        Returns input unchanged if it's valid UTF-8, or an Ichor.Error (stage: :lexer) otherwise.



    





      


      
        Functions


        


  
    
      
    
    
      placed(errors, input)



        
          
        

    

  


  

      

          @spec placed(Ichor.Error.t() | [Ichor.Error.t()], String.t()) ::
  Ichor.Error.t() | [Ichor.Error.t()]


      


error -- or each of a list of them -- placed at the end of input
when it says nowhere, and shown: given the line of input it is on,
and a caret, when it has a position but no snippet.
For a caller that gets its error from somewhere that never saw the
input: Grammar.GLR.Runtime builds "unexpected end of input" from
the token stream alone, and its callers, which have the input, place
it here.

  



  
    
      
    
    
      position(stream, pos, input)



        
          
        

    

  


  

      

          @spec position(tuple(), non_neg_integer(), String.t()) ::
  {pos_integer(), pos_integer()}


      


Where position pos of stream is, as {line, column}: where its
token starts, or, past the last token, the end of input.
An error always says where. "Unexpected end of input" and a root
that matched nothing are errors about a place too -- the end, or the
first token -- and a user handed one with no line and column has
nowhere to look. No input at all is {1, 1}. Columns count
codepoints, as the tokenizer does.

  



  
    
      
    
    
      trimmed(tokens, skip)



        
          
        

    

  


  

      

          @spec trimmed([Grammar.VM.Token.t()], atom() | nil) :: [Grammar.VM.Token.t()]


      


tokens without the skip tokens before the first other token and
after the last.
Trivia around the input is not part of it. Skip-splicing puts a
skip* in front of every sequence element but the first, so
nothing inside a grammar ever expects a skip token at the very start
of the input or after its very end. Every engine and both backends
trim the stream here before matching the root, so a document's
leading newline or trailing space means the same to all of them.
The skip tokens between two others are left alone: those are the
grammar's.
skip is the grammar's @skip token, or nil for @noskip, which
changes nothing.

  



  
    
      
    
    
      validate(input)



        
          
        

    

  


  

      

          @spec validate(String.t()) :: {:ok, String.t()} | {:error, Ichor.Error.t()}


      


Returns input unchanged if it's valid UTF-8, or an Ichor.Error (stage: :lexer) otherwise.

  


        

      


  

    
Grammar.VM.Token 
    



      
One lexed token from Grammar.VM.Tokenizer -- the target grammar's own
tokens (e.g. a calculator's NUMBER, "+"), not to be confused with
Aether.Token (Ichor's front-end lexing .aether source itself).
capture is nil for an ordinary token (its capture, when some rule
references it, is built as {:token, name, text} from text alone).
A Grammar.IR.CustomLexeme-matched token (Ichor.CustomLexeme.scan/3
returning an explicit capture override, not nil) carries its own
structure here instead -- a string-interpolation token's embedded
expressions, say -- which the rule level uses verbatim in place of the
usual flat-text capture.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.VM.Token{
  capture: Ichor.Capture.node_t() | nil,
  column: pos_integer(),
  line: pos_integer(),
  name: atom(),
  text: String.t()
}


      



  


        

      


  

    
Grammar.GLR.GSS 
    



      
The graph-structured stack itself: nodes keyed by {state, stream_position} (deduplicated -- two derivations that reach the same
state at the same position share one node, the actual efficiency win
over independent parallel stacks), edges labeled with whatever that
edge's own transition produced (a shifted %Grammar.VM.Token{}, or a
reduced nonterminal's own already-built raw-captures list) plus the
provenance accumulated along it so far.
A node can have more than one incoming edge exactly when two
previously-distinct derivations converge (a shift/reduce or
reduce/reduce conflict both survived, or two different reduce paths
happen to land on the same state and position) -- that's genuine local
ambiguity, not a bug, and paths/3's whole job is enumerating every
distinct way to walk backward through however many edges a reduce
needs to pop, independently for each of a node's incoming edges.
Positions live on the node identity itself ({state, position}), not
on the edge -- which is what makes a :text-kind capture's span
(Grammar.LRTable.Captures) derivable per RHS position directly from
the two nodes an edge connects, with no separate bookkeeping needed.

      


      
        Summary


  
    Types
  


    
      
        edge()

      


    


    
      
        node_id()

      


    


    
      
        provenance()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        add_edge(gss, from, to, value, provenance)

      


        Adds an edge from -> to labeled value/provenance, unless an identical one already exists.



    


    
      
        incoming(gss, node)

      


    


    
      
        new()

      


    


    
      
        paths(gss, node, k)

      


        Every distinct length-k backward path from node: {origin_node, entries, combined_provenance}, entries in left-to-right (RHS)
order as Grammar.LRTable.Captures.entry() triples ({value, start_pos, end_pos}, the span read straight off the two nodes each
edge connects). More than one result means the popped span was
reached via more than one derivation -- local ambiguity, resolved
later by comparing accumulated provenance, not decided here.



    





      


      
        Types


        


  
    
      
    
    
      edge()



        
          
        

    

  


  

      

          @type edge() :: {node_id(), term(), provenance()}


      



  



  
    
      
    
    
      node_id()



        
          
        

    

  


  

      

          @type node_id() :: {Grammar.LRTable.state_id(), non_neg_integer()}


      



  



  
    
      
    
    
      provenance()



        
          
        

    

  


  

      

          @type provenance() :: [non_neg_integer()]


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.GLR.GSS{edges: %{required(node_id()) => [edge()]}}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      add_edge(gss, from, to, value, provenance)



        
          
        

    

  


  

      

          @spec add_edge(t(), node_id(), node_id(), term(), provenance()) :: t()


      


Adds an edge from -> to labeled value/provenance, unless an identical one already exists.

