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[image: Metastatic]Metastatic
Cross-language code meta-model library using unified MetaAST representation
Metastatic provides a unified MetaAST (Meta-level Abstract Syntax Tree) intermediate representation for parsing, transforming, and translating code across multiple programming languages using a three-layer meta-model architecture.
Vision
Parse once, use everywhere. A universal meta-model for program syntax that enables cross-language code transformation and tooling.
Metastatic provides the foundation - the MetaAST meta-model and 9 language adapters. Cross-language analysis and linting tools are provided by the companion Elixir library MetaCredo, which can handle and lint whatever sources metastatic understands.
Key Features
	Layered Architecture: Three-layer MetaAST design (M2.1 Core, M2.2 Extended, M2.3 Native)
	Language Adapters: Bidirectional M1 ↔ M2 transformations for multiple languages
	Round-Trip Fidelity: Transform source → MetaAST → source with >90% accuracy
	Meta-Model Foundation: MOF-based meta-modeling (M2 level) for universal AST representation
	Cross-Language Equivalence: Semantically equivalent code produces identical MetaAST across languages
	Semantic Enrichment: OpKind metadata system for accurate operation detection (DB, HTTP, file, cache, auth, queue, external API)

Scope
What Metastatic Provides:
	MetaAST meta-model (M2 level) with three layers
	Language adapters (Cure, Elixir, Erlang, Haskell, JavaScript, March, Python, Ruby, TypeScript)
	Parsing, transformation, and unparsing infrastructure
	Cross-language semantic equivalence validation
	Semantic enrichment (OpKind metadata)

What Metastatic Does NOT Provide:
	Static analysis (see MetaCredo, an Elixir library that performs cross-language static analysis and linting on whatever sources metastatic understands)

Metastatic is a foundation library that other tools build upon.
Quick Start
CLI Tools
Metastatic provides command-line tools for cross-language translation, AST inspection, and equivalence validation:
# Cross-language translation
mix metastatic.translate --from python --to elixir hello.py
mix metastatic.translate --from elixir --to python lib/module.ex --output py_output/

# AST inspection (tree format)
mix metastatic.inspect hello.py

# AST inspection (JSON format)
mix metastatic.inspect --format json hello.py

# Filter by layer
mix metastatic.inspect --layer core hello.py

# Extract variables only
mix metastatic.inspect --variables hello.py

# Check semantic equivalence
mix metastatic.validate_equivalence hello.py hello.ex

# Show detailed differences
mix metastatic.validate_equivalence --verbose file1.py file2.ex

Using Language Adapters
Using Language Adapters
Metastatic currently supports 9 language adapters: Cure, Elixir, Erlang, Haskell, JavaScript, March, Python, Ruby, and TypeScript.
Cure & March
alias Metastatic.Adapters.{Cure, March}
alias Metastatic.Adapter

# Parse Cure source code (native MetaAST alignment)
{:ok, doc} = Adapter.abstract(Cure, "fn add(a, b) = a + b", :cure)
doc.ast  # => {:function_def, [name: "add", params: [...]], [...]}

# Parse March source code (OCaml parser bridge)
{:ok, doc} = Adapter.abstract(March, "mod Math \n fn sum(x, y) = x + y", :march)
Elixir & Erlang
alias Metastatic.Adapters.{Elixir, Erlang}
alias Metastatic.{Adapter, Document}

# Parse Elixir source code
{:ok, doc} = Adapter.abstract(Elixir, "x + 5", :elixir)
doc.ast  # => {:binary_op, [category: :arithmetic, operator: :+], 
         #      [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

# Parse Erlang source code
{:ok, doc} = Adapter.abstract(Erlang, "X + 5.", :erlang)
doc.ast  # => {:binary_op, [category: :arithmetic, operator: :+], 
         #      [{:variable, [], "X"}, {:literal, [subtype: :integer], 5}]}

# Round-trip transformation
source = "x + y * 2"
{:ok, result} = Adapter.round_trip(Elixir, source)
result == source  # => true

# Convert back to source
{:ok, source} = Adapter.reify(Elixir, doc)

# Cross-language equivalence
elixir_source = "x + 5"
erlang_source = "X + 5."

{:ok, elixir_doc} = Adapter.abstract(Elixir, elixir_source, :elixir)
{:ok, erlang_doc} = Adapter.abstract(Erlang, erlang_source, :erlang)

# Both produce semantically equivalent MetaAST!
# (only variable naming differs: "x" vs "X")
Python
alias Metastatic.Adapters.Python

# Parse Python arithmetic
{:ok, doc} = Adapter.abstract(Python, "x + 5", :python)
doc.ast  # => {:binary_op, [category: :arithmetic, operator: :+], 
         #      [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

# Parse Python class
source = """
class Calculator:
    def __init__(self, value=0):
        self.value = value
    
    def add(self, x):
        self.value += x
        return self
"""
{:ok, doc} = Adapter.abstract(Python, source, :python)
# doc.ast contains {:language_specific, :python, ...} for class definition
Ruby
alias Metastatic.Adapters.Ruby

# Parse Ruby code
{:ok, doc} = Adapter.abstract(Ruby, "x + 5", :ruby)
doc.ast  # => {:binary_op, [category: :arithmetic, operator: :+], 
         #      [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

# Parse Ruby class with method chaining
source = """
class Calculator
  attr_reader :value
  
  def initialize(initial = 0)
    @value = initial
  end
  
  def add(x)
    @value += x
    self
  end
end
"""
{:ok, doc} = Adapter.abstract(Ruby, source, :ruby)
# doc.ast contains {:language_specific, :ruby, ...} for class definition
Haskell
alias Metastatic.Adapters.Haskell

# Parse Haskell arithmetic
{:ok, doc} = Adapter.abstract(Haskell, "x + 5", :haskell)
doc.ast  # => {:binary_op, [category: :arithmetic, operator: :+], 
         #      [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

# Parse Haskell function with type signature
source = """
factorial :: Int -> Int
factorial 0 = 1
factorial n = n * factorial (n - 1)
"""
{:ok, doc} = Adapter.abstract(Haskell, source, :haskell)
# doc.ast contains {:language_specific, :haskell, ...} for type signature and function

# Parse data type definition
source = "data Maybe a = Nothing | Just a"
{:ok, doc} = Adapter.abstract(Haskell, source, :haskell)
# doc.ast contains {:language_specific, :haskell, ...} for algebraic data type
JavaScript & TypeScript
alias Metastatic.Adapters.{JavaScript, TypeScript}

# Parse JavaScript code
{:ok, doc} = Adapter.abstract(JavaScript, "const sum = (x, y) => x + y;", :javascript)

# Parse TypeScript with interface and type annotations
source = """
interface User {
  id: number;
  name: string;
}

function getUser(id: number): User {
  return { id, name: "Alice" };
}
"""
{:ok, doc} = Adapter.abstract(TypeScript, source, :typescript)
Supported Languages Assessment Matrix
	Language	Adapter Module	File Extensions	Parser Engine & Subprocess Bridge	Round-Trip Fidelity	Semantic Domain Support	Quality Rating
	Cure	Metastatic.Adapters.Cure	.cure	In-process BEAM (Cure.Compiler.Lexer/Parser) with CLI Subprocess fallback. Zero IPC overhead when linked.	>99%	Native MetaAST architecture, OTP actors, FSMs, binary segments, proof containers	Superb (10/10)
	Elixir	Metastatic.Adapters.Elixir	.ex, .exs	Native BEAM (Code.string_to_quoted/2 & Macro.to_string/1). Zero IPC overhead.	>98%	Ecto.Repo, Req, HTTPoison, Finch, Tesla, Cachex, Guardian, Oban	Superb (10/10)
	Erlang	Metastatic.Adapters.Erlang	.erl, .hrl	Native BEAM (:erl_scan, :erl_parse, :erl_prettypr). Zero IPC overhead.	>98%	OTP gen_server, supervisor, Mnesia, :httpc, :file, :filename	Superb (10/10)
	March	Metastatic.Adapters.March	.march, .mch	Native OCaml parser/unparser via Dune Subprocess JSON bridge (priv/parsers/march).	>96%	March modules, actors, handlers, state management	Superb (9.5/10)
	Python	Metastatic.Adapters.Python	.py, .pyw	Python 3 ast module via standard Subprocess JSON bridge (priv/parsers/python/parser.py).	>95%	builtins, os, pathlib, requests, httpx, aiohttp, sqlalchemy, redis, celery	Superb (9.5/10)
	Ruby	Metastatic.Adapters.Ruby	.rb	Ruby parser / unparse gems via Subprocess JSON bridge (priv/parsers/ruby/parser.rb).	>95%	File, FileUtils, IO, Net::HTTP, HTTParty, Faraday, ActiveRecord, Redis, Sidekiq	Superb (9.5/10)
	JavaScript	Metastatic.Adapters.JavaScript	.js, .mjs, .cjs, .jsx	@babel/parser & @babel/generator via Node.js Subprocess bridge (priv/parsers/javascript/parser.js). Auto dependency installation on demand.	>96%	Node fs, path, fetch, axios, got, superagent, express, pg, ioredis, jsonwebtoken	Superb (9.5/10)
	TypeScript	Metastatic.Adapters.TypeScript	.ts, .tsx	@babel/parser with typescript and tsx plugins. Preserves TS interfaces, type aliases, and type annotations in metadata.	>96%	Inherits all JS domain patterns + loss-free type annotation metadata preservation	Superb (9.5/10)
	Haskell	Metastatic.Adapters.Haskell	.hs, .lhs	ghc-exactprint / haskell-src-exts via Subprocess bridge (priv/parsers/haskell/).	>92%	System.IO, Data.ByteString, Network.HTTP.Simple, Network.Wreq	Superb (9.0/10)

Working with MetaAST Directly
alias Metastatic.{AST, Document, Validator}

# Create a MetaAST document (uniform 3-tuple format)
ast = {:binary_op, [category: :arithmetic, operator: :+], 
       [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}
doc = Document.new(ast, :elixir)

# Validate conformance
{:ok, meta} = Validator.validate(doc)
meta.level  # => :core
meta.variables  # => MapSet.new(["x"])

# Extract variables
AST.variables(ast)  # => MapSet.new(["x"])

# Check conformance
AST.conforms?(ast)  # => true
AST Traversal & Manipulation
MetaAST trees need to be walked, searched, and transformed -- for refactoring,
linting, or building new cross-language tools. Metastatic provides a
full set of traversal and manipulation functions that mirror Elixir's Macro module,
adapted for the MetaAST 3-tuple format. All are available both on Metastatic.AST
(canonical) and as convenience wrappers on the Metastatic module itself.
Why traversal matters
Unlike Elixir's native AST, MetaAST nodes come from many languages. A single
traversal API means you write a variable renamer or a refactoring tool once
and it works on Python, Ruby, Erlang, Haskell, and Elixir code.
Walking the tree
alias Metastatic.AST

{:ok, ast} = Metastatic.quote("x + y * 2", :python)

# Transform-only walk (no accumulator) -- like Macro.postwalk/2
new_ast = Metastatic.postwalk(ast, fn
  {:variable, meta, name} -> {:variable, meta, String.upcase(name)}
  node -> node
end)

# Walk with accumulator -- like Macro.prewalk/3
{_ast, var_names} = Metastatic.prewalk(ast, [], fn
  {:variable, _, name} = node, acc -> {node, [name | acc]}
  node, acc -> {node, acc}
end)
# var_names => ["y", "x"]

# Full pre+post traverse -- like Macro.traverse/4
{_ast, count} = Metastatic.traverse(ast, 0,
  fn node, acc -> {node, acc + 1} end,   # pre
  fn node, acc -> {node, acc} end         # post
)
Lazy enumeration
# Stream all nodes depth-first -- like Macro.prewalker/1
ast |> Metastatic.prewalker() |> Enum.filter(&AST.operator?/1)

# Post-order stream -- like Macro.postwalker/1
ast |> Metastatic.postwalker() |> Enum.count()
Finding nodes
# Path from a matching node up to the root -- like Macro.path/2
path = Metastatic.path(ast, fn
  {:literal, _, 42} -> true
  _ -> false
end)
# => [{:literal, ...42}, {:binary_op, ...}, ...root]
Pipe utilities
# Decompose pipe chains -- like Macro.unpipe/1
steps = Metastatic.unpipe(pipe_ast)
# => [{initial_expr, 0}, {call1, 0}, {call2, 0}]

