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    Ichor
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Ichor compiles grammar definitions into working language implementations.
Write a grammar once — in Aether (Ichor's own grammar language) or import
one from ABNF, BNF, EBNF, or PEG — and Ichor turns it into a Lexer, a
Parser, and (via your own Ichor.Actions module) an Executor, with no
hand-written parsing code at all.
defmodule Calculator do
  use Ichor, grammar_source: """
  @grammar "calculator"
  @root expr
  @skip SPACE

  NUMBER := DIGIT+ ("." DIGIT+)?

  expr   := term (op:("+" | "-") term)*
  term   := factor (op:("*" | "/") factor)*
  factor := NUMBER | "(" expr ")"
  """, actions: Calculator.Actions
end

Calculator.run("2 + 3 * 4")
#=> {:ok, 14}
Calculator.Actions is a plain module implementing the Ichor.Actions
behaviour — it decides what each rule and token means; the grammar
only decides what's valid syntax. See the tutorial
for the full walkthrough of this example, including the Actions module.
The inline use Ichor form above is the fastest way to try Ichor out —
for anything beyond that, prefer mix ichor.gen (below): it's the same
codegen, run once ahead of time instead of on every compile.
Why
Most grammar tools stop at "does this text match" (a recognizer) or "here's
a parse tree, good luck" (a parser generator). Ichor goes one step further:
every grammar pairs with an Ichor.Actions module that says what to do
with each piece of a match — evaluate it, build a config struct, execute a
query, transpile it, whatever the grammar is for. The same grammar, parsed
by either of two independent backends, always produces identical results
through that same Actions module.
Three ways to run a grammar
A grammar's Ichor.Actions module is the same no matter how the grammar
itself gets turned into a parser — but when that happens is a real
choice, with a real consequence for what your app depends on at
runtime:
	Path	When codegen runs	ichor needed at runtime?	Best for
	mix ichor.gen (recommended)	Once, ahead of time, from the command line	No — ichor_runtime only	Anything shipping to production
	use Ichor	Every mix compile	Yes	A grammar that's still actively changing
	Raw pipeline (Aether.Parser + Grammar.Analysis + Grammar.VM)	At your program's own runtime	Yes	A grammar not known until runtime (user-supplied, plugins, a REPL)

The reason mix ichor.gen is the recommended default is concrete, not
stylistic: a module using use Ichor needs the real Ichor module —
and so the whole ichor package — present at compile time, in
whatever environment you compile in, including a mix release build
(which normally compiles under MIX_ENV=prod). That means ichor
can't be marked only: :dev, runtime: false in any app that still has
so much as one use Ichor module in its tree; Mix won't even load the
Ichor module under :prod to expand the macro, so compilation fails
outright. mix ichor.gen-generated code has no macro dependency on
ichor at all — just ordinary function calls into ichor_runtime — so
it's the only one of the three that actually lets ichor be dev-only.
See the tutorial for a full worked example of all
three (§7-9), or the cheatsheet for a quick
reference once you know which one you want.
How it fits together
  .aether source                     ABNF / BNF / EBNF / PEG source
        │                                        │
        ▼                                        ▼
  Aether.Reader + Aether.Eval          Ichor.ABNF / .BNF / .EBNF.* / .PEG
        │                                        │
        └───────────────┬────────────────────────┘
                         ▼
                  Grammar.IR (+ Grammar.Analysis)
                         │
              @engine peg | lr | glr
                         │
           ┌─────────────┴─────────────┐
           ▼                           ▼
       Grammar.VM                Grammar.Native
  (bytecode interpreter,     (compile-time codegen,
   PEG / LR / GLR engines)    PEG / LR / GLR engines)
           │                           │
           └─────────────┬─────────────┘
                         ▼
                  Ichor.Actions
        (your module: evaluate, build, execute, transpile...)
Every Aether grammar compiles to a genuine multi-stage pipeline, never a
single scannerless pass: tokens (ALL_CAPS names) are matched by
maximal munch over raw characters — longest match wins, ties broken by
declaration order — producing a token stream, optionally reclassified
by @keywords/@refine (e.g. distinguishing a keyword from an
ordinary identifier, or JavaScript's regex-literal-vs-division
ambiguity); rules (snake-case names) then run over that stream as an
ordered-choice (PEG-style, the default) parser, or — for a grammar
tagged @engine lr/@engine glr — a deterministic shift-reduce or
genuine Tomita-style GLR parser instead, for CFG shapes plain PEG can't
express (left recursion, genuine ambiguity). This split is structural,
not an implementation detail — it's what lets every backend/engine
combination agree byte-for-byte on what a grammar means. A rule or token
can also opt out of all of this entirely via @native(...), dispatching
to your own Elixir callback for the rare case a grammar's meaning is
mutated mid-file by something declared earlier (Prolog's op/3,
heredocs, string interpolation).
Components
	Aether — Ichor's own grammar language.
Tokens vs. rules, @skip/@noskip whitespace handling,
@indent/@samecol for layout-sensitive languages, POSIX character
classes, a /pattern/ regex-literal shorthand for token bodies,
@keywords/@refine for post-tokenization reclassification,
@engine peg | lr | glr to pick the parsing algorithm, and
@native(...)/@hint(...) as an escape hatch at rule or token
position for grammars mutated mid-file (runtime-mutable operator
precedence, heredocs, string interpolation). See Aether.Reader and
Aether.Eval.
	Grammar.IR — the normalized AST every front-end compiles to and
every backend consumes: 16 node types (Seq, Choice, Star, Plus,
Opt, Rep, AndPred, NotPred, Literal, CharClass, Any,
RuleRef, Indent, Capture, Custom, CustomLexeme), each
carrying source-location metadata.
	Grammar.Analysis — reference checks, a direct-left-recursion
rewrite for @engine peg grammars (A := A op b | base becomes the
iterative A := base (op b)*; skipped for lr/glr, which want left
recursion, not a rewrite of it), an empty-repetition hazard check, and
a duplicate-alternative lint.
	Grammar.VM — an interpreted backend: compiles a grammar to
LPeg-style bytecode (PEG) or builds an SLR(1) table (lr/glr) and
runs it against real input. No compilation step beyond that — good for
grammars loaded at runtime. Grammar.LR/Grammar.GLR are the
standalone LR/GLR engines this dispatches to.
	Grammar.Native — a compile-time backend: use Ichor, grammar: ..., actions: ... splices generated Elixir functions
straight into your module for whichever @engine the grammar
declares, skipping bytecode/table interpretation entirely — an
@engine lr grammar compiles to one Elixir function per automaton
state, a genuine Bison-style compiled parser.
	Ichor.Actions — the behaviour connecting a parsed grammar to real
behavior: handle_rule/3, handle_token/3, and an optional
finalize/1, with a sensible default fallback for rules/tokens that
need no custom handling.
	Ichor.Backtrack — a generic lazy-search-plus-unification
substrate for logic-language evaluation models (SLD-resolution and
friends): Ichor.Backtrack.Tree's lazy, depth-first disjunction/
conjunction/once combinators, and Ichor.Backtrack.Bindings'
substitution/unification over any term representation you supply.
Opt-in — nothing in Ichor's core ever calls it.
	Ichor.Toolkit — small, IR-agnostic building blocks for a grammar
author's own downstream semantic analysis, type inference, or codegen
(Fixpoint, Graph, Scope, TypeScheme, Codegen, Result,
Pratt, Layout, TermWalk) — extracted from patterns Ichor's own
compiler internals had already hand-rolled more than once. Also
opt-in; see each module's own docs.
	Format importers — Ichor.ABNF (RFC 5234 + RFC 7405), Ichor.BNF
(classical, ALGOL 60 Report convention), Ichor.EBNF.ISO (ISO/IEC
14977), Ichor.EBNF.W3C (the notation the XML 1.0 spec's own
section 6 uses), and Ichor.PEG (Ford's paper / pest / PEG.js
convention). Each turns its own dialect into the same Grammar.IR
shape every other front-end produces.
	mix ichor.tokens — lists every token a grammar declares, in the
exact order the lexer's maximal-munch tie-break uses, with a rendered
pattern for each.
	mix ichor.gen — the recommended way to turn a grammar into a
parser (see Three ways to run a grammar
above): runs the same parse/analyze/codegen pipeline as use Ichor
ahead of time, writing the result to a plain .ex file instead of
splicing it into a macro expansion. Also accepts ABNF/BNF/ISO EBNF/PEG
source directly (style picked from the file extension or an @style
pragma), for reusing an existing non-Aether grammar without
hand-translating it first.
	ichor_runtime —
independently published and maintained, the small support library
every Ichor-generated parser calls into at runtime: capture dispatch
(Ichor.Actions), error formatting (Ichor.Error), the compiled
Tokenizer/Parser combinators, the LR/GLR shift-reduce/GSS runtime, and
standalone Ichor.Toolkit.Pratt/TermWalk/Ichor.Backtrack. It's
everything left over once you subtract "the compiler" from "what a
generated parser actually calls" — which is exactly what lets a
project depending on mix ichor.gen output alone mark ichor itself
only: :dev, runtime: false (see
Three ways to run a grammar). Ichor
itself — grammar parsing, analysis, and both codegen backends —
depends on it too (it's the one piece both the interpreted and
compiled backends share), but never the other way around.

Installation
Recommended: if every grammar you use is pregenerated ahead of time
(mix ichor.gen, never use Ichor at your app's own compile time),
add ichor_runtime as your
real runtime dependency and keep ichor itself dev-only:
def deps do
  [
    {:ichor_runtime, "~> 0.2"},
    {:ichor, "~> 0.2", only: :dev, runtime: false}
  ]
end
If you're still using use Ichor at your app's own compile time (a
grammar that's still actively changing, say), ichor has to be a real
dependency instead — it can't be only: :dev once anything in your app
still expands that macro:
def deps do
  [
    {:ichor, "~> 0.2"}
  ]
end
Where to go next
	Tutorial — a step-by-step walkthrough of
Ichor's features, building up to a complete, working calculator.
	Examples — worked examples across a range of
language shapes: a LISP dialect, YAML, a log-query language, SQL,
HTTP, regex, Forth, a Markdown-to-HTML transpiler, and Prolog (real
clause/op/3 syntax feeding Ichor.Backtrack).
	Cheatsheet — quick reference for common
Ichor tasks.
	Aether tutorial and
Aether reference — everything about the
grammar language itself, independent of the surrounding library.

Development
mix deps.get
mix test
mix format --check-formatted
mix compile --warnings-as-errors
mix docs

See CONTRIBUTION.md for how to propose changes, and
CHANGELOG.md for release history.
License
MIT — see LICENSE.


  

    Ichor Tutorial

This tutorial builds a small arithmetic calculator from nothing, introducing
each piece of Ichor as it becomes necessary. By the end you'll have a
working Calculator module that evaluates "2 + 3 * 4" to 14, and
you'll understand every layer between the grammar text and that result.
If you want a deep dive into Aether's own syntax (tokens, rules, every
pragma, every operator), see the Aether tutorial and
Aether reference instead — this tutorial only
introduces as much Aether as the calculator example needs.
Which path is right for you?
There are three genuinely different ways to turn a grammar into a
running parser, and they show up in this exact order below:
	The raw pipeline (Aether.Parser + Grammar.Analysis +
Grammar.VM, §1-6) — no codegen at all, the grammar is just data your
program parses and interprets whenever it wants. Right for a grammar
that isn't known until your program actually runs — see §8.
	use Ichor (§7) — the same grammar, compiled to real Elixir
functions every time you run mix compile. Right for a grammar that's
still actively changing during development.
	mix ichor.gen (§9, recommended for anything shipping to
production) — the same codegen as use Ichor, run once ahead of
time instead of on every compile, writing a plain .ex file you check
in. It's the only one of the three that lets ichor itself — the
whole compiler: the Aether front-end, the format importers,
Grammar.Analysis, both codegen backends — be an ordinary dev-only
dependency, absent from your app at runtime entirely.

If you already know which one you want, jump straight to its section.
This tutorial nonetheless builds up from the raw pipeline first, one
piece at a time — that's deliberate: it's the best way to actually see
what parsing, analysis, and evaluation each do, before either compiled
path hides all three behind one line.
1. A grammar is just a string
Aether grammars are plain text, parsed by Aether.Parser. Every grammar
needs exactly two things: a @grammar name and a @root rule (the rule
matching must start from). Let's start with the smallest possible
grammar — one that recognizes a single digit:
{:ok, grammar} = Aether.Parser.parse("""
@grammar "digit"
@root digit

digit := "0" | "1" | "2" | "3" | "4" | "5" | "6" | "7" | "8" | "9"
""")
Aether.Parser.parse/1 returns {:ok, %Aether.Grammar{}} or
{:error, %Ichor.Error{}}. %Aether.Grammar{} isn't runnable by itself
yet — it's the compiled AST, ready to be handed to the analysis pass and
then a backend.
2. Analysis, then a backend
Every grammar should go through Grammar.Analysis before it's matched
against real input — it catches dangling references, unreachable
alternatives, and a repetition that can never terminate:
{:ok, grammar} = Grammar.Analysis.run(grammar)
Now it can be matched. Grammar.VM is the interpreted backend — no
compile-time setup, good for a grammar loaded at runtime:
Grammar.VM.parse(grammar, "7")
#=> {:ok, 1}

Grammar.VM.parse(grammar, "x")
#=> {:error, %Ichor.Error{...}}
parse/2 is a bare recognizer: it tells you whether the whole input
matches the root rule (returning how many tokens were consumed), nothing
more. There's no evaluation yet, because we haven't told Ichor what a
match should mean.
3. Tokens vs. rules
Aether has exactly one syntactic rule that decides whether something is a
token or a rule: ALL_CAPS names are tokens, snake-case names
are rules. Tokens are matched by the lexer, over raw characters, using
maximal munch — the longest match wins, ties broken by declaration
order. Rules are matched by the parser, over the resulting token
stream, using ordered PEG choice — first alternative to match wins,
always.
This split is why the digit grammar above works even though digit looks
token-like in spirit: its alternatives are all bare literals, so Aether
still treats digit as a rule (lowercase name), and each quoted string
inside it becomes an anonymous, compiler-generated token automatically.
You never have to declare a token for every literal by hand.
Let's write NUMBER as a real, explicit token instead, using a regex-literal
shorthand for token bodies (/pattern/ — only valid inside a token,
desugars entirely to ordinary Aether primitives, not a real regex engine):
NUMBER := /\d+(\.\d+)?/
4. Whitespace: @skip
Real input has whitespace between tokens. Aether grammars skip it
automatically by default — every rule's sequence elements get a
SPACE* spliced in between them — so you don't have to write whitespace
tolerance into every rule by hand. This can be pointed at a different
token (@skip TRIVIA, useful when comments should also be skipped) or
turned off entirely (@noskip, needed for grammars like regex or HTTP
where whitespace is meaningful). Leaving it unstated, as we've done so
far, uses the built-in SPACE token.
5. The full calculator grammar
Putting the pieces together — tokens for NUMBER, rules for standard
arithmetic precedence, and named captures (name:expr) so an
Ichor.Actions module can tell the operator apart from the operands:
grammar_text = """
@grammar "calculator"
@root expr

NUMBER := /\\d+(\\.\\d+)?/

expr   := term (op:("+" | "-") term)*
term   := factor (op:("*" | "/") factor)*
factor := NUMBER | "(" expr ")"
"""

{:ok, grammar} = Aether.Parser.parse(grammar_text)
{:ok, grammar} = Grammar.Analysis.run(grammar)

Grammar.VM.parse(grammar, "2 + 3 * 4")
#=> {:ok, 9}   # 9 tokens consumed -- SPACE is a real token in the
               # stream too, just one the parser skips automatically
It recognizes the input — but parse/2 only tells us it's valid, not
what it evaluates to. That's Ichor.Actions's job.
6. Giving meaning: Ichor.Actions
An Ichor.Actions module implements up to three callbacks:
	handle_token/3 — turn a token's raw text into a value.
	handle_rule/3 — combine a rule's already-evaluated captures into
its own value.
	finalize/1 (optional) — run once, over whatever context evaluation
produced.

Anything a grammar doesn't implement falls back to sensible defaults: a
rule with exactly one meaningful capture passes that capture's value
straight through; anything else builds an Ichor.Node.
defmodule Calculator.Actions do
  @behaviour Ichor.Actions

  @impl true
  def handle_token(:NUMBER, text, _ctx) do
    value = if String.contains?(text, "."), do: String.to_float(text), else: String.to_integer(text)
    {:ok, value}
  end

  @impl true
  def handle_rule(:expr, %{op: ops, term: terms}, ctx), do: fold(terms, ops, ctx)
  def handle_rule(:term, %{op: ops, factor: factors}, ctx), do: fold(factors, ops, ctx)

  defp fold([first | rest], ops, ctx) do
    {:ok, first_val, ctx} = first.eval.(ctx)

    Enum.zip(ops, rest)
    |> Enum.reduce({:ok, first_val, ctx}, fn {op, term}, {:ok, acc, ctx} ->
      {:ok, op_val, ctx} = op.eval.(ctx)
      {:ok, term_val, ctx} = term.eval.(ctx)
      {:ok, apply_op(op_val, acc, term_val), ctx}
    end)
  end

  defp apply_op("+", a, b), do: a + b
  defp apply_op("-", a, b), do: a - b
  defp apply_op("*", a, b), do: a * b
  defp apply_op("/", a, b), do: a / b
end
A few things worth noticing:
	factor needs no clause at all — factor := NUMBER | "(" expr ")"
always has exactly one meaningful capture, so the default fallback
already does the right thing (passes the matched NUMBER or nested
expr's value straight through).

	terms/factors are lists of Ichor.Capture structs, not plain
values — each one bundles the raw parse (.node) with a callable
(.eval) that evaluates it against a context you control. Nothing is
evaluated until you call .eval on it yourself. This is what lets a
grammar with real special forms (an if, a quote) choose whether
and when to evaluate a branch at all — the calculator here doesn't
need that power, but the mechanism is the same one that does.
	op and term/factor are captured under a Star (the (...)*),
so they always arrive as lists — even an expression with no operators
at all still gets %{op: [], term: [single_capture]}, never a missing
key.

Now run the grammar through its Actions module:
Grammar.VM.run(grammar, "2 + 3 * 4", Calculator.Actions)
#=> {:ok, 14}
7. Compiling for speed: the native backend
Grammar.VM interprets bytecode — simple, and good enough for most uses.
When the grammar is known at compile time, Grammar.Native (via
use Ichor) generates real Elixir functions instead, skipping bytecode
interpretation entirely:
defmodule Calculator do
  use Ichor, grammar_source: """
  @grammar "calculator"
  @root expr

  NUMBER := /\\d+(\\.\\d+)?/

  expr   := term (op:("+" | "-") term)*
  term   := factor (op:("*" | "/") factor)*
  factor := NUMBER | "(" expr ")"
  """, actions: Calculator.Actions
end

Calculator.run("2 + 3 * 4")
#=> {:ok, 14}
use Ichor generates tokenize/1, parse/1 (bare recognizer, no
actions), and run/1,2 directly on Calculator, dispatching to
Calculator.Actions with the module reference baked in at compile
time — no dynamic module lookup at runtime. Use grammar: instead of
grammar_source: to load the grammar from a .aether file on disk,
resolved relative to the use-ing module's own source file:
defmodule Calculator do
  use Ichor, grammar: "calculator.aether", actions: Calculator.Actions
end
Both backends implement identical semantics — the same grammar produces
the same result either way. Pick Grammar.VM for grammars loaded at
runtime (user-supplied config formats, a REPL that loads grammars on
demand) and Grammar.Native for grammars fixed at compile time, where
the extra speed is worth it.
8. Loading a grammar at runtime
Sections 1-6 already showed every piece this needs — parsing and
analyzing a grammar isn't something only use Ichor or mix ichor.gen
do internally, it's three ordinary function calls you can make yourself,
whenever your own program decides it's time. That's the real third
option, distinct from either compiled path: a grammar your program
doesn't know about until it's already running.
Say Calculator is instead a plugin system, and users can drop in their
own .aether grammar for a mini-language to run against their data — the
grammar file's path isn't known until someone actually does that:
defmodule PluginLoader do
  def load!(path) do
    path
    |> File.read!()
    |> Aether.Parser.parse(path)
    |> case do
      {:ok, grammar} -> grammar
      {:error, error} -> raise Ichor.Error.format(error)
    end
    |> Grammar.Analysis.run()
    |> case do
      {:ok, grammar} -> grammar
      {:error, error} -> raise Ichor.Error.format(error)
    end
  end

  def run(grammar, input, actions), do: Grammar.VM.run(grammar, input, actions)
end

grammar = PluginLoader.load!("plugins/calculator.aether")
PluginLoader.run(grammar, "2 + 3 * 4", Calculator.Actions)
#=> {:ok, 14}
Same grammar text, same Calculator.Actions module, same result as
use Ichor/mix ichor.gen further down — the only difference is when
Aether.Parser.parse and Grammar.Analysis.run ran: here, the first
time PluginLoader.load!/1 is actually called, instead of at your own
mix compile or a one-time mix ichor.gen invocation. That's also why
this is the one path where ichor (not just ichor_runtime) has to be
a genuine runtime dependency, not dev-only — parsing and analyzing raw
grammar text is exactly what ichor proper does, and unlike the two
compiled paths below, that work hasn't already happened by the time
your program runs.
This is the right choice when the grammar itself is the variable — a
user-supplied config format, a REPL's :load command, anything where
"which grammar" is a runtime decision, not a build-time one. If your own
grammars are fixed by the time you ship, prefer one of the next two
sections instead.
9. Shipping a compiled parser: mix ichor.gen and ichor_runtime
This is the recommended default once a grammar is heading anywhere near
production — everything else in this tutorial has been building toward
it. use Ichor is convenient during development, but it means
Calculator's own mix compile re-parses calculator.aether, re-runs
Grammar.Analysis, and re-runs the native codegen backend every single
time — inside a macro expansion, on every compile, forever. Worse,
because that macro expansion needs the real Ichor module to exist at
compile time, ichor has to be a genuine dependency in whatever
environment you compile in — including a mix release build, which
normally compiles under MIX_ENV=prod. There's no way to mark ichor
only: :dev while any module still says use Ichor: Mix won't load the
Ichor module at all under :prod, so the macro can't expand, and
compilation fails outright.
mix ichor.gen runs that exact same parse → analyze → codegen pipeline
from the command line instead, writing the result to a plain, ordinary
.ex file you check in like any other source file:
mix ichor.gen calculator.aether \
    --module Calculator \
    --actions Calculator.Actions \
    --out lib/calculator.ex

Open lib/calculator.ex afterward — it's exactly the same tokenize/1,
parse/1, run/1,2 functions use Ichor would have spliced in, just
generated once and committed instead of regenerated on every compile.
Calculator.run("2 + 3 * 4") still returns {:ok, 14}, identically.
This is more than a compile-time optimization, though — it changes what
your project needs installed at all. The generated file only ever
calls a small, fixed set of support modules by name (Ichor.Actions,
Ichor.Error, the compiled Tokenizer/Parser combinators, and — for an
@engine lr/glr grammar — the LR/GLR runtime) — ordinary function
calls, no macro, no compile-time dependency on Ichor at all. That set
is exactly what the separate, independently-published
ichor_runtime package is.
ichor itself — the Aether front-end, every format importer,
Grammar.Analysis, the LR/GLR table builder, and both codegen backends
— never runs again once the file's been generated, so unlike use Ichor, it genuinely can be only: :dev, runtime: false:
def deps do
  [
    {:ichor_runtime, "~> 0.2"},
    {:ichor, "~> 0.2", only: :dev, runtime: false}
  ]
end
ichor stops being something a mix release build ships at all — only
ichor_runtime, the small piece the generated code actually calls,
makes it into production. Regenerate by rerunning the same mix ichor.gen command whenever calculator.aether changes; there's no
automatic staleness check between a checked-in generated file and its
source grammar, so it's worth wiring into a mix.exs alias of your own
(a gen.grammar alias calling "ichor.gen ...", say) rather than typed
by hand each time.
calculator.aether doesn't have to be Aether source, either —
mix ichor.gen also accepts ABNF, BNF, ISO EBNF, and PEG grammars,
picking the style from the file's extension (.abnf, .bnf, .ebnf,
.peg) or an explicit @style abnf line in the source. This is meant
for reusing a grammar someone else already wrote in one of those
formats — an RFC's own ABNF, say — without hand-translating it to
Aether first; none of those formats have Aether's named captures or
@skip convenience, so the generated parser's Ichor.Actions module
only ever sees the default Ichor.Node/passthrough shape. See the
cheatsheet
for the full extension table and --root flag.
If your grammar has a @native(...) rule or token whose own callback
needs something at match time — precedence-climbing expression parsing
(Ichor.Toolkit.Pratt, driving the Prolog op/3 example in
Examples), generic term recursion
(Ichor.Toolkit.TermWalk), or a unification/backtracking engine
(Ichor.Backtrack) — those three are also part of ichor_runtime, not
ichor: they're genuinely standalone, useful to any engine built on top
of a generated parser, called on every match/evaluation rather than once
at codegen time.
10. Where to go from here
	Examples walks through several complete, working
grammars covering different shapes of problem: a LISP dialect (special
forms, macros), YAML (nested structure with zero custom actions), a
query language, and more.
	Cheatsheet is a quick reference once you know the
shape of things and just need a reminder.
	The Aether tutorial and
Aether reference cover every Aether feature this
tutorial only touched on: POSIX character classes, @indent/
@samecol for layout-sensitive grammars, case-insensitivity, and more.
	ichor_runtime's own cheatsheet
covers Ichor.Toolkit.Pratt/TermWalk/Ichor.Backtrack in depth —
worked examples for building an engine on top of a generated parser.



  

    Examples

The tutorial builds one example — a calculator — from
nothing. This page walks through several more, chosen to cover different
shapes of problem and different corners of Ichor.Actions. Each
grammar's full source lives under test/<name>/<name>.aether in the
repository, alongside the test suite that exercises it on both backends.
LISP — special forms and deferred evaluation
A minimal Clojure-inspired LISP, the example that proves out
Ichor.Actions's thunk-based design: special forms like if and quote
need to control whether and when their arguments are evaluated, not
just fold over already-evaluated values the way the calculator's expr/
term do.
@grammar "lisp"
@root form
@skip TRIVIA

SYMBOL_START := [[:alpha:]_+\-*/<>=!?]
SYMBOL_CHAR  := [[:alnum:]_+\-*/<>=!?]
SYMBOL       := SYMBOL_START SYMBOL_CHAR*
KEYWORD      := ":" SYMBOL
STRING       := "\"" (!"\"" .)* "\""
NUMBER       := "-"? DIGIT+ ("." DIGIT+)?
COMMENT      := ";" (!"\n" .)* "\n"?
SPACE        := [ \t\n,]+
TRIVIA       := (SPACE | COMMENT)*

form  := list | vector | map | reader_macro | atom
list  := "(" form* ")"
atom  := SYMBOL | KEYWORD | STRING | NUMBER
(abridged — the full grammar also has vector/map literals and reader
macros for '/`/~/~@/^)
The Actions module implements if, quote, fn, def, cond, and
defmacro as core special forms — each one receiving its arguments as
unevaluated Ichor.Captures and deciding for itself which to call .eval
on. (if 1 (quote yes) (quote no)) evaluates to yes without ever
evaluating the untaken no branch — which matters: an untaken branch is
allowed to contain code that would error, or never terminate, and it
still must not run. Everything else (let, when, and, or) is
defined in LISP itself, as macros over those six primitives, loaded via
Grammar.VM.run_sequence/4 — proof that the six core forms are actually
sufficient, not just a hand-picked list.
YAML — structure with zero custom actions
A mapping/sequence fragment of YAML, demonstrating the opposite end of
the spectrum from LISP: sometimes a grammar needs no Ichor.Actions
callbacks at all.
@grammar "yaml"
@root document
@skip INLINE_WS

document      := (root_mapping | root_sequence | scalar_doc) NEWLINE*
root_mapping  := @indent( mapping )
mapping       := pair (NEWLINE @samecol pair)*
pair          := SCALAR COLON (inline_value | NEWLINE @indent(block_value))
@indent(...) and @samecol give Aether layout-sensitivity (a value
under a key must be indented deeper; sibling keys must line up in the
same column) without a scannerless parser having to special-case columns
everywhere — see the Aether reference
for how they work. With Support.NoActions (a module implementing no
callbacks at all) as the Actions module, the default fallback alone
produces a plain Ichor.Node tree; a small materialize pass then walks
that tree and turns it into an ordinary Elixir map/list —
"name: ichor\ntags:\n - grammar\n - parser" becomes
%{"name" => "ichor", "tags" => ["grammar", "parser"]}. The grammar does
all the real work; the "Actions" are just a tree-to-map conversion.
LogQL and SQL — executing a query against real data
Both grammars parse a small query language and, unlike LISP or YAML,
their Actions module doesn't just produce a value — it executes the
query against a data source (rows or log streams) passed in through
Ichor.Actions's own context:
@grammar "sql"
@root select_stmt
@case_insensitive

select_stmt := SELECT column_list FROM table_ref where_clause?
@case_insensitive makes every bare quoted literal in the grammar match
either case, so select/Select/SELECT are all the same token — a
one-line pragma standing in for what would otherwise be a case-insensitive
variant of every keyword token. SQL.Actions.handle_rule(:select_stmt, ...) reads context for the actual rows, filters/projects them
according to the parsed where_clause/column_list, and returns the
result set — the grammar describes valid syntax, the Actions module
supplies what to run it against.
HTTP — when the grammar alone isn't enough
A request-line-plus-headers fragment of HTTP/1.1, demonstrating a
genuine limit of what a context-free grammar can express on its own:
@grammar "http"
@root request
@noskip

request := request_line header* CRLF body?
body    := content:((WORD | SP | COLON | CRLF)*)
@noskip turns off Aether's automatic whitespace-splicing entirely —
essential here, since HTTP's own whitespace (a single required space
after a header's :, literal \r\n line endings) is meaningful syntax,
not something to skip past. But no context-free grammar can express "the
body is exactly Content-Length bytes long" — that number lives in an
already-parsed header, not in the grammar's own shape. HTTP.Actions
resolves this the straightforward way: the grammar matches the
maximum possible body (everything until the input ends), and the
Actions module's handle_rule(:request, ...) reads the already-evaluated
Content-Length header back out of its own captures and truncates the
body to size. This is the general pattern for anywhere a grammar's shape
alone underspecifies the language: let the grammar overmatch, then let
an action fix it up with information only available after parsing.
Regex — a grammar that targets Grammar.IR, not a value
Parses the /pattern/ dialect described in the
Aether reference — the same
shorthand token bodies can use — but as a standalone grammar whose
Actions module's target category is Grammar.IR itself, not a plain
Elixir value:
@grammar "regex"
@root pattern
@noskip

pattern := alternative (PIPE alternative)*
atom    := group | char_class | DOT | SHORTHAND_CLASS | ESCAPED_CHAR | LITERAL_CHAR
Regex.Actions turns a parsed pattern into a real Grammar.IR tree —
"\d+(\.\d+)?" produces structurally the same Grammar.IR that
Aether.Parser's own /pattern/ desugaring builds for a token body
using that same literal. This is also exactly the technique every format
importer (Ichor.ABNF, Ichor.BNF, Ichor.EBNF.ISO, Ichor.EBNF.W3C,
Ichor.PEG) uses: an ordinary Aether grammar, describing another
format's syntax, paired with an Actions module whose "value" happens to
be Grammar.IR instead of a number or a map.
Forth — a flat, non-tree-shaped language
@grammar "forth"
@root program

program    := form*
form       := definition | NUMBER | WORD_NAME
definition := COLON WORD_NAME form* SEMI
Forth's own postfix, stack-based execution model doesn't nest the way
arithmetic expressions or LISP forms do — evaluating form* in order and
threading a stack through context is enough; Forth.Actions is a
small stack machine, proof that Ichor.Actions's context-threading
handles a flat language just as well as a deeply nested one.
Markdown — transpiling, not evaluating
@grammar "markdown"
@root document
@noskip

block   := heading | list | paragraph
inline  := segment*
segment := bold | link | plain
Not every grammar's "value" is data — Markdown.Actions transpiles
bottom-up straight to an HTML string, bold's handler wrapping its
inline content in <strong>...</strong>, link producing an <a href="...">, and so on. The same handle_rule/handle_token/default-
fallback mechanism that evaluates a calculator expression or builds a
LISP closure works equally well for generating output text instead of a
data value — the category Ichor.Actions targets is entirely up to your
own module.
Prolog — a grammar mutated mid-file, evaluated by a real logic engine
Real Prolog syntax — facts, rules with conjunction, and :- op(...).
directives — parsed by a grammar whose own operator table doesn't exist
until the source declares it, feeding an actual unification/backtracking
engine once parsed:
@grammar "prolog"
@root clause
@skip WS

clause    := (directive | rule | fact) DOT
directive := RULE_OP goal:term
rule      := head:compound_or_atom RULE_OP body:conjunction
fact      := compound_or_atom

term := @native("Prolog.Grammar", "parse_term", primary) @hint(nullable: false, leading: (primary))
term is where this earns its place here: no fixed PEG/LR/GLR grammar
can express "parse an expression using whichever operators, at whichever
precedences, have been declared so far" — Prolog's own op/3 can add
a brand new operator (or change an existing one's precedence) from
inside the file being parsed. Prolog.Grammar.parse_term/4 (the
@native(...) callback) is built on Ichor.Toolkit.Pratt, driven
entirely by context.operators — and Prolog.Actions' own handling of
a :- op(Prec, Type, Name). directive returns an updated context with
the new operator added, which Grammar.VM.run_sequence/4's per-form
context threading then hands to the next clause's own parse. Run
this file:
:- op(200, xfy, ^).