  



  
    
      
    
    
      incoming(gss, node)



        
          
        

    

  


  

      

          @spec incoming(t(), node_id()) :: [edge()]


      



  



  
    
      
    
    
      new()



        
          
        

    

  


  

      

          @spec new() :: t()


      



  



  
    
      
    
    
      paths(gss, node, k)



        
          
        

    

  


  

      

          @spec paths(t(), node_id(), non_neg_integer()) :: [
  {node_id(), [Grammar.LRTable.Captures.entry()], provenance()}
]


      


Every distinct length-k backward path from node: {origin_node, entries, combined_provenance}, entries in left-to-right (RHS)
order as Grammar.LRTable.Captures.entry() triples ({value, start_pos, end_pos}, the span read straight off the two nodes each
edge connects). More than one result means the popped span was
reached via more than one derivation -- local ambiguity, resolved
later by comparing accumulated provenance, not decided here.

  


        

      


  

    
Grammar.GLR.Runtime 
    



      
The GSS-driving shift-reduce/fork loop itself, shared by the
interpreted Grammar.GLR (which wraps a Grammar.LRTable's plain
action/goto maps into closures) and Grammar.Native.GLR (which
passes compiled per-state functions instead) -- extracted so both
reuse the exact same, already-proven algorithm. The graph-structured
stack itself (node merging, multi-path reduce enumeration --
Grammar.GLR.GSS) is inherently a runtime, input-driven data
structure that can't compile away no matter which engine calls into
it; only how a caller looks up actions/goto for a state varies.

      


      
        Summary


  
    Types
  


    
      
        action_fn()

      


    


    
      
        build_fn()

      


        Builds one reduction's captures: Grammar.LRTable.Captures.build/3, or Ichor.Syntax.Record.reduced/3 for a lossless parse.



    


    
      
        goto_fn()

      


    





  
    Functions
  


    
      
        run(action_fn, goto_fn, productions, start_state, end_symbol, stream, build \\ &Captures.build/3)

      


        Runs the GSS shift-reduce/fork loop over stream, starting from
start_state, dispatching every lookup through action_fn/goto_fn.



    





      


      
        Types


        


  
    
      
    
    
      action_fn()



        
          
        

    

  


  

      

          @type action_fn() :: (Grammar.LRTable.state_id(), atom() ->
                  [Grammar.LRTable.action()])


      



  



  
    
      
    
    
      build_fn()



        
          
        

    

  


  

      

          @type build_fn() :: (Grammar.LRTable.Production.t(),
               [Grammar.LRTable.Captures.entry()],
               tuple() ->
                 Ichor.Capture.raw_captures())


      


Builds one reduction's captures: Grammar.LRTable.Captures.build/3, or Ichor.Syntax.Record.reduced/3 for a lossless parse.

  



  
    
      
    
    
      goto_fn()



        
          
        

    

  


  

      

          @type goto_fn() :: (Grammar.LRTable.state_id(), atom() ->
                Grammar.LRTable.state_id() | nil)


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      run(action_fn, goto_fn, productions, start_state, end_symbol, stream, build \\ &Captures.build/3)



        
          
        

    

  


  

      

          @spec run(
  action_fn(),
  goto_fn(),
  %{required(non_neg_integer()) => Grammar.LRTable.Production.t()},
  Grammar.LRTable.state_id(),
  atom(),
  tuple(),
  build_fn()
) ::
  {:ok, non_neg_integer(), Ichor.Capture.raw_captures()}
  | {:error, Ichor.Error.t()}


      


Runs the GSS shift-reduce/fork loop over stream, starting from
start_state, dispatching every lookup through action_fn/goto_fn.
build builds each reduction's captures. A lossless parse passes
Ichor.Syntax.Record.reduced/3, so the rules' records travel with
them, and the run picks the same derivation either way: a surviving
ambiguity is broken by provenance, which build never touches.

  


        

      


  

    
Grammar.LR.Stack 
    



      
The linear LR stack's shift/reduce mechanics -- shared by the
interpreted Grammar.LR and Grammar.Native.LR's per-state
generated code, since a stack push/pop is exactly the same operation
regardless of whether the state driving it came from a Map.get or a
compiled case.
A stack entry is {state, start_pos, end_pos, value}: state is
needed after a reduce to know which GOTO to consult -- the state a
pop exposes isn't knowable until then, even when which production
reduced is already compile-time-known (the same production can be
reduced from more than one calling context, exposing a different
state each time). start_pos/end_pos are token-stream indices,
needed for a :text-kind capture's span regardless of which RHS
position it sits at (Grammar.LRTable.Captures). value is the
shifted %Grammar.VM.Token{} itself, or a reduced nonterminal's own
already-built raw-captures list.

      


      
        Summary


  
    Types
  


    
      
        entry()

      


    





  
    Functions
  


    
      
        push_reduced(rest_stack, target_state, start_pos, end_pos, captures)

      


        Pushes a reduced nonterminal's captures onto rest_stack (as returned by reduce/4), landing in target_state.



    


    
      
        push_token(stack, state, token, pos, new_pos)

      


        Pushes a freshly-shifted token onto stack, landing in state.



    


    
      
        reduce(stack, production, stream, pos)

      


        Pops production's own RHS length off stack, builds its captures
via Grammar.LRTable.Captures.build/3, and returns {exposed_state, rest_stack, start_pos, end_pos, captures} -- exposed_state is
whatever's now on top (the caller's own job to look up GOTO for),
start_pos/end_pos the span the whole reduced production covers
(both pos, for a zero-width/epsilon production).



    





      


      
        Types


        


  
    
      
    
    
      entry()



        
          
        

    

  


  

      

          @type entry() :: {state :: term(), non_neg_integer(), non_neg_integer(), term()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      push_reduced(rest_stack, target_state, start_pos, end_pos, captures)



        
          
        

    

  


  

      

          @spec push_reduced(
  [entry()],
  term(),
  non_neg_integer(),
  non_neg_integer(),
  Ichor.Capture.raw_captures()
) :: [entry()]


      


Pushes a reduced nonterminal's captures onto rest_stack (as returned by reduce/4), landing in target_state.