# Inject an expression into a function call -- like Macro.pipe/3
Metastatic.pipe_into(expr, call_node, 0)
Predicates and inspection
# Is the whole subtree purely literal? -- like Macro.quoted_literal?/1
Metastatic.literal?({:list, [], [{:literal, [subtype: :integer], 1}]})  # => true

# Is it an operator node?
Metastatic.operator?(ast)  # => true for :binary_op / :unary_op

# Human-readable representation -- like Macro.to_string/1
Metastatic.to_string(ast)  # => "x + y * 2"

# Decompose a function call -- like Macro.decompose_call/1
Metastatic.decompose_call(call_node)  # => {"add", [arg1, arg2]}

# Validate structure with diagnostics -- like Macro.validate/1
Metastatic.validate(ast)  # => :ok | {:error, {:invalid_node, ...}}

# Generate a fresh variable for transformations -- like Macro.unique_var/2
Metastatic.unique_var("tmp")  # => {:variable, [], "tmp_42"}
Supplemental Modules
Supplemental modules extend MetaAST with library-specific integrations, enabling cross-language transformations:
alias Metastatic.Supplemental.Transformer

# Transform actor patterns to Python Pykka library calls
ast = {:actor_call, {:variable, "worker"}, "process", [data]}
{:ok, python_ast} = Transformer.transform(ast, :python)
# Result: {:function_call, "worker.ask", [{:literal, :string, "process"}, data]}

# Check what supplementals are available for a language
Transformer.supported_constructs(:python)
# => [:actor_call, :actor_cast, :spawn_actor, :async_await, :async_context, :gather]

# Validate what supplementals a document needs
alias Metastatic.Supplemental.Validator
{:ok, analysis} = Validator.validate(doc)
analysis.required_supplementals  # => [:pykka, :asyncio]
Available supplementals:
	Python.Pykka - Actor model support (:actor_call, :actor_cast, :spawn_actor)
	Python.Asyncio - Async/await patterns (:async_await, :async_context, :gather)

See Supplemental Modules for comprehensive guide on using and creating supplementals.
Documentation
	Theoretical Foundations - Formal meta-modeling theory and proofs
	Supplemental Modules - Guide to using and creating supplemental modules
	API Documentation - Generate with mix docs

Architecture
Three-Layer MetaAST
Layer 1: Core (M2.1) - Universal concepts (ALL languages)
Common constructs: literals, variables, operators, conditionals, function calls, assignments
Layer 2: Extended (M2.2) - Common patterns (MOST languages)
Control flow: loops, lambdas, collection operations, pattern matching, exception handling
Layer 2s: Structural/Organizational (M2.2s) - Top-level constructs (MOST languages)
Organizational: containers (modules/classes/namespaces), function definitions, properties, attribute access, augmented assignments
Layer 3: Native (M2.3) - Language-specific escape hatches
Language-specific: lifetimes, async models, advanced type systems, metaprogramming
Examples
Shopping Cart Example
A comprehensive real-world example demonstrating metastatic's capabilities using an e-commerce shopping cart:
# From project root
mix compile

# Run interactive demo
elixir examples/shopping_cart/demo.exs

# Visualize MetaAST tree structures
elixir examples/shopping_cart/visualize_ast.exs

What you'll learn:
	How MetaAST represents real business logic (pricing, discounts, validation)
	Cross-language semantic equivalence (same logic in Python, JavaScript, Elixir, etc.)
	Three-layer architecture in practice (Core/Extended/Native)

Files:
	examples/shopping_cart/README.md - Comprehensive 500-line guide
	examples/shopping_cart/lib/ - Product and Cart modules with rich business logic
	examples/shopping_cart/demo.exs - Interactive MetaAST operations demo
	examples/shopping_cart/visualize_ast.exs - Tree visualization with annotations

See examples/README.md for more details.
Use Cases
Foundation for Cross-Language Tools
Metastatic provides the MetaAST foundation that other tools build upon:
# Mutation testing (in muex library, NYI)
Muex.mutate_file("src/calculator.py", :python)
Muex.mutate_file("src/calculator.js", :javascript)
# Both use Metastatic's MetaAST under the hood!
Cross-Language Code Transformation
Transform code between languages (for supported constructs):
# Parse Python
{:ok, doc} = Metastatic.Builder.from_source(python_source, :python)

# Transform to Elixir (with supplemental modules for unsupported constructs)
{:ok, elixir_source} = Metastatic.Builder.to_source(doc, :elixir)
Semantic Equivalence Validation
Verify that code across languages has identical semantics:
{:ok, py_doc} = Metastatic.Builder.from_source("x + 5", :python)
{:ok, ex_doc} = Metastatic.Builder.from_source("x + 5", :elixir)

py_doc.ast == ex_doc.ast  # => true (same MetaAST)
AST Infrastructure
Build language-agnostic tools on top of MetaAST:
# Extract all variables from any supported language
{:ok, doc} = Metastatic.Builder.from_source(source, language)
variables = Metastatic.AST.variables(doc.ast)
For static analysis, see MetaCredo which provides 72 checks built on MetaAST.
Contributing
This project is currently in the research/foundation phase. Contributions welcome!
Research Background
Metastatic is inspired by research from:
	muex - Multi-language mutation testing analysis
	propwise - Property-based testing candidate identification

Credits
Created as part of the Oeditus code quality tooling ecosystem.
Research synthesis from muex and propwise multi-language projects.
Installation
def deps do
  [
    {:metastatic, "~> 0.12"}
  ]
end
Documentation.


  

    Getting Started with Metastatic Development

Welcome to Metastatic! This guide will help you get up and running with the development environment.
Prerequisites
Required
	Elixir 1.19+ and Erlang/OTP 27+
	Git for version control

Current Status
Metastatic is production-ready.
	Language adapters: Cure, Elixir, Erlang, Haskell, JavaScript, March, Python, Ruby, TypeScript
	Semantic enrichment: OpKind metadata (DB, HTTP, file, cache, auth, queue, external API)
	Mix tasks: inspect, translate, validate_equivalence, gen.supplemental, supplemental_check

Current Capabilities:
	Parse and transform code across Cure, Elixir, Erlang, Haskell, JavaScript, March, Python, Ruby, and TypeScript
	Cross-language translation and semantic equivalence validation
	Semantic operation detection via OpKind
	Supplemental modules for library-specific constructs

For static analysis and linting, see MetaCredo, an Elixir library that analyzes whatever source code metastatic understands.
Optional (for extended language support)
	Python 3.9+ for Python adapter
	Node.js 16+ for JavaScript adapter (future)
	Go 1.19+ for Go adapter (future)
	Rust 1.65+ for Rust adapter (future)
	Ruby 3.0+ for Ruby adapter

Quick Setup
# Clone the repository
cd /home/am/Proyectos/Oeditus/metastatic

# Install dependencies
mix deps.get

# Run all tests
mix test

# Generate documentation
mix docs

# Run static analysis (optional)
mix format --check-formatted

Project Structure
metastatic/
├── lib/
│   └── metastatic/
│       ├── ast.ex                  # Core MetaAST type definitions (3-tuple format)
│       ├── document.ex             # Document wrapper with metadata
│       ├── builder.ex              # High-level API
│       ├── adapter.ex              # Adapter behaviour
│       ├── validator.ex            # Conformance validation
│       ├── adapters/               # 9 language adapters
│       │   ├── cure/               # Cure support (in-process + subprocess fallback)
│       │   ├── elixir/             # Full Elixir support
│       │   ├── erlang/             # Full Erlang support
│       │   ├── haskell/            # Full Haskell support
│       │   ├── javascript/         # Full JavaScript support
│       │   ├── march/              # March support (OCaml Dune parser bridge)
│       │   ├── python/             # Full Python support
│       │   ├── ruby/               # Full Ruby support
│       │   └── typescript/         # Full TypeScript support
│       ├── supplemental/           # Cross-language construct support
│       │   ├── registry.ex         # Supplemental module registry
│       │   ├── transformer.ex      # Transformation helper
│       │   └── python/             # Pykka (actors), Asyncio
│       ├── semantic/               # Semantic metadata systems
│       │   ├── op_kind.ex          # Operation kind metadata (DB, HTTP, file, etc.)
│       │   └── enricher.ex         # Semantic enrichment for AST nodes
│       └── mix/tasks/              # CLI tools (5 tasks)
│           ├── metastatic.translate.ex
│           ├── metastatic.inspect.ex
│           ├── metastatic.validate_equivalence.ex
│           ├── metastatic.gen.supplemental.ex
│           └── metastatic.supplemental_check.ex
├── test/
│   └── metastatic/                 # 1764 tests (1523 + 241 doctests)
│       ├── ast_test.exs
│       ├── adapters/               # Python, Elixir, Erlang, Ruby, Haskell
│       ├── supplemental/           # Supplemental modules
│       └── mix/tasks/              # CLI tools
├── RESEARCH.md                     # Research and architecture
├── THEORETICAL_FOUNDATIONS.md      # Formal theory
├── IMPLEMENTATION_PLAN.md          # Detailed roadmap
├── GETTING_STARTED.md              # Developer guide (this file)
└── README.md                       # Project overview
Development Workflow
1. Understanding the Architecture
Before diving in, read these documents in order:
	README.md - High-level overview and current status
	RESEARCH.md - Deep dive into the MetaAST design decisions
	THEORETICAL_FOUNDATIONS.md - Formal meta-modeling theory with proofs
	IMPLEMENTATION_PLAN.md - Roadmap and milestones

2. Running Tests
# Run all tests (1764 tests: 1523 tests + 241 doctests)
mix test

# Run specific test file
mix test test/metastatic/ast_test.exs

# Run with verbose output
mix test --trace

# Generate documentation
mix docs

# Open documentation in browser
open doc/index.html

3. Working on a Feature
Follow this process:
# 1. Create a feature branch
git checkout -b feature/my-feature

# 2. Make your changes
# Edit files in lib/ and test/

# 3. Run tests frequently
mix test

# 4. Format code
mix format

# 5. Run static analysis
mix credo

# 6. Commit with descriptive messages
git commit -m "Add support for X in MetaAST"

# 7. Push and create PR
git push origin feature/my-feature

4. Code Style
We follow standard Elixir conventions:
	Formatting: Use mix format (configured in .formatter.exs)
	Documentation: All public functions must have @doc and examples
	Typespecs: All public functions must have @spec
	Tests: Aim for >90% coverage
	Naming: Use descriptive names, avoid abbreviations

Example:
@doc """
Transform a Python binary operation to MetaAST.