father(tom, bob).
father(bob, ann).
grandparent(X, Z) :- father(X, Y), father(Y, Z).
power(N) :- N is 2 ^ 8.
and the ^ operator the last clause uses genuinely didn't exist until
the first line ran — remove the directive and power's own clause fails
to parse, with the same grammar and the same source file otherwise
unchanged.
Parsing is only half of it: Prolog.Actions turns each fact/rule into
{:compound, functor, args}/{:var, ref} data (freshening each
clause's own variables consistently via Ichor.Toolkit.TermWalk — the
same name means the same variable within one clause, never across
two), which then unifies directly through Ichor.Backtrack.Bindings —
the exact same substrate the library's own SLD-resolution worked example
(Ichor.Backtrack) proves against hand-built terms, now fed by a real
parser instead of Elixir data literals:
{:ok, [father_tom_bob], _ctx} = Grammar.VM.run_sequence(grammar, "father(tom, bob).", Prolog.Actions, Prolog.Actions.new_context())

query = {:compound, :father, [:tom, {:var, make_ref()}]}
{:ok, bindings} = Ichor.Backtrack.Bindings.unify(Prolog.Terms, Ichor.Backtrack.Bindings.new(), father_tom_bob, query)
See test/prolog/ for the full grammar, actions, and test suite —
including the directive-genuinely-changes-parsing test above, run both
with and without the op/3 line present.
Running any of these three different ways
Every grammar above is shown as plain .aether source, but that's
independent of how it ends up running — see the
tutorial for the full
three-way breakdown. Two extremes worth calling out here specifically:
	Ahead of time, via mix ichor.gen (recommended): every grammar
above works identically through it as it does through use Ichor —
Prolog's own @native(...) rule included, since
Ichor.Toolkit.Pratt/Ichor.Toolkit.TermWalk/Ichor.Backtrack (the
pieces Prolog.Grammar.parse_term/4 and Prolog.Actions are built
on) live in the independently-published
ichor_runtime, not ichor
— a pregenerated Prolog parser still has everything its own
@native(...) callback needs at runtime. See the
tutorial
(§9, "Shipping a compiled parser") and the cheatsheet
("Compile a grammar ahead of time") for the actual command and the
resulting mix.exs shape.
	Loaded at runtime, with no codegen at all: any of these grammars
could equally be text your program only sees once it's already
running — a user-supplied LogQL filter, a Prolog knowledge base loaded
from disk — via Aether.Parser.parse + Grammar.Analysis.run +
Grammar.VM, exactly as shown in the
tutorial's runtime-loading section
(§8). Right when "which grammar" is itself a runtime decision, not a
build-time one.



  

    Cheatsheet

Quick reference for common tasks. See the tutorial if
anything here doesn't make sense yet, or the
Aether cheatsheet for grammar-syntax-level
lookups.
Which one do I want?
	Path	ichor needed at runtime?	Best for
	mix ichor.gen (recommended)	No — ichor_runtime only	Anything shipping to production
	use Ichor (native backend)	Yes	A grammar that's still actively changing
	Grammar.VM (no compile step)	Yes	A grammar not known until runtime

See the tutorial for the full
reasoning behind the ichor-at-runtime column.
Parse a grammar
{:ok, grammar} = Aether.Parser.parse(source, file \\ nil)
{:ok, grammar} = Grammar.Analysis.run(grammar)
Always run a grammar through Grammar.Analysis before matching it —
it rewrites direct left recursion and rejects hazards (dangling
references, unreachable duplicate alternatives, repetitions that can
never terminate) before they become runtime bugs. Only needed if you're
parsing a grammar yourself (the Grammar.VM path below, or writing your
own tooling) — use Ichor and mix ichor.gen already do this for you.
Compile a grammar ahead of time (mix ichor.gen)
mix ichor.gen PATH_TO_GRAMMAR --module MODULE --actions ACTIONS_MODULE --out PATH

Same pipeline as use Ichor, run once from the command line instead of
inside a macro expansion on every compile — writes a plain, ordinary
MODULE to PATH, with the exact same tokenize/1/parse/1/run/1,2
functions use Ichor would generate. Rerun by hand whenever the grammar
changes; no automatic staleness check.
PATH_TO_GRAMMAR doesn't have to be .aether source — ABNF, BNF, ISO
EBNF, and PEG grammars work too (via Ichor.GrammarImport), the style
picked automatically from the extension, or overridden with an
@style line in the source (@style abnf, @style bnf, @style ebnf, @style peg, @style aether):
	Extension	Style
	.aether (default)	Aether
	.abnf	ABNF (RFC 5234 + RFC 7405)
	.bnf	Classical BNF
	.ebnf	ISO EBNF (ISO/IEC 14977)
	.peg	PEG

For a non-Aether style, the entry rule is the source's own
first-declared rule unless overridden with --root NAME, the grammar
is always @noskip, and ABNF's RFC 5234 Appendix B "core rules"
(ALPHA, DIGIT, CRLF, ...) are filled in automatically for
whatever the source references but never defines.
The generated file only ever calls into
ichor_runtime — an
independently published package, never ichor itself — so a project
using only pregenerated parsers can mark ichor only: :dev, runtime: false and depend on ichor_runtime as its one normal runtime
dependency:
def deps do
  [
    {:ichor_runtime, "~> 0.2"},
    {:ichor, "~> 0.2", only: :dev, runtime: false}
  ]
end
Compile a grammar at build time (native backend)
defmodule MyLang do
  use Ichor, grammar: "my_lang.aether", actions: MyLang.Actions
  # or: use Ichor, grammar_source: "...", actions: MyLang.Actions
end

MyLang.tokenize(input)  #=> {:ok, [%Grammar.VM.Token{}]} | {:error, error}
MyLang.parse(input)     #=> {:ok, pos, raw_captures} | {:error, error}
MyLang.run(input, ctx \\ nil)
MyLang.run_sequence(input, ctx)
grammar: resolves relative to the use-ing module's own file.
Exactly one of grammar: / grammar_source: is required. Unlike
mix ichor.gen, this re-parses/re-analyzes/re-generates the grammar on
every mix compile — and needs ichor present wherever that compile
happens, mix release builds included, so ichor can't be only: :dev
here.
Match with the VM backend (no compile step)
Grammar.VM.parse(grammar, input)
#=> {:ok, tokens_consumed} | {:error, %Ichor.Error{}}

Grammar.VM.run(grammar, input, MyActions, initial_context \\ nil)
#=> {:ok, value} | {:error, error_or_errors}

Grammar.VM.run_sequence(grammar, input, MyActions, initial_context)
#=> {:ok, [values], final_context} | {:error, error_or_errors}
Use run_sequence/4 when input is several top-level forms back to
back (e.g. a source file of many top-level definitions), not one single
match spanning the whole string. This is the path for a grammar loaded
at runtime — see the tutorial
for a worked example.
Match an @engine lr/@engine glr grammar
Grammar.VM only ever runs @engine peg grammars (a clear error for
anything else) — use the standalone engines directly instead,
interpreted:
Grammar.LR.compile(grammar)
#=> {:ok, table} | {:error, [errors]}  -- errors if the table has any conflict at all

Grammar.LR.run(grammar, input, MyActions, initial_context \\ nil)
Grammar.GLR.run(grammar, input, MyActions, initial_context \\ nil)
#=> same shape as Grammar.VM.run/4; GLR accepts conflicts and forks instead of rejecting them
use Ichor (the compile-time/native backend, above) dispatches
automatically based on the grammar's own @engine — MyLang.run/1,2
works identically no matter which engine the grammar declares; nothing
in your own calling code changes.
Write an Ichor.Actions module
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 — everything
else falls back automatically.
	Default fallback for a rule: exactly one meaningful capture passes
its value straight through; more than one builds an %Ichor.Node{rule: ..., captures: %{...}}.
	Default fallback for a token: the raw matched text, 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.
	cap.node is the raw, unevaluated parse; cap.eval.(ctx) evaluates it
and returns {:ok, value, new_ctx} — call eval only when you
actually want the value, which is what lets if/quote-style special
forms skip evaluating a branch entirely.

Import another grammar format
{:ok, ruleset} = Ichor.ABNF.run(abnf_source)       # RFC 5234 + RFC 7405
{:ok, ruleset} = Ichor.BNF.run(bnf_source)          # classical BNF
{:ok, ruleset} = Ichor.EBNF.ISO.run(ebnf_source)    # ISO/IEC 14977
{:ok, ruleset} = Ichor.EBNF.W3C.run(ebnf_source)    # XML 1.0 spec's own notation
{:ok, ruleset} = Ichor.PEG.run(peg_source)          # Ford/pest/PEG.js convention
Every importer returns {:ok, %{rule_name_atom => Grammar.IR.expr()}} —
Grammar.IR, the same target category Regex.Actions and every other
grammar-to-IR Actions module produces, not a runnable Aether.Grammar.
ABNF note: source must use literal \r\n line endings per RFC 5234 —
normalize before parsing if your source uses \n only.
Ichor.Backtrack: logic-language evaluation (Prolog-style SLD-resolution)
Opt-in — nothing in Ichor's own core ever calls this; it's a substrate
for your own grammar's evaluation model, e.g. an Ichor.Actions module
whose context threads a clause database.
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}

Bindings.unify(MyTerms, Bindings.new(), t1, t2)
#=> {:ok, bindings} | :fail
Bindings.unify_occurs_check(MyTerms, bindings, t1, t2)
#=> like unify/4, but rejects an infinite term (`X = f(X)`) instead of
#   silently building one -- ISO Prolog's own unify/2 doesn't do this
#   by default; a type checker generally should

goal = Tree.conjunction(goal1, goal2)  # also: Tree.disjunction/2, Tree.once/1, Tree.unit/0, Tree.fail/0
Tree.next(goal.(Bindings.new()))
#=> {:solution, bindings, more_solutions} | :empty  -- pulled lazily, one at a time
Ichor.Toolkit: reusable building blocks for your own downstream passes
Also opt-in — small, IR-agnostic modules for whatever a grammar author
does with a parsed result (semantic analysis, type inference, codegen),
extracted from patterns Ichor's own compiler had already hand-rolled
more than once. None of them run automatically.
	Fixpoint — least/2, iterate a step function to convergence
	Graph — reachable/2, reachability/cycle detection over an arbitrary graph
	Scope — a generic nested lexical scope/symbol table
	TypeScheme — Hindley-Milner let-polymorphism (generalize/instantiate/resolve_deep)
	Codegen — quote/unquote mechanics for hand-writing your own codegen backend
	Result — reduce_ok/map_ok, Enum.reduce with early exit on failure
	Pratt — precedence-climbing (prefix/infix/postfix) expression parsing
	Layout — the Python/Haskell/F#-style off-side-rule INDENT/DEDENT algorithm
	TermWalk — generic fold/rewrite recursion over any Ichor.Backtrack.Term

Inspect a grammar's tokens
mix ichor.tokens path/to/grammar.aether

Lists every token — declared, anonymous (auto-promoted from an inline
literal), and the five predefined ones — in the exact order the lexer's
maximal-munch tie-break uses, with a rendered pattern for each.
Common pragmas, at a glance
	@grammar "name" — required; names the grammar
	@root rule_name — required; where matching starts
	@engine peg | lr | glr — the parsing algorithm (default peg)

	@skip TOKEN — auto-splice TOKEN* between sequence elements (default: SPACE)
	@noskip — disable auto-splicing entirely — whitespace is meaningful
	@case_insensitive — every bare quoted literal matches either case
	@indent(expr) — expr must start at a column deeper than the enclosing block
	@samecol expr — expr must start at exactly the enclosing block's own column
	@keywords TOKEN { "lit" -> TARGET, ... } — reclassify a matched token by its own text
	@refine("Module", "fun", ...) — reclassify a token via a callback (needs lookbehind, decoding, ...)
	@native("Module", "fun", dep, ...) / @hint(...) — hand a rule or token to your own Elixir callback

See the Aether reference for the full list and every
operator.


  

    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.
[0.3.0] - 2026-08-03
Changed
	Breaking: bumped ichor_runtime to ~> 0.2 (from ~> 0.1.0), whose
0.2.0 changed raw capture data (Ichor.Capture.node_t/0's :rule
variant, and therefore every parse/1-style bare-recognizer function
use Ichor/Grammar.Native/Grammar.Native.LR/Grammar.Native.GLR/
Grammar.LR/Grammar.GLR/Grammar.VM generate or expose) from a
plain %{name => value} map to an ordered [{name, value}] list
(Ichor.Capture.raw_captures/0), fixing sibling-capture evaluation
order depending on a plain map's own (cross-OTP-version-unstable)
iteration order instead of true first-occurrence source order. Ported
the same fix to Grammar.VM.TokenInterpreter (this project's own
reference/interpreted PEG path, which ichor_runtime doesn't own) for
parity with the native backend, and updated Grammar.Native.RuleCompiler's
generated code and Ichor.GrammarImport's hand-written capture
pattern-matches to the new list shape. Any hand-written
Ichor.Actions module that pattern-matches or constructs
raw_captures/node_t() values directly (e.g. for macro-expansion
via Ichor.Actions.evaluate_node/3) needs the same %{name: value}
-> [{name, value}]/[name: value] update -- the already-evaluated
Ichor.Actions.captures/0 map handed to handle_rule/3 callbacks is
unchanged.

[0.2.1] - 2026-07-29
Changed
	Documentation reframed around three ways to run a grammar, with
mix ichor.gen established as the recommended default for anything
shipping to production: README gained a "Three ways to run a grammar"
section (mix ichor.gen / use Ichor / the raw Aether.Parser +
Grammar.Analysis + Grammar.VM pipeline) spelling out the concrete
reason for that recommendation -- use Ichor needs the real Ichor
module present at compile time in whatever environment you compile
in, so ichor can't be only: :dev, runtime: false in any app that
still has one, including a mix release build (which normally
compiles under MIX_ENV=prod); mix ichor.gen output has no macro
dependency on ichor at all, so it's the only path that actually
allows the dev-only split ichor_runtime exists to enable. The
tutorial gained a new §8, "Loading a grammar at runtime", with a
worked plugin-loader example for the third path (previously only
mentioned in passing, never actually demonstrated); the cheatsheet
gained a "Which one do I want?" comparison table and was reordered to
match; the Ichor/Mix.Tasks.Ichor.Gen/Grammar.VM moduledocs now
name and cross-reference all three paths for readers landing there
directly via ExDoc/hex search.

Fixed
	Three pre-existing broken anchor links across the guides (guides/ TUTORIAL.md, guides/CHEATSHEET.md, guides/aether/TUTORIAL.md,
guides/EXAMPLES.md) -- ExDoc's markdown renderer turns a period
inside a backtick-quoted heading (`mix ichor.gen`,
`Ichor.Actions`) into an extra hyphen when generating the
heading's own anchor id (mix-ichor-gen, ichor-actions), not just
stripping it, which none of the existing cross-reference links
accounted for. ExDoc doesn't validate these at build time, so they'd
been silently dead since introduced.

[0.2.0] - 2026-07-29
Added
	mix ichor.gen: runs the parse/analyze/native-codegen pipeline
ahead of time and writes the result to a plain .ex file, instead of
use Ichor re-running it inside a macro expansion on every compile.
Every generated helper function is emitted as def rather than
defp (macro-originated code is exempt from Elixir's unused-function
check; written out as ordinary source, it isn't). Ichor.generate/3
is the new public entry point both __using__/1 and the task share.
	Ichor.GrammarImport: turns an ABNF/BNF/ISO-EBNF/PEG ruleset (as
Ichor.ABNF/Ichor.BNF/Ichor.EBNF.ISO/Ichor.PEG produce them --
not a runnable Aether.Grammar on their own) into one that is: picks
a root (the source's own first-declared rule, overridable), always
@noskip, auto-promotes bare literals/char-classes into synthetic
tokens, and -- for ABNF specifically -- fills in whichever of RFC
5234 Appendix B's "core rules" (ALPHA, DIGIT, CRLF, ...) the
source references but never defines, restricted to their transitive
closure so unreferenced, overlapping core rules (CHAR/OCTET
overlapping DIGIT, e.g.) can't win a maximal-munch tie against a
token a rule actually meant. mix ichor.gen now accepts any of these
formats directly (.abnf/.bnf/.ebnf/.peg, auto-detected from
the file extension, or forced with an @style pragma line), with a
new --root NAME flag for the non-Aether entry-rule override.
	ichor_runtime: split
out of ichor proper -- the ~24 modules a generated parser (from
mix ichor.gen or use Ichor) actually calls at runtime
(Ichor.Actions, Ichor.Error, the compiled Tokenizer/Parser
combinators, the LR/GLR shift-reduce/GSS runtime, and standalone
Ichor.Toolkit.Pratt/TermWalk/Ichor.Backtrack), with everything
dev-time-only (the Aether front-end, format importers,
Grammar.Analysis, the LR/GLR table builder, both codegen backends)
staying in ichor. Grammar.LRTable was split in the process: the
struct plus current_terminal/3/unexpected_error/2 (genuinely
called at match time) moved to ichor_runtime; table construction
(build/1/conflicts/1, which need Automaton/Desugar/Sets)
stays in ichor as the new Grammar.LRTable.Builder. Independently
published (ichor_runtime 0.1.0)
and maintained -- its own repository, its own release cadence -- not
a subdirectory of this one; ichor depends on it via a normal ~> 0.1.0 Hex version constraint (its own interpreted backends need it
too).

Fixed
	evaluate_node/3 moved from the top-level Ichor module to
Ichor.Actions.evaluate_node/3 -- found while migrating a real
downstream consumer (dextrin) to the ichor/ichor_runtime split:
it's a genuine runtime entry point (any grammar with macro-like
features needs it to evaluate its own expansion, not just LISP's
worked example), not a compile-time-only concern like generate/3/
__using__/1, which are the only two things that actually belong in
the dev-only ichor package. Left in Ichor proper, it would have
been unavailable at runtime to anything depending on ichor_runtime
alone, exactly as the split intends.
	Ichor.Toolkit.Pratt, Ichor.Toolkit.TermWalk, and Ichor.Backtrack
(+ .Bindings/.Term/.Tree) moved from ichor to ichor_runtime --
the same class of gap as evaluate_node/3 above, found migrating
another real downstream consumer (Aletheia): a @native(...) rule's
own callback module (Prolog-style operator-precedence parsing, the
worked example this whole feature is motivated by -- see
test/prolog/) calls Ichor.Toolkit.Pratt.parse/4 on every single
parse, not just once at grammar-generation time, and a consuming
engine built on Ichor.Backtrack calls into Bindings/Tree on every
resolution step. None of the three have any dev-only dependency of
their own (Pratt operates on a plain map, Backtrack is
self-contained, TermWalk only needs Backtrack.Term), so keeping
them in the dev-only package was an oversight in the original split,
not a deliberate exclusion. Ichor.Toolkit.TypeScheme (which stays in
ichor -- it's a compile-time type-checking concern) depends on both
Bindings and TermWalk; unaffected by the move since ichor already
depends on ichor_runtime.

[0.1.1] - 2026-07-28
Added
	@native(...)/@hint(...) at rule position (Grammar.IR.Custom):
an escape hatch for grammar rules plain PEG can't express — most
notably a runtime-mutable operator-precedence table (Prolog's op/3,
Haskell fixity declarations, Coq/Agda/Lean mixfix notation),
dispatching to an author-supplied Ichor.CustomRule.match/4-shaped
callback with access to the token stream, the current position, the
grammar's own context (read-only, threaded via run_sequence/4
across top-level forms), and rule_matchers restricted to the node's
own declared dependencies.
	@native(...)/@hint(...) at token position
(Grammar.IR.CustomLexeme/Ichor.CustomLexeme): the analogous escape
hatch for lexing that fixed maximal-munch tokenization can't express —
heredocs (the terminator is read off the source itself), string
interpolation (a token needing to recurse into a rule mid-scan), and
in principle TeX-style \catcode mutation. Includes a new "re-lex and
match rule R starting at a given character position" primitive
(rule_matchers.name.(input, char_pos)), supported by both backends.
	@engine peg | lr | glr pragma (default peg, fully backward
compatible): selects the parsing algorithm for @root, independent of
execution strategy (interpreted vs. compiled):
	Grammar.LR (and Grammar.Native.LR for compiled codegen): a
from-scratch SLR(1) table (Grammar.LRTable) plus a deterministic
shift-reduce engine, for grammars an author has already verified are
conflict-free — zero GSS/backtracking bookkeeping, and (compiled)
fully inlined into one Elixir function per automaton state.
	Grammar.GLR (and Grammar.Native.GLR): genuine Tomita-style
GLR over the same SLR(1) table, forking at every real conflict via a
graph-structured stack (Grammar.GLR.GSS) that shares/merges
history instead of naively duplicating parallel stacks, resolving
multiple valid derivations via a declared-order tie-break
(Grammar.LRTable.Automaton's own canonical "shift before reduce,
reduces by production id" conflict-cell ordering) — this is what
lets it parse inputs plain PEG's greedy, non-backtracking commit can
never recover from, and pick a deterministic winner for genuine
CFG-level ambiguity a PEG grammar could never even express.
	Grammar.Analysis skips its PEG-specific left-recursion rewrite for
non-peg grammars (left recursion is what bottom-up shift-reduce
parsing wants, not a hazard); both backends guard against running a
mismatched-@engine grammar through the wrong entry point.


	@keywords / @refine: token-stream reclassification after
tokenization, before parsing (Grammar.Lexer.reclassify/2) —
@keywords WORD { "if" -> KEYWORD_IF, ... } is table-lookup sugar for
the general case, @refine(Module, :function) dispatches to an
author-supplied callback with the already-reclassified stream so far
(enabling lookbehind-dependent reclassification, e.g. JavaScript's
regex-literal-vs-division-operator ambiguity).
	Ichor.Backtrack: a generic lazy-search-plus-unification
substrate for logic-language evaluation models (SLD-resolution and
friends) — Ichor.Backtrack.Tree (unit/fail/disjunction/
conjunction/once, pulled lazily via next/1, depth-first/
left-to-right like Prolog's own clause-order backtracking),
Ichor.Backtrack.Bindings (a substitution: bind/resolve/unify/
unify_occurs_check, over any Ichor.Backtrack.Term implementation
an author supplies for their own term representation).
	Ichor.Toolkit, small IR-agnostic building blocks extracted from
patterns Ichor's own compiler internals had already independently
hand-rolled more than once — useful to a grammar author's own
downstream semantic analysis/type inference/codegen, never run by
Ichor itself:	Fixpoint/Graph — "iterate a step function to convergence," and
reachability/cycle detection over an arbitrary graph.
	Scope — a generic nested lexical scope/symbol table.
	TypeScheme — Hindley-Milner-style let-polymorphism
(generalize/instantiate/resolve_deep) built on
Ichor.Backtrack.Bindings.unify_occurs_check/4.
	Codegen — small quote/unquote mechanics (fresh/vars/
indexed_vars/capture/clause) for authors hand-writing their
own Elixir-codegen backend.
	Result — reduce_ok/map_ok, an Enum.reduce-with-early-exit-
on-failure pair for the "walk a collection, thread an accumulator
through a fallible step" idiom.
	Pratt — precedence-climbing (Pratt) expression parsing over a
runtime-mutable operator table (prefix/infix/postfix, including the
genuinely ambiguous case of an operator registered as both infix and
postfix at once).
	Layout — the Python/Haskell/F#-style off-side-rule (INDENT/
DEDENT token synthesis) algorithm, an alternative strategy to
Aether's own @indent/@samecol.
	TermWalk — generic fold/rewrite recursion over any
Ichor.Backtrack.Term implementation.


	Native GLR/LR codegen (Grammar.Native.LR/Grammar.Native.GLR): the
SLR(1) table is built once, at Elixir-compile-time, instead of on
every call; Grammar.Native.LR fully inlines shift/reduce dispatch
into one Elixir function per automaton state (a genuine Bison-style
compiled parser), Grammar.Native.GLR compiles the action/goto lookup
tables while sharing one runtime GSS engine (Grammar.GLR.Runtime)
with the interpreted backend.
	Five more worked-example grammars, chosen specifically to close gaps
where a feature had only ever been exercised by a synthetic/textbook
fixture, never anything relating to a real programming language, file
format, or protocol:	Prolog (test/prolog/) — real clause/rule/directive syntax
(facts, rules with conjunction, :- op(Prec, Type, Name).
directives genuinely mutating the operator table mid-file via
Ichor.Toolkit.Pratt + run_sequence/4's context threading),
closing the loop with Ichor.Backtrack: a parsed fact unifies
directly against a hand-built query term through the same substrate.
	The classic dangling-else ambiguity (test/dangling_else/) —
real, present in C/Java/JavaScript/PHP, resolved correctly (else
binds to the nearest if) with no special-casing needed.
	CommonMark thematic breaks (--- -> <hr>, added to the
existing Markdown grammar) — the first real use of &expr
(Grammar.IR.AndPred) anywhere in the test suite.
	A classic-BNF LISP fixture (test/lisp/lisp.bnf) —
Ichor.BNF's first real-world-named fixture.
	A W3C-EBNF XML subset (test/xml/) — Ichor.EBNF.W3C's first
real-world-named fixture, keeping the real XML 1.0 spec's own
production names.



Changed
	Split Aether.Parser into Aether.Reader (pure-syntax parsing of
.aether source into a concrete syntax tree, no desugaring) and
Aether.Eval (that CST into Grammar.IR/Aether.Grammar, owning
predefined-token override/use tracking, case-insensitivity resolution,
character-class/regex desugaring, inline-literal promotion, and
@skip splicing). Mirrors the Reader/Eval split generated grammar code
already has (parse/1 vs. run/1,2) and the ABNF/BNF/EBNF/PEG
importers already inherit from it. Aether.Parser.parse/2 remains the
combined entry point; observable behavior is unchanged.
	Split the tokenizer/lexer/parser pipeline into four explicit stages,
shared identically by both backends: Grammar.Source (UTF-8
validation), Grammar.VM.Tokenizer/Grammar.Native.Runtime.Tokenizer
(renamed from Lexer/Grammar.Native.Runtime — maximal-munch
char-level matching), Grammar.Lexer (new — @keywords/@refine
reclassification, shared by both backends since it's pure
post-tokenization data processing), and the existing token-level
Parser stage (Grammar.Native.Runtime.Parser, split out of
Grammar.Native.Runtime).
	Aether.Grammar gained rule_order (mirroring the existing
token_order) and an engine field (:peg by default).
	Renamed LICENSE.txt to LICENSE.