  



  
    
      
    
    
      push_token(stack, state, token, pos, new_pos)



        
          
        

    

  


  

      

          @spec push_token(
  [entry()],
  term(),
  Grammar.VM.Token.t(),
  non_neg_integer(),
  non_neg_integer()
) :: [
  entry()
]


      


Pushes a freshly-shifted token onto stack, landing in state.

  



  
    
      
    
    
      reduce(stack, production, stream, pos)



        
          
        

    

  


  

      

          @spec reduce([entry()], Grammar.LRTable.Production.t(), tuple(), non_neg_integer()) ::
  {term(), [entry()], non_neg_integer(), non_neg_integer(),
   Ichor.Capture.raw_captures()}


      


Pops production's own RHS length off stack, builds its captures
via Grammar.LRTable.Captures.build/3, and returns {exposed_state, rest_stack, start_pos, end_pos, captures} -- exposed_state is
whatever's now on top (the caller's own job to look up GOTO for),
start_pos/end_pos the span the whole reduced production covers
(both pos, for a zero-width/epsilon production).

  


        

      


  

    
Grammar.LRTable 
    



      
The SLR(1) action/goto table shape itself, plus the two lookups every
LR-family engine needs at match time -- interpreted (Grammar.LR,
Grammar.GLR.Runtime) or compiled (generated Grammar.Native.LR/
.GLR code) alike.
Building a table from a grammar (Grammar.LRTable.Builder.build/1,
which needs Desugar/Sets/Automaton) is a dev-time-only concern
that stays in ichor proper -- this module holds only what a
generated parser (or the interpreted engines) still calls once a
table already exists.

      


      
        Summary


  
    Types
  


    
      
        action()

      


    


    
      
        state_id()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        current_terminal(stream, pos, end_symbol)

      


        The current lookahead terminal name at pos in stream, or
end_symbol once input is exhausted -- shared by every LR-family
engine (Grammar.LR, Grammar.GLR.Runtime, and generated
Grammar.Native.LR/.GLR code alike), interpreted or compiled.



    


    
      
        unexpected_error(stream, pos)

      


        The shared "no action applies here" parse error, naming the offending
token (or end of input).



    


    
      
        unexpected_error(stream, pos, input)

      


        Like unexpected_error/2, and end of input is placed at the end of
input (Grammar.Source.position/3), so every error says where it
is.



    





      


      
        Types


        


  
    
      
    
    
      action()



        
          
        

    

  


  

      

          @type action() ::
  {:shift, state_id()} | {:reduce, production_id :: non_neg_integer()} | :accept


      



  



  
    
      
    
    
      state_id()



        
          
        

    

  


  

      

          @type state_id() :: non_neg_integer()


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.LRTable{
  action: %{required(state_id()) => %{required(atom()) => [action()]}},
  end_symbol: atom(),
  goto: %{required(state_id()) => %{required(atom()) => state_id()}},
  productions: %{required(non_neg_integer()) => Grammar.LRTable.Production.t()},
  root: atom(),
  start_state: state_id(),
  start_symbol: atom()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      current_terminal(stream, pos, end_symbol)



        
          
        

    

  


  

      

          @spec current_terminal(tuple(), non_neg_integer(), atom()) :: atom()


      


The current lookahead terminal name at pos in stream, or
end_symbol once input is exhausted -- shared by every LR-family
engine (Grammar.LR, Grammar.GLR.Runtime, and generated
Grammar.Native.LR/.GLR code alike), interpreted or compiled.

  



  
    
      
    
    
      unexpected_error(stream, pos)



        
          
        

    

  


  

      

          @spec unexpected_error(tuple(), non_neg_integer()) :: Ichor.Error.t()


      


The shared "no action applies here" parse error, naming the offending
token (or end of input).
Without the input, the end of it has no position; unexpected_error/3
has one. This arity stays for parsers generated before it existed.

  



  
    
      
    
    
      unexpected_error(stream, pos, input)



        
          
        

    

  


  

      

          @spec unexpected_error(tuple(), non_neg_integer(), String.t()) :: Ichor.Error.t()


      


Like unexpected_error/2, and end of input is placed at the end of
input (Grammar.Source.position/3), so every error says where it
is.

  


        

      


  

    
Grammar.LRTable.Captures 
    



      
Builds the raw-capture list Ichor.Actions expects ({:token,...}/
{:rule,...}/{:text,...}, see Ichor.Capture.raw_captures/0) from
one reduced production's own RHS entries -- shared by Grammar.LR (a
single linear stack) and Grammar.GLR (a graph-structured one): both
reduce the same kind of production, against the same kind of token
stream, needing the exact same per-position classification (see
Grammar.LRTable.Production's own moduledoc for what each capture
kind means), so this logic has exactly one place to live rather than
two copies drifting apart.
Every value it builds records the token range it matched
(Ichor.Capture.at/3), for Ichor.Actions to turn into its span. A
helper's captures, spliced in, were recorded when the helper was
reduced and keep their ranges.
Built as a list, in production.captures' own RHS-position order,
rather than a map -- a name's position (first occurrence, for one
captured more than once) is real information Ichor.Actions relies
on (Ichor.Capture.position/0) to evaluate sibling captures in true
source order, which a plain map's own iteration order can't be
trusted to reconstruct (it isn't guaranteed to match insertion order,
and has been observed to differ across Erlang/OTP versions).

      


      
        Summary


  
    Types
  


    
      
        entry()

      


        One popped RHS position: value is the shifted %Token{} (a
terminal position) or the already-built raw-captures list of a
reduced nonterminal; start_pos/end_pos are the token-stream span
it covers, needed for a :text-kind capture regardless of which RHS
position it sits at (not just the whole production's own span).



    





  
    Functions
  


    
      
        build(production, entries, stream)

      


        Builds the raw-captures list for production, given its popped RHS entries in order.