## Examples

    iex> transform_binop(%{"_type" => "Add"})
    {:binary_op, :arithmetic, :+, left, right}

"""
@spec transform_binop(map()) :: {:ok, MetaAST.node()} | {:error, term()}
def transform_binop(%{"_type" => op_type, "left" => left, "right" => right}) do
  # Implementation
end
Common Tasks
Working with MetaAST
MetaAST uses a uniform 3-tuple format: {type_atom, keyword_meta, children_or_value}
Reading a MetaAST Node
Every MetaAST node follows the same 3-element tuple structure.
Here is how to read one:
graph LR
    subgraph "3-Tuple Structure"
        A["type_atom"] --- B["keyword_meta"] --- C["children_or_value"]
    end
    A -->|identifies| D["Node kind<br/>:literal, :binary_op, :function_call, ..."]
    B -->|contains| E["Metadata<br/>line, subtype, operator, name, ..."]
    C -->|holds| F["Leaf: value<br/>Composite: list of child nodes"]
Leaf vs. composite nodes differ only in the third element:
graph TD
    subgraph "Leaf Nodes"
        L1["{:literal, [subtype: :integer], 42}"]
        L2["{:variable, [scope: :local], &quot;x&quot;}"]
    end
    subgraph "Composite Nodes"
        C1["{:binary_op, [operator: :+], [left, right]}"]
        C2["{:function_call, [name: &quot;foo&quot;], [arg1, arg2]}"]
    end
    L1 -.->|"third elem is a value"| V1[42]
    C1 -.->|"third elem is a list of children"| V2["[left, right]"]
Common Node Type Examples
A simple expression x + 5 maps to MetaAST as follows:
graph TD
    Root["{:binary_op, [category: :arithmetic, operator: :+], [left, right]}"]
    Root --> Left["{:variable, [], &quot;x&quot;}"]
    Root --> Right["{:literal, [subtype: :integer], 5}"]
    style Root fill:#4a9eff,color:#fff
    style Left fill:#50c878,color:#fff
    style Right fill:#50c878,color:#fff
A conditional if x > 0 then 1 else -1:
graph TD
    Cond["{:conditional, [], [condition, then, else]}"]
    Cond --> Condition["{:binary_op, [category: :comparison, operator: :>], [x, 0]}"]
    Cond --> Then["{:literal, [subtype: :integer], 1}"]
    Cond --> Else["{:literal, [subtype: :integer], -1}"]
    Condition --> X["{:variable, [], &quot;x&quot;}"]
    Condition --> Zero["{:literal, [subtype: :integer], 0}"]
    style Cond fill:#e67e22,color:#fff
    style Condition fill:#4a9eff,color:#fff
    style Then fill:#50c878,color:#fff
    style Else fill:#50c878,color:#fff
    style X fill:#50c878,color:#fff
    style Zero fill:#50c878,color:#fff
A function definition def greet(name) with structural nodes:
graph TD
    FnDef["{:function_def, [name: &quot;greet&quot;, params: [...], visibility: :public, arity: 1], [body]}"]
    FnDef --> Param["{:param, [], &quot;name&quot;}"]
    FnDef --> Body["{:function_call, [name: &quot;IO.puts&quot;], [arg]}"]
    Body --> Arg["{:variable, [], &quot;name&quot;}"]
    style FnDef fill:#9b59b6,color:#fff
    style Param fill:#1abc9c,color:#fff
    style Body fill:#4a9eff,color:#fff
    style Arg fill:#50c878,color:#fff
MetaAST Layer Mapping
Every node type belongs to exactly one layer in the meta-model:
graph TD
    subgraph "M2.1 Core Layer -- Universal"
        C1[":literal"]
        C2[":variable"]
        C3[":binary_op"]
        C4[":unary_op"]
        C5[":function_call"]
        C6[":conditional"]
        C7[":block"]
        C8[":assignment"]
        C9[":list / :map / :pair"]
    end
    subgraph "M2.2 Extended Layer -- Common Patterns"
        E1[":loop"]
        E2[":lambda"]
        E3[":collection_op"]
        E4[":pattern_match / :match_arm"]
        E5[":exception_handling"]
        E6[":comprehension"]
    end
    subgraph "M2.2s Structural Layer -- Organization"
        S1[":container"]
        S2[":function_def / :param"]
        S3[":attribute_access"]
        S4[":import"]
        S5[":property"]
    end
    subgraph "M2.3 Native Layer -- Escape Hatch"
        N1[":language_specific"]
    end
alias Metastatic.{AST, Document, Validator}

# Create a MetaAST manually (3-tuple format)
ast = {:binary_op, [category: :arithmetic, operator: :+], [
  {:variable, [], "x"},
  {:literal, [subtype: :integer], 5}
]}

# Check conformance
AST.conforms?(ast)  # => true

# Extract variables
AST.variables(ast)  # => MapSet.new(["x"])

# Wrap in a document
doc = Document.new(ast, :python)

# Validate with metadata
{:ok, meta} = Validator.validate(doc)
meta.level  # => :core
meta.depth  # => 2
meta.variables  # => MapSet.new(["x"])
AST Traversal & Manipulation
MetaAST trees need to be walked, searched, and transformed. Whether you are
building a linter, a refactoring tool, or a complexity analyser, the traversal
API is the main workhorse. Metastatic mirrors every useful function from Elixir's
Macro module so that working with MetaAST feels familiar.
All functions live in Metastatic.AST and are re-exported as convenience wrappers
on the top-level Metastatic module.
Depth-first walks
The simplest traversals transform every node without carrying state:
alias Metastatic.AST

# postwalk/2 -- visit children first, then the parent (bottom-up)
new_ast = AST.postwalk(ast, fn
  {:literal, meta, n} when is_integer(n) -> {:literal, meta, n * 2}
  other -> other
end)

# prewalk/2 -- visit the parent first, then children (top-down)
new_ast = AST.prewalk(ast, fn
  {:variable, meta, name} -> {:variable, meta, String.downcase(name)}
  other -> other
end)
When you need to accumulate results (collect names, count nodes, etc.),
use the 3-arity variants:
# Collect all variable names encountered during traversal
{_ast, vars} = AST.prewalk(ast, [], fn
  {:variable, _, name} = node, acc -> {node, [name | acc]}
  node, acc -> {node, acc}
end)
For full control, traverse/4 lets you supply both a pre and a post function
(mirrors Macro.traverse/4):
{new_ast, acc} = AST.traverse(ast, initial_acc,
  fn node, acc -> {node, acc} end,   # pre  -- called before children
  fn node, acc -> {node, acc} end    # post -- called after children
)
Lazy enumerable walkers
When you only need to read the tree (no transformation), the walker streams
avoid building a transformed copy:
# prewalker/1 -- lazy Stream, depth-first pre-order
all_types = ast |> AST.prewalker() |> Enum.map(&AST.type/1)
# => [:binary_op, :variable, :literal]

# postwalker/1 -- lazy enumerable, depth-first post-order
ast |> AST.postwalker() |> Enum.count(&AST.leaf?/1)
Finding a node and its ancestors
path/2 returns the route from a matching node up to the root, which is
invaluable for contextual analysis ("is this literal inside a function call
that is inside a loop?"):
path = AST.path(ast, fn {:literal, _, 42} -> true; _ -> false end)
# => [{:literal, [subtype: :integer], 42}, {:binary_op, ...}, ...root]
#    first element is the match, last is the AST root
Returns nil when no node matches.
Pipe chain utilities
Elixir pipe expressions are represented as nested :pipe nodes.
unpipe/1 flattens them:
steps = AST.unpipe(pipe_ast)
# => [{initial_value, 0}, {function_call_1, 0}, {function_call_2, 0}]
pipe_into/3 is the inverse -- it injects an expression into a function call's
argument list at the given position:
call = {:function_call, [name: "String.trim"], []}
AST.pipe_into({:variable, [], "input"}, call, 0)
# => {:function_call, [name: "String.trim"], [{:variable, [], "input"}]}
Call decomposition
Extract the name and arguments from a function call node:
AST.decompose_call({:function_call, [name: "Repo.get"], [arg1, arg2]})
# => {"Repo.get", [arg1, arg2]}

AST.decompose_call({:literal, [subtype: :integer], 42})
# => :error
Human-readable representation
to_string/1 prints a compact, pseudo-code representation useful for
debugging and logging:
AST.to_string(ast)
# => "x + 5"   (for a binary_op node)
# => "foo(x, 1)" (for a function_call)
# => "[1, 2]"    (for a list of literals)
Predicates
# Is the node (and all descendants) purely literal?
AST.literal?({:list, [], [{:literal, [subtype: :integer], 1}]})  # => true
AST.literal?({:list, [], [{:variable, [], "x"}]})                # => false

# Is it an operator?
AST.operator?({:binary_op, [operator: :+], [_, _]})  # => true
AST.operator?({:literal, [subtype: :integer], 1})     # => false
Validation with diagnostics
While AST.conforms?/1 returns a boolean, validate/1 tells you what is
wrong:
AST.validate({:literal, [subtype: :integer], 42})     # => :ok
AST.validate({:literal, [subtype: :integer], "oops"})  # => {:error, {:invalid_node, ...}}
AST.validate("not a tuple")                            # => {:error, {:not_an_ast_node, ...}}
Generating fresh variables
Code transformations often need to introduce bindings that don't clash
with existing names:
AST.unique_var("tmp")   # => {:variable, [], "tmp_1"}
AST.unique_var("tmp")   # => {:variable, [], "tmp_2"}  (monotonically increasing)
Quick reference
All functions are also available as Metastatic.<name>:
	prewalk/2, prewalk/3 -- top-down transform
	postwalk/2, postwalk/3 -- bottom-up transform
	traverse/4 -- full pre+post walk
	prewalker/1, postwalker/1 -- lazy enumerables
	path/2 -- ancestors of a matching node
	unpipe/1, pipe_into/3 -- pipe chain tools
	decompose_call/1 -- extract name and args
	to_string/1 -- human-readable output
	literal?/1, operator?/1 -- predicates
	validate/1 -- structural validation
	unique_var/1 -- fresh variable generation

Using Language Adapters
Elixir Adapter
alias Metastatic.Adapters.Elixir, as: ElixirAdapter
alias Metastatic.Builder

# Parse Elixir source to MetaAST
source = "x + 5"
{:ok, doc} = Builder.from_source(source, ElixirAdapter)

# doc.ast uses the uniform 3-tuple format:
# {:binary_op, [category: :arithmetic, operator: :+], [
#   {:variable, [], "x"},
#   {:literal, [subtype: :integer], 5}
# ]}

# Convert back to Elixir source
{:ok, result} = Builder.to_source(doc)
# => "x + 5"

# Round-trip validation
{:ok, doc} = Builder.round_trip(source, ElixirAdapter)
Erlang Adapter
alias Metastatic.Adapters.Erlang, as: ErlangAdapter

# Parse Erlang source to MetaAST
source = "X + 5."
{:ok, doc} = Builder.from_source(source, ErlangAdapter)

# Same MetaAST structure as Elixir (only variable name differs)!
# {:binary_op, [category: :arithmetic, operator: :+], [
#   {:variable, [], "X"},
#   {:literal, [subtype: :integer], 5}
# ]}

# Convert to Erlang source
{:ok, result} = Builder.to_source(doc)
# => "X + 5"
Cross-Language Equivalence
Different M1 language ASTs converge to the same M2 MetaAST representation:
graph LR
    subgraph "M1: Language-Specific ASTs"
        PY["Python<br/>BinOp(op=Add)"]
        EX["Elixir<br/>{:+, [], [x, 5]}"]
        ER["Erlang<br/>{op, Line, '+', L, R}"]
        RB["Ruby<br/>s(:send, lhs, :+, rhs)"]
    end
    subgraph "M2: Unified MetaAST"
        M["{:binary_op,<br/>[category: :arithmetic,<br/>operator: :+],<br/>[left, right]}"]
    end
    PY --> M
    EX --> M
    ER --> M
    RB --> M
    style M fill:#4a9eff,color:#fff
# Parse Elixir
elixir_source = "x + 5"
{:ok, elixir_doc} = Builder.from_source(elixir_source, ElixirAdapter)

# Parse semantically equivalent Erlang
erlang_source = "X + 5."
{:ok, erlang_doc} = Builder.from_source(erlang_source, ErlangAdapter)

# Normalize variable names for comparison
elixir_vars = elixir_doc.ast |> normalize_vars()
erlang_vars = erlang_doc.ast |> normalize_vars()

# Same MetaAST structure!
assert elixir_vars == erlang_vars
Adding a New Language Adapter
See existing Elixir and Erlang adapters as reference implementations.
Adding a New Mutator
	Create mutator module: lib/metastatic/mutators/my_mutator.ex
	Implement mutation logic: Use Macro.postwalk/2
	Add tests: Test on multiple languages
	Document: Include examples

Adding Test Fixtures
# Create fixture directory
mkdir -p test/fixtures/elixir/

# Add source file
echo 'x + y' > test/fixtures/elixir/simple_add.ex

# Add expected MetaAST
cat > test/fixtures/elixir/expected/simple_add.exs << 'EOF'
{:binary_op, :arithmetic, :+, {:variable, "x"}, {:variable, "y"}}
EOF

Testing Philosophy
Unit Tests
Test individual transformations and functions:
test "transforms Elixir addition to MetaAST" do
  elixir_ast = {:+, [], [{:x, [], nil}, 5]}
  {:ok, meta_ast} = Metastatic.Adapters.Elixir.ToMeta.transform(elixir_ast)
  # 3-tuple format: {type, keyword_meta, children_or_value}
  assert {:binary_op, [category: :arithmetic, operator: :+], [
    {:variable, [], "x"},
    {:literal, [subtype: :integer], 5}
  ]} = meta_ast
end
Integration Tests
Test full round-trips:
test "round-trip Elixir source through MetaAST" do
  source = "x + 5"
  alias Metastatic.Adapters.Elixir, as: ElixirAdapter
  {:ok, doc} = Builder.from_source(source, ElixirAdapter)
  {:ok, result} = Builder.to_source(doc)
  assert result == source
end
Property Tests
Use StreamData for property-based testing:
property "all arithmetic mutations are valid" do
  check all ast <- ast_generator() do
    mutations = Mutator.arithmetic_inverse(ast)
    assert Enum.all?(mutations, &valid_ast?/1)
  end
end
Debugging Tips
Inspecting ASTs
# In IEx
iex> alias Metastatic.Adapters.Elixir, as: ElixirAdapter
iex> source = "x + 5"
iex> {:ok, doc} = Metastatic.Builder.from_source(source, ElixirAdapter)
iex> IO.inspect(doc.ast, label: "MetaAST")
iex> IO.inspect(doc.metadata, label: "Metadata")
Using IEx for Development
# Start IEx with project loaded
iex -S mix

# Reload changed modules
iex> recompile()

# Run specific test
iex> ExUnit.run()

Testing Adapters
# Test Elixir adapter
mix test test/metastatic/adapters/elixir_test.exs

# Test Erlang adapter
mix test test/metastatic/adapters/erlang_test.exs

# Test specific feature
mix test test/metastatic/adapters/elixir_test.exs:45

Documentation
Writing Docs
All public functions must have:
@doc """
Brief one-line description.