[0.1.0] - 2026-07-26
Added
	Aether, Ichor's own grammar language: ALL_CAPS tokens matched by
maximal munch, snake-case/kebab-case rules matched by ordered PEG
choice, string/character-class/regex-literal primitives, quantifiers
(*/+/?/{n,m}), lookahead predicates (&/!), named captures,
automatic @skip whitespace-splicing (with @noskip and ~ to opt
out), @case_insensitive, POSIX bracket classes, and @indent/
@samecol for layout-sensitive grammars.
	Grammar.IR, the normalized AST every front-end compiles to and every
backend consumes.
	Grammar.Analysis: reference checks, a direct-left-recursion rewrite,
an empty-repetition hazard check, and a duplicate-alternative lint.
	Grammar.VM, an interpreted bytecode backend (LPeg-style compiled
Lexer + Parser).
	Grammar.Native, a compile-time codegen backend (use Ichor),
generating direct Elixir function calls instead of bytecode.
	Ichor.Actions, the behaviour connecting a parsed grammar to real
evaluation, transpilation, or execution: handle_rule/3,
handle_token/3, optional finalize/1, and a default fallback for
anything a grammar's own Actions module doesn't implement.
	Format importers reading ABNF (RFC 5234 + RFC 7405), classical BNF
(ALGOL 60 Report convention), ISO/IEC 14977 EBNF, W3C-style EBNF (the
notation the XML 1.0 spec's own section 6 uses), and PEG (Ford's
paper / pest / PEG.js convention) — each producing the same
Grammar.IR-based ruleset shape every other front-end produces.
	mix ichor.tokens, listing every token a grammar declares in
maximal-munch tie-break order.
	Nine worked-example grammars exercising the library end to end:
a calculator, a LISP dialect, YAML, LogQL, SQL, HTTP, regex, Forth,
and a Markdown-to-HTML transpiler.
	Cross-format validation: six of those worked examples (calculator,
LISP, LogQL, SQL, HTTP, regex) independently re-expressed in ABNF,
ISO EBNF, and PEG, verified to produce equivalent tokens and
identical accept/reject behavior to their native Aether counterparts.



  

    Contributing to Ichor

Thanks for considering a contribution. This document covers what you need
to know before opening an issue or a pull request.
Getting started
ichor and ichor_runtime
are two separate repositories, independently published and maintained
-- ichor_runtime is the small runtime support library a generated
parser actually calls at runtime (capture dispatch, error formatting,
the compiled Tokenizer/Parser combinators, the LR/GLR shift-reduce/GSS
runtime, plus the standalone Ichor.Toolkit.Pratt/TermWalk/
Ichor.Backtrack); this repository (ichor) depends on it via a
normal ~> Hex version constraint, like any other dependency. If your
change touches something a generated parser calls at match/evaluation
time, you very likely want
ichor_runtime's own repo
and its own CONTRIBUTION.md, not this one.
git clone <this repository>
cd ichor
mix deps.get
mix test

That should complete with no failures on a clean checkout. If it
doesn't, please open an issue before doing anything else — that's a bug
in its own right.
Project layout
	lib/aether/ — the Aether lexer and parser (.aether source ->
Grammar.IR).
	lib/grammar/ — Grammar.IR itself, the analysis pass, and both
backends (Grammar.VM, Grammar.Native), plus the LR/GLR table
builder (Grammar.LRTable.Builder, Automaton/Desugar/Sets) —
the dev-time-only half of LR/GLR support; the runtime half lives in
ichor_runtime.
	lib/ichor/ — the ABNF/BNF/EBNF/PEG format importers. Ichor.Actions
itself, along with everything else a generated parser calls at
runtime, lives in ichor_runtime's own repo instead — see its README
for the full list and the reasoning behind the split.
	lib/mix/tasks/ — mix ichor.tokens and mix ichor.gen.
	priv/grammar/ — the .aether sources the format importers compile
from (read once, at compile time, via use Ichor).
	test/ — one directory per worked-example grammar
(test/lisp/, test/yaml/, ...), plus test/support/ for shared
test fixtures and Actions implementations.
	guides/ — the documentation under guides/, published via ExDoc
alongside the generated module docs.

Making a change
	Tests first, or at least alongside. A grammar-level change
should come with a test exercising the actual input/output behavior,
not just "does this parse." Several bugs found during this project's
own development only showed up once a worked example was actually
run end-to-end, not merely checked for successful parsing.

	Both backends, where it applies. Grammar.VM and Grammar.Native
are required to agree on every grammar's behavior. A change to
shared semantics (an IR node's meaning, a compiler pass) needs
verification against both, not just whichever one you happened to
be testing against.

	Which repo does this belong in? If you're adding something a
generated parser calls at match/evaluation time (not just once at
codegen time), it almost certainly belongs in ichor_runtime, not
here — that was the exact gap Ichor.Actions.evaluate_node/3 and
Ichor.Toolkit.Pratt/TermWalk/Ichor.Backtrack were originally
filed under before being moved (see CHANGELOG.md's [Unreleased]
entry for the reasoning). If in doubt: does a project depending on
ichor_runtime alone (with ichor only: :dev, runtime: false)
still need it at runtime? If yes, it belongs in ichor_runtime,
which means opening the PR against
that repo instead.

	Run mix precommit before opening a PR (chains format ->
compile --warnings-as-errors -> credo --strict -> sobelow ->
test -> dialyzer):
mix precommit

Also run mix docs and skim the output for warnings — a broken
moduledoc cross-reference or extras link won't fail the build but
will show up there.

	Match the existing documentation style. Default to no comments;
when one is warranted, explain a non-obvious why (a hidden
constraint, a subtle invariant, the specific bug class it prevents),
not what the code already makes obvious by being well-named.
Moduledocs should be self-contained — don't cite an external design
document or a numbered "phase," since neither exists in this
repository; document the library as it actually is.


Adding a new grammar-format importer
If you're adding support for reading another external grammar notation
(along the lines of Ichor.ABNF/Ichor.BNF/Ichor.EBNF.ISO/
Ichor.EBNF.W3C/Ichor.PEG), the existing five are the template to
follow:
	Write an .aether grammar describing the target format's own
syntax, under priv/grammar/.
	Write an Ichor.Actions implementation whose target category is
Grammar.IR — turning a parsed rule of the external format into the
equivalent Grammar.IR expression, the same way Ichor.ABNF.Actions
or Ichor.PEG.Actions do.
	Compile the pair via use Ichor, nested under Ichor.* (not a bare
top-level module name), matching the existing five.
	Verify the importer fails informatively (a normal Ichor.Error, not
a crash) on syntax that isn't valid in your target format, not just
that it succeeds on syntax that is.

Reporting bugs
Please include: the grammar (or a minimal excerpt reproducing the
issue), the input, what you expected, and what actually happened
(including the full Ichor.Error, if one was raised). "Doesn't parse"
and "doesn't work" are much harder to act on than a specific
input/expected/actual triple.
License
By contributing, you agree that your contributions will be licensed
under the project's MIT license.


  

    LICENSE


MIT License

Copyright (c) 2026 Jan Oetjen

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

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

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



  

    Aether Tutorial

This tutorial introduces Aether's own features one at a time, in the
order you're likely to need them, ending with a complete, working
grammar. It assumes you already know the basics of running a grammar
through Ichor — if not, read the Ichor tutorial first.
This page is about Aether the language; see the
reference for exhaustive detail on any single feature.
Every snippet below can be parsed and matched the same way:
{:ok, grammar} = Aether.Parser.parse(source)
{:ok, grammar} = Grammar.Analysis.run(grammar)
Grammar.VM.parse(grammar, input)
1. The smallest grammar
Two pragmas are always required: @grammar names the grammar,
@root says which rule matching starts from.
@grammar "greeting"
@root greeting

greeting := "hello"
Grammar.VM.parse(grammar, "hello")   #=> {:ok, 1}
Grammar.VM.parse(grammar, "goodbye") #=> {:error, %Ichor.Error{}}
greeting is a rule (lowercase name) whose body is a single string
literal. Aether automatically promotes that literal into a
compiler-generated token behind the scenes — you never declared a token
yourself, and that's fine for a grammar this simple.
2. Tokens: ALL_CAPS names
A character class ([a-z]), a /pattern/ literal, or a bare . can
only ever appear inside a token body, never a rule body directly — a
rule may only reference named tokens and rules. So once a pattern
needs character-level logic (a range, a repetition over characters)
rather than just a fixed string, give it a name as a real token:
@grammar "greeting"
@root greeting

HELLO := "hello"
WORD  := [a-zA-Z]+

greeting := HELLO WORD
Grammar.VM.parse(grammar, "hello world") #=> {:ok, 3}
Notice this already needs no special handling for the space between
HELLO and WORD — that's the next feature. Also notice HELLO is
declared as a real token here, not left as a bare "hello" literal the
way step 1 did: both HELLO and WORD can match "hello" itself, with
the same length, so this is a maximal-munch tie — and ties are
broken by declaration order. HELLO needs to come first in the file so
it wins that tie; see the reference for the
full rule.
3. Whitespace happens automatically
By default, every rule's sequence elements (after the first) get
whitespace-tolerance spliced in for free. You don't write it, and you
don't see it in the grammar text — it's just there. To turn it off
(needed once whitespace becomes meaningful, e.g. for HTTP or Markdown),
add @noskip:
@grammar "tight"
@root pair
@noskip

pair := "a" "b"
Grammar.VM.parse(grammar, "ab")   #=> {:ok, 2}
Grammar.VM.parse(grammar, "a b")  #=> {:error, ...}  -- no auto-skip here
4. Choice, repetition, and grouping
Standard PEG operators, first-match-wins for |:
@grammar "list"
@root list

WORD := [a-z]+
list := WORD ("," WORD)*
Grammar.VM.parse(grammar, "a,b,c") #=> {:ok, 5}
? (optional), {n}/{n,}/{n,m} (bounded repetition), and &/!
(lookahead predicates, matching nothing) round out the operator set —
see the reference for the complete list.
5. Naming what you capture
So far, matching only tells you whether input is valid. To get
structure back out for an Ichor.Actions module to work with, name the
parts you care about with name:expr:
@grammar "pair"
@root pair

WORD := [a-z]+
pair := key:WORD "=" value:WORD
An Ichor.Actions module's handle_rule(:pair, %{key: k, value: v}, ctx)
now receives exactly those two captures. A bare reference to a named
token or rule (like WORD used without a name: prefix elsewhere)
is captured under its own name automatically — you only need name:
when you want a different name, or when the same thing is referenced
more than once in the same rule and needs to be told apart.
6. Case sensitivity
Individual literals can force a case either way with a suffix
("lit"i always case-insensitive, "lit"cs always case-sensitive), or
the whole grammar can default every bare literal to case-insensitive:
@grammar "kw"
@root stmt
@case_insensitive

SELECT := "select"
stmt   := SELECT
Grammar.VM.parse(grammar, "SELECT") #=> {:ok, 1}
Grammar.VM.parse(grammar, "Select") #=> {:ok, 1}
7. A regex shorthand for token bodies
Token bodies (never rule bodies) can use a /pattern/ literal as
shorthand for character-level matching, when writing the equivalent out
by hand would be tedious:
NUMBER := /-?\d+(\.\d+)?/
This isn't a real regex engine — it desugars entirely into ordinary
Aether primitives at parse time, and deliberately rejects anything with
no meaningful PEG equivalent (anchors, backreferences, named groups).
See the reference for exactly what's
supported.
8. Layout-sensitive grammars
@indent(expr) and @samecol(expr) (rule bodies only) give
YAML-style "this line must be indented under that one" structure
without treating whitespace as ordinary skippable trivia:
@grammar "nested"
@root doc
@skip INLINE_WS

DASH      := "-"
NEWLINE   := "\n"
INLINE_WS := [ \t]*
WORD      := [a-z]+

doc      := @indent(list)
list     := item (NEWLINE @samecol item)*
item     := DASH WORD
Grammar.VM.parse(grammar, "-a\n-b\n-c") #=> {:ok, 8}
Every item in the same list must line up in exactly the same
column — @samecol checks against the column @indent established
when the list began.
9. Putting it together
A tiny key-value config format, combining most of the above:
@grammar "config"
@root config

SPACE  := [ \t\n]+
KEY    := [a-zA-Z_][a-zA-Z0-9_]*
STRING := "\"" (!"\"" .)* "\""
NUMBER := /-?\d+(\.\d+)?/

config := entry*
entry  := key:KEY "=" value:(STRING | NUMBER) ";"
No @skip pragma is declared here — leaving it out uses the default
skip mode with the built-in SPACE token. SPACE is redeclared above
with its own definition (equivalent to the default in this case, but it
didn't have to be) because it's redefined before anything actually
uses it; had this grammar written @skip SPACE explicitly, that
pragma itself would immediately count as a use, and the later
SPACE := ... line would be rejected as "already used" — see the
reference for why.
{:ok, grammar} = Aether.Parser.parse(source)
{:ok, grammar} = Grammar.Analysis.run(grammar)
Grammar.VM.parse(grammar, ~S(name = "ichor"; version = 1;))
#=> {:ok, 10}
Pair this with an Ichor.Actions module implementing handle_rule(:config, %{entry: entries}, ctx) and handle_rule(:entry, %{key: k, value: v}, ctx)
to fold the whole thing into a real %{String.t() => term()} map — see the
Ichor tutorial for exactly
that pattern, or Aether examples for more complete,
runnable grammars.


  

    Aether Reference

Aether is Ichor's own grammar language. This page documents every
feature in detail. If you're new to Aether, read the
tutorial first — this page is a reference, not an
introduction.
File structure
Every grammar starts with two required pragmas, in order:
@grammar "name"
@root rule_name
@grammar names the grammar (informational). @root names the rule
where matching begins. After those, zero or more of the optional
pragmas below may follow, in any order, each at most once. Then the
grammar's token and rule definitions follow, in any order — a
definition may reference a name declared later in the file.
Comments run from ; to the end of the line.
Tokens vs. rules
This is the one syntactic distinction Aether's entire design hinges on:
	A name in ALL_CAPS (matching [A-Z_][A-Z0-9_]*) declares a
token. Tokens are matched by the lexer, directly against raw
characters.
	A name in snake-case or kebab-case (matching [a-z][a-z0-9_-]*)
declares a rule. Rules are matched by the parser, over the
token stream the lexer already produced — never over raw characters
directly.

Every Aether grammar compiles to a genuine two-stage Lexer -> Parser,
never a single scannerless pass. This has real consequences:
	A rule body may only reference tokens and other rules — never an
inline character class, /pattern/ regex literal, or bare .
("any character"). Those are lexer-only constructs; give the pattern
a name as a token instead, and reference that token from the rule.
	A token body may reference other tokens, but never a rule.
	Writing a bare string literal ("SELECT") directly inside a rule
body is allowed as a convenience — Aether automatically promotes it
to a compiler-generated anonymous token behind the scenes, since only
tokens ever participate in lexing. The same literal text (with the
same case-sensitivity) reuses the same anonymous token wherever it
appears.
	A bare string literal directly inside a token body is just an
ordinary sub-match — no promotion needed, since it's already inside a
token.

Maximal munch
At every position, the lexer tries every token the grammar's rules can
actually reach (directly referenced by some rule, or the active @skip
token) and picks the longest match. Ties are broken by declaration
order — the token declared first in the file wins. A token that can
match zero characters is never accepted as "the next token" (it would
never advance, and tokenizing would never finish); such a token can
still exist and be referenced from inside another token's own
definition, it just can never win the top-level race on its own.
This is why declaration order sometimes matters even between tokens
that look unrelated: if two tokens can match the same text at the same
position with the same length, whichever is declared first in the file
wins.
Rule parsing: ordered PEG choice
Once tokenized, rules are matched using ordinary PEG semantics: within
a first | second | third, the first alternative that matches wins,
even if a later alternative could also have matched (possibly matching
more, or less). There's no most-specific-wins or longest-match rule at
the parser level the way there is at the lexer level — order in the
source is the only thing that decides among rule alternatives, so put
more specific alternatives first.
Expression syntax
From lowest to highest precedence:
choice      := sequence ("|" sequence)*
sequence    := term+
term        := ("~")? (name ":")? postfix
postfix     := ("&" | "!")? primary ("*" | "+" | "?" | "{" bound "}")?
primary     := STRING | CHAR_CLASS | REGEX | "." | UPPER_IDENT | lower_ident
             | "(" choice ")" | "@indent(" choice ")" | "@samecol(" choice ")"
	Operator	Meaning
	a b	sequence -- a then b
	<code>a &#124; b</code>	ordered choice -- a, or (if a fails) b
	a*	zero or more, greedy
	a+	one or more, greedy
	a?	zero or one
	a{3}	exactly 3
	a{3,}	3 or more
	a{3,7}	between 3 and 7
	&a	positive lookahead -- consumes nothing
	!a	negative lookahead -- consumes nothing
	name:a	named capture
	~a	suppress @skip splicing before this term (rule bodies only)
	( a )	grouping
	.	any single character (tokens only)

Quantifiers, predicates, and grouping all work identically in both
token and rule bodies (subject to the token/rule leaf restrictions
above).
Whitespace: @skip / @noskip / ~
By default (no @skip/@noskip pragma given at all), every rule's
sequence elements — after the first — get an automatic SPACE* spliced
in front of them, where SPACE is the built-in predefined token
(overridable). This is what lets expr := term "+" term tolerate
"1 + 2" and "1+2" alike without writing whitespace tolerance into
every single rule by hand.
	@skip TOKEN uses a different token in place of SPACE — useful
when comments should also be treated as skippable trivia (a common
pattern: declare a TRIVIA := (SPACE | COMMENT)* token and
@skip TRIVIA).
	@noskip disables splicing entirely. Required for any grammar where
whitespace is meaningful syntax, not filler — HTTP headers, regex
patterns, Markdown.
	~name (only valid in rule bodies, only directly prefixing a bare
token or rule reference with no capture and no quantifier) suppresses
splicing before that one specific term, for the rare case where two
adjacent things must not have skippable trivia between them even
though the rest of the rule does.

Splicing also applies to the repeated body of */+/{n,m} — form*
tolerates whitespace between repetitions, not just around the whole
group, since each repetition is itself another sequence element.
Predefined tokens
Five tokens exist in every grammar even if never declared:
	Token	Default definition
	DIGIT	[0-9]
	ALPHA	[a-zA-Z]
	ALNUM	DIGIT | ALPHA
	SPACE	[ \t\r\n]
	HEX	[a-fA-F0-9]

Any of the five may be redeclared with NAME := ..., as long as the
redeclaration happens before the token is used anywhere in the file
(including implicitly, e.g. @skip's own default use of SPACE, or a
POSIX bracket class referencing one of the other four). Using one first
and then trying to redeclare it is a compile error — the two orderings
would otherwise mean different things depending on where in the file
the use occurred, which Aether rejects outright rather than resolving
by File order.
POSIX bracket classes
Inside a character class ([...]), [:alpha:], [:alnum:],
[:digit:], [:space:], and [:hex:] reference the identically-named
predefined token, and can be freely mixed with ordinary ranges and
characters in the same brackets:
IDENT := [[:alpha:]_][[:alnum:]_]*
Character classes
[...] matches one character from the given set; [^...] negates it
(matches one character not in the set — but still requires a
character to be present; it never matches at end of input). Contents
are a mix of single characters, a-z-style ranges, POSIX names, and
escape sequences. A - immediately before the closing ] is a literal
dash, not a range operator.
String literals
Double-quoted, with these escapes: \n \r \t \\ \" \[ \]
\/, \xHH (exactly two hex digits), \u{H+} (one or more hex
digits), and any other punctuation character escapes to itself (\^,
\-, \*, and so on) — convenient for writing character-class-like
escapes consistently in both contexts.
A quote suffix controls case sensitivity for that one literal,
overriding the grammar-level @case_insensitive setting either way:
	"lit" — case-sensitive, unless @case_insensitive is set for the
whole grammar (then case-insensitive).
	"lit"i — always case-insensitive, regardless of the grammar-level
setting.
	"lit"cs — always case-sensitive, regardless of the grammar-level
setting.

@case_insensitive
A grammar-wide pragma: every bare ("lit", no suffix) string literal
matches either case. Doesn't affect character classes or [:posix:]
classes — only quoted string literals.
Regex literals
Token bodies only (never valid in a rule body) — /pattern/ is a
convenience shorthand that desugars entirely into ordinary Aether
primitives before reaching Grammar.IR. It is not a real regex
engine wired in underneath; support is deliberately partial:
Supported: literal characters, . (any character), character classes
([...]/[^...], POSIX names included), alternation (|), grouping
((...)), quantifiers (* + ? {n} {n,} {n,m}), positive/
negative lookahead ((?=...) / (?!...)), and the shorthand classes
\d \w \s \h (referencing DIGIT/ALNUM/SPACE/HEX) with
their negated forms \D \W \S \H.
Explicitly rejected, with a normal Ichor.Error rather than silently
doing the wrong thing: anchors (^ $), backreferences (\1-\9),
and named/unnamed capturing groups ((?<name>...)) — none of these have
a meaningful desugaring into PEG-style matching primitives, so Aether
refuses them outright instead of pretending to support them.
NUMBER := /\d+(\.\d+)?/
Indentation sensitivity
Two pragmas, valid only inside rule bodies, for layout-sensitive
grammars (YAML-style structure) without requiring a scannerless parser
to special-case columns everywhere:
	@indent(expr) — expr must start at a column strictly greater than
the currently active reference column, and its own starting column
becomes the new reference column for anything nested inside it.
	@samecol(expr) — expr must start at exactly the currently
active reference column (no descending further).

Both also accept a single bare term with no parens as sugar for
wrapping just that one term: @samecol pair is shorthand for
@samecol(pair).
@samecol always checks against the nearest enclosing @indent's
reference column — with no enclosing @indent anywhere, the reference
column defaults to 0, so @samecol at the very top of a grammar only
succeeds on something starting in the first column. In practice
@samecol is used nested inside an @indent, as below, not standalone.
mapping := pair (NEWLINE @samecol pair)*
pair     := SCALAR COLON (inline_value | NEWLINE @indent(block_value))
Named captures
name:expr captures expr's matched value under name, available to
an Ichor.Actions module as captures.name (as a
%{name => Ichor.Capture.t()} — see the tutorial for
how Actions modules consume these). A bare reference to a named
token or rule (no explicit name: prefix) is implicitly captured under
its own name automatically — factor in expr := term (op:("+" | "-") term)* needs no term:term, it already shows up as :term. A bare
reference to a compiler-generated anonymous token (an inline literal
like "(", never a name the grammar author chose) gets no implicit
capture — writing a bare literal is precisely how a grammar author says
"I don't care about matching this," and an explicit paren:"(" still
works if that literal's value actually is wanted.
A capture whose expression sits under a */+/{n,m} anywhere in
the rule always arrives as a list in Ichor.Actions, even if it
matched zero or exactly one time — never a bare value, and never a
missing key, so pattern-matching on capture shape is reliable regardless
of how many times something actually matched.
@engine
A grammar-wide pragma picking the parsing algorithm for @root:
@engine peg   ; the default -- ordered-choice recursive descent
@engine lr    ; deterministic shift-reduce, requires a conflict-free grammar
@engine glr   ; Tomita-style GLR, forks at genuine ambiguity
Independent of which backend runs the grammar (Grammar.VM or
Grammar.Native, i.e. use Ichor) — both support all three engines.
peg (the default, so every grammar written before @engine existed
keeps behaving identically) is ordinary top-down recursive descent: the
first matching alternative wins, and left recursion is rewritten away by
Grammar.Analysis automatically. lr/glr are bottom-up shift-reduce
parsers built from a from-scratch SLR(1) table instead — the natural fit
for left-recursive rules (expr := expr "+" term | term, not the
PEG-idiomatic term ("+" term)*), which PEG can't parse at all but
bottom-up parsing handles natively. Grammar.Analysis skips its
left-recursion rewrite entirely for lr/glr grammars, since it would
undo the very shape they want.
	lr requires the resulting table be conflict-free — an ambiguous
or genuinely context-free (non-regular-per-rule) grammar is rejected
at compile/analysis time, naming the conflicting state and
productions, rather than silently picking one arbitrarily.
	glr accepts conflicts and forks at them, exploring every viable
parse in parallel via a graph-structured stack that shares/merges
history at points where forks reconverge — this is what recovers
inputs plain PEG's greedy, never-reconsidered commit can't (a
rule := "ab" | "a" alternative that "wins" too early, with nothing
left over for what follows), and what lets a grammar express genuine
ambiguity (natural-language-style, or the classic dangling-else
problem) instead of being forced to silently favor one reading. When
more than one derivation survives to the end of input, the earliest
point the derivations disagree decides the winner, by declared
order — same convention ordinary PEG choice already uses (whichever
alternative/production was written first in the source wins), with one
refinement: at a conflict cell offering both a shift and a reduce, the
shift always wins (matching yacc/bison's own default), which is what
makes the dangling-else case resolve the way every real language
resolves it (else binds to the nearest open if) with no
special-casing anywhere.

Only Seq/Choice/Star/Plus/Opt/Rep/RuleRef/Capture are
supported inside an lr/glr rule — &/! lookahead predicates,
@indent/@samecol, and rule-position @native(...) all need
arbitrary backtracking or side-channel state a shift-reduce table has no
room for, and are rejected with a build-time error naming the rule and
construct. Token-level lexing (including token-position
@native(...)) is unaffected either way — lr/glr still parse the
same Tokenizer/Lexer-produced token stream a peg grammar would.
@grammar "calculator"
@root expr
@engine lr

NUMBER := /\d+(\.\d+)?/
PLUS   := "+"

expr := expr PLUS term | term
term  := NUMBER
See Grammar.LR/Grammar.GLR (interpreted) and Grammar.Native.LR/
Grammar.Native.GLR (compiled) for the engines themselves, and
Grammar.LRTable for the shared SLR(1) table construction both draw on.
@keywords / @refine
Reclassify a token after the Tokenizer matches it, before the Parser
ever sees it — for a lexical distinction maximal munch alone can't make,
because it depends on the token's own text (a keyword vs. an ordinary
identifier with the same shape) or on what came immediately before it
(JavaScript's /, which starts either a regex literal or a division
operator depending on the preceding token).
@keywords is sugar for the common table-lookup case:
WORD := [a-zA-Z_][a-zA-Z0-9_]*
@keywords WORD { "if" -> KEYWORD_IF, "return" -> KEYWORD_RETURN }
Every WORD token whose exact text matches a key in the table is
renamed to the corresponding target token (KEYWORD_IF, KEYWORD_RETURN);
anything else stays WORD. The target names never need their own
TOKEN := ... declaration — @keywords is what tells Grammar.Analysis
and the lexable-candidate-set computation they exist.
@refine("Module", "function", ...) is the escape hatch for anything
needing real logic instead of a fixed table — attached directly to a
token's own definition:
SLASH := "/" @refine("JS.SlashDisambiguator", "refine", DIV, REGEX_START)
The callback (Ichor.TokenRefiner.refine/4: raw_name, raw_text,
pos :: {line, column}, and preceding — every token already
reclassified so far, in final form, which is what makes the
lookbehind-dependent JS case work) returns {:ok, new_name, value} (the
new token name plus a capture-value override, e.g. a decoded escape
sequence reaching Ichor.Actions instead of raw source text) or
{:error, reason}, surfaced as an Ichor.Error with stage: :lexer.
@native / @hint: the escape hatch
For the rare case a grammar's own meaning is mutated mid-file by
something declared earlier — Prolog's runtime-extensible operator table
(op/3), Haskell fixity declarations, a heredoc whose terminator is
read off the source itself, a string literal with embedded interpolated
expressions — no static grammar (PEG, LR, or GLR) can express the rule
or token directly. @native("Module", "function", dep, ...) hands that
one rule or token to hand-written Elixir instead.
At rule position (Grammar.IR.Custom)
expr := @native("Prolog.Grammar", "parse_term", primary) @hint(nullable: false, leading: (primary))
deps (primary above) lists the only other rules the callback is
allowed to call back into, via a rule_matchers map restricted to
exactly those names — kept explicit so Grammar.Analysis's reference
check still sees this node's real dependencies even though its own body
is opaque Elixir code. The callback (matching Ichor.CustomRule.match/4,
though it doesn't have to be named match — @native's own second
argument names it explicitly) is:
@callback match(stream, pos, context, rule_matchers) ::
            {:ok, new_pos, Ichor.Capture.node_t()} | :fail
	stream/pos — the same compiled token stream and position any
ordinary rule matcher works over.
	context — read-only: whatever the previous top-level form's own
evaluation produced (via Grammar.VM.run_sequence/4/
Grammar.Native's generated run_sequence/2), or initial_context
outside a sequence. This is how a :- op(700, xfx, is). directive
parsed earlier in the same file can extend the operator table a later
clause's own @native callback parses against.
	rule_matchers — %{primary: (stream, pos -> {:ok, new_pos, node} | :fail)}
for the example above: call straight back into the grammar's own
compiled primary rule.


@hint(nullable: bool, leading: (dep, ...)) supplies the two facts
Grammar.Analysis would otherwise compute by walking the rule's own
structure, impossible here since the body is arbitrary code: nullable
defaults to false (most custom recognizers consume something),
leading defaults to every declared dependency (conservative, for
left-recursion-cycle detection). Ichor.Toolkit.Pratt is built exactly
for writing this kind of callback — precedence-climbing over a
runtime-mutable operator table is the single most common reason to reach
for rule-position @native at all.
At token position (Grammar.IR.CustomLexeme)
STRING := @native("JS.StringInterp", "scan", expr) @hint(nullable: false)
Always stands alone as an entire token definition — it can't be
referenced from inside another token's body, and can't be composed
inside a larger token expression. deps here names rules (never other
tokens — the one narrow exception to "a token body may only reference
other tokens"), reachable through a re-lex-from-a-character-position
primitive rather than the token-stream-based rule_matchers rule
position gets:
@callback scan(input, context, rule_matchers) ::
            {:ok, text, rest, Ichor.Capture.node_t() | nil} | :fail
	input — the remaining suffix of the source text (not a position
into some original string).
	context — same meaning as Ichor.CustomRule.match/4's.
	rule_matchers — %{expr: (input -> {:ok, text, rest, capture} | :fail)}
for the example above: re-lexes input from scratch and matches the
named rule, for a token that needs to recurse into full rule-level
parsing mid-scan (an embedded #{expr} inside a string literal) —
something a fixed maximal-munch tokenizer has no way to express on its
own.


Returns {:ok, text, rest, capture} with text <> rest == input.
capture is normally nil (this token behaves like any other — a plain
{:token, name, text} downstream); a string-interpolation token
overrides it with an explicit Ichor.Capture.node_t() instead, so its
embedded expressions' own parsed structure reaches Ichor.Actions
intact rather than collapsing into flat text. @hint(nullable: bool) is
the only hint here (false by default) — there's no leading, since
left-recursion-cycle detection is a rule-level concept only.