    


    
      
        merge(captures, name, value)

      


        The first/second/third+ list-promotion rule every raw-capture builder
in Ichor uses (Grammar.Native.Runtime.Parser.merge_captures/2,
mirrored here for the LR/GLR side): a name captured more than once
naturally becomes a list without knowing the eventual count in
advance. A new name is appended at the end, landing at its
first-occurrence RHS position relative to whatever's already there
(build/3 calls this in RHS order); a repeat name updates its
existing entry in place, not moving it.



    





      


      
        Types


        


  
    
      
    
    
      entry()



        
          
        

    

  


  

      

          @type entry() ::
  {value :: Grammar.VM.Token.t() | Ichor.Capture.raw_captures(),
   start_pos :: non_neg_integer(), end_pos :: non_neg_integer()}


      


One popped RHS position: value is the shifted %Token{} (a
terminal position) or the already-built raw-captures list of a
reduced nonterminal; start_pos/end_pos are the token-stream span
it covers, needed for a :text-kind capture regardless of which RHS
position it sits at (not just the whole production's own span).

  


        

      

      
        Functions


        


  
    
      
    
    
      build(production, entries, stream)



        
          
        

    

  


  

      

          @spec build(Grammar.LRTable.Production.t(), [entry()], tuple()) ::
  Ichor.Capture.raw_captures()


      


Builds the raw-captures list for production, given its popped RHS entries in order.

  



  
    
      
    
    
      merge(captures, name, value)



        
          
        

    

  


  

      

          @spec merge(Ichor.Capture.raw_captures(), atom(), term()) ::
  Ichor.Capture.raw_captures()


      


The first/second/third+ list-promotion rule every raw-capture builder
in Ichor uses (Grammar.Native.Runtime.Parser.merge_captures/2,
mirrored here for the LR/GLR side): a name captured more than once
naturally becomes a list without knowing the eventual count in
advance. A new name is appended at the end, landing at its
first-occurrence RHS position relative to whatever's already there
(build/3 calls this in RHS order); a repeat name updates its
existing entry in place, not moving it.

  


        

      


  

    
Grammar.LRTable.Production 
    



      
One flat CFG production, lhs -> rhs, produced by Grammar.LRTable.Desugar
from a grammar's PEG-shaped IR (Seq/Choice/Star/Plus/Opt/Rep
each desugar to one or more of these; Choice in particular maps
directly onto "more than one production for the same lhs" -- the
natural CFG shape ordered PEG choice already resembles, minus the
ordering).
captures describes how to rebuild the exact same raw-capture shape
Ichor.Actions expects ({:token,...}/{:rule,...}/{:text,...}) at
reduce time, one entry per captured RHS position:
	{index, name, :token} -- RHS position index is a bare (or
explicitly named) reference to a token; becomes
{:token, terminal_name, text} (or the token's own capture
override, exactly like every other backend).
	{index, name, :rule} -- same, but index names a rule; becomes
{:rule, nonterminal_name, child_captures}.
	{index, name, :text} -- index is a captured composite
sub-expression (anything other than a direct bare RuleRef --
x:(a b), x:"lit", x:choice, ...), desugared into its own
helper nonterminal; becomes {:text, span_text}, the matched
token text from that position's start to its end, exactly like
RuleCompiler.leaf/4's unconditional fallback for the same shape.
	{index, nil, :splice} -- index is a helper nonterminal
standing in for Star/Plus/Rep/Opt (or the left-recursive
accumulator half of one) -- its own already-built captures map is
merged key-by-key into this production's, list-accumulating
exactly like Ichor.Actions' merge_capture/3 does for a capture
repeated inside an ordinary PEG */+. This is what makes a
repeated capture end up as a list in the enclosing rule's own
capture map, rather than trapped one level down under a
compiler-generated helper name nothing in Ichor.Actions knows
about.

An uncaptured RHS position (an anonymous auto-promoted literal token,
the grammar's own spliced @skip token, or anything inside a
:text-discarded span) has no entry in captures at all -- it
contributes nothing to the built map, same as an anonymous token
contributes no implicit self-capture on any other backend.

      


      
        Summary


  
    Types
  


    
      
        capture()

      


    


    
      
        capture_kind()

      


    


    
      
        symbol()

      


    


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      capture()



        
          
        

    

  


  

      

          @type capture() :: {non_neg_integer(), atom() | nil, capture_kind()}


      



  



  
    
      
    
    
      capture_kind()



        
          
        

    

  


  

      

          @type capture_kind() :: :token | :rule | :text | :splice


      



  



  
    
      
    
    
      symbol()



        
          
        

    

  


  

      

          @type symbol() :: {:terminal, atom()} | {:nonterminal, atom()}


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.LRTable.Production{
  captures: [capture()],
  id: non_neg_integer(),
  lhs: atom(),
  rhs: [symbol()]
}


      



  


        

      


  

    
Ichor.Backtrack behaviour
    



      
The behaviour a lazy backtracking search engine implements --
Ichor.Backtrack.Tree (Stream-backed, correctness-first) is the only
one today; a future WAM-grade engine would implement the same
contract, letting whatever's built on top (a Prolog-style
SLD-resolution loop, say) swap engines without changing.
A goal is a function from the current bindings to a lazy sequence
of solutions -- one per way that goal can succeed, in order. Nothing
here knows what a "binding" or a "clause database" is; that's
Ichor.Backtrack.Bindings/Ichor.Backtrack.Term's job (the
unification substrate) and the caller's own SLD-resolution code
respectively. This module supplies only the search structure:
	unit/0 -- succeeds exactly once, with the bindings unchanged
(Prolog's true).
	fail/0 -- never succeeds (Prolog's fail).
	disjunction/2 -- every solution of the first goal, then every
solution of the second, both starting from the same bindings
(Prolog's ; / trying clauses in declared order).
	conjunction/2 -- every solution of the first goal, each one
threaded into the second as its own starting bindings, depth-first
(Prolog's , / sequencing subgoals).
	once/1 -- at most the first solution of a goal, computed lazily
(Prolog's cut/once/1) -- the rest of the search tree is never
even explored, not just discarded after the fact.

solutions is opaque and pulled incrementally via next/1 --
{:solution, value, rest} for one result plus the remaining lazy
sequence, or :empty -- so an infinite or very large search space
never needs to be materialized to get its first few answers.