Longer explanation if needed. Explain what the function does,
not how it does it.

## Examples

    iex> MyModule.my_function(arg)
    expected_result

## Options

- `:option1` - Description
- `:option2` - Description

"""
@spec my_function(arg_type()) :: return_type()
def my_function(arg) do
  # Implementation
end
Generating Docs
# Generate HTML documentation
mix docs

# Open in browser
open doc/index.html

Performance Considerations
Profiling
# Use :fprof for profiling
alias Metastatic.Adapters.Elixir, as: ElixirAdapter
source = "x + 5"
:fprof.apply(&Metastatic.Builder.from_source/2, [source, ElixirAdapter])
:fprof.profile()
:fprof.analyse()
Benchmarking
# Use Benchee for benchmarking
alias Metastatic.Adapters.{Elixir, Erlang}
source_ex = "x + 5"
source_erl = "X + 5."

Benchee.run(%{
  "parse elixir" => fn -> Metastatic.Builder.from_source(source_ex, Elixir) end,
  "parse erlang" => fn -> Metastatic.Builder.from_source(source_erl, Erlang) end
})
Troubleshooting
Common Issues
Issue: Elixir parse error
Error: Code.string_to_quoted/1 failed with syntax error
Solution: Ensure Elixir source is syntactically valid
Issue: Erlang parse error
Error: :erl_parse.parse_exprs failed
Solution: Ensure Erlang expressions end with a period (.)
Issue: Tests failing after changes
Error: test/metastatic/adapters/... failed
Solution: Check MetaAST structure matches expected format; run mix format to ensure consistent formatting
Getting Help
	Issues: Open a GitHub issue for bugs or feature requests
	Discussions: Use GitHub Discussions for questions
	Slack: Join #metastatic channel (internal)
	Documentation: Check RESEARCH.md and IMPLEMENTATION_PLAN.md

Contributing Checklist
Before submitting a PR:
	[ ] Code is formatted (mix format)
	[ ] Tests pass (mix test)
	[ ] Coverage > 90% for new code
	[ ] Credo passes (mix credo --strict)
	[ ] Dialyzer passes (mix dialyzer)
	[ ] Documentation added/updated
	[ ] CHANGELOG.md updated
	[ ] Commit messages are descriptive

Next Steps
	Read the research: Start with RESEARCH.md to understand the "why"
	Pick a task: Check IMPLEMENTATION_PLAN.md for current priorities
	Set up environment: Install required runtimes
	Run tests: Make sure everything works
	Start coding: Pick an issue or feature from the roadmap

Welcome aboard!
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Abstract
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1. Introduction to Meta-Modeling
1.1 Meta-Modeling in Software Engineering
Meta-modeling is a formal approach to defining the structure and semantics of models. In software engineering, meta-modeling provides a rigorous foundation for model-driven development, domain-specific languages, and tool interoperability.
Definition 1.1 (Model): A model M is a representation of a system S that captures relevant aspects of S while abstracting irrelevant details.
Definition 1.2 (Meta-Model): A meta-model MM is a model that defines the structure and semantics of a family of models. In other words, a meta-model is a "model of models."
1.2 The Need for Meta-Level Abstraction
Traditional approaches to cross-language program analysis face fundamental challenges:
	Language proliferation: Each new language requires a complete reimplementation of analysis tools
	Semantic heterogeneity: Different languages express similar concepts with different syntax
	Maintenance burden: Changes in one language break tools across the ecosystem

Meta-modeling addresses these challenges through abstraction to a meta-level representation.
1.3 Historical Context
Meta-modeling has its roots in several foundational works:
	MOF (Meta-Object Facility) - OMG standard for defining meta-models (OMG, 2002)
	Ecore - Eclipse Modeling Framework's meta-meta-model (Steinberg et al., 2008)
	MDA (Model-Driven Architecture) - OMG's framework for model transformations (Miller & Mukerji, 2003)

Metastatic applies these principles to the domain of abstract syntax trees for programming languages.

2. The Four-Level Meta-Modeling Hierarchy
2.1 The MOF Four-Layer Architecture
The OMG Meta-Object Facility defines a four-level hierarchy of models:
flowchart TD
    M3["M3: Meta-Meta-Model (MOF)"]
    M2["M2: Meta-Model (UML, MetaAST)"]
    M1["M1: Model (Class Diagram, Python AST)"]
    M0["M0: Instance (Running Object, Executing Code)"]
    
    M3 -->|instance-of| M2
    M2 -->|instance-of| M1
    M1 -->|instance-of| M0
Definition 2.1 (Layer Mₙ): 
	M0 contains instances of domain entities (running code, actual objects)
	M1 contains models of domain entities (ASTs, class diagrams)
	M2 contains meta-models that define the structure of M1 models
	M3 contains the meta-meta-model that defines the structure of M2 meta-models

2.2 Instance-Of Relation
Definition 2.2 (Instance-Of): A model element e at level Mₙ is an instance of a meta-model element m at level Mₙ₊₁, written e : m, if and only if:
	The structure of e conforms to the structure defined by m
	The semantics of e are consistent with the semantics defined by m

Theorem 2.1 (Transitivity of Instance-Of):
If a : b and b : c, then a is transitively an instance of c.
Proof: By induction on the meta-modeling hierarchy. □
2.3 MetaAST in the Hierarchy
Metastatic's position in the hierarchy:
	Level	Metastatic	UML/MOF	Purpose
	M3	Elixir type system	MOF	Defines what meta-models can be
	M2	MetaAST	UML	Defines what models (ASTs) can be
	M1	Python/JS/Elixir AST	Class Diagram	Defines what instances (code) are
	M0	Executing code	Running objects	The actual runtime instances

Key Insight: MetaAST operates at M2, not M1. This is the theoretical foundation for universal transformations.

3. MetaAST as an M2 Meta-Model
3.1 Formal Definition of MetaAST
Definition 3.1 (MetaAST): MetaAST is a 4-tuple ⟨N, E, τ, σ⟩ where:
	N is a finite set of node types (meta-types)
	E is a set of edges representing compositional relationships
	τ: N → PowerSet(Attribute) maps node types to their attributes
	σ: N → Semantics maps node types to their operational semantics

Example 3.1 (Binary Operation Meta-Type):
n_binop ∈ N
τ(n_binop) = {category, operator, left: N, right: N}
σ(n_binop) = λ(op, l, r). eval(op, eval(l), eval(r))
3.2 Layered Architecture as Stratified Meta-Model
MetaAST employs a three-layer architecture representing stratification within M2:
Definition 3.2 (Layered MetaAST): MetaAST = M₂.₁ ∪ M₂.₂ ∪ M₂.₃ where:
	M₂.₁ (Core): Universal concepts ∀L ∈ Languages. Core ⊆ L
	Examples: {literal, variable, binary_op, conditional, function_call}


	M₂.₂ (Extended): Common patterns ∃L₁, L₂ ∈ Languages. Pattern ∈ L₁ ∧ Pattern ∈ L₂
	Examples: {loop, lambda, collection_op, pattern_match}


	M₂.₃ (Native): Language-specific escape hatches
	Examples: {language_specific(rust, lifetime)}



Theorem 3.1 (Coverage Property):
For any language L, there exists a mapping φ: AST_L → MetaAST such that:
	Core constructs map to M₂.₁ (coverage ≥ 90%)
	Common patterns map to M₂.₂ (coverage ≥ 85%)
	Structural patterns map to M₂.₂ₛ (coverage ≥ 70%) [Extended theorem]
	Unique constructs map to M₂.₃ (coverage = 100%)

Proof sketch: By empirical analysis of 7 major programming languages (Python, JavaScript, Elixir, Rust, Go, Java, Ruby), we demonstrate that core operators, conditionals, and function calls exist in all languages (M₂.₁), loops and lambdas exist in all except purely functional languages (M₂.₂), and unique features use escape hatches (M₂.₃). Extended analysis shows that organizational constructs (modules, classes, functions) exhibit semantic equivalence across 70%+ of structural patterns (M₂.₂ₛ). □
3.3 Meta-Model vs Intermediate Representation
Critical Distinction:
MetaAST is NOT an intermediate representation (IR) like:
	LLVM IR (M1 level - specific model)
	Java bytecode (M1 level - specific model)
	Common Intermediate Language (M1 level - specific model)

These are all at M1 level because they represent specific models of computation.
Theorem 3.2 (Meta-Level Distinction):
MetaAST ≠ IR because:
	IR ∈ M1 (is a model)
	MetaAST ∈ M2 (defines what models can be)
	M1 ≠ M2 by definition of meta-modeling hierarchy

Proof: Direct from Definition 2.1. □
3.4 Structural/Organizational Layer Extension (M₂.₂ₛ)
Motivation: The original three-layer architecture handles expression-level constructs effectively but treats organizational constructs (modules, classes, function definitions) as opaque language_specific nodes. This prevents cross-language structural analysis, duplication detection at container level, and architectural transformations.
Definition 3.3 (Structural Layer): M₂.₂ₛ is an extension of M₂.₂ (Extended Layer) that provides meta-types for organizational/structural constructs:
M₂.₂ₛ = {container, function_def, attribute_access, property} ∪ M₂.₂
Rationale for M₂.₂ₛ ⊆ M₂.₂: Structural constructs are "extended" (not core) because:
	They exhibit language-specific variations (OOP vs FP semantics)
	They require rich metadata for round-trip fidelity
	Not all languages have explicit structural containers (e.g., Python uses files as modules)

Definition 3.4 (Container Meta-Type):
container :: {
  :container,
  container_type :: :module | :class | :namespace,
  name :: String.t,
  metadata :: container_metadata(),
  members :: [meta_ast()]
}

container_metadata :: %{
  source_language :: atom(),
  has_state :: boolean(),
  visibility :: visibility_map(),
  superclass :: meta_ast() | nil,
  organizational_model :: :oop | :functional | :hybrid,
  ...
}

visibility_map :: %{
  public :: [{name :: String.t, arity :: non_neg_integer()}],
  private :: [{name :: String.t, arity :: non_neg_integer()}],
  protected :: [{name :: String.t, arity :: non_neg_integer()}]
}
Semantic Interpretation:
	:module (FP): Stateless namespace, functions are free
	:class (OOP): Stateful container, functions are methods with receiver
	:namespace (nested modules): Naming scope without execution semantics

Definition 3.5 (Function Definition Meta-Type):
function_def :: {
  :function_def,
  visibility :: :public | :private | :protected,
  name :: String.t,
  params :: [param()],
  guards :: meta_ast() | nil,  # In metadata for Elixir/Erlang/Haskell
  body :: meta_ast()
}

param :: String.t | {:pattern, meta_ast()} | {:default, String.t, meta_ast()}
Theorem 3.3 (Structural Coverage Property):
For languages L ∈ {Python, Ruby, Elixir, Erlang, Haskell}, there exists a structural mapping φₛ: Structural_L → M₂.₂ₛ such that:
	Construct Type	Coverage
	Container definitions	100%
	Function definitions	100%
	Visibility mechanisms	80%
	Inheritance (OOP-only)	40%
	Constructors (OOP-only)	40%

Overall structural coverage: ~72%
Proof: 
By construction and empirical verification:
	Container definitions (100%):
	Python class → {:container, :class, ...}
	Ruby class → {:container, :class, ...}
	Ruby module → {:container, :module, ...}
	Elixir defmodule → {:container, :module, ...}
	Erlang -module() → {:container, :module, ...}
	Haskell module → {:container, :module, ...}

All language container constructs map to M₂.₂ₛ container type.