  

    Aether Examples

Focused examples of individual Aether features, each small enough to read
in one go. For complete, larger grammars built from several of these
features at once, see Ichor's own examples — LISP,
YAML, SQL, HTTP, regex, and more.
Bounded repetition — a ZIP code
@grammar "zip"
@root zip
@noskip

zip := DIGIT{5} ("-" DIGIT{4})?
Grammar.VM.parse(grammar, "12345")      #=> {:ok, 5}
Grammar.VM.parse(grammar, "12345-6789") #=> {:ok, 10}
{5} requires exactly five digits; the optional ("-" DIGIT{4})? group
handles the extended ZIP+4 form without a separate rule.
Lookahead — a keyword that isn't a prefix of a longer word
@grammar "kw"
@root kw
@noskip

END  := "end"
WORD := [a-z]+
kw   := END !WORD
Grammar.VM.parse(grammar, "end")     #=> {:ok, 1}
Grammar.VM.parse(grammar, "endless") #=> {:error, %Ichor.Error{}}
!WORD (negative lookahead) requires that no WORD token starts right
where END left off, without consuming anything itself — the same
technique real keyword-vs-identifier disambiguation needs in any
language with reserved words. Notice END is declared as its own real
token, ahead of WORD in the file — both can match the literal text
"end" with the same length, and maximal munch breaks that tie by
declaration order.
A custom @skip token, for whitespace and comments
@grammar "cmt"
@root prog
@skip TRIVIA

SPACE   := [ \t\n]+
COMMENT := "#" (!"\n" .)* "\n"?
TRIVIA  := (SPACE | COMMENT)*
WORD    := [a-z]+

prog := WORD+
Grammar.VM.parse(grammar, "a # comment\nb") #=> {:ok, 3}
@skip TRIVIA splices TRIVIA* between sequence elements instead of
the default SPACE* — since TRIVIA itself is defined as ordinary
whitespace or a comment, both are transparently skippable everywhere
the default @skip would only have skipped whitespace.
Repeated named captures arrive as a list
@grammar "csv"
@root row

WORD := [a-z]+
row  := first:WORD ("," rest:WORD)*
Parsing "a,b,c" gives an Ichor.Actions module
handle_rule(:row, %{first: first, rest: rest}, ctx) where rest is a
list of two captures (b and c) — always a list, even if the input
had been just "a" with no commas at all (rest would be [], never a
missing key).
~ — suppressing automatic whitespace for one term
@grammar "semver"
@root ver

WS     := [ ]+
DOT    := "."
NUMBER := DIGIT+

ver := NUMBER ~DOT NUMBER ~DOT NUMBER
Grammar.VM.parse(grammar, "1.2.3")   #=> {:ok, 5}
Grammar.VM.parse(grammar, "1 . 2.3") #=> {:error, %Ichor.Error{}}
Every other sequence element still tolerates surrounding whitespace by
default (this grammar declares no @skip, so it uses the built-in
default); ~DOT suppresses that tolerance for just the two dots, so a
version number can't have stray spaces around its own separators even
though the rest of the grammar is whitespace-tolerant.
POSIX classes for identifiers
@grammar "ident"
@root ident

IDENT := [[:alpha:]_][[:alnum:]_]*
ident := IDENT
Grammar.VM.parse(grammar, "_private2") #=> {:ok, 1}
[:alpha:] and [:alnum:] reference the predefined ALPHA/ALNUM
tokens' own character sets, mixed freely with a literal _ in the same
brackets — the common "identifier" pattern (letter or underscore, then
any number of letters/digits/underscores) without spelling out
a-zA-Z0-9_ by hand.
Case-insensitive keywords
@grammar "bool"
@root bool
@case_insensitive

bool := "true" | "false"
Grammar.VM.parse(grammar, "TRUE")  #=> {:ok, 1}
Grammar.VM.parse(grammar, "FaLsE") #=> {:ok, 1}
@case_insensitive applies to every bare quoted literal in the whole
grammar — useful for languages like SQL where keywords are
conventionally case-insensitive throughout.
A regex-literal token, for compact character-level patterns
@grammar "ip"
@root ip
@noskip

OCTET := /\d{1,3}/
DOT   := "."
ip    := OCTET DOT OCTET DOT OCTET DOT OCTET
Grammar.VM.parse(grammar, "192.168.1.1") #=> {:ok, 7}
/\d{1,3}/ desugars to the same Grammar.IR a hand-written
DIGIT{1,3} token body would produce — pure shorthand, valid only
inside a token body, never a real regex engine underneath. See the
reference for exactly what the shorthand
supports.


  

    Aether Cheatsheet

Quick syntax lookup. See AETHER.md for full explanations.
File skeleton
@grammar "name"        ; required, must be first
@root rule_name         ; required, must be second
@skip TOKEN             ; optional -- default is @skip SPACE
@noskip                 ; optional -- mutually exclusive with @skip
@case_insensitive       ; optional

; comments run to end of line

TOKEN_NAME := ...        ; ALL_CAPS -- lexer, matched by maximal munch
rule_name  := ...        ; snake-case/kebab-case -- parser, ordered choice
Operators
	Syntax	Meaning	Valid in
	a b	sequence	tokens & rules
	<code>a &#124; b</code>	ordered choice, first match wins	tokens & rules
	a*	zero or more	tokens & rules
	a+	one or more	tokens & rules
	a?	zero or one	tokens & rules
	a{3}	exactly 3	tokens & rules
	a{3,}	3 or more	tokens & rules
	a{3,7}	3 to 7	tokens & rules
	&a	positive lookahead (consumes nothing)	tokens & rules
	!a	negative lookahead (consumes nothing)	tokens & rules
	( a )	grouping	tokens & rules
	name:a	named capture	rules only
	~a	suppress @skip splicing before this term	rules only
	@indent(a)	a must start deeper than enclosing block	rules only
	@samecol(a)	a must start at the enclosing column	rules only
	"lit"	string literal	tokens & rules*
	[a-z]	character class	tokens only
	[^a-z]	negated character class	tokens only
	.	any single character	tokens only
	/pattern/	regex-literal shorthand	tokens only

* A bare string literal in a rule body is auto-promoted to a
compiler-generated anonymous token.
String literal escapes
\n \r \t \\ \" \[ \] \/ \xHH \u{H+} — any other
punctuation character escapes to itself (\^, \-, \*, ...).
Case sensitivity
	Syntax	Meaning
	"lit"	case-sensitive, unless @case_insensitive is set
	"lit"i	always case-insensitive
	"lit"cs	always case-sensitive, even under @case_insensitive

Predefined tokens
	Token	Default
	DIGIT	[0-9]
	ALPHA	[a-zA-Z]
	ALNUM	DIGIT | ALPHA
	SPACE	[ \t\r\n]
	HEX	[a-fA-F0-9]

Redeclare any of them (NAME := ...) before first use to override the
default. @skip NAME (explicit or default) counts as an immediate use
of NAME at that point in the file.
POSIX bracket classes
[:alpha:] [:alnum:] [:digit:] [:space:] [:hex:] — usable
inside [...], mixed freely with ranges/literal characters:
[[:alpha:]_][[:alnum:]_]*.
Regex-literal shorthand (tokens only)
	Supported	Rejected
	literals, ., [...]/[^...], |, (...)	anchors ^ $
	* + ? {n} {n,} {n,m}	backreferences \1-\9
	(?=...) (?!...)	named/unnamed groups (?<...)
	\d \w \s \h \D \W \S \H	

Maximal munch, in one sentence
At each lexer position: longest match wins; ties go to whichever token
was declared first in the file; a zero-width match never wins.
Common gotchas
	A literal that's also a substring another token's character class
would greedily match (e.g. a keyword "end" vs. an identifier token
[a-z]+) ties in length — declare the keyword as its own real token,
before the identifier token, so it wins.
	@skip NAME (even naming the default SPACE) marks NAME used
immediately — you can't redeclare it afterward. Leave the pragma out
entirely if you want to redefine the default SPACE's own character
set.
	Rules can't contain an inline [...], /pattern/, or bare . —
give it a token name first.
	@samecol checks against the nearest enclosing @indent's column;
with no enclosing @indent, that's column 0.



  

    
Aether.Eval 
    



      
The semantic half of Aether's front-end: turns an Aether.Reader.Grammar
CST into a fully resolved Aether.Grammar, with every body already
Grammar.IR.
(Not to be confused with Ichor.Actions.evaluate/5, which evaluates
parsed input through a grammar's own actions -- this evaluates
grammar source, already read into a CST by Aether.Reader, into
Grammar.IR.)
Owns everything that needs more than one definition's worth of
context: predefined-token (DIGIT/ALPHA/ALNUM/SPACE/HEX)
override-before-use tracking (uses can be implicit -- a POSIX class
item, a regex escape, an auto-spliced default skip token -- which is
exactly why this can't be checked while merely reading syntax),
case-insensitivity resolution, character-class/regex desugaring,
inline-literal auto-promotion to anonymous tokens, @skip splicing,
and the final @root/@skip validation.
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    Functions
  


    
      
        build(rg)

      


        Builds a fully resolved Aether.Grammar from reader_grammar.
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          @spec build(Aether.Reader.Grammar.t()) ::
  {:ok, Aether.Grammar.t()} | {:error, Ichor.Error.t()}


      


Builds a fully resolved Aether.Grammar from reader_grammar.

  


        

      


  

    
Aether.Reader 
    



      
The pure-syntax half of Aether's front-end: turns .aether source (via
Aether.Lexer) into a concrete syntax tree that's a faithful record of
what was written -- every pragma, token, and rule definition, in file
order -- with no desugaring and no cross-definition semantics applied.
This is the same "Reader" role Grammar.Native's generated parse/1
(or any of the ABNF/BNF/EBNF/PEG importers' own parse/1) plays for a
grammar's input: a bare recognizer producing a raw tree, nothing
more. Aether.Eval is the matching "Eval" half -- it's what turns this
CST into actual Grammar.IR (not to be confused with
Ichor.Actions.evaluate/5, which evaluates parsed input through a
grammar's own actions; this evaluates grammar source into IR).
Owns: the token/rule reference split (ALL_CAPS names a token,
snake-case names a rule), the full expression grammar (choice >
sequence > term > postfix > primary), ~ markers, quantifier syntax,
@indent/@samecol, and every check that only depends on local
syntax (a token body referencing a rule, an inline character class
outside a token, a name or pragma declared twice). Everything that
depends on the whole grammar -- predefined-token override/use
tracking, case-insensitivity resolution, char-class/regex desugaring,
inline-literal promotion, @skip splicing -- is Aether.Eval's job,
not this module's.

      


      
        Summary


  
    Types
  


    
      
        cst()

      


        A raw expression node, mirroring exactly what was written -- no
desugaring. Composite nodes (:seq/:choice/:capture/:and_pred/
:not_pred/:indent) carry no position of their own (matching
Grammar.IR's own convention of falling back to a descendant's span);
leaf and quantifier nodes do.



    


    
      
        hint()

      


        Author-supplied facts for a @native(...) node, standing in for what
Grammar.Analysis would otherwise compute structurally -- nil means
"not given, Aether.Eval applies its default." :leading, when given,
is itself a list of declared-dependency rule names (never arbitrary
rules outside that list -- @native(...)'s own argument list is the
only thing this node can reference).



    


    
      
        pos()

      


        A {line, column} source position.



    





  
    Functions
  


    
      
        read(source, file \\ nil)

      


        Reads source into an Aether.Reader.Grammar CST.
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          @type cst() ::
  {:seq, [{cst(), suppress_skip :: boolean()}]}
  | {:choice, [cst()]}
  | {:capture, atom(), cst()}
  | {:and_pred, cst()}
  | {:not_pred, cst()}
  | {:indent, cst(), :indent | :samecol}
  | {:quant, cst(),
     :star
     | :plus
     | :opt
     | {:bound, non_neg_integer(), non_neg_integer() | :infinity}, pos()}
  | {:literal, String.t(), Aether.Token.case_flag(), pos()}
  | {:char_class, boolean(), [Aether.Token.class_item()], pos()}
  | {:regex, String.t(), pos()}
  | {:dot, pos()}
  | {:ref, atom(), pos()}
  | {:native, String.t(), String.t(), [atom()], hint(), pos()}


      


A raw expression node, mirroring exactly what was written -- no
desugaring. Composite nodes (:seq/:choice/:capture/:and_pred/
:not_pred/:indent) carry no position of their own (matching
Grammar.IR's own convention of falling back to a descendant's span);
leaf and quantifier nodes do.
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          @type hint() :: %{nullable: boolean() | nil, leading: [atom()] | nil}


      


Author-supplied facts for a @native(...) node, standing in for what
Grammar.Analysis would otherwise compute structurally -- nil means
"not given, Aether.Eval applies its default." :leading, when given,
is itself a list of declared-dependency rule names (never arbitrary
rules outside that list -- @native(...)'s own argument list is the
only thing this node can reference).

  



  
    
      
    
    
      pos()



        
          
        

    

  


  

      

          @type pos() :: {pos_integer(), pos_integer()}


      


A {line, column} source position.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      read(source, file \\ nil)



        
          
        

    

  


  

      

          @spec read(String.t(), String.t() | nil) ::
  {:ok, Aether.Reader.Grammar.t()} | {:error, Ichor.Error.t()}


      


Reads source into an Aether.Reader.Grammar CST.

  


        

      


  

    
Aether.Reader.Grammar 
    



      
The CST Aether.Reader.read/2 produces: grammar-wide pragmas plus
every token/rule definition in file order, each body an
Aether.Reader.cst() tree. Aether.Eval.build/1 is the only
consumer.

      


      
        Summary


  
    Types
  


    
      
        def_t()

      


    


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      def_t()



        
          
        

    

  


  

      

          @type def_t() ::
  {:token, atom(), Aether.Reader.cst(), Aether.Reader.pos()}
  | {:rule, atom(), Aether.Reader.cst(), Aether.Reader.pos()}
  | {:keywords, atom(), %{required(String.t()) => atom()}, Aether.Reader.pos()}
  | {:refine, atom(), String.t(), String.t(), [atom()], Aether.Reader.pos()}


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Aether.Reader.Grammar{
  case_insensitive: boolean(),
  defs: [def_t()],
  engine: :peg | :lr | :glr,
  file: String.t() | nil,
  name: String.t(),
  root: atom(),
  root_pos: Aether.Reader.pos(),
  skip_mode: :none | :default | {:custom, atom()},
  skip_pos: Aether.Reader.pos() | nil,
  source: String.t()
}


      



  


        

      


  

    
Grammar.GLR 
    



      
The interpreted graph-structured-stack backend: runs the same
Grammar.LRTable SLR(1) table Grammar.LR does, but accepts
conflicts instead of requiring their absence -- every action in a
conflict cell is taken, forking the parse across a real
Grammar.GLR.GSS (node-sharing, not independent per-branch stacks:
two derivations that reach the same state at the same position
merge, which is what keeps this from blowing up combinatorially on a
grammar with only a handful of local conflicts). The GSS-driving loop
itself lives in Grammar.GLR.Runtime, shared unchanged with
Grammar.Native.GLR -- this module's own job is just building the
table (recompiled on every call, the same "VM interpreted" convention
Grammar.VM and Grammar.LR already follow) and wrapping its plain
action/goto maps into the closures Runtime.run/6 expects.
This is resolved GLR, not full unresolved GLR: it never returns a
parse forest. If more than one derivation survives all the way to
accepting the whole input (genuine ambiguity, not just a table
conflict that only one branch lived through), the winner is whichever
one took the earliest-declared action at its first point of
divergence from the others -- the same "first alternative, in file
order, wins" convention plain PEG's ordered choice already uses (see
Grammar.LRTable.Automaton's action_rank/1, which sorts every
conflict cell shift-then-reduce-by-production-id so this comparison
means what it says). A grammar with no conflicts anywhere behaves
identically to Grammar.LR on the same table.
Only ever runs @engine glr grammars, same as Grammar.LR requires
@engine lr and the PEG backends require @engine peg -- the tag is
the grammar author's own declared choice of backend.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        compile(grammar)

      


        Builds grammar's SLR(1) table -- conflicts are fine here, Grammar.LR.compile/1 is what rejects them.



    


    
      
        parse(grammar, input, context \\ nil)

      


        Matches input against grammar's root, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved.



    


    
      
        run(grammar, input, actions_module, initial_context \\ nil)

      


        Like parse/3, but runs the match through actions_module starting from initial_context, returning the grammar's actual evaluated result.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.GLR{
  capture_shapes: Ichor.Actions.capture_shapes(),
  table: Grammar.LRTable.t()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      compile(grammar)



        
          
        

    

  


  

      

          @spec compile(Aether.Grammar.t()) :: {:ok, t()} | {:error, [Ichor.Error.t()]}


      


Builds grammar's SLR(1) table -- conflicts are fine here, Grammar.LR.compile/1 is what rejects them.

  



    

  
    
      
    
    
      parse(grammar, input, context \\ nil)



        
          
        

    

  


  

      

          @spec parse(Aether.Grammar.t(), String.t(), term()) ::
  {:ok, non_neg_integer()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Matches input against grammar's root, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved.

  



    

  
    
      
    
    
      run(grammar, input, actions_module, initial_context \\ nil)



        
          
        

    

  


  

      

          @spec run(Aether.Grammar.t(), String.t(), module(), Ichor.Actions.context()) ::
  {:ok, term()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like parse/3, but runs the match through actions_module starting from initial_context, returning the grammar's actual evaluated result.

  


        

      


  

    
Grammar.IR.Custom 
    



      
@native("Module", "function", dep1, dep2, ...): a rule body that
delegates to hand-written Elixir code (an Ichor.CustomRule
implementation) instead of ordinary Grammar.IR combinators -- the
escape hatch for 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).
deps names the only other rules module/function is allowed to
call back into (via the rule_matchers map Ichor.CustomRule.match/4
receives) -- keeping this node's dependencies visible to
Grammar.Analysis's reference check even though its own body is
opaque. nullable/leading are author-supplied facts standing in for
what Grammar.Analysis would otherwise compute structurally (it can't,
since the body is arbitrary code): nullable defaults to false
(matches the common case -- most custom recognizers consume
something), leading defaults to deps (conservative -- assumes it
might call any declared dependency as its very first, unconsumed
action, for left-recursion-cycle detection).

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Custom{
  deps: [atom()],
  function: atom(),
  leading: [atom()],
  meta: Grammar.IR.Meta.t(),
  module: module(),
  nullable: boolean()
}


      



  


        

      


  

    
Grammar.IR.CustomLexeme 
    



      
@native("Module", "function", dep1, ...) at token position: a
token whose entire body is hand-written Elixir code (an
Ichor.CustomLexeme implementation) instead of ordinary character-level
combinators -- the escape hatch for lexical constructs no fixed
maximal-munch tokenizer can express (a heredoc's dynamic terminator, a
string literal with embedded interpolated expressions).
Unlike Grammar.IR.Custom (the rule-position sibling), this always
stands alone as an entire token definition -- it can't be referenced
from another token's body (there's no compiled entry point for
{:call, name} to jump into) and can't be composed inside a larger
token expression. deps names the rules (never tokens) this
callback may call back into via the re-lex-and-match primitive
Ichor.CustomLexeme.scan/3 receives. nullable is the same
author-supplied stand-in Grammar.IR.Custom uses, defaulting to
false; there's no leading here since left-recursion-cycle
detection is a rule-level concept only.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.CustomLexeme{
  deps: [atom()],
  function: atom(),
  meta: Grammar.IR.Meta.t(),
  module: module(),
  nullable: boolean()
}


      



  


        

      


  

    
Grammar.LR 
    



      
The deterministic bottom-up backend: builds an SLR(1) table via
Grammar.LRTable and requires it be conflict-free -- a real conflict
is a compile-time error here (compile/1), never something forked
through (that's what Grammar.GLR is for). No graph-structured-stack
bookkeeping at all: an ordinary shift-reduce loop over a single stack.
Only ever runs @engine lr grammars -- same reasoning Grammar.VM/
Grammar.Native reject anything but @engine peg: the tag is a
grammar author's own declared choice of backend, and running a
grammar through the wrong one is a bug worth catching immediately
rather than silently doing something unintended.
Builds the exact same raw-capture shape Ichor.Actions expects
({:token,...}/{:rule,...}/{:text,...}) at every reduce, using
Grammar.LRTable.Production.t()'s own captures plan -- see its
moduledoc for what each capture kind means. Reuses
Grammar.VM.RuleCompiler.capture_shapes/1 unchanged (a pure static
pass over grammar.rules' IR, unaffected by how a table-driven engine
parses it) so Ichor.Actions.evaluate/5 needs no changes at all to
work with this backend.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        compile(grammar)

      


        Builds grammar's SLR(1) table and requires it be conflict-free, or reports every conflict found.



    


    
      
        parse(grammar, input, context \\ nil)

      


        Matches input against grammar's root, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved.



    


    
      
        run(grammar, input, actions_module, initial_context \\ nil)

      


        Like parse/3, but runs the match through actions_module starting from initial_context, returning the grammar's actual evaluated result.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.LR{
  capture_shapes: Ichor.Actions.capture_shapes(),
  table: Grammar.LRTable.t()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      compile(grammar)



        
          
        

    

  


  

      

          @spec compile(Aether.Grammar.t()) :: {:ok, t()} | {:error, [Ichor.Error.t()]}


      


Builds grammar's SLR(1) table and requires it be conflict-free, or reports every conflict found.

  



    

  
    
      
    
    
      parse(grammar, input, context \\ nil)



        
          
        

    

  


  

      

          @spec parse(Aether.Grammar.t(), String.t(), term()) ::
  {:ok, non_neg_integer()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Matches input against grammar's root, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved.

  



    

  
    
      
    
    
      run(grammar, input, actions_module, initial_context \\ nil)



        
          
        

    

  


  

      

          @spec run(Aether.Grammar.t(), String.t(), module(), Ichor.Actions.context()) ::
  {:ok, term()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like parse/3, but runs the match through actions_module starting from initial_context, returning the grammar's actual evaluated result.

  


        

      


  

    
Grammar.LRTable.Automaton 
    



      
Canonical LR(0) item-set construction (closure/goto over
Grammar.LRTable.Desugar's flat production list), plus SLR(1)
action/goto table construction on top of it.
SLR(1), not full canonical LR(1) or LALR(1) -- a deliberate, simpler
choice for a from-scratch v1 (no per-item lookahead propagation graph
needed at all): a reduce action for a complete item [A -> α ·] is
only offered on a lookahead terminal in FOLLOW(A), computed once
over the whole grammar rather than per state. This accepts every
LR(0)-unambiguous grammar plus a useful chunk of real ones, at the
cost of occasionally reporting a conflict a full LALR(1) table
wouldn't -- Grammar.GLR forks on any multi-action cell regardless
of why it's there, so a weaker table only means it forks a little more
often, never that it parses incorrectly. Strengthening this to true
LALR(1) later is a pure internal upgrade (same table shape, smarter
lookahead), not a public API change.

      


      
        Summary


  
    Types
  


    
      
        action()

      


    


    
      
        item()

      


    


    
      
        state_id()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        action_goto_tables(automaton, productions, follow, start_symbol, end_symbol)

      


        Builds the SLR(1) action table (%{state => %{terminal => [action]}} --
more than one action in a cell is a conflict, left for the caller to
decide whether that's fatal) and goto table
(%{state => %{nonterminal => state}}, always single-valued -- goto
transitions are deterministic by DFA construction, never a conflict).



    


    
      
        build(productions, start_symbol)

      


        Builds the canonical LR(0) collection for productions, starting from start_symbol's own production.



    





      


      
        Types


        


  
    
      
    
    
      action()



        
          
        

    

  


  

      

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


      



  



  
    
      
    
    
      item()



        
          
        

    

  


  

      

          @type item() :: {production_id :: non_neg_integer(), dot :: non_neg_integer()}


      



  



  
    
      
    
    
      state_id()



        
          
        

    

  


  

      

          @type state_id() :: non_neg_integer()


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.LRTable.Automaton{
  start_state: state_id(),
  states: %{required(state_id()) => MapSet.t(item())},
  transitions: %{
    required({state_id(), Grammar.LRTable.Production.symbol()}) => state_id()
  }
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      action_goto_tables(automaton, productions, follow, start_symbol, end_symbol)



        
          
        

    

  


  

      

          @spec action_goto_tables(
  t(),
  [Grammar.LRTable.Production.t()],
  %{required(atom()) => MapSet.t(atom())},
  atom(),
  atom()
) ::
  {action_table :: %{required(state_id()) => %{required(atom()) => [action()]}},
   goto_table :: %{required(state_id()) => %{required(atom()) => state_id()}}}


      


Builds the SLR(1) action table (%{state => %{terminal => [action]}} --
more than one action in a cell is a conflict, left for the caller to
decide whether that's fatal) and goto table
(%{state => %{nonterminal => state}}, always single-valued -- goto
transitions are deterministic by DFA construction, never a conflict).

  



  
    
      
    
    
      build(productions, start_symbol)



        
          
        

    

  


  

      

          @spec build([Grammar.LRTable.Production.t()], atom()) :: t()


      


Builds the canonical LR(0) collection for productions, starting from start_symbol's own production.

  


        

      


  

    
Grammar.LRTable.Builder 
    



      
Builds an SLR(1) action/goto table (Grammar.LRTable, from
ichor_runtime) from an @engine lr/@engine glr grammar -- shared
by both Grammar.LR (which additionally requires the result be
conflict-free) and Grammar.GLR (which accepts conflicts and forks
over them at runtime).
Pipeline: Grammar.LRTable.Desugar flattens grammar.rules' PEG-shaped
IR into a flat CFG production list; Grammar.LRTable.Sets computes
nullable/FIRST/FOLLOW over that list; Grammar.LRTable.Automaton builds
the canonical LR(0) item-set collection and, on top of it, the SLR(1)
action/goto tables. build/1 never itself decides a conflict is
fatal -- a cell with more than one action is simply present in
action as a list of length > 1; it's each engine's own call whether
that's acceptable.
Dev-time-only: nothing here runs once a grammar's table has already
been built (or generated code compiled from it) -- that's
Grammar.LRTable itself, the one piece of this pipeline that ships in
ichor_runtime.

      


      
        Summary


  
    Functions
  


    
      
        build(grammar)

      


        Builds the SLR(1) table for grammar, or every unsupported-construct error found.



    


    
      
        conflicts(lr_table)

      


        Every {state, symbol, [actions]} cell with more than one action -- a shift/reduce or reduce/reduce conflict.



    





      


      
        Functions


        


  
    
      
    
    
      build(grammar)



        
          
        

    

  


  

      

          @spec build(Aether.Grammar.t()) ::
  {:ok, Grammar.LRTable.t()} | {:error, [Ichor.Error.t()]}


      


Builds the SLR(1) table for grammar, or every unsupported-construct error found.

  



  
    
      
    
    
      conflicts(lr_table)



        
          
        

    

  


  

      

          @spec conflicts(Grammar.LRTable.t()) :: [
  {Grammar.LRTable.state_id(), atom(), [Grammar.LRTable.action()]}
]


      


Every {state, symbol, [actions]} cell with more than one action -- a shift/reduce or reduce/reduce conflict.

  


        

      


  

    
Grammar.LRTable.Desugar 
    



      
Flattens grammar.rules' PEG-shaped IR into the flat CFG production
list Grammar.LRTable.Production describes, for Grammar.LRTable's
LR(0)/SLR(1) construction to consume.
The one representational mismatch this exists to bridge: a CFG
production's right-hand side is a flat sequence of single symbols,
while PEG's IR is a tree (Seq/Choice/Star/Plus/Opt/Rep can
all nest arbitrarily). Only a RuleRef (a reference to an actual
declared token or rule) is already a single symbol; everything else
gets a fresh compiler-generated helper nonterminal ($star_1,
$opt_2, ...) standing in for it -- an artifact of the CFG
representation that doesn't exist in the original grammar at all.
:splice-kind captures (see Grammar.LRTable.Production) are what
erase that artifact again at reduce time: a helper nonterminal's own
already-built captures map gets merged directly into its parent's,
so the final raw-capture tree looks exactly like what
Grammar.VM/Grammar.Native would have built for the same grammar --
the boundary a helper nonterminal introduces is purely structural
(needed so the LR table has single symbols to work with), never
semantic.
Reuses the exact same token/rule classification and implicit-capture
exclusion rules every other backend uses (Grammar.VM.RuleCompiler's
own token_names/1/implicit_capture_exclusions/1) so a
@keywords/@refine target name, an anonymous auto-promoted literal
token, or the grammar's own spliced @skip token are all treated
identically here -- in particular, a spliced @skip token (already an
ordinary, uncaptured Star[RuleRef(skip)] node in the IR by the time
this runs -- see Aether.Eval's own splice_skip/2) needs no special
handling at all: it desugars into an ordinary :splice-kind helper
nonterminal whose own body has no capture entries, so splicing its
empty map into the parent is simply a no-op.

      


      
        Summary


  
    Functions
  


    
      
        end_symbol()

      


        The synthetic end-of-input terminal appended by Grammar.LRTable's automaton construction.



    


    
      
        run(grammar)

      


        Desugars grammar.rules (plus a fresh $start := root production) into
a flat production list, or every unsupported-construct error found.



    


    
      
        start_symbol()

      


        The augmented start nonterminal every desugared grammar's automaton is built from.



    





      


      
        Functions


        


  
    
      
    
    
      end_symbol()



        
          
        

    

  


  

      

          @spec end_symbol() :: atom()


      


The synthetic end-of-input terminal appended by Grammar.LRTable's automaton construction.

  



  
    
      
    
    
      run(grammar)



        
          
        

    

  


  

      

          @spec run(Aether.Grammar.t()) ::
  {:ok, [Grammar.LRTable.Production.t()]} | {:error, [Ichor.Error.t()]}


      


Desugars grammar.rules (plus a fresh $start := root production) into
a flat production list, or every unsupported-construct error found.

  



  
    
      
    
    
      start_symbol()



        
          
        

    

  


  

      

          @spec start_symbol() :: atom()


      


The augmented start nonterminal every desugared grammar's automaton is built from.

  


        

      


  

    
Grammar.LRTable.Sets 
    



      
Standard textbook nullable/FIRST/FOLLOW fixpoint algorithms, over
Grammar.LRTable.Desugar's flat CFG production list rather than the
original PEG IR -- recomputed fresh (not reusing Grammar.Analysis's
own compute_nullable/1) since the augmented nonterminal set here
includes every helper nonterminal a Star/Plus/Opt/Rep/group
desugared into, which Grammar.Analysis never sees.

      


      
        Summary


  
    Functions
  


    
      
        first_sets(productions, nullable_set)

      


        FIRST(N) for every nonterminal N -- FIRST of a terminal is just itself, never stored here.



    


    
      
        follow_sets(productions, nullable_set, first, start_symbol, end_symbol)

      


        FOLLOW(N) for every nonterminal N. start_symbol's FOLLOW seeds with
end_symbol -- the synthetic end-of-input terminal, never a real token.



    


    
      
        nullable(productions)

      


        Every nonterminal that can derive the empty string.