      


      
        Summary


  
    Types
  


    
      
        goal()

      


        A bindings -> solutions function -- succeeding produces bindings, not a bare boolean, since SLD-resolution needs to thread them into whatever comes next.



    


    
      
        solutions()

      


        Whatever a concrete engine's own solutions representation is -- opaque outside that engine.



    





  
    Callbacks
  


    
      
        conjunction(goal, goal)

      


    


    
      
        disjunction(goal, goal)

      


    


    
      
        fail()

      


    


    
      
        next(solutions)

      


    


    
      
        once(goal)

      


    


    
      
        unit()

      


    





      


      
        Types


        


  
    
      
    
    
      goal()



        
          
        

    

  


  

      

          @type goal() :: (bindings :: term() -> solutions())


      


A bindings -> solutions function -- succeeding produces bindings, not a bare boolean, since SLD-resolution needs to thread them into whatever comes next.

  



  
    
      
    
    
      solutions()



        
          
        

    

  


  

      

          @type solutions() :: term()


      


Whatever a concrete engine's own solutions representation is -- opaque outside that engine.

  


        

      

      
        Callbacks


        


  
    
      
    
    
      conjunction(goal, goal)



        
          
        

    

  


  

      

          @callback conjunction(goal(), goal()) :: goal()


      



  



  
    
      
    
    
      disjunction(goal, goal)



        
          
        

    

  


  

      

          @callback disjunction(goal(), goal()) :: goal()


      



  



  
    
      
    
    
      fail()



        
          
        

    

  


  

      

          @callback fail() :: goal()


      



  



  
    
      
    
    
      next(solutions)



        
          
        

    

  


  

      

          @callback next(solutions()) :: :empty | {:solution, term(), solutions()}


      



  



  
    
      
    
    
      once(goal)



        
          
        

    

  


  

      

          @callback once(goal()) :: goal()


      



  



  
    
      
    
    
      unit()



        
          
        

    

  


  

      

          @callback unit() :: goal()


      



  


        

      


  

    
Ichor.Backtrack.Bindings 
    



      
A substitution: which logic variables are bound to which terms so
far, opaque outside this module. unify/4 is the whole unification
algorithm -- standard, recursive, structural unification with no
occurs-check (matches ISO Prolog's own default: X = f(X) succeeds,
building a cyclic term, rather than failing or looping to detect the
cycle -- occurs-check is opt-in in real Prolog too, via unify_with_occurs_check/2,
never the default).
Every function takes a term_module argument (an
Ichor.Backtrack.Term implementation) explicitly, so this module
never needs to know what a caller's own term representation looks
like.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        bind(bindings, var_id, value)

      


        Extends bindings, binding var_id to value.



    


    
      
        new()

      


        An empty substitution.



    


    
      
        resolve(term_module, bindings, term)

      


        Follows variable bindings until reaching either an unbound variable
or a non-variable term -- shallow dereferencing only (never recurses
into a compound term's own arguments), matching Prolog's own deref.



    


    
      
        unify(term_module, bindings, a, b)

      


        Unifies a and b under bindings, extending them on success.
Two distinct (by var_id/1) unbound variables unify by binding one
to the other; an unbound variable and anything else unify by binding
the variable; two compound terms unify when their functor and arity
match and every argument pairwise unifies; anything else unifies with
plain ==/2.



    


    
      
        unify_occurs_check(term_module, bindings, a, b)

      


        Like unify/4, but with an occurs-check: a variable is never allowed
to bind to a compound term containing itself, which would otherwise
silently build an infinite term (X = f(X)). unify/4's own absence
of this matches ISO Prolog's own default, not what a type checker
needs -- Ichor.Toolkit.TypeScheme is built on this variant
specifically because unifying two types this way must fail (not loop
forever, not silently accept an infinite type) when one contains a
variable already bound to (or literally equal to) the other.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @opaque t()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      bind(bindings, var_id, value)



        
          
        

    

  


  

      

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


      


Extends bindings, binding var_id to value.

  



  
    
      
    
    
      new()



        
          
        

    

  


  

      

          @spec new() :: t()


      


An empty substitution.

  



  
    
      
    
    
      resolve(term_module, bindings, term)



        
          
        

    

  


  

      

          @spec resolve(module(), t(), term()) :: term()


      


Follows variable bindings until reaching either an unbound variable
or a non-variable term -- shallow dereferencing only (never recurses
into a compound term's own arguments), matching Prolog's own deref.

  



  
    
      
    
    
      unify(term_module, bindings, a, b)



        
          
        

    

  


  

      

          @spec unify(module(), t(), term(), term()) :: {:ok, t()} | :fail


      


Unifies a and b under bindings, extending them on success.
Two distinct (by var_id/1) unbound variables unify by binding one
to the other; an unbound variable and anything else unify by binding
the variable; two compound terms unify when their functor and arity
match and every argument pairwise unifies; anything else unifies with
plain ==/2.

  



  
    
      
    
    
      unify_occurs_check(term_module, bindings, a, b)



        
          
        

    

  


  

      

          @spec unify_occurs_check(module(), t(), term(), term()) :: {:ok, t()} | :fail


      


Like unify/4, but with an occurs-check: a variable is never allowed
to bind to a compound term containing itself, which would otherwise
silently build an infinite term (X = f(X)). unify/4's own absence
of this matches ISO Prolog's own default, not what a type checker
needs -- Ichor.Toolkit.TypeScheme is built on this variant
specifically because unifying two types this way must fail (not loop
forever, not silently accept an infinite type) when one contains a
variable already bound to (or literally equal to) the other.