	Function definitions (100%):
	All languages provide named function/method definitions
	Differences handled via metadata (receiver presence, multi-clause, etc.)


	Visibility (80%):
	Public/private distinction exists in all languages
	Protected exists in Ruby (not Python/Elixir/Erlang/Haskell)
	Mechanisms differ (keywords vs conventions vs export lists)
	Captured in unified visibility_map


	Inheritance (40%):
	Only OOP languages (Python, Ruby) have classical inheritance
	FP languages (Elixir, Erlang, Haskell) use protocols/type classes
	Coverage: 2/5 languages = 40%


	Constructors (40%):
	Only OOP languages have explicit constructors
	Coverage: 2/5 languages = 40%



Weighted average: (100 + 100 + 80 + 40 + 40) / 5 = 72% □
Theorem 3.4 (Semantic Equivalence of Structural Constructs):
Two container nodes from different languages are semantically equivalent at M₂ level if:
Given:
  c₁ = {:container, t₁, n, m₁, members₁} from language L₁
  c₂ = {:container, t₂, n, m₂, members₂} from language L₂

Where:
  n = name (same)
  t₁, t₂ ∈ {:module, :class}
  m₁.has_state = m₂.has_state
  |members₁| = |members₂|
  ∀i. member₁ᵢ ≡ member₂ᵢ (pairwise semantic equivalence)

Then:
  c₁ ≡ c₂ (modulo metadata differences)
Proof:
	Structural equivalence: Both containers have same name and member count

	State semantics: has_state flag determines whether container is OOP (instantiable, stateful) or FP (namespace only)
	If both has_state = false: Both are FP modules (pure namespaces)
	If both has_state = true: Both are OOP classes (stateful, instantiable)
	Mixed state models break equivalence


	Member equivalence: By hypothesis, all member functions are pairwise equivalent at M₂ level

	Container type normalization: 
	:module with has_state = false ≡ :module with has_state = false (FP namespace)
	:class with has_state = true ≡ :class with has_state = true (OOP container)
	:module (Ruby) with has_state = false ≡ :module (Elixir) with has_state = false


	Semantic interpretation:
⟦c₁⟧_L₁ = "Container n providing functions {f₁, f₂, ...} with state model s"
⟦c₂⟧_L₂ = "Container n providing functions {f₁, f₂, ...} with state model s"
Therefore, ⟦c₁⟧_L₁ ≡ ⟦c₂⟧_L₂ □


Corollary 3.5 (Cross-Language Structural Duplication):
If c₁ ≡ c₂ by Theorem 3.4, then structural duplication detectors can identify c₁ and c₂ as semantic clones despite originating from different languages.
Example 3.2 (Elixir Module ≡ Ruby Module):
# Elixir (L₁)
defmodule Math do
  def factorial(0), do: 1
  def factorial(n), do: n * factorial(n - 1)
end

# M₂ representation
c₁ = {:container, :module, "Math",
  %{has_state: false, organizational_model: :functional, ...},
  [f₁]
}
# Ruby (L₂)
module Math
  def self.factorial(n)
    return 1 if n == 0
    n * factorial(n - 1)
  end
end

# M₂ representation
c₂ = {:container, :module, "Math",
  %{has_state: false, organizational_model: :functional, ...},
  [f₂]
}
Both have:
	Same name: "Math"
	Same container type: :module
	Same state model: has_state = false
	Equivalent members: f₁ ≡ f₂ (factorial function)

Therefore, c₁ ≡ c₂ by Theorem 3.4.
Theorem 3.6 (OOP-FP Transformation Constraints):
A container c₁ from an OOP language can be semantically transformed to a container c₂ in an FP language if and only if:
c₁.metadata.has_state = false  ∧  
c₁.metadata.constructor = nil  ∧
∀m ∈ c₁.members. ¬uses_self(m)
Where uses_self(m) detects whether member function accesses instance state.
Proof:
	Necessity (⇐): 
	If c₁ has no state, no constructor, and no self references, it is functionally a namespace
	FP languages provide namespaces (modules)
	Therefore, transformation is semantically valid


	Insufficiency (⇒):
	If c₁ has state (has_state = true), members can mutate instance variables
	FP languages forbid mutable state
	Transformation would require rewriting all state accesses to parameter passing
	This is not a direct structural transformation but a semantic rewrite


	Constructor constraint:
	Constructors initialize instance state
	If constructor ≠ nil, then has_state = true (usually)
	FP modules have no initialization phase


	Self references:
	Methods accessing self.attribute require instance context
	FP functions have no implicit receiver
	Transformation requires parameter rewriting



∎
Corollary 3.7: Pure static method containers in OOP languages are directly transformable to FP modules.

4. Formal Definitions
4.1 Languages and Abstract Syntax Trees
Definition 4.1 (Language): A programming language L is a 5-tuple ⟨Σ, S, CS, AS, ⟦·⟧⟩ where:
	Σ is the alphabet (terminal symbols)
	S is the concrete syntax (grammar)
	CS is the set of concrete syntax trees
	AS is the set of abstract syntax trees
	⟦·⟧: AS → Semantics is the semantic function

Definition 4.2 (Abstract Syntax Tree): For a language L, an AST is a tree structure t ∈ AS_L where:
	Nodes represent language constructs
	Edges represent compositional relationships
	The tree abstracts away concrete syntax details (parentheses, whitespace, etc.)

Example 4.1:
Python:  x + y
AST_Python: BinOp(op=Add(), left=Name('x'), right=Name('y'))

JavaScript: x + y  
AST_JavaScript: BinaryExpression(operator: '+', left: Identifier('x'), right: Literal('y'))

Both are M1 models (instances of MetaAST's M2 binary_op concept)
4.2 Instance-Of Relation for MetaAST
Definition 4.3 (AST Instance-Of MetaAST):
An AST a ∈ AS_L is an instance of MetaAST node type n ∈ N, written a : n, if and only if:
	Structural conformance: The structure of a matches the structure defined by n
	Semantic preservation: ⟦a⟧_L ≡ σ(n) under semantic equivalence
	Attribute consistency: All attributes in τ(n) have corresponding values in a

Example 4.2:
# M2: MetaAST definition
binary_op: {:binary_op, category, op, left, right}

# M1: Python AST instance
BinOp(op=Add(), left=..., right=...) : binary_op

# M1: JavaScript AST instance
BinaryExpression(operator: '+', left=..., right=...) : binary_op

# Both are instances of the SAME M2 concept
4.3 Semantic Equivalence
Definition 4.4 (Semantic Equivalence):
Two AST nodes a₁ ∈ AS_L₁ and a₂ ∈ AS_L₂ are semantically equivalent, written a₁ ≡ a₂, if:
∀ environment ρ. ⟦a₁⟧_L₁(ρ) = ⟦a₂⟧_L₂(ρ)
(Given appropriate environment adaptation between languages)
Theorem 4.1 (Semantic Equivalence through MetaAST):
If a₁ : n and a₂ : n for some n ∈ MetaAST, then a₁ ≡ a₂.
Proof: 
	By Definition 4.3, both ⟦a₁⟧ and ⟦a₂⟧ are semantically consistent with σ(n)
	Therefore, ⟦a₁⟧ ≡ σ(n) ≡ ⟦a₂⟧
	By transitivity of equivalence, a₁ ≡ a₂. □


5. Abstraction and Reification Operations
5.1 Language Adapters as Functors
Definition 5.1 (Language Adapter): For a language L, a language adapter is a pair of functions:
Adapter_L = ⟨α_L, ρ_L⟩

where:
  α_L: AS_L → MetaAST × Metadata    (abstraction)
  ρ_L: MetaAST × Metadata → AS_L    (reification)
Definition 5.2 (Metadata): Metadata M is information that:
	Cannot be represented at M2 level
	Is necessary for M2 → M1 reconstruction
	Does not affect semantic equivalence at M2

Examples: formatting, comments, type annotations, language-specific hints
5.2 Abstraction (M1 → M2)
Definition 5.3 (Abstraction Function):
The abstraction function α_L: AS_L → MetaAST × Metadata maps language-specific ASTs to meta-level representations:
α_L(ast_L) = ⟨meta_ast, metadata⟩

where:
  meta_ast ∈ MetaAST
  metadata ∈ Metadata
  ast_L : meta_ast (instance-of relation)
Properties of Abstraction:
	Type preservation: If ast : type_L, then π₁(α_L(ast)) has equivalent type at M2
	Semantic preservation: ⟦ast⟧_L ≡ ⟦π₁(α_L(ast))⟧_M2
	Information preservation: metadata contains all M1 information not in M2

Example 5.1 (Python to MetaAST):
# M1: Python AST
ast_py = BinOp(
    op=Add(),
    left=Name(id='x', ctx=Load()),
    right=Num(n=5)
)

# Abstraction to M2
α_Python(ast_py) = (
    {:binary_op, :arithmetic, :+, 
     {:variable, "x"}, 
     {:literal, :integer, 5}},
    
    %{native_lang: :python,
      left_context: :Load,
      source_location: {line: 1, col: 0}}
)
5.3 Reification (M2 → M1)
Definition 5.4 (Reification Function):
The reification function ρ_L: MetaAST × Metadata → AS_L reconstructs language-specific ASTs from meta-level representations:
ρ_L(meta_ast, metadata) = ast_L

where:
  ast_L ∈ AS_L
  ast_L : meta_ast
  ast_L incorporates information from metadata
Properties of Reification:
	Validity: ρ_L(m, md) produces a valid AST in language L
	Semantic preservation: ⟦ρ_L(m, md)⟧_L ≡ ⟦m⟧_M2
	Metadata restoration: Language-specific information from md is restored

5.4 Round-Trip Property
Definition 5.5 (Round-Trip Fidelity):
A language adapter has round-trip fidelity if:
∀ ast ∈ AS_L. ρ_L(α_L(ast)) ≈ ast
where ≈ denotes semantic equivalence up to formatting and comments.
Theorem 5.1 (Round-Trip Preservation):
If metadata contains all M1-specific information, then:
⟦ρ_L(α_L(ast))⟧_L = ⟦ast⟧_L
Proof:
	By semantic preservation of abstraction: ⟦π₁(α_L(ast))⟧_M2 = ⟦ast⟧_L
	By semantic preservation of reification: ⟦ρ_L(π₁(α_L(ast)), π₂(α_L(ast)))⟧_L = ⟦π₁(α_L(ast))⟧_M2
	By transitivity: ⟦ρ_L(α_L(ast))⟧_L = ⟦ast⟧_L. □


6. Conformance Relations
6.1 Structural Conformance
Definition 6.1 (Structural Conformance):
An AST a ∈ AS_L structurally conforms to MetaAST node type n ∈ N, written a ⊢ n, if:
	The root node of a corresponds to node type n
	All required attributes in τ(n) are present in a
	All child nodes recursively conform to their respective MetaAST types

Example 6.1:
# M2 definition
@type binary_op :: {:binary_op, category(), op :: atom, left :: node, right :: node}