    





      


      
        Functions


        


  
    
      
    
    
      first_sets(productions, nullable_set)



        
          
        

    

  


  

      

          @spec first_sets([Grammar.LRTable.Production.t()], MapSet.t(atom())) :: %{
  required(atom()) => MapSet.t(atom())
}


      


FIRST(N) for every nonterminal N -- FIRST of a terminal is just itself, never stored here.

  



  
    
      
    
    
      follow_sets(productions, nullable_set, first, start_symbol, end_symbol)



        
          
        

    

  


  

      

          @spec follow_sets(
  [Grammar.LRTable.Production.t()],
  MapSet.t(atom()),
  %{required(atom()) => MapSet.t(atom())},
  atom(),
  atom()
) :: %{required(atom()) => MapSet.t(atom())}


      


FOLLOW(N) for every nonterminal N. start_symbol's FOLLOW seeds with
end_symbol -- the synthetic end-of-input terminal, never a real token.

  



  
    
      
    
    
      nullable(productions)



        
          
        

    

  


  

      

          @spec nullable([Grammar.LRTable.Production.t()]) :: MapSet.t(atom())


      


Every nonterminal that can derive the empty string.

  


        

      


  

    
Grammar.Native.GLR 
    



      
The compile-time codegen backend for @engine glr grammars: builds
the SLR(1) table via Grammar.LRTable once, at Elixir-compile-time
(conflicts are expected here, never rejected -- that's
Grammar.Native.LR's job), and compiles the action/goto lookup into
per-state generated function clauses instead of the interpreted
Grammar.GLR's Map.gets.
The graph-structured stack itself (Grammar.GLR.GSS: node merging,
multi-path reduce enumeration) is inherently a runtime, input-driven
data structure -- it can't compile away no matter which engine drives
it, so Grammar.GLR.Runtime.run/6 (already shared with the
interpreted Grammar.GLR) is reused here completely unchanged, just
handed &glr_action/2/&glr_goto/2 -- compiled function references --
in place of the closures-over-maps the interpreted path builds.

      


      
        Summary


  
    Functions
  


    
      
        generate(grammar, actions_module)

      


        Generates the full quoted body (lexer + compiled GLR action/goto lookup + parse/1,2 + run/1,2) for grammar, dispatching to actions_module.



    





      


      
        Functions


        


  
    
      
    
    
      generate(grammar, actions_module)



        
          
        

    

  


  

      

          @spec generate(Aether.Grammar.t(), module()) :: Macro.t()


      


Generates the full quoted body (lexer + compiled GLR action/goto lookup + parse/1,2 + run/1,2) for grammar, dispatching to actions_module.

  


        

      


  

    
Grammar.Native.LR 
    



      
The compile-time codegen backend for @engine lr grammars: builds the
SLR(1) table via Grammar.LRTable once, at Elixir-compile-time (inside
use Ichor's macro expansion), and requires it be conflict-free --
same requirement Grammar.LR.compile/1 enforces at runtime, just
checked once here instead of on every call.
Since LR has no forking at all, everything compiles away into direct
calls: one generated function per automaton state
(lr_state_<N>/4), each a compiled case on the current lookahead
terminal (Grammar.LRTable.current_terminal/3) deciding shift, reduce,
or accept -- mirroring how Grammar.Native.RuleCompiler gives every
PEG IR node its own function calling other nodes' functions directly,
never an interpreted instruction loop.
A shift's target state is always compile-time-known (fixed by the
current state + the matched terminal), so it's a direct call to
that state's own function -- zero lookup, the actual hot path (this
runs once per input token). A reduce's GOTO target is not
compile-time-known -- it depends on whichever state popping the
production's RHS happens to expose, which varies with the parse's own
history -- so every reduce goes through lr_dispatch/5, one compiled
clause per state (a jump table, not a Map.get), and lr_goto/2, one
compiled clause per {nonterminal, state} pair. Capture-building
itself stays the shared, unchanged Grammar.LRTable.Captures.build/3
(via Grammar.LR.Stack.reduce/4, Macro.escape'd one production per
reduce clause) -- a small, data-driven fold over a handful of RHS
positions, not the hot per-token loop this module actually compiles
away.

      


      
        Summary


  
    Functions
  


    
      
        generate(grammar, actions_module)

      


        Generates the full quoted body (lexer + compiled LR parser + parse/1,2 + run/1,2) for grammar, dispatching to actions_module.



    





      


      
        Functions


        


  
    
      
    
    
      generate(grammar, actions_module)



        
          
        

    

  


  

      

          @spec generate(Aether.Grammar.t(), module()) :: Macro.t()


      


Generates the full quoted body (lexer + compiled LR parser + parse/1,2 + run/1,2) for grammar, dispatching to actions_module.

  


        

      


  

    
Grammar.Native.TokenizerCompiler 
    



      
Generates the Tokenizer -> Lexer half of a compiled grammar's tokenize/2
(char-level maximal munch via Grammar.Native.CharCompiler, then
@keywords/@refine reclassification via the shared, backend-agnostic
Grammar.Lexer) -- extracted once out of Grammar.Native.generate/2 so
Grammar.Native.LR/Grammar.Native.GLR can reuse it unchanged: every
engine consumes the exact same token stream, only the parser half
differs (direct PEG combinator calls, vs. compiled LR/GLR state
dispatch).
The caller supplies its own alias Grammar.Native.Runtime.Tokenizer
(and Grammar.VM.Token, for the @spec) -- this module only builds
the quoted defs, it doesn't own the generated module's own alias list.

      


      
        Summary


  
    Functions
  


    
      
        generate(grammar)

      


        Returns {support_defs, tokenize_def}: support_defs are private
helpers (lex_candidates/2 plus every compiled char-matcher
function) to splice in alongside the caller's own parser defs;
tokenize_def is the public def tokenize/2 itself.



    


    
      
        has_customlexeme_deps?(grammar)

      


        Does grammar have any token-position @native(...)
(Grammar.IR.CustomLexeme) with a non-empty dependency list? Those
dependencies need a "re-lex and match a rule" primitive that only
exists against Grammar.Native.RuleCompiler's own per-rule generated
functions (ordinary PEG codegen, one function per rule) --
Grammar.Native.LR/.GLR compile rules into per-automaton-state
functions instead, which have no such per-rule entry point. When this
is true, the caller (Grammar.Native.LR/.GLR) splices in
Grammar.Native.RuleCompiler.compile/1's ordinary PEG rule functions
too -- unused by its own parse/run, present only so a dependency
reference resolves -- exactly mirroring how the interpreted
Grammar.LR/Grammar.GLR already compile a full
Grammar.VM.RuleCompiler program purely for this same purpose, even
though their own top-level parse never runs it.



    





      


      
        Functions


        


  
    
      
    
    
      generate(grammar)



        
          
        

    

  


  

      

          @spec generate(Aether.Grammar.t()) :: {[Macro.t()], Macro.t()}


      


Returns {support_defs, tokenize_def}: support_defs are private
helpers (lex_candidates/2 plus every compiled char-matcher
function) to splice in alongside the caller's own parser defs;
tokenize_def is the public def tokenize/2 itself.

  



  
    
      
    
    
      has_customlexeme_deps?(grammar)



        
          
        

    

  


  

      

          @spec has_customlexeme_deps?(Aether.Grammar.t()) :: boolean()


      


Does grammar have any token-position @native(...)
(Grammar.IR.CustomLexeme) with a non-empty dependency list? Those
dependencies need a "re-lex and match a rule" primitive that only
exists against Grammar.Native.RuleCompiler's own per-rule generated
functions (ordinary PEG codegen, one function per rule) --
Grammar.Native.LR/.GLR compile rules into per-automaton-state
functions instead, which have no such per-rule entry point. When this
is true, the caller (Grammar.Native.LR/.GLR) splices in
Grammar.Native.RuleCompiler.compile/1's ordinary PEG rule functions
too -- unused by its own parse/run, present only so a dependency
reference resolves -- exactly mirroring how the interpreted
Grammar.LR/Grammar.GLR already compile a full
Grammar.VM.RuleCompiler program purely for this same purpose, even
though their own top-level parse never runs it.

  


        

      


  

    
Grammar.VM.Tokenizer 
    



      
Tokenizes a full input string against a Grammar.VM.CharCompiler
program, using maximal munch: at each position, every declared token is
tried, the longest match wins, ties are broken by declaration order.
Trivia/skip tokens are emitted like any other -- filtering them out is
the parser's job, via the Star(skip_token) that Aether.Parser
already spliced into rule bodies, not the lexer's.
custom_lexemes (from Grammar.VM.CharCompiler.compile/1) names the
tokens whose entire body is a Grammar.IR.CustomLexeme -- these are
dispatched straight to Ichor.CustomLexeme.scan/3 instead of run as
bytecode, and can hand back a capture override (embedded in the
resulting Grammar.VM.Token.capture) alongside their matched text.
rule_program/context only exist to support that dispatch (building
the re-lex-and-match-a-rule rule_matchers its callback receives) --
every other candidate ignores them completely.

      


      
        Summary


  
    Functions
  


    
      
        tokenize(program, custom_lexemes, token_order, rule_program, context, input, file \\ nil)

      


        Tokenizes input completely, or reports the first position nothing matches.



    


    
      
        tokenize_prefix(program, custom_lexemes, token_order, rule_program, context, input)

      


        Like tokenize/7, 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.



    





      


      
        Functions


        


    

  
    
      
    
    
      tokenize(program, custom_lexemes, token_order, rule_program, context, input, file \\ nil)



        
          
        

    

  


  

      

          @spec tokenize(
  Grammar.VM.Program.t(),
  %{required(atom()) => Grammar.VM.CharCompiler.custom_lexeme()},
  [atom()],
  Grammar.VM.Program.t(),
  term(),
  String.t(),
  String.t() | nil
) :: {:ok, [Grammar.VM.Token.t()]} | {:error, Ichor.Error.t()}


      


Tokenizes input completely, or reports the first position nothing matches.

  



  
    
      
    
    
      tokenize_prefix(program, custom_lexemes, token_order, rule_program, context, input)



        
          
        

    

  


  

      

          @spec tokenize_prefix(
  Grammar.VM.Program.t(),
  %{required(atom()) => Grammar.VM.CharCompiler.custom_lexeme()},
  [atom()],
  Grammar.VM.Program.t(),
  term(),
  String.t()
) :: {:ok, [Grammar.VM.Token.t()]}


      


Like tokenize/7, 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.

  


        

      


  

    
Ichor.TokenRefiner behaviour
    



      
The behaviour a @refine("Module", "function", ...) token suffix
dispatches to -- reclassifying (or validating/decoding) a token the
Tokenizer already matched, before the Parser ever sees it. @keywords
is sugar for the common table-lookup case of this same mechanism (see
Grammar.Lexer); @refine is the escape hatch for anything needing
real logic: escape-sequence decoding, or disambiguating a token based
on what came immediately before it (JS's / being a regex-literal
start or a division operator, depending on the preceding token).
refine/4 receives:
	raw_name/raw_text -- the token exactly as the Tokenizer matched
it.
	pos -- {line, column}.
	preceding -- every token already reclassified so far (final
form, not raw) -- what makes the JS / case work: by the time a
/ is being refined, whatever came immediately before it already
reflects its own final classification, not a pre-lexer guess.

Returns {:ok, new_name, value} -- value becomes this token's
capture override (see Grammar.VM.Token), same mechanism
Ichor.CustomLexeme uses, so a decoded escape sequence (say) reaches
Ichor.Actions as the token's actual value instead of its raw source
text -- or {:error, reason}, surfaced as an Ichor.Error with
stage: :lexer.
Like Ichor.CustomRule/Ichor.CustomLexeme, @refine(...) names its
own callback function explicitly, so it doesn't have to be called
refine -- @behaviour Ichor.TokenRefiner + @impl true is a
convenience for a module that happens to name it that (the common
case), not a requirement.

      


      
        Summary


  
    Callbacks
  


    
      
        refine(raw_name, raw_text, pos, preceding)

      


    





      


      
        Callbacks


        


  
    
      
    
    
      refine(raw_name, raw_text, pos, preceding)



        
          
        

    

  


  

      

          @callback refine(
  raw_name :: atom(),
  raw_text :: String.t(),
  pos :: {pos_integer(), pos_integer()},
  preceding :: [Grammar.VM.Token.t()]
) :: {:ok, new_name :: atom(), value :: term()} | {:error, reason :: String.t()}


      



  


        

      


  

    
Ichor.Toolkit.Codegen 
    



      
Small, IR-agnostic quote/unquote mechanics -- not a code
generator, and deliberately not a framework for building one (no
tree-walker, no visitor dispatch, no assumed node shape, no assumed
function-signature convention). Each function here solves exactly one
mechanical pain point that recurs when hand-writing a compiler-to-
quoted-Elixir backend, extracted from Grammar.Native's own codegen
(CharCompiler, RuleCompiler, Native.LR) after the same handful
of tricks turned up independently duplicated across (and within) those
modules -- the same duplication signal that justified
Ichor.Toolkit.Fixpoint.

      


      
        Summary


  
    Functions
  


    
      
        capture(name, arity)

      


        The quoted AST for &name/arity, buildable at macro-expansion time
even when name is a plain runtime atom -- &unquote(name)/unquote(arity)
doesn't work directly through quote/unquote (the capture operator
needs a literal function reference at the AST level, not a value to
substitute). Duplicated verbatim in both Grammar.Native.CharCompiler
and Grammar.Native.RuleCompiler before this existed -- one of their
own moduledocs cross-references the other's copy.



    


    
      
        capture_shapes_ast(shapes)

      


        Quotes shapes (an atom() => MapSet.t(atom()) map, e.g.
Grammar.VM.RuleCompiler.capture_shapes/1's own return value) as AST
that reconstructs each MapSet via MapSet.new/1, instead of
Macro.escape/1's literal %MapSet{map: ...} struct pattern.



    


    
      
        clause(pattern, body)

      


        One pattern -> body clause, for splicing a dynamically-sized list
of them into a case/cond/fn. A bare -> can't be written as a
standalone quoted expression outside one of those three constructs
(unlike, say, <- for a with clause, which is an ordinary operator
usable anywhere) -- extracted from Grammar.Native.LR's own raw
{:->, [], [[pattern], body]} construction for compiling per-state
dispatch.



    


    
      
        clause(pattern, guard, body)

      


        Like clause/2, but with a guard: pattern when guard -> body.



    


    
      
        fresh(prefix, counter)

      


        A fresh, collision-free atom built from prefix and counter, plus
the next counter to use -- the "how do I name my Nth generated helper
function" pattern (Grammar.Native.RuleCompiler's own
fresh_name/1, Grammar.Native.CharCompiler's analog, both
hardcoded to one specific prefix before this existed).



    


    
      
        indexed_vars(base_name, count, start \\ 0)

      


        A list of count unhygienic variables sharing base_name, numbered
from start (default 0) -- indexed_vars(:pos, 3, 1) gives
pos1, pos2, pos3. Generalizes a pattern
Grammar.Native.RuleCompiler's own Seq compilation already threads
three separate instances of by hand (pos1, pos2, ..., ref1, ref2, ..., cap0, cap1, ...), one intermediate variable per sequence
position.



    


    
      
        vars(names)

      


        A map of name => Macro.var(name, nil) for every name in names --
the unhygienic variable references (context: nil, not a fresh
hygiene context per quote call) that let two separately-quoted
function bodies refer to the same variable by name, needed whenever
generated functions call each other and must agree on parameter names
(stream, pos, context, ...). Generalizes the ad-hoc srp()-style
helper Grammar.Native.RuleCompiler/CharCompiler each wrote their
own copy of.



    





      


      
        Functions


        


  
    
      
    
    
      capture(name, arity)



        
          
        

    

  


  

      

          @spec capture(atom(), non_neg_integer()) :: Macro.t()


      


The quoted AST for &name/arity, buildable at macro-expansion time
even when name is a plain runtime atom -- &unquote(name)/unquote(arity)
doesn't work directly through quote/unquote (the capture operator
needs a literal function reference at the AST level, not a value to
substitute). Duplicated verbatim in both Grammar.Native.CharCompiler
and Grammar.Native.RuleCompiler before this existed -- one of their
own moduledocs cross-references the other's copy.

  



  
    
      
    
    
      capture_shapes_ast(shapes)



        
          
        

    

  


  

      

          @spec capture_shapes_ast(%{optional(atom()) => MapSet.t(atom())}) :: Macro.t()


      


Quotes shapes (an atom() => MapSet.t(atom()) map, e.g.
Grammar.VM.RuleCompiler.capture_shapes/1's own return value) as AST
that reconstructs each MapSet via MapSet.new/1, instead of
Macro.escape/1's literal %MapSet{map: ...} struct pattern.
MapSet.t() is only ever supposed to come from MapSet.new/1 and
friends -- a literal struct pattern spelling out its internal :map
representation (exactly what a bare Macro.escape/1 produces) reaches
around that abstraction, which trips Dialyzer's opaqueness check on
every module a grammar compiles to (Grammar.Native/.LR/.GLR all
splice a grammar's own capture_shapes in as a literal this way).

  



  
    
      
    
    
      clause(pattern, body)



        
          
        

    

  


  

      

          @spec clause(Macro.t(), Macro.t()) :: Macro.t()


      


One pattern -> body clause, for splicing a dynamically-sized list
of them into a case/cond/fn. A bare -> can't be written as a
standalone quoted expression outside one of those three constructs
(unlike, say, <- for a with clause, which is an ordinary operator
usable anywhere) -- extracted from Grammar.Native.LR's own raw
{:->, [], [[pattern], body]} construction for compiling per-state
dispatch.

  



  
    
      
    
    
      clause(pattern, guard, body)



        
          
        

    

  


  

      

          @spec clause(Macro.t(), Macro.t(), Macro.t()) :: Macro.t()


      


Like clause/2, but with a guard: pattern when guard -> body.

  



  
    
      
    
    
      fresh(prefix, counter)



        
          
        

    

  


  

      

          @spec fresh(atom() | String.t(), non_neg_integer()) :: {atom(), non_neg_integer()}


      


A fresh, collision-free atom built from prefix and counter, plus
the next counter to use -- the "how do I name my Nth generated helper
function" pattern (Grammar.Native.RuleCompiler's own
fresh_name/1, Grammar.Native.CharCompiler's analog, both
hardcoded to one specific prefix before this existed).

  



    

  
    
      
    
    
      indexed_vars(base_name, count, start \\ 0)



        
          
        

    

  


  

      

          @spec indexed_vars(atom() | String.t(), non_neg_integer(), non_neg_integer()) :: [
  Macro.t()
]


      


A list of count unhygienic variables sharing base_name, numbered
from start (default 0) -- indexed_vars(:pos, 3, 1) gives
pos1, pos2, pos3. Generalizes a pattern
Grammar.Native.RuleCompiler's own Seq compilation already threads
three separate instances of by hand (pos1, pos2, ..., ref1, ref2, ..., cap0, cap1, ...), one intermediate variable per sequence
position.

  



  
    
      
    
    
      vars(names)



        
          
        

    

  


  

      

          @spec vars([atom()]) :: %{required(atom()) => Macro.t()}


      


A map of name => Macro.var(name, nil) for every name in names --
the unhygienic variable references (context: nil, not a fresh
hygiene context per quote call) that let two separately-quoted
function bodies refer to the same variable by name, needed whenever
generated functions call each other and must agree on parameter names
(stream, pos, context, ...). Generalizes the ad-hoc srp()-style
helper Grammar.Native.RuleCompiler/CharCompiler each wrote their
own copy of.

  


        

      


  

    
Ichor.Toolkit.Fixpoint 
    



      
The generic "repeatedly recompute a value from itself until it stops
changing" primitive -- extracted from a pattern that had already been
hand-written three separate times in Ichor's own compiler internals
before this existed: Grammar.Analysis's private fixpoint/3
(nullable-set and always-empty-set computation, both over a
MapSet.t(atom()) of rule/token names) and Grammar.LRTable.Sets'
private fixpoint/2/fixpoint_map/2 (FIRST/FOLLOW-set computation,
one over a MapSet, one over a Map). None of those three needed
anything MapSet- or Map-specific about the iteration itself -- only
about what step_fn does with the value in between -- which is
exactly what this generalizes: step_fn closes over whatever fixed
data it needs (a grammar's own rule list, a graph, ...), this module
never sees that data at all, only the value being iterated.
A "fixpoint" here always means a reached, not merely a theoretical,
one: least/2 recurses until step_fn produces a value structurally
equal (==/2) to its input, so step_fn must be monotone (each step
only grows/refines the value, never oscillates) for this to actually
terminate -- the same requirement every one of the three call sites
above already relies on implicitly (each only ever adds names to a
set, never removes any).

      


      
        Summary


  
    Functions
  


    
      
        least(initial, step_fn)

      


        Applies step_fn to initial, then to its own result, and so on,
until two successive values are equal -- returning that value.



    





      


      
        Functions


        


  
    
      
    
    
      least(initial, step_fn)



        
          
        

    

  


  

      

          @spec least(value, (value -> value)) :: value when value: term()


      


Applies step_fn to initial, then to its own result, and so on,
until two successive values are equal -- returning that value.

  


        

      


  

    
Ichor.Toolkit.Graph 
    



      
Small, generic graph primitives -- extracted from Grammar.Analysis's
own private reachable/2/do_reachable/3 (used to detect left
recursion: a rule is left-recursive exactly when it's reachable from
its own leading references). Nothing here is grammar-specific --
neighbors_fn is the caller's own adjacency, a plain function rather
than a hardcoded map, so this works over whatever graph an author's
own AST/IR/dependency structure represents, not just Ichor's own
rule-reference graphs.

      


      
        Summary


  
    Functions
  


    
      
        reachable(start_nodes, neighbors_fn)

      


        Every node reachable from start_nodes (inclusive) by repeatedly
following neighbors_fn. To check "is node reachable from
itself" (a cycle, not trivial zero-hop self-membership) -- the
left-recursion-detection use case this was extracted from -- start
from neighbors_fn.(node) rather than [node] itself.



    





      


      
        Functions


        


  
    
      
    
    
      reachable(start_nodes, neighbors_fn)



        
          
        

    

  


  

      

          @spec reachable(Enumerable.t(node), (node -> Enumerable.t(node))) :: MapSet.t(node)
when node: term()


      


Every node reachable from start_nodes (inclusive) by repeatedly
following neighbors_fn. To check "is node reachable from
itself" (a cycle, not trivial zero-hop self-membership) -- the
left-recursion-detection use case this was extracted from -- start
from neighbors_fn.(node) rather than [node] itself.

  


        

      


  

    
Ichor.Toolkit.Layout 
    



      
The off-side-rule (indentation-sensitive layout) algorithm Python's
own tokenizer uses, and Haskell's/F#'s: given each logical line's
indentation width, in order, maintain a stack of open indentation
levels and emit :indent/:dedent markers as the width rises or
falls -- so a parser downstream never has to know about columns at
all, just consumes ordinary tokens.
This is deliberately a different strategy from Ichor's own
Grammar.IR.Indent/@samecol (column-position checks embedded
directly inside grammar rules as zero-width assertions) -- not a
replacement for it, and not something Ichor's core needs, since it
already made that different design choice. It exists for a grammar
author porting a real language whose own reference implementation
synthesizes INDENT/DEDENT pseudo-tokens at the lexer level (as
Python's, Haskell's, and F#'s all do) and would rather mirror that
approach directly than rewrite it as embedded column checks.
Deliberately unopinionated about what counts as a line worth
indentation-checking at all (blank lines, comment-only lines, and
lines continued inside brackets are all real, genuinely
language-specific policy choices) -- a caller decides which lines to
feed in and what each one's width is; this only implements the
mechanical stack-based algorithm on top of that decision.

      


      
        Summary


  
    Types
  


    
      
        marker()

      


    


    
      
        width()

      


    





  
    Functions
  


    
      
        close(stack)

      


        Every :dedent needed to close all remaining open levels at end of input, leaving only the base level.



    


    
      
        step(width, stack)

      


        Given the next logical line's width and the current stack of open
indentation levels ([0] for a fresh start), returns the markers to
emit before that line's own content, and the updated stack.



    





      


      
        Types


        


  
    
      
    
    
      marker()



        
          
        

    

  


  

      

          @type marker() :: :indent | :dedent


      



  



  
    
      
    
    
      width()



        
          
        

    

  


  

      

          @type width() :: non_neg_integer()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      close(stack)



        
          
        

    

  


  

      

          @spec close([width(), ...]) :: [marker()]


      


Every :dedent needed to close all remaining open levels at end of input, leaving only the base level.

  



  
    
      
    
    
      step(width, stack)



        
          
        

    

  


  

      

          @spec step(width(), [width(), ...]) ::
  {:ok, [marker()], [width(), ...]}
  | {:error, {:inconsistent_dedent, width(), [width()]}}


      


Given the next logical line's width and the current stack of open
indentation levels ([0] for a fresh start), returns the markers to
emit before that line's own content, and the updated stack.
A width greater than the current top pushes a new level and emits one
:indent. An equal width emits nothing. A lesser width pops every
level greater than width, emitting one :dedent per pop -- an error
if popping never lands exactly on width (dedenting to a level that
was never open, e.g. mismatched indentation using tabs vs. spaces).

  


        

      


  

    
Ichor.Toolkit.Scope 
    



      
A generic nested lexical scope / symbol table: a stack of name->value
bindings, innermost scope first, supporting the "define here, look up
through enclosing scopes" shape almost every real language's semantic
analysis needs (variable resolution, nested function/block scoping,
...). No existing internal precedent to extract this from (unlike
Ichor.Toolkit.Fixpoint/Graph) -- a from-scratch design, but a
standard, well-understood one.
Deliberately minimal: define/3 never itself rejects a duplicate key
in the same scope. Whether redefining a name within one scope is
allowed is a real per-language policy choice (some languages reject
it, some don't) -- left to the caller, via lookup_local/2, rather
than baked in here. Nothing is grammar-specific; key can be any term
with a working ==/2, not just an atom.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        define(list, key, value)

      


        Binds key to value in the current (innermost) scope, shadowing any same-named binding in an enclosing one.



    


    
      
        lookup(scope, key)

      


        Looks up key, searching from the innermost scope outward. :error if it's not bound anywhere.



    


    
      
        lookup_local(list, key)

      


        Looks up key in the current (innermost) scope only, not any enclosing one -- what a caller wanting to reject same-scope redefinition checks before calling define/3.



    


    
      
        new()

      


        A fresh scope with just the outermost (global) level.



    


    
      
        pop(scope)

      


        Exits the current (innermost) scope, discarding its own bindings.
Raises (FunctionClauseError) if there's no nested scope left to pop
-- the outermost level, from new/0, is never popped, the same way
popping an empty stack is a caller bug, not a recoverable condition.



    


    
      
        push(scope)

      


        Enters a new, empty nested scope.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @opaque t()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      define(list, key, value)



        
          
        

    

  


  

      

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


      


Binds key to value in the current (innermost) scope, shadowing any same-named binding in an enclosing one.

  



  
    
      
    
    
      lookup(scope, key)



        
          
        

    

  


  

      

          @spec lookup(t(), term()) :: {:ok, term()} | :error


      


Looks up key, searching from the innermost scope outward. :error if it's not bound anywhere.

  



  
    
      
    
    
      lookup_local(list, key)



        
          
        

    

  


  

      

          @spec lookup_local(t(), term()) :: {:ok, term()} | :error


      


Looks up key in the current (innermost) scope only, not any enclosing one -- what a caller wanting to reject same-scope redefinition checks before calling define/3.

  



  
    
      
    
    
      new()



        
          
        

    

  


  

      

          @spec new() :: t()


      


A fresh scope with just the outermost (global) level.

  



  
    
      
    
    
      pop(scope)



        
          
        

    

  


  

      

          @spec pop(t()) :: t()


      


Exits the current (innermost) scope, discarding its own bindings.
Raises (FunctionClauseError) if there's no nested scope left to pop
-- the outermost level, from new/0, is never popped, the same way
popping an empty stack is a caller bug, not a recoverable condition.

  



  
    
      
    
    
      push(scope)



        
          
        

    

  


  

      

          @spec push(t()) :: t()


      


Enters a new, empty nested scope.

  


        

      


  

    
Ichor.Toolkit.TypeScheme 
    



      
Hindley-Milner-style let-polymorphism: generalize/4 and
instantiate/3, built on Ichor.Backtrack.Bindings.unify_occurs_check/4
(plain unify/4 deliberately has no occurs-check, matching ISO
Prolog's own default -- a type checker needs one, or unifying a type
variable with a type containing itself would silently build an
infinite type instead of failing).
A "scheme" is {quantified :: MapSet.t(var_id), type} -- ∀ quantified. type
in the usual notation. generalize/4 computes one from a type and the
set of type variables still free in the surrounding environment
(never generalized away, since they belong to a binding whose own
type isn't finished yet -- typically every currently-in-scope lambda
parameter's own type variable); instantiate/3 produces a fresh copy
of a scheme's type, replacing every quantified variable with a newly
minted one -- what makes let id = fn x -> x in (id 1, id "s")
type-check, with two different instantiations of the same
polymorphic id.
Both need to rebuild a term (substituting quantified variables), so
term_module must implement Ichor.Backtrack.Term's optional
reconstruct/2 callback -- the one piece of this module that needs
construction, not just inspection, of a term.

      


      
        Summary


  
    Types
  


    
      
        scheme()

      


    





  
    Functions
  


    
      
        free_vars(term_module, bindings, term)

      


        Every type variable free in term, after resolving through bindings.



    


    
      
        generalize(term_module, bindings, env_free_vars, type)

      


        Generalizes type into a scheme: deep-resolves type through
bindings (so the scheme is self-contained -- reusable later, even
after bindings itself has moved on), then quantifies every free
variable not also present in env_free_vars.



    


    
      
        instantiate(term_module, arg, fresh_var_fn)

      


        Produces a fresh copy of scheme's type, replacing every quantified
variable with a newly minted one (fresh_var_fn.()), consistently
for repeated occurrences of the same variable -- a monomorphic scheme
(quantified empty, e.g. a lambda parameter's own binding) is
returned unchanged.



    


    
      
        resolve_deep(term_module, bindings, term)

      


        Fully resolves term through bindings, recursively -- unlike
Ichor.Backtrack.Bindings.resolve/3 (shallow, stops at the first
non-variable), this also resolves every bound variable nested inside
a compound term. Useful on its own for displaying/comparing a type
once inference is done, not just as generalize/4's own first step.