  


        

      


  

    
Ichor.Backtrack.Term behaviour
    



      
The behaviour a caller's own term representation implements so
Ichor.Backtrack.Bindings can unify it -- passed explicitly to every
Bindings function (resolve/3, unify/4), the same "module passed
as a plain argument, never looked up dynamically" convention
Ichor.Actions.evaluate/5 already uses for an actions module.
Nothing here prescribes what a term actually is -- a caller is free
to use plain Elixir terms directly for anything atomic (:tom, 42,
"a string", compared with ==/2), reserving a distinguishing shape
only for the two cases that need special handling:
	variable?/1 + var_id/1 -- a logic variable, keyed by whatever
var_id/1 returns (this is exactly the key Bindings stores a
binding under, so it must be stable and unique per distinct
variable -- an Elixir reference/0 minted fresh per variable is
a natural choice).
	compound?/1 + deconstruct/1 -- a compound term (foo(X, bar)),
unified by recursively unifying its functor and arguments
(deconstruct/1 returning {functor, args}); two compound terms
only unify when their functor and arity both match.

Anything that's neither a variable nor a compound term is treated as
atomic and unified with plain ==/2.
reconstruct/2 is optional -- the inverse of deconstruct/1, needed
only by callers that rebuild terms rather than just inspect them
(Ichor.Toolkit.TypeScheme's generalize/4/instantiate/3, which
substitute type variables inside a type). Unification itself
(Ichor.Backtrack.Bindings) never needs it -- it only ever compares
and binds, never constructs.

      


      
        Summary


  
    Callbacks
  


    
      
        compound?(term)

      


    


    
      
        deconstruct(term)

      


    


    
      
        reconstruct(functor, args)

      


    


    
      
        var_id(term)

      


    


    
      
        variable?(term)

      


    





      


      
        Callbacks


        


  
    
      
    
    
      compound?(term)



        
          
        

    

  


  

      

          @callback compound?(term()) :: boolean()


      



  



  
    
      
    
    
      deconstruct(term)



        
          
        

    

  


  

      

          @callback deconstruct(term()) :: {functor :: term(), args :: [term()]}


      



  



  
    
      
    
    
      reconstruct(functor, args)


        (optional)


        
          
        

    

  


  

      

          @callback reconstruct(functor :: term(), args :: [term()]) :: term()


      



  



  
    
      
    
    
      var_id(term)



        
          
        

    

  


  

      

          @callback var_id(term()) :: term()


      



  



  
    
      
    
    
      variable?(term)



        
          
        

    

  


  

      

          @callback variable?(term()) :: boolean()


      



  


        

      


  

    
Ichor.Backtrack.Tree 
    



      
The correctness-first Ichor.Backtrack engine: a solution is a plain
thunk, (-> :empty | {:solution, value, rest}) -- a manually-unfolded
lazy list (a "search tree," hence the name), not backed by any
process/agent or Elixir Stream machinery. Each combinator forces
exactly one step of whatever it's combining, which is what makes
once/1 genuinely stop exploring rather than compute everything and
discard all but the first result, and what makes an infinite Prolog
recursion still yield its first solutions instead of hanging forever
building a list.
Kept intentionally simple over "fair" interleaving search (the way
microKanren's own mplus/bind alternate between branches):
disjunction/2 exhausts its first argument before touching its
second, depth-first, left-to-right -- exactly Prolog's own clause-order
backtracking, not a design gap. A future WAM-grade engine implementing
the same Ichor.Backtrack behaviour could still choose differently.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        concat(a, b)

      


        Every solution of a, then every solution of b -- disjunction/2's own primitive.



    


    
      
        empty()

      


        The empty solution sequence -- a goal that never succeeds reduces to this.



    


    
      
        flat_map(solutions, fun)

      


        Every solution of solutions, each fed through fun (itself producing a lazy sequence) and concatenated in order -- conjunction/2's own primitive.



    


    
      
        of_one(value)

      


        A single solution followed by nothing else.



    


    
      
        take(solutions, n)

      


        The first n solutions, computed lazily -- once/1's own primitive (n = 1).



    


    
      
        to_list(solutions)

      


        Eagerly pulls every solution into a plain list -- for tests/finite searches only; never call this on a search that might not terminate.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: (-> :empty | {:solution, term(), t()})


      



  


        

      

      
        Functions


        


  
    
      
    
    
      concat(a, b)



        
          
        

    

  


  

      

          @spec concat(t(), t()) :: t()


      


Every solution of a, then every solution of b -- disjunction/2's own primitive.

  



  
    
      
    
    
      empty()



        
          
        

    

  


  

      

          @spec empty() :: t()


      


The empty solution sequence -- a goal that never succeeds reduces to this.

  



  
    
      
    
    
      flat_map(solutions, fun)



        
          
        

    

  


  

      

          @spec flat_map(t(), (term() -> t())) :: t()


      


Every solution of solutions, each fed through fun (itself producing a lazy sequence) and concatenated in order -- conjunction/2's own primitive.

  



  
    
      
    
    
      of_one(value)



        
          
        

    

  


  

      

          @spec of_one(term()) :: t()


      


A single solution followed by nothing else.

  



  
    
      
    
    
      take(solutions, n)



        
          
        

    

  


  

      

          @spec take(t(), non_neg_integer()) :: t()


      


The first n solutions, computed lazily -- once/1's own primitive (n = 1).

  



  
    
      
    
    
      to_list(solutions)



        
          
        

    

  


  

      

          @spec to_list(t()) :: [term()]


      


Eagerly pulls every solution into a plain list -- for tests/finite searches only; never call this on a search that might not terminate.