# M1 instance - Python
BinOp(op=Add(), left=Name('x'), right=Num(5)) ⊢ binary_op ✓

# M1 instance - JavaScript  
BinaryExpression(operator: '+', left: Identifier('x'), right: Literal(5)) ⊢ binary_op ✓

# Invalid instance
UnaryOp(op=Not(), operand=Name('x')) ⊬ binary_op ✗
6.2 Semantic Conformance
Definition 6.2 (Semantic Conformance):
An AST a ∈ AS_L semantically conforms to MetaAST node type n, written a ⊨ n, if:
∀ inputs I. ⟦a⟧_L(I) = σ(n)(I)
where σ(n) is the semantic function defined for node type n.
Theorem 6.1 (Structural Implies Semantic):
If a ⊢ n and abstraction is semantically correct, then a ⊨ n.
Proof: By induction on AST structure. Semantic correctness of abstraction ensures that structural conformance preserves semantics. □
6.3 Conformance Validation
Definition 6.3 (Conformance Validator):
A conformance validator is a function:
validate: AS_L × N → {valid, invalid(reason)}

validate(a, n) = valid ⟺ (a ⊢ n) ∧ (a ⊨ n)
Algorithm 6.1 (Structural Validation):
function validate_structure(ast, node_type):
    if ast.type ≠ node_type:
        return invalid("Type mismatch")
    
    for attr in required_attributes(node_type):
        if attr ∉ ast.attributes:
            return invalid("Missing attribute: " + attr)
    
    for child in ast.children:
        expected_type = child_type(node_type, child.position)
        if not validate_structure(child, expected_type):
            return invalid("Child conformance failed")
    
    return valid

7. Transformation Theory
7.1 Meta-Level Transformations
Definition 7.1 (M2 Transformation):
An M2 transformation is a function:
T: MetaAST → MetaAST

such that:
  ∀ m ∈ MetaAST. T(m) ∈ MetaAST
Key Property: M2 transformations operate on the meta-model, not on individual M1 models.
7.2 Mutation as M2 Transformation
Definition 7.2 (Mutation Operator):
A mutation operator is an M2 transformation that produces semantically different but syntactically valid variants:
μ: MetaAST → PowerSet(MetaAST)

μ(m) = {m' | m' is a valid variant of m}
Example 7.1 (Arithmetic Inverse Mutation):
μ_arith_inv({:binary_op, :arithmetic, :+, l, r}) = 
    {{:binary_op, :arithmetic, :-, l, r}}

μ_arith_inv({:binary_op, :arithmetic, :-, l, r}) = 
    {{:binary_op, :arithmetic, :+, l, r}}
7.3 Universal Application Theorem
Theorem 7.1 (Universal Application):
For any M2 transformation T and languages L₁, L₂:
If ast₁ ∈ AS_L₁ and ast₂ ∈ AS_L₂ such that:
   π₁(α_L₁(ast₁)) = π₁(α_L₂(ast₂)) = m ∈ MetaAST

Then:
   ⟦ρ_L₁(T(m), π₂(α_L₁(ast₁)))⟧_L₁ ≡ ⟦ρ_L₂(T(m), π₂(α_L₂(ast₂)))⟧_L₂
Proof:
	Both ast₁ and ast₂ are instances of the same M2 concept m
	By Theorem 4.1, they are semantically equivalent
	M2 transformation T operates on m, producing T(m)
	Reification to both languages produces semantically equivalent results
	Therefore, the transformation has the same effect in both languages. □

Corollary 7.1 (Write Once, Apply Everywhere):
A mutation written at M2 level automatically applies to all languages that can be abstracted to MetaAST.
7.4 Transformation Composition
Definition 7.3 (Transformation Composition):
M2 transformations compose:
T₂ ∘ T₁: MetaAST → MetaAST
(T₂ ∘ T₁)(m) = T₂(T₁(m))
Theorem 7.2 (Composition Preservation):
If T₁ and T₂ are valid M2 transformations, then T₂ ∘ T₁ is a valid M2 transformation.
Proof: Direct from closure property of MetaAST under transformations. □

8. Semantic Preservation Theorems
8.1 Abstraction Semantic Preservation
Theorem 8.1 (Abstraction Preserves Semantics):
For all languages L and all ast ∈ AS_L:
⟦ast⟧_L ≡ ⟦π₁(α_L(ast))⟧_M2
Proof Sketch:
	By Definition 4.3, abstraction maintains instance-of relation
	By instance-of semantics, M1 and M2 semantics are equivalent
	Therefore, abstraction preserves semantics. □

8.2 Reification Semantic Preservation
Theorem 8.2 (Reification Preserves Semantics):
For all languages L and all m ∈ MetaAST, md ∈ Metadata:
⟦ρ_L(m, md)⟧_L ≡ ⟦m⟧_M2
Proof: By construction of reification function and Definition 5.4. □
8.3 Mutation Semantic Alteration
Theorem 8.3 (Mutation Changes Semantics):
For a non-trivial mutation μ:
∃ m ∈ MetaAST, m' ∈ μ(m). ⟦m⟧_M2 ≢ ⟦m'⟧_M2
(Otherwise mutation would be pointless)
Theorem 8.4 (Mutation Preserves Validity):
For all valid mutations μ and all m ∈ MetaAST:
m' ∈ μ(m) ⟹ m' ∈ MetaAST
Proof: By definition of mutation operator (Definition 7.2). □
8.4 Language-Specific Validation
Theorem 8.5 (Language Constraint Preservation):
A mutation m' valid at M2 may be invalid at M1 for language L:
∃ L, m, m'. (m' ∈ μ(m)) ∧ (m' ∈ MetaAST) ∧ ¬(ρ_L(m') ∈ AS_L)
Example 8.1:
# Valid at M2
m' = {:binary_op, :arithmetic, :/, {:literal, :integer, 5}, {:literal, :integer, 0}}

# Invalid at M1 for statically-typed languages
# Rust: Division by zero detected at compile time
# Python: Valid at M1, fails at M0 (runtime)
Corollary 8.1: Language-specific validation is necessary after M2 transformations.

9. Comparison with Related Work
9.1 LLVM IR
LLVM IR operates at M1 level (low-level intermediate representation):
	Aspect	LLVM IR	MetaAST
	Level	M1 (specific model)	M2 (meta-model)
	Abstraction	Machine-level operations	Language-level constructs
	Target	Code generation	Source-level analysis
	Semantic granularity	Instructions	AST nodes

Key Difference: LLVM IR is a model; MetaAST defines what models can be.
9.2 UML
UML operates at M2 level (meta-model for software structure):
	Aspect	UML	MetaAST
	Level	M2	M2
	Domain	Software structure	Program syntax
	M1 instances	Class diagrams	Language ASTs
	M0 instances	Running objects	Executing code

Similarity: Both are meta-models. UML for structure, MetaAST for syntax.
9.3 Tree-sitter
Tree-sitter provides concrete syntax trees, not abstract syntax:
	Aspect	Tree-sitter	MetaAST
	Level	M1 (specific models)	M2 (meta-model)
	Syntax	Concrete	Abstract
	Goal	Parsing	Meta-level abstraction
	Transformations	Language-specific	Universal

Key Difference: Tree-sitter builds M1 models; MetaAST provides M2 abstraction over them.
9.4 GraalVM Polyglot
GraalVM operates at M0 level (runtime):
	Aspect	GraalVM	Metastatic
	Level	M0 (runtime)	M2 (meta-model)
	Analysis time	Runtime	Static (compile-time)
	Interop	Execution	Analysis/transformation

Key Difference: GraalVM enables runtime polyglot; Metastatic enables static polyglot analysis.

10. Theoretical Implications
10.1 Universality of Transformations
Implication 10.1: Any transformation written at M2 level automatically applies to all languages that can be abstracted to MetaAST.
Consequence: 
	Write mutation operators once
	Apply to Python, JavaScript, Elixir, Rust, Go, Java, Ruby, ...
	Semantic equivalence guaranteed by meta-level abstraction

10.2 Complexity Reduction
Implication 10.2: For n languages and m transformations:
	Without MetaAST: O(n × m) implementations needed
	With MetaAST: O(n + m) implementations needed (n adapters + m transformations)

Asymptotic advantage: As n and m grow, MetaAST approach scales linearly vs quadratically.
10.3 Semantic Equivalence Classes
Implication 10.3: MetaAST induces equivalence classes on the set of all ASTs:
[m] = {ast ∈ ⋃_L AS_L | π₁(α_L(ast)) = m}
Different syntactic representations become the same at meta-level.
Example:
[{:binary_op, :arithmetic, :+, x, y}] = {
    Python: BinOp(op=Add(), left=Name('x'), right=Name('y')),
    JavaScript: BinaryExpression(operator: '+', ...),
    Elixir: {:+, [], [...]},
    ...
}
10.4 Metacircular Property
Implication 10.4: Metastatic exhibits metacircular properties:
	Elixir type system (M3) defines MetaAST (M2)
	MetaAST can represent Elixir AST (M1)
	Therefore, Metastatic can analyze itself

This enables self-hosting and dogfooding.

11. Future Research Directions
11.1 Formal Verification of Transformations
Research Question 11.1: Can we formally verify that M2 transformations preserve desired properties?
Approach: Use theorem provers (Coq, Isabelle) to prove:
	Semantic preservation
	Mutation validity
	Round-trip fidelity

11.2 Type System for MetaAST
Research Question 11.2: Can we define a dependent type system for MetaAST that ensures type safety across languages?
Approach: Extend MetaAST with:
	Dependent types for parameterized node types
	Refinement types for semantic constraints
	Effect types for side-effect tracking

11.3 Automated Adapter Generation
Research Question 11.3: Can we automatically generate language adapters from language specifications?
Approach: 
	Parse language grammar (ANTLR, PEG)
	Infer M2 mappings using machine learning
	Generate α and ρ functions automatically

11.4 Cross-Language Optimization
Research Question 11.4: Can we perform optimizations at M2 level that apply universally?
Approach:
	Define optimization rules as M2 → M2 transformations
	Prove correctness at meta-level
	Apply to all languages automatically

11.5 Gradual Typing for MetaAST
Research Question 11.5: Can we support gradually-typed languages (TypeScript, Python type hints) in MetaAST?
Approach:
	Extend M₂.₂ with optional type annotations
	Define type checking rules at meta-level
	Enable cross-language type inference
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Appendix A: Formal Notation Reference
A.1 Set Theory Notation
	∈ : element of
	⊆ : subset of
	∪ : union
	∩ : intersection
	∅ : empty set
	PowerSet(S) : set of all subsets of S
	× : cartesian product

A.2 Functions
	f: A → B : function from domain A to codomain B
	f ∘ g : function composition (f after g)
	λx. e : lambda abstraction (anonymous function)
	π₁, π₂ : first and second projections of a pair

A.3 Logic
	∀ : for all (universal quantifier)
	∃ : there exists (existential quantifier)
	∧ : logical and
	∨ : logical or
	¬ : logical not
	⟹ : implies
	⟺ : if and only if
	≡ : semantically equivalent
	≈ : approximately equal (up to formatting)

A.4 AST Notation
	AS_L : set of all ASTs in language L
	⟦·⟧_L : semantic function for language L
	: : instance-of relation
	⊢ : structural conformance
	⊨ : semantic conformance


Appendix B: MetaAST Core Type Definitions
B.1 M₂.₁ Core Layer
@type literal :: {:literal, semantic_type(), value :: term}
@type variable :: {:variable, name :: String.t}
@type binary_op :: {:binary_op, category(), op :: atom, left :: node, right :: node}
@type unary_op :: {:unary_op, op :: atom, operand :: node}
@type function_call :: {:function_call, target :: node, args :: [node]}
@type conditional :: {:conditional, condition :: node, then :: node, else :: node | nil}
@type early_return :: {:early_return, kind :: :return | :break | :continue, value :: node | nil}

@type category :: :arithmetic | :comparison | :logical | :bitwise
@type semantic_type :: :integer | :float | :string | :boolean | :null | :symbol | :regex
B.2 M₂.₂ Extended Layer
@type loop :: {:loop, kind :: :while | :for | :for_each, condition :: node | nil, body :: node, metadata :: map}
@type lambda :: {:lambda, params :: [param], body :: node, metadata :: map}
@type collection_op :: {:map, fn :: node, coll :: node} | {:filter, pred :: node, coll :: node} | {:reduce, fn :: node, init :: node, coll :: node}
@type pattern_match :: {:pattern_match, scrutinee :: node, arms :: [match_arm], metadata :: map}
@type exception :: {:try_catch, body :: node, rescue :: [rescue_clause], finally :: node | nil, metadata :: map}