    





      


      
        Types


        


  
    
      
    
    
      scheme()



        
          
        

    

  


  

      

          @type scheme() :: {MapSet.t(term()), term()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      free_vars(term_module, bindings, term)



        
          
        

    

  


  

      

          @spec free_vars(module(), Ichor.Backtrack.Bindings.t(), term()) :: MapSet.t(term())


      


Every type variable free in term, after resolving through bindings.

  



  
    
      
    
    
      generalize(term_module, bindings, env_free_vars, type)



        
          
        

    

  


  

      

          @spec generalize(module(), Ichor.Backtrack.Bindings.t(), MapSet.t(term()), term()) ::
  scheme()


      


Generalizes type into a scheme: deep-resolves type through
bindings (so the scheme is self-contained -- reusable later, even
after bindings itself has moved on), then quantifies every free
variable not also present in env_free_vars.

  



  
    
      
    
    
      instantiate(term_module, arg, fresh_var_fn)



        
          
        

    

  


  

      

          @spec instantiate(module(), scheme(), (-> term())) :: term()


      


Produces a fresh copy of scheme's type, replacing every quantified
variable with a newly minted one (fresh_var_fn.()), consistently
for repeated occurrences of the same variable -- a monomorphic scheme
(quantified empty, e.g. a lambda parameter's own binding) is
returned unchanged.

  



  
    
      
    
    
      resolve_deep(term_module, bindings, term)



        
          
        

    

  


  

      

          @spec resolve_deep(module(), Ichor.Backtrack.Bindings.t(), term()) :: term()


      


Fully resolves term through bindings, recursively -- unlike
Ichor.Backtrack.Bindings.resolve/3 (shallow, stops at the first
non-variable), this also resolves every bound variable nested inside
a compound term. Useful on its own for displaying/comparing a type
once inference is done, not just as generalize/4's own first step.

  


        

      


  

    
Ichor 
    



      
Ichor reads grammar definitions -- its own language Aether, plus ABNF,
BNF, EBNF, and PEG importers -- and turns each one into a working
Lexer + Parser + Executor for whatever language the grammar describes,
via either an interpreted VM backend (Grammar.VM) or compile-time
native codegen (__using__/1 below).
There are three genuinely different ways to go from grammar text to a
running parser: __using__/1 below (compile-time codegen, rerun on
every mix compile), Mix.Tasks.Ichor.Gen (the same codegen, run
once ahead of time to a checked-in .ex file -- the recommended
default for anything shipping to production, since it's the only
one of the three where ichor itself never needs to be present at
runtime, mix release builds included), and Grammar.VM called
directly on an Aether.Parser.parse/2 + Grammar.Analysis.run/1
result (no codegen at all, for a grammar not known until your own
program is already running). See the tutorial's "Which path is right
for you?" section for a full worked comparison of all three.
This top-level module holds __using__/1, the native codegen
backend's own entry point:
defmodule Calculator do
  use Ichor, grammar: "calculator.aether", actions: Calculator.Actions
end

Calculator.run("2 + 3 * 4")  #=> {:ok, 14}
grammar: is a path to a .aether file, resolved relative to the
use-ing module's own source file (so a grammar file can live
alongside the module that compiles it); grammar_source: takes
literal grammar text directly instead, for callers that don't want a
separate file on disk. Exactly one of the two is required. actions:
bakes in a compile-time-known module reference -- parse/1,
tokenize/1, and run/1,2 all get added directly to the use-ing
module, via generate/3 below (dispatching further to
Grammar.Native/Grammar.Native.LR/Grammar.Native.GLR by
@engine).
generate/3 is also Mix.Tasks.Ichor.Gen's entry point: the same
parse-analyze-codegen pipeline, just called from a Mix task instead of
from macro expansion, so a grammar can be compiled to a plain,
ordinary .ex file once and checked in, instead of every use Ichor
caller re-parsing and re-analyzing the same grammar on every compile.
A grammar-with-macros implementation (anything needing to evaluate a
raw capture node that didn't come from the original parse -- LISP's
own defmacro/expansion, most notably) wants Ichor.Actions.evaluate_node/3,
not anything here: unlike generate/3/__using__/1, which are
genuinely compile-time-only, that's a runtime entry point, and lives
in ichor_runtime alongside the rest of Ichor.Actions.

      


      
        Summary


  
    Functions
  


    
      
        generate(source, file, actions_module)

      


        Parses and analyzes source (a full .aether grammar), then
generates the quoted module body for actions_module -- whichever of
Grammar.Native, Grammar.Native.LR, or Grammar.Native.GLR the
grammar's own @engine pragma selects. file is used only for
error messages (line/column context); pass nil if source didn't
come from a file.



    


    
      
        generate_from_grammar(grammar, actions_module)

      


        Like generate/3, but for a grammar that's already an %Aether.Grammar{}
-- not yet run through Grammar.Analysis -- rather than raw .aether
text. Ichor.GrammarImport is the caller: a grammar assembled from an
imported ABNF/BNF/EBNF/PEG ruleset never goes through Aether.Parser
at all, so generate/3's own parse step doesn't apply to it, but
everything after parsing (analysis, engine dispatch) is identical.



    





      


      
        Functions


        


  
    
      
    
    
      generate(source, file, actions_module)



        
          
        

    

  


  

      

          @spec generate(String.t(), String.t() | nil, module()) :: Macro.t()


      


Parses and analyzes source (a full .aether grammar), then
generates the quoted module body for actions_module -- whichever of
Grammar.Native, Grammar.Native.LR, or Grammar.Native.GLR the
grammar's own @engine pragma selects. file is used only for
error messages (line/column context); pass nil if source didn't
come from a file.
Shared by __using__/1 (which splices the result straight into the
caller's module) and Mix.Tasks.Ichor.Gen (which wraps it in its own
defmodule and writes it to disk as ordinary source).
Raises CompileError if source fails to parse or fails analysis
(unresolved rule references, a non-peg engine picked for a grammar
Analysis flags, an LR/GLR grammar with unresolvable conflicts, etc.).

  



  
    
      
    
    
      generate_from_grammar(grammar, actions_module)



        
          
        

    

  


  

      

          @spec generate_from_grammar(Aether.Grammar.t(), module()) :: Macro.t()


      


Like generate/3, but for a grammar that's already an %Aether.Grammar{}
-- not yet run through Grammar.Analysis -- rather than raw .aether
text. Ichor.GrammarImport is the caller: a grammar assembled from an
imported ABNF/BNF/EBNF/PEG ruleset never goes through Aether.Parser
at all, so generate/3's own parse step doesn't apply to it, but
everything after parsing (analysis, engine dispatch) is identical.
Raises CompileError on the same conditions generate/3 does, minus
the parse step.

  


        

      


  

    
Ichor.GrammarImport 
    



      
Turns an ABNF/BNF/ISO-EBNF/PEG ruleset (as Ichor.ABNF/Ichor.BNF/
Ichor.EBNF.ISO/Ichor.PEG produce them -- %{rule_name_atom => Grammar.IR.expr()}, explicitly documented as "not a runnable
Aether.Grammar") into one that actually is: picks a root (the
source's own first-declared rule, unless overridden), assembles a
full %Aether.Grammar{}, and (for ABNF specifically) fills in RFC
5234 Appendix B's implicit "core rules" (ALPHA, DIGIT, CRLF,
...) for anything the source references but never defines itself --
extremely common in real ABNF, which generally assumes those are
always available.
Mix.Tasks.Ichor.Gen's own entry point for a grammar whose source
isn't .aether text at all; nothing here is native-Aether-specific,
so it's equally usable standalone by anything else that wants a
runnable grammar out of one of these formats.
None of ABNF, ISO EBNF, or PEG (as specified, and as this project's
own importers implement them) have Aether's own named-capture syntax
(name:expr) or its @skip auto-splicing convenience -- both are
Aether-specific authoring conveniences, not properties of the target
formats -- so every assembled grammar is @noskip (whitespace
tolerance has to already be written explicitly into the imported
rules, matching how real ABNF/EBNF/PEG source is actually written),
and an Ichor.Actions module written against one only ever sees the
default fallback shape (Ichor.Node/passthrough), never a named
capture.

      


      
        Summary


  
    Types
  


    
      
        style()

      


    





  
    Functions
  


    
      
        assemble(ruleset, root, token_names)

      


        Builds a grammar from ruleset, root (an atom naming the entry
rule), and token_names (the subset of ruleset keys that are
lexical/terminal -- everything else becomes a parser rule; [] is a
perfectly good default, since every bare Literal/CharClass/Any
leaf inside a designated rule still gets auto-promoted into its own
synthetic token below, exactly as Aether.Parser already does for
hand-written Aether source -- pre-declaring a name as a token only
matters if you want it to read as one by that name in generated
code, not for correctness). @noskip always -- see this module's own
moduledoc for why.



    


    
      
        import_grammar(style, source, opts \\ [])

      


        Imports source (written in style) into a runnable %Aether.Grammar{}.



    


    
      
        styles()

      


        The style names import_grammar/3/Mix.Tasks.Ichor.Gen accept, matched against --style/@style/a file extension.



    





      


      
        Types


        


  
    
      
    
    
      style()



        
          
        

    

  


  

      

          @type style() :: :abnf | :bnf | :ebnf_iso | :peg


      



  


        

      

      
        Functions


        


  
    
      
    
    
      assemble(ruleset, root, token_names)



        
          
        

    

  


  

      

          @spec assemble(%{required(atom()) => Grammar.IR.expr()}, atom(), [atom()]) ::
  Aether.Grammar.t()


      


Builds a grammar from ruleset, root (an atom naming the entry
rule), and token_names (the subset of ruleset keys that are
lexical/terminal -- everything else becomes a parser rule; [] is a
perfectly good default, since every bare Literal/CharClass/Any
leaf inside a designated rule still gets auto-promoted into its own
synthetic token below, exactly as Aether.Parser already does for
hand-written Aether source -- pre-declaring a name as a token only
matters if you want it to read as one by that name in generated
code, not for correctness). @noskip always -- see this module's own
moduledoc for why.

  



    

  
    
      
    
    
      import_grammar(style, source, opts \\ [])



        
          
        

    

  


  

      

          @spec import_grammar(style(), String.t(), keyword()) ::
  {:ok, Aether.Grammar.t()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Imports source (written in style) into a runnable %Aether.Grammar{}.
opts:
	:root -- the entry rule's name (an atom; matched against the
ruleset's own key casing -- e.g. :foo, never :"Foo"). Defaults
to the first rule source itself declares.

Returns {:error, Ichor.Error.t()} if source fails to parse, if it
declares no rules at all and no :root override was given, or if an
explicit :root names a rule the ruleset doesn't actually have.

  



  
    
      
    
    
      styles()



        
          
        

    

  


  

      

          @spec styles() :: [style()]


      


The style names import_grammar/3/Mix.Tasks.Ichor.Gen accept, matched against --style/@style/a file extension.

  


        

      


  

    
Grammar.IR 
    



      
The normalized grammar AST every Ichor front-end (Aether, ABNF, BNF,
EBNF, PEG) compiles down to, and that every later stage -- the analysis
pass, Grammar.VM, native codegen -- consumes instead of talking to any
particular front-end's own syntax.
Each of the fourteen node types below is its own struct, so later stages
can dispatch on node shape with ordinary pattern matching:
def compile(%Grammar.IR.Seq{exprs: exprs}), do: ...
def compile(%Grammar.IR.Choice{exprs: exprs}), do: ...
Every node also carries meta: %Grammar.IR.Meta{} -- source-location
info that lets an error always point back to the original grammar file,
never just the IR.
This module's functions are thin constructors: they exist so callers
don't have to spell out %Grammar.IR.Seq{exprs: ..., meta: ...} by hand
everywhere, and to have one place documenting each node's shape via a
doctest.

      


      
        Summary


  
    Types
  


    
      
        expr()

      


    





  
    Functions
  


    
      
        and_pred(expr, meta \\ %Grammar.IR.Meta{})

      


        Positive lookahead, consumes nothing.



    


    
      
        any(meta \\ %Grammar.IR.Meta{})

      


        Matches any single character.



    


    
      
        capture(name, expr, meta \\ %Grammar.IR.Meta{})

      


        Named capture for AST construction.



    


    
      
        char_class(ranges, meta \\ %Grammar.IR.Meta{})

      


        Character class, given as a list of inclusive codepoint ranges (a single
character is {cp, cp}).



    


    
      
        children(arg1)

      


        The immediate sub-expressions of a node, or [] for a leaf. Every stage
that walks a whole grammar (the analysis pass, Grammar.VM, native
codegen) shares this instead of re-deriving "what are this node's
children" per node type.



    


    
      
        choice(exprs, meta \\ %Grammar.IR.Meta{})

      


        Ordered PEG choice -- first match wins, always.



    


    
      
        custom(module, function, deps, nullable \\ false, leading \\ nil, meta \\ %Grammar.IR.Meta{})

      


        @native(...) escape hatch: delegates matching to module.function
(an Ichor.CustomRule implementation) instead of ordinary combinators.
deps are the only other rules it may call back into; nullable/
leading are author-supplied stand-ins for facts Grammar.Analysis
would otherwise compute structurally, since this node's body is opaque.



    


    
      
        custom_lexeme(module, function, deps, nullable \\ false, meta \\ %Grammar.IR.Meta{})

      


        @native(...) escape hatch at token position: a token whose entire
body is module.function (an Ichor.CustomLexeme implementation).
deps names the rules it may call back into via the re-lex-and-match
primitive; nullable is the same author-supplied stand-in custom/6
uses. No leading here -- left-recursion-cycle detection is a
rule-level concept only.



    


    
      
        indent(expr, kind, meta \\ %Grammar.IR.Meta{})

      


        Indentation-sensitive block -- @indent(expr) when kind: :indent
(must start at a column deeper than the enclosing block), @samecol(expr)
when kind: :samecol (must start at exactly the enclosing block's own
column). Aether's answer to YAML-style layout without a scannerless
parser having to special-case columns everywhere.



    


    
      
        literal(value, meta \\ %Grammar.IR.Meta{})

      


        Exact string match.



    


    
      
        not_pred(expr, meta \\ %Grammar.IR.Meta{})

      


        Negative lookahead, consumes nothing.



    


    
      
        opt(expr, meta \\ %Grammar.IR.Meta{})

      


        Zero or one.



    


    
      
        plus(expr, meta \\ %Grammar.IR.Meta{})

      


        One or more.



    


    
      
        rep(expr, min, max, meta \\ %Grammar.IR.Meta{})

      


        Bounded repetition {n,m}. max: :infinity expresses the open-ended
{n,} form; min == max expresses the exact {n} form.



    


    
      
        rule_ref(name, meta \\ %Grammar.IR.Meta{})

      


        Reference to another rule (or token), by name.



    


    
      
        seq(exprs, meta \\ %Grammar.IR.Meta{})

      


        Ordered sequence of sub-expressions.



    


    
      
        star(expr, meta \\ %Grammar.IR.Meta{})

      


        Zero or more.



    





      


      
        Types


        


  
    
      
    
    
      expr()



        
          
        

    

  


  

      

          @type expr() ::
  Grammar.IR.Seq.t()
  | Grammar.IR.Choice.t()
  | Grammar.IR.Star.t()
  | Grammar.IR.Plus.t()
  | Grammar.IR.Opt.t()
  | Grammar.IR.Rep.t()
  | Grammar.IR.AndPred.t()
  | Grammar.IR.NotPred.t()
  | Grammar.IR.Literal.t()
  | Grammar.IR.CharClass.t()
  | Grammar.IR.Any.t()
  | Grammar.IR.RuleRef.t()
  | Grammar.IR.Indent.t()
  | Grammar.IR.Capture.t()
  | Grammar.IR.Custom.t()
  | Grammar.IR.CustomLexeme.t()


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      and_pred(expr, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec and_pred(expr(), Grammar.IR.Meta.t()) :: Grammar.IR.AndPred.t()


      


Positive lookahead, consumes nothing.
iex> Grammar.IR.and_pred(Grammar.IR.literal("("))
%Grammar.IR.AndPred{expr: %Grammar.IR.Literal{value: "("}, meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      any(meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec any(Grammar.IR.Meta.t()) :: Grammar.IR.Any.t()


      


Matches any single character.
iex> Grammar.IR.any()
%Grammar.IR.Any{meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      capture(name, expr, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec capture(atom(), expr(), Grammar.IR.Meta.t()) :: Grammar.IR.Capture.t()


      


Named capture for AST construction.
iex> Grammar.IR.capture(:op, Grammar.IR.literal("+"))
%Grammar.IR.Capture{name: :op, expr: %Grammar.IR.Literal{value: "+"}, meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      char_class(ranges, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec char_class([Grammar.IR.CharClass.range()], Grammar.IR.Meta.t()) ::
  Grammar.IR.CharClass.t()


      


Character class, given as a list of inclusive codepoint ranges (a single
character is {cp, cp}).
iex> Grammar.IR.char_class([{?0, ?9}, {?a, ?f}])
%Grammar.IR.CharClass{ranges: [{48, 57}, {97, 102}], meta: %Grammar.IR.Meta{}}

  



  
    
      
    
    
      children(arg1)



        
          
        

    

  


  

      

          @spec children(expr()) :: [expr()]


      


The immediate sub-expressions of a node, or [] for a leaf. Every stage
that walks a whole grammar (the analysis pass, Grammar.VM, native
codegen) shares this instead of re-deriving "what are this node's
children" per node type.
iex> Grammar.IR.children(Grammar.IR.seq([Grammar.IR.literal("a"), Grammar.IR.literal("b")]))
[%Grammar.IR.Literal{value: "a"}, %Grammar.IR.Literal{value: "b"}]

iex> Grammar.IR.children(Grammar.IR.any())
[]

  



    

  
    
      
    
    
      choice(exprs, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec choice([expr()], Grammar.IR.Meta.t()) :: Grammar.IR.Choice.t()


      


Ordered PEG choice -- first match wins, always.
iex> Grammar.IR.choice([Grammar.IR.literal("+"), Grammar.IR.literal("-")])
%Grammar.IR.Choice{
  exprs: [%Grammar.IR.Literal{value: "+"}, %Grammar.IR.Literal{value: "-"}],
  meta: %Grammar.IR.Meta{}
}

  



    

    

    

  
    
      
    
    
      custom(module, function, deps, nullable \\ false, leading \\ nil, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec custom(
  module(),
  atom(),
  [atom()],
  boolean(),
  [atom()] | nil,
  Grammar.IR.Meta.t()
) ::
  Grammar.IR.Custom.t()


      


@native(...) escape hatch: delegates matching to module.function
(an Ichor.CustomRule implementation) instead of ordinary combinators.
deps are the only other rules it may call back into; nullable/
leading are author-supplied stand-ins for facts Grammar.Analysis
would otherwise compute structurally, since this node's body is opaque.
iex> Grammar.IR.custom(Prolog.Operators, :parse_infix, [:primary])
%Grammar.IR.Custom{
  module: Prolog.Operators,
  function: :parse_infix,
  deps: [:primary],
  nullable: false,
  leading: [:primary],
  meta: %Grammar.IR.Meta{}
}

  



    

    

  
    
      
    
    
      custom_lexeme(module, function, deps, nullable \\ false, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec custom_lexeme(module(), atom(), [atom()], boolean(), Grammar.IR.Meta.t()) ::
  Grammar.IR.CustomLexeme.t()


      


@native(...) escape hatch at token position: a token whose entire
body is module.function (an Ichor.CustomLexeme implementation).
deps names the rules it may call back into via the re-lex-and-match
primitive; nullable is the same author-supplied stand-in custom/6
uses. No leading here -- left-recursion-cycle detection is a
rule-level concept only.
iex> Grammar.IR.custom_lexeme(Shell.Heredoc, :scan, [])
%Grammar.IR.CustomLexeme{
  module: Shell.Heredoc,
  function: :scan,
  deps: [],
  nullable: false,
  meta: %Grammar.IR.Meta{}
}

  



    

  
    
      
    
    
      indent(expr, kind, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec indent(expr(), :indent | :samecol, Grammar.IR.Meta.t()) :: Grammar.IR.Indent.t()


      


Indentation-sensitive block -- @indent(expr) when kind: :indent
(must start at a column deeper than the enclosing block), @samecol(expr)
when kind: :samecol (must start at exactly the enclosing block's own
column). Aether's answer to YAML-style layout without a scannerless
parser having to special-case columns everywhere.
iex> Grammar.IR.indent(Grammar.IR.rule_ref(:pair), :indent)
%Grammar.IR.Indent{expr: %Grammar.IR.RuleRef{name: :pair}, kind: :indent, meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      literal(value, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec literal(binary(), Grammar.IR.Meta.t()) :: Grammar.IR.Literal.t()


      


Exact string match.
iex> Grammar.IR.literal("SELECT")
%Grammar.IR.Literal{value: "SELECT", meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      not_pred(expr, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec not_pred(expr(), Grammar.IR.Meta.t()) :: Grammar.IR.NotPred.t()


      


Negative lookahead, consumes nothing.
iex> Grammar.IR.not_pred(Grammar.IR.literal("\""))
%Grammar.IR.NotPred{expr: %Grammar.IR.Literal{value: "\""}, meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      opt(expr, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec opt(expr(), Grammar.IR.Meta.t()) :: Grammar.IR.Opt.t()


      


Zero or one.
iex> Grammar.IR.opt(Grammar.IR.rule_ref(:sign))
%Grammar.IR.Opt{expr: %Grammar.IR.RuleRef{name: :sign}, meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      plus(expr, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec plus(expr(), Grammar.IR.Meta.t()) :: Grammar.IR.Plus.t()


      


One or more.
iex> Grammar.IR.plus(Grammar.IR.rule_ref(:digit))
%Grammar.IR.Plus{expr: %Grammar.IR.RuleRef{name: :digit}, meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      rep(expr, min, max, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec rep(
  expr(),
  non_neg_integer(),
  non_neg_integer() | :infinity,
  Grammar.IR.Meta.t()
) ::
  Grammar.IR.Rep.t()


      


Bounded repetition {n,m}. max: :infinity expresses the open-ended
{n,} form; min == max expresses the exact {n} form.
iex> Grammar.IR.rep(Grammar.IR.rule_ref(:digit), 1, 3)
%Grammar.IR.Rep{expr: %Grammar.IR.RuleRef{name: :digit}, min: 1, max: 3, meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      rule_ref(name, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec rule_ref(atom(), Grammar.IR.Meta.t()) :: Grammar.IR.RuleRef.t()


      


Reference to another rule (or token), by name.
iex> Grammar.IR.rule_ref(:expr)
%Grammar.IR.RuleRef{name: :expr, meta: %Grammar.IR.Meta{}}

  



    

  
    
      
    
    
      seq(exprs, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec seq([expr()], Grammar.IR.Meta.t()) :: Grammar.IR.Seq.t()


      


Ordered sequence of sub-expressions.
iex> Grammar.IR.seq([Grammar.IR.literal("a"), Grammar.IR.literal("b")])
%Grammar.IR.Seq{
  exprs: [%Grammar.IR.Literal{value: "a"}, %Grammar.IR.Literal{value: "b"}],
  meta: %Grammar.IR.Meta{}
}

  



    

  
    
      
    
    
      star(expr, meta \\ %Grammar.IR.Meta{})



        
          
        

    

  


  

      

          @spec star(expr(), Grammar.IR.Meta.t()) :: Grammar.IR.Star.t()


      


Zero or more.
iex> Grammar.IR.star(Grammar.IR.rule_ref(:digit))
%Grammar.IR.Star{expr: %Grammar.IR.RuleRef{name: :digit}, meta: %Grammar.IR.Meta{}}

  


        

      


  

    
Grammar.IR.AndPred 
    



      
Positive lookahead, consumes nothing: &expr.
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        t()
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      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.AndPred{expr: Grammar.IR.expr(), meta: Grammar.IR.Meta.t()}


      



  


        

      


  

    
Grammar.IR.Any 
    



      
Matches any single character: ..
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      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Any{meta: Grammar.IR.Meta.t()}


      



  


        

      


  

    
Grammar.IR.Capture 
    



      
Named capture for AST construction: name:expr.
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      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Capture{
  expr: Grammar.IR.expr(),
  meta: Grammar.IR.Meta.t(),
  name: atom()
}


      



  


        

      


  

    
Grammar.IR.CharClass 
    



      
Character class, including unicode ranges: [a-z0-9_].
Each range is an inclusive pair of unicode codepoints; a single character
is represented as {cp, cp}. Negated classes ([^...]) are a front-end
concern -- they desugar to NotPred wrapping this node, followed by
Any, before reaching the IR, so this node never carries a negation
flag itself.
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      range()



        
          
        

    

  


  

      

          @type range() :: {first :: non_neg_integer(), last :: non_neg_integer()}


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.CharClass{meta: Grammar.IR.Meta.t(), ranges: [range()]}


      



  


        

      


  

    
Grammar.IR.Choice 
    



      
Ordered PEG choice: a | b | c -- first match wins, always.
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      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Choice{exprs: [Grammar.IR.expr()], meta: Grammar.IR.Meta.t()}


      



  


        

      


  

    
Grammar.IR.Indent 
    



      
Indentation-sensitive block: @indent(expr) / @samecol(expr).
Both pragmas produce this node; kind distinguishes them since their
runtime checks differ -- @indent requires a column strictly greater
than the current reference column and resets the reference column to
the first matched token's column, @samecol requires exactly the
current reference column.
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    Types
  


    
      
        t()
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      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Indent{
  expr: Grammar.IR.expr(),
  kind: :indent | :samecol,
  meta: Grammar.IR.Meta.t()
}


      



  


        

      


  

    
Grammar.IR.Literal 
    



      
Exact string match.
Case-insensitivity ("lit"i/@case_insensitive) and other literal-level
sugar are a front-end concern -- they desugar to this node, or to a
Grammar.IR.CharClass-based expansion, before reaching the IR. The IR
node itself only ever means "match this exact byte sequence."
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        t()
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      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Literal{meta: Grammar.IR.Meta.t(), value: binary()}


      



  


        

      


  

    
Grammar.IR.Meta 
    



      
Source-location metadata carried by every Grammar.IR node, so an error
raised at any later stage (analysis, either backend) can still point
back at the exact line/column in the original grammar file rather than
just naming an IR node in the abstract.
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    Types
  


    
      
        source_span()

      


        1-based line, 1-based column, match length in the original source.
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      source_span()



        
          
        

    

  


  

      

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


      


1-based line, 1-based column, match length in the original source.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Meta{
  source_format: atom() | nil,
  source_span: source_span() | nil
}


      



  


        

      


  

    
Grammar.IR.NotPred 
    



      
Negative lookahead, consumes nothing: !expr.
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        t()
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      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.NotPred{expr: Grammar.IR.expr(), meta: Grammar.IR.Meta.t()}


      



  


        

      


  

    
Grammar.IR.Opt 
    



      
Zero or one: expr?.
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        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Opt{expr: Grammar.IR.expr(), meta: Grammar.IR.Meta.t()}


      



  


        

      


  

    
Grammar.IR.Plus 
    



      
One or more: expr+.
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      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Plus{expr: Grammar.IR.expr(), meta: Grammar.IR.Meta.t()}


      



  


        

      


  

    
Grammar.IR.Rep 
    



      
Bounded repetition: expr{n}, expr{n,}, expr{n,m}.
expr{n} normalizes to min: n, max: n; the open-ended expr{n,} form
normalizes to max: :infinity.
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      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Rep{
  expr: Grammar.IR.expr(),
  max: non_neg_integer() | :infinity,
  meta: Grammar.IR.Meta.t(),
  min: non_neg_integer()
}


      



  


        

      


  

    
Grammar.IR.RuleRef 
    



      
Reference to another rule (or token), by name.
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        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.RuleRef{meta: Grammar.IR.Meta.t(), name: atom()}


      



  


        

      


  

    
Grammar.IR.Seq 
    



      
Ordered sequence of sub-expressions: a b c.
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        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Seq{exprs: [Grammar.IR.expr()], meta: Grammar.IR.Meta.t()}


      



  


        

      


  

    
Grammar.IR.Star 
    



      
Zero or more: expr*.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.IR.Star{expr: Grammar.IR.expr(), meta: Grammar.IR.Meta.t()}


      



  


        

      


  

    
Aether.Grammar 
    



      
The fully compiled output of Aether.Parser: grammar-wide settings plus
every token and rule body, each already resolved to Grammar.IR.
tokens holds every token -- user-declared, the five predefined ones
(DIGIT/ALPHA/ALNUM/SPACE/HEX, overridden or defaulted), and
anonymous ones auto-promoted from inline rule literals (a rule body
writing a bare "SELECT" gets an anonymous token generated for it
automatically, since only tokens participate in lexing) -- keyed by
name. rules holds every rule body, already spliced with @skip/~.
Downstream stages (the analysis pass, Grammar.VM, native codegen)
consume this, not raw .aether text.
token_order is the declaration order of every name in tokens --
needed by the lexer's maximal-munch rule ("longest match wins, ties
broken by declaration order"), which a plain map can't answer since
Elixir maps don't preserve insertion order. Non-overridden predefined
tokens are appended at the end, in their fixed table order, since they
were never actually "declared" in the file.
anon_tokens names every token auto-promoted from an inline rule
literal rather than actually declared. Grammar.VM's rule compiler
consults this to skip implicit self-named captures for them -- a
grammar author writing a bare "(" clearly isn't asking to capture it
under some compiler-generated name; if they wanted it captured, they'd
give it a real name themselves.
rule_order is the declaration order of every name in rules -- the
same problem token_order solves for maximal munch, but for
Grammar.LRTable.Desugar's production numbering: a plain map can't
answer "which rule was declared first," and Grammar.GLR's
declared-order tie-break among competing derivations needs that
answer to be reliable across every rule in the grammar, not just
among one rule's own alternatives (which a Choice's own list order
already preserves regardless of this field).
refiners holds every @keywords/@refine reclassification rule,
keyed by the base token it applies to -- Grammar.Lexer (the stage
between the Tokenizer's raw output and the Parser) is what actually
applies them, after every token's already been matched, before any
rule runs.
engine (default :peg) selects which parsing backend family a
compiled grammar targets. :peg is every existing backend
(Grammar.VM/Grammar.Native, plain recursive-descent PEG). :lr/
:glr opt into Grammar.LR/Grammar.GLR instead -- genuinely
different bottom-up shift-reduce engines, built for grammars that are
left-recursive or outright ambiguous in ways plain PEG can't express.
Grammar.Analysis's left-recursion rewrite/rejection (a PEG-specific
accommodation -- recursive descent can't handle left recursion at all)
only runs when engine == :peg; :lr/:glr grammars keep left
recursion exactly as written, since bottom-up parsing handles it
natively. Grammar.VM/Grammar.Native refuse to run any grammar whose
engine != :peg, since its left recursion was never rewritten and
recursive descent over it would infinite-loop instead of failing
cleanly.
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    Functions
  


    
      
        refiner_target_names(refiners)

      


        Every name a @keywords/@refine rule can reclassify a token to
(KEYWORD_IF, say) -- these never have their own TOKEN := ...
definition, they only ever arise by renaming a match of their base
token, so anything treating "is this name a token" as Map.has_key? (grammar.tokens, name) needs to union this set in too: both
Grammar.Analysis's dangling-reference check and each backend's
RuleCompiler (token-ref vs. rule-ref is decided by this same
membership test at compile time).
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      engine()



        
          
        

    

  


  

      

          @type engine() :: :peg | :lr | :glr


      



  



  
    
      
    
    
      refiner()



        
          
        

    

  


  

      

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


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Aether.Grammar{
  anon_tokens: MapSet.t(atom()),
  case_insensitive: boolean(),
  engine: engine(),
  file: String.t() | nil,
  name: String.t(),
  refiners: %{required(atom()) => refiner()},
  root: atom(),
  rule_order: [atom()],
  rules: %{required(atom()) => Grammar.IR.expr()},
  skip: atom() | nil,
  source: String.t() | nil,
  token_order: [atom()],
  tokens: %{required(atom()) => Grammar.IR.expr()}
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      refiner_target_names(refiners)



        
          
        

    

  


  

      

          @spec refiner_target_names(%{required(atom()) => refiner()}) :: MapSet.t(atom())


      


Every name a @keywords/@refine rule can reclassify a token to
(KEYWORD_IF, say) -- these never have their own TOKEN := ...
definition, they only ever arise by renaming a match of their base
token, so anything treating "is this name a token" as Map.has_key? (grammar.tokens, name) needs to union this set in too: both
Grammar.Analysis's dangling-reference check and each backend's
RuleCompiler (token-ref vs. rule-ref is decided by this same
membership test at compile time).