  


        

      


  

    
Ichor.Toolkit.Pratt 
    



      
Precedence-climbing (Pratt) expression parsing over a runtime-mutable
operator table -- extracted from a pattern already hand-rolled once,
OpExprTest.Operators.climb/6 (test/support/opexpr_operators.ex),
the worked example proving Grammar.IR.Custom/@native(...) rule-
position dispatch works at all. That fixture only ever needed infix
chains; this generalizes to prefix and postfix too, since those are
exactly what Track 1's own motivating scenarios need (Prolog's
op/3 supports fy/fx prefix and xf/yf postfix operators
alongside infix ones, Haskell fixity declarations are infix-only but
mixfix notation is not).
Completely IR-agnostic, like Ichor.Toolkit.Codegen/Result: pos,
the stream, and the parsed value are all opaque to this module.
peek_op returning {op_name, pos_after_op} rather than just
op_name is deliberate, not incidental -- an operator token may sit
behind skippable trivia (whitespace, comments; @native(...) nodes
are opaque to Aether's own @skip splicing, so a caller has to handle
this itself, same as climb/6 already did), so where the operator
actually ends can't be assumed to be a fixed offset from where the
search for it started. parse_primary is trusted to do its own
leading-trivia handling for the same reason.
The infix/postfix ambiguity
An operator registered as both infix and postfix at once is
genuinely ambiguous: after parsing a left operand and seeing that
token, nothing short of looking further ahead can tell whether an
infix use (expecting a right operand next) or a postfix use (expecting
nothing) was meant. This is exactly why ISO Prolog's own op/3
forbids defining an atom as both infix and postfix -- the same
operator serving as prefix and infix (unary vs. binary -) or
prefix and postfix has no such problem, since prefix is only ever
attempted before a left operand exists and infix/postfix only after,
two mutually exclusive positions.
The table itself doesn't reject the combination -- it has no way to
know at build time whether a caller will later supply the means to
resolve it, since callbacks are only ever known at parse/4 call
time, not baked into the table. Instead, parse/4 only raises when it
actually encounters a token where both fixities are simultaneously
viable at the current precedence: if callbacks includes
can_start_operand?, it's consulted (does a valid operand start right
after the operator? infix if so, postfix if not); if it's absent,
parse/4 raises ArgumentError naming the operator, rather than
silently misparsing one way or the other.
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        callbacks()

      


    


    
      
        fixity()

      


    


    
      
        op_name()

      


    


    
      
        table()

      


    





  
    Functions
  


    
      
        infix(table, op_name, prec, assoc \\ :left)

      


        Registers op_name as an infix operator at prec with associativity assoc (default :left).



    


    
      
        new()

      


        An empty operator table.



    


    
      
        parse(table, pos, callbacks, min_prec \\ 0)

      


        Parses one expression starting at pos, only accepting an infix/postfix
operator whose precedence is at least min_prec (default 0 -- pass
a table entry's own precedence, bumped per associativity, on the
recursive call that parses an operator's own operand).



    


    
      
        postfix(table, op_name, prec)

      


        Registers op_name as a postfix operator at prec.



    


    
      
        prefix(table, op_name, prec)

      


        Registers op_name as a prefix operator at prec.
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          @type assoc() :: :left | :right | :none


      



  



  
    
      
    
    
      callbacks()



        
          
        

    

  


  

      

          @type callbacks() :: %{
  :peek_op => (term() -> {op_name(), term()} | nil),
  :parse_primary => (term() -> {:ok, term(), term()} | :fail),
  :build => (fixity(), op_name(), [term()] -> term()),
  optional(:can_start_operand?) => (term() -> boolean())
}


      



  



  
    
      
    
    
      fixity()



        
          
        

    

  


  

      

          @type fixity() :: :prefix | :infix | :postfix
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          @type op_name() :: term()


      



  



  
    
      
    
    
      table()



        
          
        

    

  


  

      

          @type table() :: %{
  optional(op_name()) => %{
    optional(:prefix) => non_neg_integer(),
    optional(:infix) => {non_neg_integer(), assoc()},
    optional(:postfix) => non_neg_integer()
  }
}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      infix(table, op_name, prec, assoc \\ :left)



        
          
        

    

  


  

      

          @spec infix(table(), op_name(), non_neg_integer(), assoc()) :: table()


      


Registers op_name as an infix operator at prec with associativity assoc (default :left).
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          @spec new() :: table()


      


An empty operator table.

  



    

  
    
      
    
    
      parse(table, pos, callbacks, min_prec \\ 0)



        
          
        

    

  


  

      

          @spec parse(table(), term(), callbacks(), non_neg_integer()) ::
  {:ok, term(), term()} | :fail


      


Parses one expression starting at pos, only accepting an infix/postfix
operator whose precedence is at least min_prec (default 0 -- pass
a table entry's own precedence, bumped per associativity, on the
recursive call that parses an operator's own operand).

  



  
    
      
    
    
      postfix(table, op_name, prec)



        
          
        

    

  


  

      

          @spec postfix(table(), op_name(), non_neg_integer()) :: table()


      


Registers op_name as a postfix operator at prec.

  



  
    
      
    
    
      prefix(table, op_name, prec)



        
          
        

    

  


  

      

          @spec prefix(table(), op_name(), non_neg_integer()) :: table()


      


Registers op_name as a prefix operator at prec.

  


        

      


  

    
Ichor.Toolkit.Result 
    



      
The generic "walk a collection, threading an accumulator through a
fallible step, stopping at the first failure" primitive -- extracted
from a pattern independently hand-rolled at least ten times across
Ichor's own compiler internals before this existed: build_ruleset/1
(duplicated near-verbatim across Ichor.EBNF.ISO.Actions,
Ichor.EBNF.W3C.Actions, Ichor.BNF.Actions, Ichor.ABNF.Actions, and
Ichor.PEG.Actions), Ichor.Backtrack.Bindings' own unify_compound/5
inner reduce over zipped compound-term arguments (whose failure
sentinel is a bare :fail, not {:error, _}), Aether.Eval's own
process_defs/2, and -- byte-for-byte identical to each other --
Ichor.Actions' own eval_one/2 list-of-captures branch, and
Aether.Eval's own convert_list/3 and convert_seq_terms/3.
Elixir's stdlib has no Enum/Result-traverse equivalent to lean on
here (unlike, say, Haskell's Traversable or Rust's
Iterator::collect::<Result<_, _>>), which is exactly why this ended
up hand-rolled so many times.
Both functions pass any non-{:ok, _} step result straight through,
unexamined -- deliberately, so the toolkit never has an opinion on
what a "failure" looks like: it works equally for a bare :fail atom
(Bindings.unify_compound/5's convention) and for {:error, reason}
(every other call site's convention).