@type param :: {:param, name :: String.t, type_hint :: String.t | nil, default :: node | nil}
@type match_arm :: {:match_arm, pattern :: node, guard :: node | nil, body :: node}
@type rescue_clause :: {:rescue, exception_pattern :: node, body :: node}
B.3 M₂.₂ₛ Structural Layer
@type container :: {
  :container,
  container_type :: :module | :class | :namespace,
  name :: String.t,
  metadata :: container_metadata(),
  members :: [meta_ast()]
}

@type container_metadata :: %{
  source_language: atom(),
  has_state: boolean(),
  instantiable: boolean(),
  organizational_model: :oop | :functional | :hybrid,
  visibility: visibility_map(),
  superclass: meta_ast() | nil,
  mixins: [meta_ast()],
  traits: [meta_ast()],
  constructor: function_def() | nil,
  original_ast: term() | nil,
  language_hints: map()
}

@type visibility_map :: %{
  public: [{name :: String.t, arity :: non_neg_integer()}],
  private: [{name :: String.t, arity :: non_neg_integer()}],
  protected: [{name :: String.t, arity :: non_neg_integer()}]
}

@type function_def :: {
  :function_def,
  visibility :: :public | :private | :protected,
  name :: String.t,
  params :: [param()],
  guards :: meta_ast() | nil,
  body :: meta_ast()
}

@type param :: 
  String.t | 
  {:pattern, meta_ast()} | 
  {:default, String.t, meta_ast()}

@type attribute_access :: {
  :attribute_access,
  receiver :: meta_ast(),
  attribute :: String.t
}

@type augmented_assignment :: {
  :augmented_assignment,
  operator :: atom(),  # :+=, :-=, :*=, etc.
  target :: meta_ast(),
  value :: meta_ast()
}

@type property :: {
  :property,
  name :: String.t,
  getter :: function_def() | nil,
  setter :: function_def() | nil,
  metadata :: map()
}
B.4 M₂.₃ Native Layer
@type language_specific :: {:language_specific, language :: atom, native_ast :: term, semantic_hint :: atom | nil}

Appendix C: Proof of Key Theorems
C.1 Proof of Theorem 7.1 (Universal Application)
Theorem: For any M2 transformation T and languages L₁, L₂:
If ast₁ ∈ AS_L₁ and ast₂ ∈ AS_L₂ such that:
   π₁(α_L₁(ast₁)) = π₁(α_L₂(ast₂)) = m ∈ MetaAST

Then:
   ⟦ρ_L₁(T(m), π₂(α_L₁(ast₁)))⟧_L₁ ≡ ⟦ρ_L₂(T(m), π₂(α_L₂(ast₂)))⟧_L₂
Proof:
	Let m = π₁(α_L₁(ast₁)) = π₁(α_L₂(ast₂))

	By Theorem 8.1 (Abstraction Preserves Semantics):
⟦ast₁⟧_L₁ ≡ ⟦m⟧_M2
⟦ast₂⟧_L₂ ≡ ⟦m⟧_M2

	Therefore, by transitivity of ≡:
⟦ast₁⟧_L₁ ≡ ⟦ast₂⟧_L₂

	Apply transformation T at M2 level:
m' = T(m)

	Reify to both languages:
ast'₁ = ρ_L₁(m', π₂(α_L₁(ast₁)))
ast'₂ = ρ_L₂(m', π₂(α_L₂(ast₂)))

	By Theorem 8.2 (Reification Preserves Semantics):
⟦ast'₁⟧_L₁ ≡ ⟦m'⟧_M2
⟦ast'₂⟧_L₂ ≡ ⟦m'⟧_M2

	Therefore, by transitivity:
⟦ast'₁⟧_L₁ ≡ ⟦ast'₂⟧_L₂

	Since ast'₁ = ρ_L₁(T(m), π₂(α_L₁(ast₁))) and ast'₂ = ρ_L₂(T(m), π₂(α_L₂(ast₂))), we have:
⟦ρ_L₁(T(m), π₂(α_L₁(ast₁)))⟧_L₁ ≡ ⟦ρ_L₂(T(m), π₂(α_L₂(ast₂)))⟧_L₂


∎
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    Supplemental Modules Guide

This guide explains Metastatic's supplemental module system - a mechanism for extending MetaAST with language-specific library integrations.
Table of Contents
	Overview
	Core Concepts
	Architecture
	Using Supplementals
	Available Supplementals
	Creating Supplementals
	Best Practices
	API Reference

Overview
Supplemental modules bridge the gap between MetaAST's language-agnostic representation and real-world library ecosystems. They enable:
	Cross-language transformations - Express actor patterns in Python/Erlang/JavaScript
	Library integrations - Map MetaAST constructs to third-party APIs (Pykka, asyncio, etc.)
	Semantic preservation - Maintain intent while adapting to language-specific idioms

Example
# MetaAST representing an actor call
ast = {:actor_call, {:variable, "worker"}, "process", [data]}

# Transform using Pykka supplemental for Python
{:ok, python_ast} = Metastatic.Supplemental.Transformer.transform(ast, :python)
# Result: {:function_call, "worker.ask", ["process", data]}

# Same AST, different supplemental for Erlang
{:ok, erlang_ast} = Metastatic.Supplemental.Transformer.transform(ast, :erlang)
# Result: {:function_call, "gen_server:call", [worker, {:process, data}]}
Core Concepts
M2 Layer Extension
Supplementals operate at the M2 meta-model level, adding optional constructs beyond Core/Extended/Native:
flowchart TD
    A["M2 Core<br/>Universals: literals, variables, operators, conditionals"]
    B["M2 Extended<br/>Common patterns: loops, lambdas, collections"]
    C["M2 Native<br/>Language escapes"]
    D["M2 Supplemental<br/>Library-specific extensions: actors, async, etc."]

    A --- B --- C --- D
Supplemental constructs are not part of the base MetaAST grammar - they're opt-in extensions that require explicit transformation.
Semantic Contract
Each supplemental defines:
	Constructs - Which MetaAST node types it handles (e.g., :actor_call, :async_await)
	Target language - Single language it generates code for (:python, :javascript, etc.)
	Dependencies - External libraries required ("pykka >= 3.0", "asyncio")
	Transformation - How to convert supplemental constructs to concrete code

Registry System
A centralized GenServer registry maintains all available supplementals, enabling:
	Fast lookup by construct type
	Language compatibility checking
	Conflict detection between competing supplementals
	Runtime registration/deregistration

Architecture
Components
flowchart TD
    subgraph System["Supplemental System"]
        Behaviour["Behaviour<br/>(spec)"] --> Info["Info<br/>(metadata)"]
        Behaviour --> Registry
        
        Registry["Registry (GenServer)<br/>- by_construct index<br/>- by_language index<br/>- conflict detection"]
        Registry --> Transformer
        
        Transformer["Transformer<br/>- lookup + invoke supplementals<br/>- error handling"]
        Transformer --> Concrete
        
        Concrete["Concrete Supplementals<br/>- Python.Pykka<br/>- Python.Asyncio<br/>- ... (extensible)"]
    end
Data Flow
flowchart TD
    A["User AST with supplemental constructs"] --> B["Validator"]
    B --> C["Identify required supplementals"]
    C --> D["Registry lookup"]
    D --> E["Transformer"]
    E --> F["Invoke supplemental.transform/3"]
    F --> G["Concrete language AST"]
Using Supplementals
Basic Usage
alias Metastatic.Supplemental.Transformer

# Single construct transformation
ast = {:actor_call, {:variable, "worker"}, "process", [data]}
{:ok, result} = Transformer.transform(ast, :python)

# Check availability before transforming
if Transformer.available?(:actor_call, :python) do
  {:ok, transformed} = Transformer.transform(ast, :python)
end

# Get all supported constructs for a language
constructs = Transformer.supported_constructs(:python)
# => [:actor_call, :actor_cast, :spawn_actor, :async_await, :async_context, :gather]
With Adapters
Supplementals integrate automatically when using the adapter pipeline:
alias Metastatic.Builder

# Source with supplemental constructs
source = """
actor = spawn_actor(Worker, [config])
result = actor_call(actor, "process", [data])
"""

# Adapter automatically uses supplementals during transformation
{:ok, doc} = Builder.from_source(source, :python)

# Round-trip preserves supplemental transformations
{:ok, output} = Builder.to_source(doc)
Configuration
Configure auto-registration in config/config.exs:
config :metastatic, :supplementals,
  auto_register: [
    Metastatic.Supplemental.Python.Pykka,
    Metastatic.Supplemental.Python.Asyncio
  ]
Validation
Use the validator to detect required supplementals in a document:
alias Metastatic.{Document, Supplemental.Validator}

doc = Document.new(ast, :python)
{:ok, analysis} = Validator.validate(doc)

# Check what supplementals are needed
analysis.required_supplementals
# => [:pykka, :asyncio]

# Get warnings about missing supplementals
analysis.warnings
# => ["Document requires supplemental ':pykka' which is not registered"]
Available Supplementals
Python.Pykka
Actor model support via Pykka library
Constructs:
	:actor_call - Synchronous actor message (ask pattern)
	:actor_cast - Asynchronous actor message (tell pattern)
	:spawn_actor - Create new actor instance

Dependencies: pykka >= 3.0
Example:
# Actor call
{:actor_call, {:variable, "worker"}, "process", [data]}
# Transforms to: worker.ask({'process': data})

# Actor cast
{:actor_cast, {:variable, "worker"}, "log", [message]}
# Transforms to: worker.tell({'log': message})

# Spawn actor
{:spawn_actor, "WorkerActor", [config]}
# Transforms to: WorkerActor.start(config)
Python.Asyncio
Async/await patterns via asyncio library
Constructs:
	:async_await - Async function execution
	:async_context - Async context managers
	:gather - Parallel task execution

Dependencies: asyncio (stdlib)
Example:
# Async await
{:async_operation, :async_await, 
  {:function_call, "fetch_data", [url]}}
# Transforms to: asyncio.run(fetch_data(url))

# Gather
{:async_operation, :gather, [
  {:function_call, "fetch_user", [1]},
  {:function_call, "fetch_posts", [1]}
]}
# Transforms to: asyncio.gather(fetch_user(1), fetch_posts(1))
Creating Supplementals
Step 1: Implement the Behaviour
defmodule MyProject.Supplemental.Python.MyLibrary do
  @behaviour Metastatic.Supplemental
  
  alias Metastatic.Supplemental.Info
  
  @impl true
  def info do
    %Info{
      name: :my_library,
      language: :python,
      constructs: [:my_construct],
      requires: ["my-library >= 1.0"],
      description: "My library integration"
    }
  end
  
  @impl true
  def transform(ast, language, opts)
  
  def transform({:my_construct, args}, :python, _opts) do
    # Transform logic here
    result = {:function_call, "my_library.do_thing", args}
    {:ok, result}
  end
  
  def transform(_ast, :python, _opts) do
    {:error, {:unsupported_construct, "..."}}
  end
  
  def transform(_ast, language, _opts) do
    {:error, {:incompatible_language, "..."}}
  end
end
Step 2: Write Tests
defmodule MyProject.Supplemental.Python.MyLibraryTest do
  use ExUnit.Case, async: true
  
  alias MyProject.Supplemental.Python.MyLibrary
  
  describe "info/0" do
    test "returns correct metadata" do
      info = MyLibrary.info()
      assert info.name == :my_library
      assert info.language == :python
    end
  end
  
  describe "transform/3" do
    test "transforms my_construct correctly" do
      ast = {:my_construct, [{:literal, :string, "arg"}]}
      assert {:ok, result} = MyLibrary.transform(ast, :python)
      assert result == {:function_call, "my_library.do_thing", 
                        [{:literal, :string, "arg"}]}
    end
    
    test "returns error for wrong language" do
      ast = {:my_construct, []}
      assert {:error, {:incompatible_language, _}} = 
               MyLibrary.transform(ast, :javascript)
    end
  end
end
Step 3: Register
# Manual registration
alias Metastatic.Supplemental.Registry

{:ok, _} = Registry.register(MyProject.Supplemental.Python.MyLibrary)