  


        

      


  

    
Aether.Lexer 
    



      
Turns .aether source text into a flat list of Aether.Tokens.
Whitespace and ;-to-end-of-line comments are trivia here -- they
separate tokens but never appear in the output. This is Ichor's own
front-end lexer, entirely separate from the @skip/@noskip machinery
a compiled Aether grammar applies to its own rules -- that splicing
happens later, in Aether.Parser.

      


      
        Summary


  
    Functions
  


    
      
        lex(source, file \\ nil)

      


        Lexes source into a token stream, terminated by a single :eof token.
file is carried into any Ichor.Error produced, purely for display.
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      lex(source, file \\ nil)



        
          
        

    

  


  

      

          @spec lex(String.t(), String.t() | nil) ::
  {:ok, [Aether.Token.t()]} | {:error, Ichor.Error.t()}


      


Lexes source into a token stream, terminated by a single :eof token.
file is carried into any Ichor.Error produced, purely for display.

  


        

      


  

    
Aether.Parser 
    



      
Parses .aether source into a fully resolved Aether.Grammar, in two
stages: Aether.Reader (pure syntax -- a token/rule reference split,
pragmas, the expression grammar -- into a concrete syntax tree with no
desugaring) followed by Aether.Eval (that CST into Grammar.IR,
handling everything that needs whole-grammar context: predefined-token
override/use tracking, case-insensitivity, character-class/regex
desugaring, inline-literal promotion, @skip splicing, and final
@root/@skip validation).
This module is the combined convenience entry point -- same relationship
run/1,2 has to parse/1 on a generated grammar module, or Grammar.VM's
own run/4 has to parse/2.
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    Functions
  


    
      
        parse(source, file \\ nil)

      


        Parses source into a fully compiled Aether.Grammar.
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      parse(source, file \\ nil)



        
          
        

    

  


  

      

          @spec parse(String.t(), String.t() | nil) ::
  {:ok, Aether.Grammar.t()} | {:error, Ichor.Error.t()}


      


Parses source into a fully compiled Aether.Grammar.

  


        

      


  

    
Aether.Token 
    



      
A single lexical token produced by Aether.Lexer from .aether source
text.
This is Ichor's own front-end scanning a grammar-description file, not to
be confused with the "tokens" a user's Aether grammar itself declares
(ALL_UPPERCASE productions) -- those become
Aether.Token{type: :upper_ident} values here, same as any other
identifier.
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        char_class_value()
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      case_flag()



        
          
        

    

  


  

      

          @type case_flag() :: :default | :insensitive | :sensitive


      



  



  
    
      
    
    
      char_class_value()



        
          
        

    

  


  

      

          @type char_class_value() :: %{negate: boolean(), items: [class_item()]}


      



  



  
    
      
    
    
      class_item()



        
          
        

    

  


  

      

          @type class_item() ::
  {:range, first :: non_neg_integer(), last :: non_neg_integer()}
  | {:char, non_neg_integer()}
  | {:posix, :alpha | :alnum | :digit | :space | :hex}


      



  



  
    
      
    
    
      string_value()



        
          
        

    

  


  

      

          @type string_value() :: %{text: String.t(), case: case_flag()}
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          @type t() :: %Aether.Token{
  column: pos_integer(),
  line: pos_integer(),
  type: type(),
  value: value()
}


      



  



  
    
      
    
    
      type()



        
          
        

    

  


  

      

          @type type() ::
  :at_grammar
  | :at_root
  | :at_skip
  | :at_noskip
  | :at_case_insensitive
  | :at_indent
  | :at_samecol
  | :at_native
  | :at_hint
  | :at_keywords
  | :at_refine
  | :define
  | :arrow
  | :pipe
  | :star
  | :plus
  | :question
  | :lbrace
  | :rbrace
  | :comma
  | :amp
  | :bang
  | :colon
  | :lparen
  | :rparen
  | :tilde
  | :dot
  | :upper_ident
  | :lower_ident
  | :string
  | :char_class
  | :regex
  | :number
  | :eof


      



  



  
    
      
    
    
      value()



        
          
        

    

  


  

      

          @type value() :: String.t() | integer() | string_value() | char_class_value() | nil


      



  


        

      


  

    
Grammar.Analysis 
    



      
The analysis pass between a front-end (Aether.Parser, or one of the
ABNF/BNF/EBNF/PEG importers) and either backend (Grammar.VM or native
codegen):
	reference checks -- every RuleRef must name a declared token or
rule; checked first, since the other passes assume a valid namespace.
	left-recursion rewrite -- a rule that references itself as its
own leftmost derivation is rewritten from A := A op b | base into
the iterative A := base (op b)*, the standard PEG/packrat
transform. Only direct self-recursion through a bare (uncaptured)
leading reference is rewritten automatically; anything else
(indirect cycles through other rules, or a self-reference buried
under a capture) is reported as an error instead of guessed at.
	possibly-empty-match repetition detection -- Star/Plus
wrapping an expression that can match the empty string never
terminates; flagged as an error, not just a lint, since it's a real
runtime hang, not a style nit.
	duplicate-alternative lint -- two structurally identical
alternatives in the same Choice are dead code under PEG's
first-match-wins semantics -- the second can never be reached.

Predefined-token override-ordering validation is already enforced by
Aether.Parser itself, as it happens -- it's entirely about Aether's own
five predefined tokens (DIGIT/ALPHA/ALNUM/SPACE/HEX), so it
doesn't generalize to other front-ends the way the checks above do, and
isn't repeated here.
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    Functions
  


    
      
        run(grammar)

      


        Runs every check above against grammar, returning the grammar with
direct left recursion rewritten to its iterative form, or every error
found (not just the first -- a grammar author fixing errors one at a
time via single-error feedback is slower than seeing everything at
once).
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          @spec run(Aether.Grammar.t()) ::
  {:ok, Aether.Grammar.t()} | {:error, [Ichor.Error.t()]}


      


Runs every check above against grammar, returning the grammar with
direct left recursion rewritten to its iterative form, or every error
found (not just the first -- a grammar author fixing errors one at a
time via single-error feedback is slower than seeing everything at
once).

  


        

      


  

    
Grammar.VM 
    



      
The interpreted runtime backend: compiles an Aether.Grammar to
bytecode and runs it against real input. No compile-time codegen step
-- give it a grammar (from Aether.Parser.parse/2 +
Grammar.Analysis.run/1) whenever you have one, including one your
own program only learns about at runtime (a user-supplied grammar, a
plugin, a REPL's :load). See the tutorial's "Loading a grammar at
runtime" section for a full worked example, and "Which path is right
for you?" for how this compares to use Ichor/Mix.Tasks.Ichor.Gen.
Two genuinely separate compiled programs are involved, matching
Aether's own "every grammar compiles to a Lexer feeding a Parser, never
a scannerless single pass" design: Grammar.VM.CharCompiler +
Grammar.VM.Tokenizer turn the input string into a token stream (maximal
munch over every declared token); Grammar.VM.RuleCompiler +
Grammar.VM.TokenInterpreter then run the rules over that stream,
never over raw characters -- building a raw capture tree as they go.
parse/3 is a bare recognizer (does grammar.root match input, full
stop) with no Ichor.Actions involved. run/4 is the actions-aware
entry point: it matches, then hands the raw capture tree to
Ichor.Actions.evaluate/5 for a given Actions module and initial
context, producing the grammar's actual result (a sandboxed program's
value, a config map, ...) instead of just a yes/no. run_sequence/4
is for a source that's a sequence of top-level matches against
grammar.root rather than one single match spanning the whole input
(loading a standard-library file one top-level form at a time, each one
threading context into the next, is the motivating case) -- most
grammars only ever need run/4.
context reaches the match phase too now (parse/3's third
argument, run/4's initial_context, run_sequence/4's
per-form-accumulated context for rule-level matching), read-only --
the one thing that ever consults it there is a Grammar.IR.Custom
@native(...) node, via Ichor.CustomRule.match/4, or a
Grammar.IR.CustomLexeme one via Ichor.CustomLexeme.scan/3. Nothing
else in Grammar.VM.TokenInterpreter/Grammar.VM.Tokenizer reads it; only
Ichor.Actions.evaluate/5 ever produces a new one.
One real gap for CustomLexeme specifically: run_sequence/4
tokenizes the entire input once, up front, with only
initial_context -- unlike rule-level matching (re-run per top-level
form, seeing that form's own accumulated context), a token that reads
context can't see anything a later form's own evaluation produced.
Fine for heredocs/string-interpolation (context there is either unused
or fixed for the whole file); a hazard only for something
\catcode-like that needs re-tokenization as context evolves
mid-sequence -- not something run_sequence/4 supports today.
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    Functions
  


    
      
        parse(grammar, input, context \\ nil)

      


        Compiles grammar and matches it against input, requiring the root
rule to consume the entire (tokenized) input. Returns the number of
tokens consumed on success -- a bare recognizer result, no
Ichor.Actions involved.



    


    
      
        run(grammar, input, actions_module, initial_context \\ nil)

      


        Like parse/2, but runs the match through actions_module (a
Ichor.Actions implementation) starting from initial_context,
returning the grammar's actual evaluated result.



    


    
      
        run_sequence(grammar, input, actions_module, initial_context)

      


        Evaluates input as a sequence of top-level matches against
grammar.root, one after another (skipping only the grammar's own
@skip trivia between them, the same as it would between any two
ordinary tokens), threading context from each into the next. Returns
every top-level value, in order, plus the final context.
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      parse(grammar, input, context \\ nil)



        
          
        

    

  


  

      

          @spec parse(Aether.Grammar.t(), String.t(), term()) ::
  {:ok, non_neg_integer()} | {:error, Ichor.Error.t()}


      


Compiles grammar and matches it against input, requiring the root
rule to consume the entire (tokenized) input. Returns the number of
tokens consumed on success -- a bare recognizer result, no
Ichor.Actions involved.

  



    

  
    
      
    
    
      run(grammar, input, actions_module, initial_context \\ nil)



        
          
        

    

  


  

      

          @spec run(Aether.Grammar.t(), String.t(), module(), Ichor.Actions.context()) ::
  {:ok, term()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like parse/2, but runs the match through actions_module (a
Ichor.Actions implementation) starting from initial_context,
returning the grammar's actual evaluated result.

  



  
    
      
    
    
      run_sequence(grammar, input, actions_module, initial_context)



        
          
        

    

  


  

      

          @spec run_sequence(Aether.Grammar.t(), String.t(), module(), Ichor.Actions.context()) ::
  {:ok, [term()], Ichor.Actions.context()}
  | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Evaluates input as a sequence of top-level matches against
grammar.root, one after another (skipping only the grammar's own
@skip trivia between them, the same as it would between any two
ordinary tokens), threading context from each into the next. Returns
every top-level value, in order, plus the final context.

  


        

      


  

    
Grammar.VM.CharCompiler 
    



      
Compiles every token in a grammar (character-level: Literal,
CharClass, Any, and RuleRef to another token -- the only node
shapes an ordinary token body can contain) into one linked
Grammar.VM.Program, run by Grammar.VM.Tokenizer.
A token whose entire body is a Grammar.IR.CustomLexeme
(@native(...) at token position) is pulled out separately instead of
compiled to bytecode -- there's nowhere for a {:call, name} from
another token to jump into for it (see that module's own moduledoc for
why it can't be composed inside a larger token expression or
referenced from one), so Grammar.VM.Tokenizer dispatches to it directly
by name via the second map this returns.

      


      
        Summary


  
    Types
  


    
      
        custom_lexeme()

      


    





  
    Functions
  


    
      
        compile(tokens)

      


    





      


      
        Types


        


  
    
      
    
    
      custom_lexeme()



        
          
        

    

  


  

      

          @type custom_lexeme() :: {module :: module(), function :: atom(), deps :: [atom()]}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      compile(tokens)



        
          
        

    

  


  

      

          @spec compile(%{required(atom()) => Grammar.IR.expr()}) ::
  {Grammar.VM.Program.t(), %{required(atom()) => custom_lexeme()}}


      



  


        

      


  

    
Grammar.VM.CharInterpreter 
    



      
Runs a Grammar.VM.CharCompiler-produced program against raw input
text -- the machine Grammar.VM.Tokenizer uses to test one token at a
given starting position.
Each backtrack (choice-point) entry snapshots the call stack
alongside input position, not just position -- a failed nested :call
(e.g. retrying a Star loop's body one time too many) unwinds via the
backtrack mechanism, jumping straight to some choice point's target
without ever executing that call's own :return. Without restoring the
call stack too, that call's return address is orphaned on it, and gets
popped at the wrong time later, corrupting execution. This is a
standard, if easy to miss, requirement for any PEG bytecode VM in this
LPeg-derived style.
Star's loop-back uses :test_progress, not plain :commit -- a
runtime guard against a body that matches without consuming anything
(see Grammar.VM.Compiler's docs on why this can't be left to
Grammar.Analysis's static empty-repetition check alone).

      


      
        Summary


  
    Functions
  


    
      
        run(instructions, entry, input)

      


        Attempts to match entry starting at input. On success, returns the
unconsumed remainder (its byte-size difference from input is how much
was matched -- exactly what maximal munch needs to compare candidates).



    





      


      
        Functions


        


  
    
      
    
    
      run(instructions, entry, input)



        
          
        

    

  


  

      

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


      


Attempts to match entry starting at input. On success, returns the
unconsumed remainder (its byte-size difference from input is how much
was matched -- exactly what maximal munch needs to compare candidates).

  


        

      


  

    
Grammar.VM.Compiler 
    



      
The combinator half of Grammar.VM's bytecode compilation, shared
between the character-level compiler (token bodies, run by the lexer)
and the token-stream-level compiler (rule bodies, run by the parser).
Seq/Choice/Star/Plus/Opt/Rep/AndPred/NotPred compile
identically either way -- only the leaf nodes differ
(Literal/CharClass/Any/RuleRef for tokens; RuleRef/Indent/
Capture for rules -- tokens can never contain a Capture), so each
caller supplies its own leaf_fun for those.
Every compile/3 clause returns {ops, next_counter}, where ops is a
flat list of instructions possibly containing {:label, n} markers
(resolved later by Grammar.VM.Linker) and counter is the next
unused label number -- threaded through so nested compilation never
reuses a label.
The instruction set is the standard PEG/LPeg one (Ierusalimschy's
"A Text Pattern-Matching Tool based on Parsing Expression Grammars"):
choice/commit for ordered choice and *, back_commit/fail_twice
for the two lookahead predicates. Grammar.Analysis already guarantees
no Star/Plus here wraps an unconditionally-empty match at the point
a grammar author wrote it directly, but test_progress below is still
a hard runtime guarantee rather than relying on that alone -- see the
comment on the Star clause.

      


      
        Summary


  
    Types
  


    
      
        leaf_fun()

      


    


    
      
        ops()

      


    





  
    Functions
  


    
      
        compile(other, counter, leaf_fun)

      


    


    
      
        fresh(counter)

      


    





      


      
        Types


        


  
    
      
    
    
      leaf_fun()



        
          
        

    

  


  

      

          @type leaf_fun() :: (Grammar.IR.expr(), non_neg_integer() ->
                 {ops(), non_neg_integer()})


      



  



  
    
      
    
    
      ops()



        
          
        

    

  


  

      

          @type ops() :: [term()]


      



  


        

      

      
        Functions


        


  
    
      
    
    
      compile(other, counter, leaf_fun)



        
          
        

    

  


  

      

          @spec compile(Grammar.IR.expr(), non_neg_integer(), leaf_fun()) ::
  {ops(), non_neg_integer()}


      



  



  
    
      
    
    
      fresh(counter)



        
          
        

    

  


  

      

          @spec fresh(non_neg_integer()) :: {non_neg_integer(), non_neg_integer()}


      



  


        

      


  

    
Grammar.VM.Linker 
    



      
Turns [{name, ops}] -- one label-relative op list per token or rule,
as produced by Grammar.VM.Compiler -- into a single linked
Grammar.VM.Program.
Each op list may contain two kinds of placeholder alongside real
instructions: {:label, n} (a jump target local to that op list) and
the real instructions {:jmp, n} / {:choice, n} / {:commit, n} /
{:back_commit, n} / {:test_progress, n} that reference one.
{:call, name} is a different
kind of forward reference -- to another token/rule's own entry point,
by name, resolved against every op list at once (that's the whole
reason linking happens globally instead of per-name: :call needs to
reach targets compiled by a different, unrelated compile/1 call).
{:custom, module, function, dep_names} (a Grammar.IR.Custom
@native(...) node) resolves the same way, except it names several
targets at once -- one per declared dependency -- ending up as
{:custom, module, function, %{dep_name => entry_index}}.

      


      
        Summary


  
    Functions
  


    
      
        link(named_ops)

      


        Concatenates every {name, ops} pair (in the given order) into one
instruction tuple, resolving local labels and :call targets alike in
a single position-tracking pass.



    





      


      
        Functions


        


  
    
      
    
    
      link(named_ops)



        
          
        

    

  


  

      

          @spec link([{atom(), [term()]}]) :: Grammar.VM.Program.t()


      


Concatenates every {name, ops} pair (in the given order) into one
instruction tuple, resolving local labels and :call targets alike in
a single position-tracking pass.

  


        

      


  

    
Grammar.VM.Program 
    



      
Linked PEG bytecode: every token (or every rule) in a grammar, compiled
into one shared instruction tuple so :call can jump between them by
index, plus a name -> entry-index map for looking up where to start.
Grammar.VM compiles two of these per grammar -- one over tokens
(character-level, run by the lexer) and one over rules (token-stream
level, run by the parser), since Aether grammars are a genuine two-stage
Lexer -> Parser, not a single scannerless recognizer.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Grammar.VM.Program{
  entry_points: %{required(atom()) => non_neg_integer()},
  instructions: tuple()
}


      



  


        

      


  

    
Grammar.VM.RuleCompiler 
    



      
Compiles every rule in a grammar into one linked Grammar.VM.Program,
run by Grammar.VM.TokenInterpreter against the lexer's token stream
(never against raw characters -- Aether's two-stage Lexer -> Parser
split). A RuleRef compiles to {:token, name} (consume one stream
token of that type) when it names a token, or {:call, name} (jump
into that rule's own compiled code) when it names another rule -- the
two are otherwise indistinguishable in the IR, so the grammar's own
token/rule namespaces are what disambiguate.
Indent/@samecol read a token's column straight off the stream (the
lexer already recorded it), rather than tracking columns incrementally
during parsing.
Every bare RuleRef -- and every Capture -- is additionally
bracketed with {:cap_start, ...}/{:cap_end, name}, so
Grammar.VM.TokenInterpreter can build the raw capture tree
Ichor.Actions needs: a bare reference is implicitly captured under
its own name (this is what lets a calculator's own
handle_rule(:expr, %{op: ops, term: terms}, ctx) see a :term key
even though expr's grammar never writes term:term); an explicit
name:expr additionally captures under the given name. A bare
reference to an anonymous auto-promoted token (an inline literal like
"(", never a name the grammar author chose) gets no implicit capture
at all: writing a bare
literal is precisely how a grammar author says "I don't care about
this," and implicitly capturing it anyway would leak a
compiler-generated name into every rule that uses one, breaking the
"exactly one capture passes straight through" default fallback for
something as simple as factor := NUMBER | "(" expr ")". Explicitly
naming one (paren:"(") still works -- that's a deliberate capture,
not an implicit one.
Only a capture whose expression is directly a bare RuleRef (no
wrapping Choice/Star/... in between) dispatches to that rule/token's
own action on eval -- anything else captures the raw matched text
span instead. That's a deliberate, narrower rule than "figure out the
one branch that actually matched at runtime": it keeps capture
semantics decidable from the grammar's static shape, at the cost of not
dispatching through a capture like x:(rule_a | rule_b) -- not needed
by any of Ichor's own worked-example grammars, and worth revisiting
only if a real grammar actually needs it.
capture_shapes/1 is a separate static pass answering "which capture
names, for each rule, sit under a Star/Plus/Rep anywhere in that
rule's body" -- a name captured that way needs a list value even when
it happened to match once, or zero times (an absent key, vs. an empty
list, isn't something a Calculator.Actions-style
%{op: ops, factor: factors} pattern match can tell apart from "this
rule shape doesn't have that capture at all"). Ichor.Actions uses this
table to normalize the raw capture tree before dispatch.

      


      
        Summary


  
    Functions
  


    
      
        capture_shapes(grammar)

      


        For every rule, the set of capture names that sit under a
Star/Plus/Rep somewhere in that rule's own body (not descending
into other rules/tokens it calls).



    


    
      
        compile(grammar)

      


    





      


      
        Functions


        


  
    
      
    
    
      capture_shapes(grammar)



        
          
        

    

  


  

      

          @spec capture_shapes(Aether.Grammar.t()) :: %{required(atom()) => MapSet.t(atom())}


      


For every rule, the set of capture names that sit under a
Star/Plus/Rep somewhere in that rule's own body (not descending
into other rules/tokens it calls).

  



  
    
      
    
    
      compile(grammar)



        
          
        

    

  


  

      

          @spec compile(Aether.Grammar.t()) :: Grammar.VM.Program.t()


      



  


        

      


  

    
Grammar.VM.TokenInterpreter 
    



      
Runs a Grammar.VM.RuleCompiler-produced program against a lexed token
stream -- the machine Grammar.VM uses for the parser stage.
Alongside recognition, it builds the raw capture tree Ichor.Actions
needs: each rule invocation gets its own "frame" (a
%{pending: [...], captures: []} accumulator), pushed on :call and
popped on :return, populated by the :cap_start/:cap_end pairs
Grammar.VM.RuleCompiler brackets every capture (implicit or explicit)
with. captures is an ordered list, not a map -- list order is the
one thing Elixir actually guarantees, which is 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; merge_capture/3 mirrors
Grammar.Native.Runtime.Parser.merge_one/3 (from ichor_runtime)
exactly, for parity with the native backend.
Structurally the same backtracking discipline as
Grammar.VM.CharInterpreter (including snapshotting the call stack in
every choice point, for the same reason -- see that module's docs),
plus two more things to snapshot/restore: the capture-in-progress
frame (a failed alternative's partial captures must never leak into
a sibling alternative that goes on to succeed) and the @indent/
@samecol reference-column stack.
Star's loop-back uses :test_progress, not plain :commit -- a
runtime guard against a body that matches without consuming anything
(see Grammar.VM.Compiler's docs on why this can't be left to
Grammar.Analysis's static empty-repetition check alone).
context is threaded through every instruction purely so {:custom, ...} (a Grammar.IR.Custom @native(...) node) can hand it to
Ichor.CustomRule.match/4 -- every other instruction ignores it. It's
read-only here: matching never produces a new context, only
Ichor.Actions.evaluate/5 does that, between top-level forms.

      


      
        Summary


  
    Types
  


    
      
        raw_capture()

      


    


    
      
        rule_matcher()

      


    





  
    Functions
  


    
      
        run(instructions, entry, stream, context \\ nil)

      


        Attempts to match entry against stream (a tuple of Grammar.VM.Token,
for O(1) indexed access) starting at position 0. On success, returns the
first unconsumed stream index and the matched rule's own raw captures
list -- the caller decides whether the index means "matched everything".



    


    
      
        run_from(instructions, entry, stream, start_pos, context \\ nil)

      


        Like run/4, but starts at start_pos instead of 0 -- for matching one of several top-level occurrences in the same stream (Grammar.VM.run_sequence/4).



    





      


      
        Types


        


  
    
      
    
    
      raw_capture()



        
          
        

    

  


  

      

          @type raw_capture() :: Ichor.Capture.node_t()


      



  



  
    
      
    
    
      rule_matcher()



        
          
        

    

  


  

      

          @type rule_matcher() :: (tuple(), non_neg_integer() ->
                     {:ok, non_neg_integer(), raw_capture()} | :fail)


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      run(instructions, entry, stream, context \\ nil)



        
          
        

    

  


  

      

          @spec run(tuple(), non_neg_integer(), tuple(), term()) ::
  {:ok, non_neg_integer(), Ichor.Capture.raw_captures()} | :fail


      


Attempts to match entry against stream (a tuple of Grammar.VM.Token,
for O(1) indexed access) starting at position 0. On success, returns the
first unconsumed stream index and the matched rule's own raw captures
list -- the caller decides whether the index means "matched everything".

  



    

  
    
      
    
    
      run_from(instructions, entry, stream, start_pos, context \\ nil)



        
          
        

    

  


  

      

          @spec run_from(tuple(), non_neg_integer(), tuple(), non_neg_integer(), term()) ::
  {:ok, non_neg_integer(), Ichor.Capture.raw_captures()} | :fail


      


Like run/4, but starts at start_pos instead of 0 -- for matching one of several top-level occurrences in the same stream (Grammar.VM.run_sequence/4).

  


        

      


  

    
Grammar.Native 
    



      
The compile-time codegen backend: turns a validated %Aether.Grammar{}
into quoted Elixir function definitions -- the same two-stage Lexer ->
Parser split Grammar.VM compiles to bytecode for, but here as direct
function calls a use Ichor, grammar:, actions: caller splices
straight into its own module (via Ichor's __using__ macro),
skipping bytecode interpretation entirely.
Dispatches to actions_module via a compile-time-known module
reference: Ichor.Actions.evaluate/5 is called directly with that
module baked in as a literal, never looked up dynamically -- reusing
Ichor.Actions's own default-fallback and capture-shape-normalization
logic rather than re-deriving it, since the actual speed win is in the
match phase (a compiled lexer/parser instead of an interpreted
bytecode loop), not in re-implementing evaluation.

      


      
        Summary


  
    Functions
  


    
      
        generate(grammar, actions_module)

      


        Generates the full quoted body (lexer + parser + parse/1 + run/1,2) for grammar, dispatching to actions_module.



    





      


      
        Functions


        


  
    
      
    
    
      generate(grammar, actions_module)



        
          
        

    

  


  

      

          @spec generate(Aether.Grammar.t(), module()) :: Macro.t()


      


Generates the full quoted body (lexer + parser + parse/1 + run/1,2) for grammar, dispatching to actions_module.

  


        

      


  

    
Grammar.Native.CharCompiler 
    



      
Compiles every token in a grammar (character-level: Literal,
CharClass, Any, RuleRef to another token, and the combinators
Seq/Choice/Star/Plus/Opt/Rep/AndPred/NotPred -- the
same shapes Grammar.VM.CharCompiler compiles) into quoted Elixir
function definitions instead of bytecode.
Every generated function has the shape (input :: binary) -> {:ok, text :: binary, rest :: binary} | :fail. Each IR node gets its own
named function (a declared token's own name for its top-level node,
a fresh counter-based name for every anonymous sub-expression) --
composed via direct function calls, never inline-threaded variables
spliced across separately-quoted fragments, which sidesteps Elixir
macro hygiene entirely for everything except the handful of
combinators (Seq's chain) that must build a call sequence whose
length isn't known until compile time; those use Macro.var(name, nil) explicitly so every fragment agrees on the same variable.
A token whose entire body is a Grammar.IR.CustomLexeme
(@native(...) at token position) is pulled out separately instead of
compiled to a function here -- Grammar.Native.generate/2 dispatches
to it directly by name (see Grammar.VM.CharCompiler's own moduledoc
for why it can't be composed inside a larger token or referenced from
one).

      


      
        Summary


  
    Types
  


    
      
        custom_lexeme()

      


    





  
    Functions
  


    
      
        compile(tokens)

      


        Compiles every ordinary declared token into a list of quoted defp definitions, one named token_fn_name/1 per token plus one per anonymous sub-expression, and separately returns every Grammar.IR.CustomLexeme-bodied token's own module/function/deps.



    


    
      
        fn_name(name)

      


        The generated function name for a given token name -- exposed so Grammar.Native can reference a token's own matcher when generating the lexer's maximal-munch driver.



    





      


      
        Types


        


  
    
      
    
    
      custom_lexeme()



        
          
        

    

  


  

      

          @type custom_lexeme() :: {module :: module(), function :: atom(), deps :: [atom()]}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      compile(tokens)



        
          
        

    

  


  

      

          @spec compile(%{required(atom()) => Grammar.IR.expr()}) ::
  {[Macro.t()], %{required(atom()) => custom_lexeme()}}


      


Compiles every ordinary declared token into a list of quoted defp definitions, one named token_fn_name/1 per token plus one per anonymous sub-expression, and separately returns every Grammar.IR.CustomLexeme-bodied token's own module/function/deps.

  



  
    
      
    
    
      fn_name(name)



        
          
        

    

  


  

      

          @spec fn_name(atom()) :: atom()


      


The generated function name for a given token name -- exposed so Grammar.Native can reference a token's own matcher when generating the lexer's maximal-munch driver.