      


      
        Summary


  
    Functions
  


    
      
        map_ok(list, state, step)

      


        Maps step over list in order, collecting each value it produces
while threading state through sequentially, stopping at the first
failure -- exactly the shape eval_one/2's list branch, convert_list/3,
and convert_seq_terms/3 each independently wrote (build the result
via [v | acc], reverse once at the end, thread state, halt on
failure). Built on reduce_ok/2 rather than duplicating its own
Enum.reduce_while.



    


    
      
        reduce_ok(enumerable, acc, step)

      


        Like Enum.reduce/3, but step returns {:ok, new_acc} to continue
or anything else to stop immediately and return that value instead --
the "reduce with early exit on failure" shape build_ruleset/1,
unify_compound/5, and process_defs/2 each wrote their own copy of.



    





      


      
        Functions


        


  
    
      
    
    
      map_ok(list, state, step)



        
          
        

    

  


  

      

          @spec map_ok([elem], state, (elem, state -> {:ok, value, state} | failure)) ::
  {:ok, [value], state} | failure
when elem: term(), state: term(), value: term(), failure: term()


      


Maps step over list in order, collecting each value it produces
while threading state through sequentially, stopping at the first
failure -- exactly the shape eval_one/2's list branch, convert_list/3,
and convert_seq_terms/3 each independently wrote (build the result
via [v | acc], reverse once at the end, thread state, halt on
failure). Built on reduce_ok/2 rather than duplicating its own
Enum.reduce_while.

  



  
    
      
    
    
      reduce_ok(enumerable, acc, step)



        
          
        

    

  


  

      

          @spec reduce_ok(Enumerable.t(elem), acc, (elem, acc -> {:ok, acc} | failure)) ::
  {:ok, acc} | failure
when elem: term(), acc: term(), failure: term()


      


Like Enum.reduce/3, but step returns {:ok, new_acc} to continue
or anything else to stop immediately and return that value instead --
the "reduce with early exit on failure" shape build_ruleset/1,
unify_compound/5, and process_defs/2 each wrote their own copy of.

  


        

      


  

    
Ichor.Toolkit.TermWalk 
    



      
Generic recursion over any Ichor.Backtrack.Term implementation --
extracted from a pattern independently duplicated inside
Ichor.Toolkit.TypeScheme itself: resolve_deep/3 and the private
substitute/3 shared the identical "apply a transform, then (if the
result is compound) deconstruct, recurse into every argument with the
same transform, and reconstruct" recursive skeleton, differing only in
what the transform itself does at each step (chase a variable's
binding one level, or substitute a specific variable for a fresh one);
free_vars/3 is the same recursive shape again, but folding into an
accumulator instead of rebuilding a term.
Neither function here knows anything about bindings, substitutions, or
types -- only what variable?/1, compound?/1, deconstruct/1, and
(for rewrite/3) reconstruct/2 say about a given term_module, the
same boundary Ichor.Backtrack.Bindings.unify/4 already draws.

      


      
        Summary


  
    Functions
  


    
      
        fold(term_module, term, acc, combine)

      


        Folds over term and every subterm reachable through compound?/1/
deconstruct/1, visiting a node before its children (order doesn't
matter for a commutative combine, e.g. collecting a set of variable
ids -- Ichor.Toolkit.TypeScheme.free_vars/3's own use).



    


    
      
        rewrite(term_module, term, transform)

      


        Applies transform to term, then -- if the result is compound --
deconstructs it and recurses into every argument with the same
transform, reconstructing afterward. transform is applied exactly
once per node, on the way down, never re-applied to a freshly
reconstructed compound -- correct for a transform that only ever acts
on non-compound nodes (resolving or substituting a variable; a
compound term is rebuilt from its already-transformed arguments, never
itself examined), which is the only shape resolve_deep/3/substitute/3
ever needed. Not a general bottom-up rewrite pass (e.g. constant
folding, which needs to re-examine a parent after its children
change) -- transform never sees a node built by this same call.



    





      


      
        Functions


        


  
    
      
    
    
      fold(term_module, term, acc, combine)



        
          
        

    

  


  

      

          @spec fold(module(), term(), acc, (term(), acc -> acc)) :: acc when acc: term()


      


Folds over term and every subterm reachable through compound?/1/
deconstruct/1, visiting a node before its children (order doesn't
matter for a commutative combine, e.g. collecting a set of variable
ids -- Ichor.Toolkit.TypeScheme.free_vars/3's own use).

  



  
    
      
    
    
      rewrite(term_module, term, transform)



        
          
        

    

  


  

      

          @spec rewrite(module(), term(), (term() -> term())) :: term()


      


Applies transform to term, then -- if the result is compound --
deconstructs it and recurses into every argument with the same
transform, reconstructing afterward. transform is applied exactly
once per node, on the way down, never re-applied to a freshly
reconstructed compound -- correct for a transform that only ever acts
on non-compound nodes (resolving or substituting a variable; a
compound term is rebuilt from its already-transformed arguments, never
itself examined), which is the only shape resolve_deep/3/substitute/3
ever needed. Not a general bottom-up rewrite pass (e.g. constant
folding, which needs to re-examine a parent after its children
change) -- transform never sees a node built by this same call.
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