  


        

      


  

    
Grammar.Native.RuleCompiler 
    



      
Compiles every rule in a grammar into quoted Elixir function
definitions run against the lexer's token stream (never raw
characters -- Aether's own two-stage split), mirroring
Grammar.VM.RuleCompiler's own semantics exactly (bare-reference
implicit self-capture, Indent/@samecol, capture-shape rules) but
producing direct function calls instead of bytecode.
Every generated function has the shape (stream :: tuple(), pos :: non_neg_integer(), ref_stack :: [integer()], context :: term()) -> {:ok, new_pos, new_ref_stack, raw_captures} | :fail, where
raw_captures is exactly the ordered-list shape Ichor.Actions
expects ({:token, name, text} / {:rule, name, sub_captures} /
{:text, text} values, keyed by name, in first-occurrence RHS
order -- see Ichor.Capture.raw_captures/0). context is read-only,
threaded through purely so a
Grammar.IR.Custom @native(...) leaf can hand it to
Ichor.CustomRule.match/4 -- nothing else in this module ever reads
it, only passes it along. A RuleRef compiles to a call into that
other rule/token's own compiled function; the grammar's own token/rule
namespaces (passed in as token_names) are what tell the two apart,
exactly as in the VM.

      


      
        Summary


  
    Functions
  


    
      
        compile(grammar)

      


        Compiles every rule into a list of quoted defp definitions, one named rule_fn_name/1 per rule plus one per anonymous sub-expression.



    


    
      
        rule_fn_name(name)

      


        The generated function name for a given rule name -- exposed so Grammar.Native can reference the root rule's own matcher.



    





      


      
        Functions


        


  
    
      
    
    
      compile(grammar)



        
          
        

    

  


  

      

          @spec compile(Aether.Grammar.t()) :: [Macro.t()]


      


Compiles every rule into a list of quoted defp definitions, one named rule_fn_name/1 per rule plus one per anonymous sub-expression.

  



  
    
      
    
    
      rule_fn_name(name)



        
          
        

    

  


  

      

          @spec rule_fn_name(atom()) :: atom()


      


The generated function name for a given rule name -- exposed so Grammar.Native can reference the root rule's own matcher.

  


        

      


  

    
Grammar.Tokens 
    



      
Token introspection for a compiled Aether.Grammar -- the logic behind
mix ichor.tokens. Depends only on the Aether front-end's output
(token_order/tokens/anon_tokens), not the analysis pass or either
backend, so it works on any grammar that parses, even one the analysis
pass would otherwise reject.

      


      
        Summary


  
    Types
  


    
      
        entry()

      


    


    
      
        kind()

      


    





  
    Functions
  


    
      
        describe(expr)

      


        Renders a Grammar.IR expression as a compact PEG-like pattern string,
for display only -- not a serialization format, and not fed back into
the parser anywhere.



    


    
      
        list(grammar)

      


        Every token in grammar, in token_order (the same order the Lexer's
maximal-munch tie-break uses) -- user-declared tokens, tokens
auto-promoted from an inline rule literal (kind: :anonymous), and the
five always-present predefined tokens (kind: :predefined), whether
overridden or left at their default.



    





      


      
        Types


        


  
    
      
    
    
      entry()



        
          
        

    

  


  

      

          @type entry() :: %{name: atom(), kind: kind(), pattern: String.t()}


      



  



  
    
      
    
    
      kind()



        
          
        

    

  


  

      

          @type kind() :: :declared | :anonymous | :predefined


      



  


        

      

      
        Functions


        


  
    
      
    
    
      describe(expr)



        
          
        

    

  


  

      

          @spec describe(Grammar.IR.expr()) :: String.t()


      


Renders a Grammar.IR expression as a compact PEG-like pattern string,
for display only -- not a serialization format, and not fed back into
the parser anywhere.
iex> Grammar.Tokens.describe(Grammar.IR.literal("SELECT"))
"\"SELECT\""

iex> Grammar.Tokens.describe(Grammar.IR.char_class([{?0, ?9}, {?a, ?f}]))
"[0-9a-f]"

iex> digit = Grammar.IR.char_class([{?0, ?9}])
iex> Grammar.Tokens.describe(Grammar.IR.seq([Grammar.IR.plus(digit), Grammar.IR.opt(Grammar.IR.literal("."))]))
"[0-9]+ \".\"?"

iex> Grammar.Tokens.describe(Grammar.IR.choice([Grammar.IR.literal("+"), Grammar.IR.literal("-")]))
"\"+\" | \"-\""

  



  
    
      
    
    
      list(grammar)



        
          
        

    

  


  

      

          @spec list(Aether.Grammar.t()) :: [entry()]


      


Every token in grammar, in token_order (the same order the Lexer's
maximal-munch tie-break uses) -- user-declared tokens, tokens
auto-promoted from an inline rule literal (kind: :anonymous), and the
five always-present predefined tokens (kind: :predefined), whether
overridden or left at their default.

  


        

      


  

    
Ichor.ABNF 
    



      
The ABNF (RFC 5234 + RFC 7405) front-end: priv/grammar/abnf.aether
parsed by Aether's own front-end, compiled by the native codegen
backend (use Ichor), dispatching to Ichor.ABNF.Actions
(Grammar.IR as its target category, same as Regex.Actions).
The .aether source lives under priv/grammar/, not lib/, since
use Ichor only ever reads it once, at compile time, to generate this
module's own functions -- nothing about it is needed once the BEAM
file exists, so it's a build-time asset (priv/'s own purpose),
not a runtime one.
iex> {:ok, ruleset} = Ichor.ABNF.run("ip4-octet = 1*3DIGIT\r\n")
iex> ruleset[:"ip4-octet"]
%Grammar.IR.Rep{expr: %Grammar.IR.RuleRef{name: :digit}, min: 1, max: 3}
run/1 (generated by use Ichor) returns {:ok, %{rule_name_atom => Grammar.IR.expr()}} for a whole rulelist -- every rule the source
defines, keyed by its (lowercased, per RFC 5234) name. parse/1 and
tokenize/1 (also generated) are available for a bare recognizer or
raw token stream, with no Ichor.ABNF.Actions involved.

      


      
        Summary


  
    Functions
  


    
      
        parse(input, context \\ nil)

      


        Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.



    


    
      
        run(input, initial_context \\ nil)

      


        Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.



    


    
      
        run_sequence(input, initial_context)

      


        Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).



    


    
      
        tokenize(input, context \\ nil)

      


        Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.



    





      


      
        Functions


        


    

  
    
      
    
    
      parse(input, context \\ nil)



        
          
        

    

  


  

      

          @spec parse(String.t(), term()) ::
  {:ok, non_neg_integer(), Ichor.Capture.raw_captures()}
  | {:error, Ichor.Error.t()}


      


Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.

  



    

  
    
      
    
    
      run(input, initial_context \\ nil)



        
          
        

    

  


  

      

          @spec run(String.t(), Ichor.Actions.context()) ::
  {:ok, term()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.

  



  
    
      
    
    
      run_sequence(input, initial_context)



        
          
        

    

  


  

      

          @spec run_sequence(String.t(), Ichor.Actions.context()) ::
  {:ok, [term()], Ichor.Actions.context()}
  | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).

  



    

  
    
      
    
    
      tokenize(input, context \\ nil)



        
          
        

    

  


  

      

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


      


Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.

  


        

      


  

    
Ichor.ABNF.Actions 
    



      
Turns a parsed ABNF rulelist (RFC 5234 + RFC 7405) into a real
%{rule_name_atom => Grammar.IR.expr()} map -- one Grammar.IR tree
per ABNF rule, mirroring how Regex.Actions turns a single
/pattern/ into one Grammar.IR tree. This is an importer's own
output, not a runnable Aether.Grammar -- ABNF has no lexer/rule
(token/parser) split the way Aether does, so deciding which of an
ABNF ruleset's productions become Aether tokens vs. rules is a
separate concern this module doesn't address.
Rule names are matched case-insensitively per RFC 5234 (rule name
comparison is defined to ignore case) -- every name is downcased
before becoming an atom, so Ip4-Octet and ip4-octet are the same
key. "=/" (RFC 7405's incremental-alternatives form) appends to an
already-"="-defined rule's own top-level Grammar.IR.Choice
(wrapping a non-Choice single alternative into one first); using
"=/" before any "=" for that name, or repeating a plain "=" for
the same name twice, is a real error (Ichor.Error, stage: :action),
not silently accepted -- RFC 5234 section 3.3 defines "=/" as
extending a rule that already exists.
prose_val (<...>, RFC 5234 section 3.6 -- free-form English text
standing in for a rule body, "a last resort") has no executable
meaning at all, so it's rejected the same deliberate way regex's own
backreferences/named-groups/anchors are: Ichor.Error, not silently
ignored or half-supported.
One known, narrow, deliberately-accepted gap: a comment trailing a
rule's own definition on the same line isn't supported, only a
comment on its own line -- real RFC 5234 allows c-nl = comment / CRLF right after a rule's elements; this grammar requires a bare
CRLF there instead.

      




  

    
Ichor.BNF 
    



      
The classical BNF front-end -- no single citable standard exists;
this follows the ALGOL 60 Report's own convention with quoted
terminals, matching how BNF is actually written today (see
Ichor.BNF.Actions's own moduledoc for the deliberate deviation that
is): priv/grammar/bnf.aether parsed by Aether's own front-end,
compiled by the native codegen backend (use Ichor), dispatching to
Ichor.BNF.Actions (Grammar.IR as its target category).
The .aether source lives under priv/grammar/, not lib/, for the
same reason as Ichor.ABNF's own: use Ichor only ever reads it once,
at compile time.
iex> {:ok, ruleset} = Ichor.BNF.run("<digit> ::= '0' | '1'\n")
iex> ruleset[:digit]
%Grammar.IR.Choice{exprs: [%Grammar.IR.Literal{value: "0"}, %Grammar.IR.Literal{value: "1"}]}
run/1 (generated by use Ichor) returns {:ok, %{nonterminal_name_atom => Grammar.IR.expr()}} for a whole grammar_file -- every rule the
source defines, keyed by its nonterminal name exactly as written
(classical BNF has no case-insensitivity rule the way ABNF does).
parse/1 and tokenize/1 (also generated) are available for a bare
recognizer or raw token stream, with no Ichor.BNF.Actions involved.

      


      
        Summary


  
    Functions
  


    
      
        parse(input, context \\ nil)

      


        Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.



    


    
      
        run(input, initial_context \\ nil)

      


        Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.



    


    
      
        run_sequence(input, initial_context)

      


        Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).



    


    
      
        tokenize(input, context \\ nil)

      


        Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.



    





      


      
        Functions


        


    

  
    
      
    
    
      parse(input, context \\ nil)



        
          
        

    

  


  

      

          @spec parse(String.t(), term()) ::
  {:ok, non_neg_integer(), Ichor.Capture.raw_captures()}
  | {:error, Ichor.Error.t()}


      


Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.

  



    

  
    
      
    
    
      run(input, initial_context \\ nil)



        
          
        

    

  


  

      

          @spec run(String.t(), Ichor.Actions.context()) ::
  {:ok, term()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.

  



  
    
      
    
    
      run_sequence(input, initial_context)



        
          
        

    

  


  

      

          @spec run_sequence(String.t(), Ichor.Actions.context()) ::
  {:ok, [term()], Ichor.Actions.context()}
  | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).

  



    

  
    
      
    
    
      tokenize(input, context \\ nil)



        
          
        

    

  


  

      

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


      


Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.

  


        

      


  

    
Ichor.BNF.Actions 
    



      
Turns a parsed classical BNF grammar_file into a real
%{nonterminal_name_atom => Grammar.IR.expr()} map -- one
Grammar.IR tree per rule, the same target category Ichor.ABNF.Actions
and Regex.Actions both use.
Classical BNF has no single citable standard; this follows the ALGOL
60 Report's own convention for everything except terminal symbols --
the strictest reading of the Report leaves those unquoted, distinguished
from nonterminals only by the reader already knowing the target
language's keyword set. This grammar quotes terminals instead
('lit'/"lit"), matching how BNF is actually written in nearly
every modern presentation of it -- a deliberate deviation from the
Report's strictest reading, not an oversight.
Unlike ABNF (RFC 5234's rule names are explicitly case-insensitive),
classical BNF has no such spec-level rule -- nonterminal names are
kept exactly as written, not downcased.
Rules are separated by an explicit newline (@skip's own token only
covers space/tab within one rule) -- sequence := element+'s own
greedy repetition can't otherwise tell "one more element of this
rule" apart from "the next rule's own opening nonterminal, on the
next line," since both parse identically as an element.

      




  

    
Ichor.EBNF.ISO 
    



      
The ISO/IEC 14977 EBNF front-end: priv/grammar/ebnf-iso.aether
parsed by Aether's own front-end, compiled by the native codegen
backend (use Ichor), dispatching to Ichor.EBNF.ISO.Actions
(Grammar.IR as its target category).
The .aether source lives under priv/grammar/, not lib/, for the
same reason as Ichor.ABNF's own: use Ichor only ever reads it
once, at compile time.
iex> {:ok, ruleset} = Ichor.EBNF.ISO.run("number = digit, { digit } ;\n")
iex> ruleset[:number]
%Grammar.IR.Seq{exprs: [%Grammar.IR.RuleRef{name: :digit}, %Grammar.IR.Star{expr: %Grammar.IR.RuleRef{name: :digit}}]}
run/1 (generated by use Ichor) returns {:ok, %{meta_identifier_atom => Grammar.IR.expr()}} for a whole syntax -- every rule the source
defines. parse/1 and tokenize/1 (also generated) are available
for a bare recognizer or raw token stream, with no
Ichor.EBNF.ISO.Actions involved.
W3C-only syntax (?/*/+ suffixes, [...] as a character class
rather than ISO's own "optional", ::=) fails informatively, not
silently, when fed to this path: it's simply not valid ISO EBNF
syntax, so Aether.Parser itself reports a normal,
location-annotated Ichor.Error before Ichor.EBNF.ISO.Actions ever
runs.

      


      
        Summary


  
    Functions
  


    
      
        parse(input, context \\ nil)

      


        Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.



    


    
      
        run(input, initial_context \\ nil)

      


        Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.



    


    
      
        run_sequence(input, initial_context)

      


        Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).



    


    
      
        tokenize(input, context \\ nil)

      


        Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.



    





      


      
        Functions


        


    

  
    
      
    
    
      parse(input, context \\ nil)



        
          
        

    

  


  

      

          @spec parse(String.t(), term()) ::
  {:ok, non_neg_integer(), Ichor.Capture.raw_captures()}
  | {:error, Ichor.Error.t()}


      


Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.

  



    

  
    
      
    
    
      run(input, initial_context \\ nil)



        
          
        

    

  


  

      

          @spec run(String.t(), Ichor.Actions.context()) ::
  {:ok, term()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.

  



  
    
      
    
    
      run_sequence(input, initial_context)



        
          
        

    

  


  

      

          @spec run_sequence(String.t(), Ichor.Actions.context()) ::
  {:ok, [term()], Ichor.Actions.context()}
  | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).

  



    

  
    
      
    
    
      tokenize(input, context \\ nil)



        
          
        

    

  


  

      

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


      


Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.

  


        

      


  

    
Ichor.EBNF.ISO.Actions 
    



      
Turns a parsed ISO/IEC 14977 EBNF syntax into a real
%{meta_identifier_atom => Grammar.IR.expr()} map -- one Grammar.IR
tree per rule, the same target category Ichor.ABNF.Actions and
Ichor.BNF.Actions both use.
Meta-identifier names are kept exactly as written (leading/trailing
whitespace trimmed off the token's own greedy trailing-space capture
-- ISO EBNF's IDENT allows an embedded literal space, but internal
spacing, e.g. syntax rule, is preserved, since ISO EBNF really does
allow multi-word identifiers). No case-insensitivity rule the way
ABNF's RFC 5234 has one.
An empty alternative (x = 'a' | ;) is expressed as single_definition
matching zero-width via a rule-level Opt around its own body, not a
token -- Aether's own lexer never treats a zero-length match as "the
next token" (needed so tokenization itself can't stall forever on an
always-matches-empty token), so a token-based encoding of "empty"
referenced from a rule could never actually match, at any position.
The exception operator (-) is a best-effort, not a full
language-theoretic set difference. ISO EBNF's factor - exception
means "every string factor generates that exception doesn't
generate" -- true set subtraction, which Grammar.IR has no
combinator for (NotPred is PEG lookahead at the current parse
position, not "matches factor's language minus exception's").
This translates it as Seq([NotPred(exception), factor]): reject
first if exception would also match here, then require factor --
correct when the excluded language is a lookahead-distinguishable
prefix of the included one (e.g. digit - '0', a factor that's a
plain alternation of single characters and an exception that's one of
them), but not a claim of full correctness for arbitrary
factor/exception pairs in general.
special_sequence (? ... ?, ISO's own escape hatch for
implementation-defined extensions the formal grammar doesn't cover)
has no executable meaning, so it's rejected the same deliberate way
ABNF's prose_val and regex's backreferences/named-groups/anchors
are: Ichor.Error, not silently ignored.

      




  

    
Ichor.EBNF.W3C 
    



      
The W3C-style EBNF front-end -- the notation the XML 1.0 spec's own
section 6 "Notation" uses, also shared by XQuery/XPath's grammars:
priv/grammar/ebnf-w3c.aether parsed by Aether's own front-end,
compiled by the native codegen backend (use Ichor), dispatching to
Ichor.EBNF.W3C.Actions (Grammar.IR as its target category).
The .aether source lives under priv/grammar/, not lib/, for the
same reason as Ichor.ABNF's own: use Ichor only ever reads it
once, at compile time.
iex> {:ok, ruleset} = Ichor.EBNF.W3C.run("nonzero_digit ::= [0-9] - '0'\n")
iex> ruleset[:nonzero_digit]
%Grammar.IR.Seq{exprs: [%Grammar.IR.NotPred{expr: %Grammar.IR.Literal{value: "0"}}, %Grammar.IR.CharClass{ranges: [{48, 57}]}]}
run/1 (generated by use Ichor) returns {:ok, %{ident_atom => Grammar.IR.expr()}} for a whole grammar_file -- every rule the
source defines. parse/1 and tokenize/1 (also generated) are
available for a bare recognizer or raw token stream, with no
Ichor.EBNF.W3C.Actions involved.

      


      
        Summary


  
    Functions
  


    
      
        parse(input, context \\ nil)

      


        Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.



    


    
      
        run(input, initial_context \\ nil)

      


        Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.



    


    
      
        run_sequence(input, initial_context)

      


        Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).



    


    
      
        tokenize(input, context \\ nil)

      


        Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.



    





      


      
        Functions


        


    

  
    
      
    
    
      parse(input, context \\ nil)



        
          
        

    

  


  

      

          @spec parse(String.t(), term()) ::
  {:ok, non_neg_integer(), Ichor.Capture.raw_captures()}
  | {:error, Ichor.Error.t()}


      


Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.

  



    

  
    
      
    
    
      run(input, initial_context \\ nil)



        
          
        

    

  


  

      

          @spec run(String.t(), Ichor.Actions.context()) ::
  {:ok, term()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.

  



  
    
      
    
    
      run_sequence(input, initial_context)



        
          
        

    

  


  

      

          @spec run_sequence(String.t(), Ichor.Actions.context()) ::
  {:ok, [term()], Ichor.Actions.context()}
  | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).

  



    

  
    
      
    
    
      tokenize(input, context \\ nil)



        
          
        

    

  


  

      

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


      


Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.

  


        

      


  

    
Ichor.EBNF.W3C.Actions 
    



      
Turns a parsed W3C-style EBNF grammar_file (the notation the XML 1.0
spec's own section 6 uses, also shared by XQuery/XPath's grammars)
into a real %{ident_atom => Grammar.IR.expr()} map -- one
Grammar.IR tree per rule, the same target category every other
importer this project builds uses.
A [...] character class is matched as one token (CHAR_CLASS) and
its interior parsed as plain text here (handle_token(:CHAR_CLASS, ...)), splitting on - for ranges and decoding #xNN escapes along
the way -- exactly the kind of lexing a real character-class parser
does, rather than asking Aether's own per-character tokenizer to
agree with a rule-reference token (IDENT) about where one class
member ends and the next begins (they don't, in general: adjacent
range boundaries with no separator, like [a-zA-Z0-9]'s zA, are
genuinely ambiguous between "two single characters" and "one
multi-character identifier").
The exception operator (sequence := term (DASH term)?) gets the
same best-effort treatment as Ichor.EBNF.ISO.Actions's own: Seq([ NotPred(exception), factor]), not a true language-theoretic set
difference (Grammar.IR has no combinator for that). Unlike ISO
EBNF's term/exception (two different rule names), W3C's sequence := term (DASH term)? reuses the same rule name for both, so
whether the optional second term matched determines whether
:term's own raw capture is a single value or a two-element list --
handled explicitly below, not by Ichor.Actions's default fallback.

      




  

    
Ichor.PEG 
    



      
The PEG front-end (Ford's paper, pest/PEG.js-style convention):
priv/grammar/peg.aether parsed by Aether's own front-end, compiled
by the native codegen backend (use Ichor), dispatching to
Ichor.PEG.Actions (Grammar.IR as its target category).
The .aether source lives under priv/grammar/, not lib/, for the
same reason as Ichor.ABNF's own: use Ichor only ever reads it
once, at compile time.
iex> {:ok, ruleset} = Ichor.PEG.run("digit  <- [0-9]\nnumber <- digit+\n")
iex> ruleset[:number]
%Grammar.IR.Plus{expr: %Grammar.IR.RuleRef{name: :digit}}
run/1 (generated by use Ichor) returns {:ok, %{ident_atom => Grammar.IR.expr()}} for a whole grammar_file -- every rule the
source defines. parse/1 and tokenize/1 (also generated) are
available for a bare recognizer or raw token stream, with no
Ichor.PEG.Actions involved.

      


      
        Summary


  
    Functions
  


    
      
        parse(input, context \\ nil)

      


        Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.



    


    
      
        run(input, initial_context \\ nil)

      


        Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.



    


    
      
        run_sequence(input, initial_context)

      


        Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).



    


    
      
        tokenize(input, context \\ nil)

      


        Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.



    





      


      
        Functions


        


    

  
    
      
    
    
      parse(input, context \\ nil)



        
          
        

    

  


  

      

          @spec parse(String.t(), term()) ::
  {:ok, non_neg_integer(), Ichor.Capture.raw_captures()}
  | {:error, Ichor.Error.t()}


      


Matches input against the grammar's root rule, requiring the entire (tokenized) input to be consumed. A bare recognizer -- no Ichor.Actions involved. context is read-only and only ever consulted by a Grammar.IR.Custom @native(...) node, if the grammar has one.

  



    

  
    
      
    
    
      run(input, initial_context \\ nil)



        
          
        

    

  


  

      

          @spec run(String.t(), Ichor.Actions.context()) ::
  {:ok, term()} | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like parse/1, but runs the match through the compile-time-known Actions module, returning the grammar's actual evaluated result.

  



  
    
      
    
    
      run_sequence(input, initial_context)



        
          
        

    

  


  

      

          @spec run_sequence(String.t(), Ichor.Actions.context()) ::
  {:ok, [term()], Ichor.Actions.context()}
  | {:error, Ichor.Error.t() | [Ichor.Error.t()]}


      


Like run/2, but evaluates input as a sequence of top-level matches against the root rule, one after another, threading context from each into the next (loading a standard-library file one top-level form at a time is the motivating case -- most grammars only ever need run/2).

  



    

  
    
      
    
    
      tokenize(input, context \\ nil)



        
          
        

    

  


  

      

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


      


Tokenizes input completely via maximal munch, applies any @keywords/@refine rules, or reports the first position nothing matches. context is read-only and only ever consulted by a Grammar.IR.CustomLexeme @native(...) token, if the grammar has one.

  


        

      


  

    
Ichor.PEG.Actions 
    



      
Turns a parsed PEG grammar_file (Ford's paper, pest/PEG.js-style
convention) into a real %{ident_atom => Grammar.IR.expr()} map --
one Grammar.IR tree per rule, the same target category every other
importer this project builds uses.
PEG's own operators (&, !, ?, *, +, /, ., [...]) are
close to identical in spelling and meaning to Aether's own, so most of
this module is a thin wrapper. primary's (IDENT !ARROW) is real
disambiguation, not a formality: without the negative lookahead, a
bare identifier reference inside one rule's expression would be
ambiguous with the start of the next rule's own definition. It works
because !ARROW is a parser-level predicate checked at every
candidate identifier, unlike the lexer-level maximal munch that
causes the equivalent ambiguity in Ichor.BNF/Ichor.EBNF.W3C (both
need an explicit newline between rules for exactly this reason; PEG
doesn't).
Rule names are kept exactly as written, case-sensitively, matching
ordinary identifier conventions (no RFC 5234-style case-insensitivity
rule applies here).
[^...] negates a character class the same way regex's own does:
Seq([NotPred(class), Any]).

      




  

    
mix ichor.gen 
    



      
Runs the exact same parse -> analyze -> native-codegen pipeline as
use Ichor, grammar: ..., actions: ... (Ichor.generate/3), but once,
from the command line, writing the result to disk as an ordinary
module instead of splicing it into a macro expansion. This is the
recommended way to use Ichor for anything shipping to production --
see below for why.
$ mix ichor.gen calculator.aether \
    --module Calculator \
    --actions Calculator.Actions \
    --out lib/calculator.ex

The point is moving the expensive part -- parsing the grammar, running
Grammar.Analysis, building an LR/GLR table if @engine calls for
one, and generating Elixir functions from it -- out of the consuming
app's own mix compile (where use Ichor would otherwise redo all of
that on every compile) and into a one-time step whose output gets
checked in like any other source file.
The generated module still calls a handful of small support modules by
name (Ichor.Actions, Ichor.Error, Grammar.Native.Runtime.Parser,
Grammar.Native.Runtime.Tokenizer, Grammar.VM.Token, and -- for an
@engine lr/glr grammar -- the LR/GLR shift-reduce and GSS runtime)
for capture dispatch, error formatting, and token matching, exactly as
use Ichor-generated code does -- but as ordinary function calls, not
a macro expansion, so nothing about the generated module needs Ichor
(or ichor the package at all) present once it's been written. That
handful of modules is exactly what ichor_runtime is: a consuming app
can depend on ichor_runtime as an ordinary runtime dependency and
mark ichor itself only: :dev, runtime: false -- the Aether
front-end, the format importers, Grammar.Analysis, the LR/GLR table
builder, and the codegen backends themselves (the bulk of the
library) genuinely never ship, including in a mix release build.
Contrast with use Ichor: because that macro needs the real Ichor
module loaded to expand, ichor has to be a real dependency in
whatever environment compiles it, and Mix simply won't load a
only: :dev dependency under MIX_ENV=prod -- so a mix release
build (which compiles under :prod by default) fails outright if any
module still says use Ichor and ichor was marked dev-only. This
task exists precisely to avoid that tradeoff.
Every private helper function the codegen backend generates
(tokenizer/rule sub-functions, LR/GLR dispatch clauses, ...) is
emitted as def, not defp: through use Ichor, these come from
macro expansion, which Elixir's compiler doesn't flag for being
unused even when a particular grammar's shape leaves some unreferenced
(e.g. a predefined token like HEX no rule actually uses); written
out as ordinary source, the same functions would trip
--warnings-as-errors on an unrelated grammar-shape detail.
Regenerate by rerunning the same command whenever the grammar changes
-- there's no automatic staleness check between the checked-in file
and its source grammar.
Grammar styles: Aether, ABNF, BNF, ISO EBNF, PEG
PATH_TO_GRAMMAR doesn't have to be .aether source -- ABNF, BNF,
ISO EBNF, and PEG grammars work too, via Ichor.GrammarImport. The
style is picked automatically from the file extension:
	Extension	Style
	.aether (or anything unrecognized)	Aether (default)
	.abnf	ABNF (RFC 5234 + RFC 7405)
	.bnf	Classical BNF
	.ebnf	ISO EBNF (ISO/IEC 14977)
	.peg	PEG (Ford/pest/PEG.js convention)

Override the detected style with an @style line anywhere in the
source (@style abnf, @style bnf, @style ebnf, @style peg, or
@style aether) -- it's stripped before the source reaches whichever
parser actually runs, so it doesn't need to be valid syntax in the
target format at all.
None of ABNF, BNF, ISO EBNF, or PEG have Aether's own @root
pragma, named-capture syntax (name:expr), or @skip auto-splicing
convenience. For a non-Aether style:
	The root is the source's own first-declared rule, unless
overridden with --root NAME.
	The grammar is always @noskip -- whitespace tolerance has to
already be written explicitly into the source, matching how real
ABNF/BNF/EBNF/PEG grammars are actually written.
	An Ichor.Actions module written against the generated parser
only ever sees the default fallback shape (Ichor.Node/single-
capture passthrough) -- never a named capture, since the source
format has no syntax for one.
	For ABNF specifically, RFC 5234 Appendix B's own "core rules"
(ALPHA, DIGIT, CRLF, ...) are filled in automatically for
whichever of them the source references but never defines itself
-- extremely common in real ABNF, which generally assumes those
are always available. See Ichor.GrammarImport's own moduledoc
for the one sharp edge this can't fully paper over (two
genuinely-overlapping core rules both referenced by the same
source).

Options
	--module (required) -- the generated module's name, e.g.
MyApp.Calculator.
	--actions (required) -- the Ichor.Actions module the generated
run/1,2 dispatches to, e.g. MyApp.Calculator.Actions. Not
required to exist yet -- it's baked in as a literal module
reference, resolved when the generated file's own callers run, not
when it's generated.
	--out (required) -- path to write the generated module to.
	--root (optional, non-Aether styles only) -- the entry rule's
name, overriding the source's own first-declared rule.


      




  

    
mix ichor.tokens 
    



      
Reads a .aether grammar file and lists every token it defines --
user-declared, anonymous (auto-promoted from an inline rule literal),
and the five predefined tokens (always present whether overridden or
left at their default) -- in token_order, the same order the Lexer's
maximal-munch tie-break actually uses, alongside a rendered pattern for
each (Grammar.Tokens).
Only needs the Aether front-end to run -- no analysis pass, no
VM/native backend -- so it works on any grammar that parses, even one
that would later fail the left-recursion/reference-check analysis pass.
$ mix ichor.tokens sql.aether
#   NAME    KIND        PATTERN
1   SELECT  declared    "SELECT"
2   FROM    declared    "FROM"
...
15  SPACE   declared    [ \t\n]+
16  DIGIT   predefined  [0-9]
...
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