# Or via config (auto-registers on startup)
config :metastatic, :supplementals,
  auto_register: [MyProject.Supplemental.Python.MyLibrary]
Step 4: Document
Add module documentation with:
	Clear description of what library/pattern it supports
	List of all constructs handled
	Examples showing MetaAST input and output
	Dependency requirements
	Any caveats or limitations

Best Practices
Design Guidelines
	Single Responsibility - One supplemental per library/pattern
	Explicit Constructs - Use distinct construct atoms (:actor_call not :call)
	Language Specific - Target exactly one language per supplemental
	Idiomatic Output - Generate natural, idiomatic code for target language
	Comprehensive Tests - Test all constructs, error cases, edge cases

Naming Conventions
Modules:
Metastatic.Supplemental.<Language>.<Library>
  ├── Python.Pykka       (library name)
  ├── Python.Asyncio     (pattern name)
  └── JavaScript.RxJS    (library name)
Construct atoms:
:actor_call          (prefixed by domain)
:async_await         (verb describing action)
:spawn_actor         (specific, unambiguous)
Info names:
name: :pykka         (short, lowercase atom)
name: :asyncio       (match library name)
Error Handling
Return specific errors for different failure modes:
# Unsupported construct
{:error, {:unsupported_construct, "Pykka does not support: #{inspect(ast)}"}}

# Wrong language
{:error, {:incompatible_language, "Pykka only supports Python, got: #{language}"}}

# Invalid options
{:error, {:invalid_options, "Unknown option: #{inspect(key)}"}}
Version Constraints
Use semantic versioning in requires:
requires: [
  "pykka >= 3.0, < 4.0",  # Major version constraint
  "asyncio",               # Stdlib, no version needed
  "aiohttp >= 3.8"         # Minimum version only
]
Testing Strategy
Cover these scenarios:
	Info validation - Correct metadata structure
	Happy path - Each construct transforms correctly
	Error cases - Wrong language, unsupported constructs
	Edge cases - Empty arguments, nested structures, complex types
	Options - Handle all option variations
	Idempotency - Multiple transformations don't break

Performance Considerations
	Keep transformations fast (<1ms per node)
	Avoid heavy computation in info/0 (called frequently)
	Use pattern matching for dispatch (faster than conditionals)
	Don't validate AST structure (adapters already do this)

API Reference
Behaviour Callbacks
info/0
Returns metadata about the supplemental.
@callback info() :: Info.t()
transform/3
Transforms a supplemental construct to target language AST.
@callback transform(
  ast :: AST.meta_ast(),
  language :: atom(),
  opts :: map()
) :: {:ok, AST.meta_ast()} | {:error, term()}
Registry Functions
register/1
Register a supplemental module.
Registry.register(MySupplemental)
# => {:ok, :pykka} | {:error, {:already_registered, :pykka}}
lookup/2
Find supplemental for construct and language.
Registry.lookup(:actor_call, :python)
# => {:ok, Metastatic.Supplemental.Python.Pykka} | 
#    {:error, :not_found}
all/0
List all registered supplementals.
Registry.all()
# => [Metastatic.Supplemental.Python.Pykka, ...]
Transformer Functions
transform/3
Transform a construct using registered supplementals.
Transformer.transform(ast, :python)
# => {:ok, transformed_ast} | {:error, reason}
available?/2
Check if a construct is supported for a language.
Transformer.available?(:actor_call, :python)
# => true | false
supported_constructs/1
Get all supported constructs for a language.
Transformer.supported_constructs(:python)
# => [:actor_call, :actor_cast, :spawn_actor, ...]
Validator Functions
validate/1
Analyze a document to detect required supplementals.
Validator.validate(document)
# => {:ok, %{required_supplementals: [...], warnings: [...]}}
Advanced Topics
Conflict Resolution
When multiple supplementals claim the same construct+language:
# Registry detects conflicts
Registry.register(AlternativePykka)
# => {:error, {:conflict, existing: Pykka, new: AlternativePykka}}

# Unregister old, register new
Registry.unregister(Pykka)
Registry.register(AlternativePykka)
Chaining Transformations
Supplementals can compose:
# First supplemental adds intermediate construct
{:ok, ast1} = Supplemental1.transform(input, :python)

# Second supplemental further transforms
{:ok, ast2} = Supplemental2.transform(ast1, :python)
Stateful Transformations
Pass state via options:
opts = %{
  actor_prefix: "my_app",
  async_mode: :gather
}

Transformer.transform(ast, :python, opts)
Testing with Fixtures
Create test fixtures for complex scenarios:
# test/fixtures/python/supplemental/pykka_actors.py
class Worker(pykka.ThreadingActor):
    def process(self, data):
        return data * 2

worker = Worker.start()
result = worker.ask({'process': 42})
Contributing
Want to add a supplemental?
Use the generator to scaffold a new supplemental:
mix metastatic.gen.supplemental Python MyLibrary

Future Work
Planned supplementals:
	Python.Celery - Distributed task queue
	JavaScript.RxJS - Reactive programming
	Ruby.Concurrent - Concurrency primitives
	Go.Channels - CSP-style communication
	Rust.Tokio - Async runtime



  

    MetaAST Informal Specification

What Is MetaAST?
Imagine you speak five languages. You can describe the same idea—“add five
to x”—in English, Russian, Spanish, Mandarin, or Catalan. The words differ,
the grammar differs, but the meaning is the same. MetaAST is the meaning.
Every programming language has its own way of representing code internally.
Python has one, JavaScript has another, Elixir has yet another. These internal
representations are called Abstract Syntax Trees (ASTs). A MetaAST is a
universal AST—a single, language-independent format that captures the
semantic essence of code regardless of which language it was written in.
This lets you build a tool once (such as the MetaCredo cross-language static analysis and linting library) and run it on Cure, Elixir, Erlang, Haskell, JavaScript, March, Python, Ruby, and TypeScript code without modification.
The Analogy
Think of it as sheet music. A piano, a guitar, and a violin all produce
different sounds and require different techniques. But the score—the
notes, rhythm, dynamics—is the same for all of them. MetaAST is the score;
language-specific ASTs are the instruments.
flowchart TD
    A["Source Code<br/>(what you write)"] --> B["Language AST<br/>M1: language-specific"]
    B --> C["MetaAST<br/>M2: this specification"]
    C --> D["Analysis / Transformation"]
    D --> E["Language AST<br/>M1: possibly a different language"]
    E --> F["Source Code<br/>(what you get back)"]
The Hierarchy
MetaAST sits at level M2 in a four-level meta-modeling hierarchy:
	M3—The type system. Elixir's @type and @spec. Defines what types
themselves can be.
	M2—MetaAST (this specification). Defines what AST nodes can be.
	M1—Language-specific ASTs. Python's ast module, Elixir's quoted
expressions, Ruby's parser gem. What specific code is.
	M0—Runtime execution. What code does.

Each level is an instance of the level above it. A Python AST node is an
instance of a MetaAST type, just as a MetaAST type is an instance of an
Elixir typespec.
For the Elixir Developer
If you work with Elixir, you already know ASTs intimately—every time you
write a macro, you manipulate Elixir's own 3-tuple quoted expressions:
quote do: x + 5
# => {:+, [context: Elixir, imports: [{1, Kernel}]], [{:x, [], Elixir}, 5]}
MetaAST uses the exact same shape—a 3-element tuple—but with
language-neutral semantics:
{:binary_op, [category: :arithmetic, operator: :+],
  [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}
The parallels are deliberate:
	Elixir Quoted Form: {atom, keyword, list}—MetaAST: {type_atom, keyword_meta, children_or_value}
	Elixir type atoms: :+, :def, :if—MetaAST type atoms: :binary_op, :function_def, :conditional
	Elixir meta: [context: ..., line: ...]—MetaAST meta: [category: ..., operator: ..., line: ...]
	Children: child AST nodes or values in both

The key differences:
	Type atoms are semantic, not syntactic. Where Elixir uses :+ (the
operator itself), MetaAST uses :binary_op (the concept of a binary
operation) with the operator stored in metadata.
	Leaf values are explicit. Elixir inlines literals directly (5);
MetaAST wraps them in {:literal, [subtype: :integer], 5} so every node
is structurally uniform.
	Variable names are strings. Since MetaAST must represent variables from
all languages (including those with naming conventions alien to Elixir),
names are always binaries: "x", not the atom :x.
	Macro.traverse/4 has a direct counterpart. AST.traverse/4 works
identically: pre/post callbacks, accumulator, depth-first walk. If you know
one, you know the other.

Quick Taste
alias Metastatic.{Builder, AST, Validator, Document}

# Parse Python code into MetaAST
{:ok, doc} = Builder.from_source("x + 5", :python)
doc.ast
# => {:binary_op, [category: :arithmetic, operator: :+],
#     [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

# Parse Elixir code into the *same* MetaAST
{:ok, doc2} = Builder.from_source("x + 5", :elixir)
# doc.ast and doc2.ast are semantically equivalent

# Validate conformance
AST.conforms?(doc.ast)  # => true

# Extract all variables
AST.variables(doc.ast)  # => MapSet.new(["x"])

# Traverse (just like Macro.traverse/4)
{_ast, count} = AST.traverse(doc.ast, 0,
  fn node, acc -> {node, acc + 1} end,
  fn node, acc -> {node, acc} end)
# count => 3  (binary_op, variable, literal)

Format Specification
The 3-Tuple
Every MetaAST node is a 3-element tuple:
{type_atom, keyword_meta, children_or_value}
	type_atom—An atom identifying the node kind. One of the types
defined below (:literal, :binary_op, :container, etc.).
	keyword_meta—A keyword list carrying metadata: source location,
subtype, operator, semantic hints, M1 context, and so on.
	children_or_value—For leaf nodes (:literal, :variable), the
actual value. For composite nodes, a list of child MetaAST nodes.

There is exactly one exception: the bare atom :_ represents a wildcard
pattern in pattern matching contexts.
Metadata Conventions
The keyword list in the second position may contain any of these keys
(all optional unless stated otherwise for a specific node type):
	:line, :col, :end_line, :end_col—Source location.
	:language—Source language atom (:python, :elixir, :ruby,
:erlang, :haskell). Attached by adapters to structural nodes.
	:module, :function, :arity, :visibility—M1
context for Ragex integration. Attached to :container and
:function_def nodes.
	:op_kind—Semantic operation metadata on :function_call nodes.
See Semantic Enrichment below.


Three-Layer Architecture
MetaAST organizes node types into three conceptual layers (plus an escape
hatch), reflecting how universal a construct is across programming languages.
M2.1: Core Layer
Universal concepts present in all languages. These are always normalized
to a common representation.
:literal
A constant value.
{:literal, [subtype: subtype_atom], value}
Required metadata: :subtype—one of :integer, :float, :string,
:boolean, :null, :symbol, :regex.
The third element is the value itself, whose Elixir type must match the
subtype: integers for :integer, floats for :float, binaries for :string,
booleans for :boolean, nil for :null, atoms for :symbol, and any term
for :regex.
{:literal, [subtype: :integer], 42}
{:literal, [subtype: :string], "hello"}
{:literal, [subtype: :boolean], true}
{:literal, [subtype: :null], nil}
{:literal, [subtype: :symbol], :ok}
{:literal, [subtype: :float], 3.14}
{:literal, [subtype: :regex], ~r/foo/}
Dual shape for :bytes (Cure v0.20.0+). A :literal with
subtype: :bytes accepts two payload shapes:
	a raw binary() value (the historical form; used whenever the source
bitstring has no specifier grammar or has been serialised by an
adapter for a downstream target);
	a list of :bin_segment MetaAST nodes, mirroring Elixir's
<<seg1, seg2, ...>> surface syntax (see :bin_segment below).

# Raw bytes payload
{:literal, [subtype: :bytes], <<1, 2, 3>>}

# Segment-list payload (Elixir/Cure): <<x::utf8, rest::binary>>
{:literal, [subtype: :bytes],
  [{:bin_segment, [type: :utf8], [{:variable, [], "x"}]},
   {:bin_segment, [type: :binary], [{:variable, [], "rest"}]}]}
Walkers, the conformance validator, and pattern-aware analyzers treat
the segment-list payload as composite: children are traversed, variable
extraction sees "x" and "rest", and Metastatic.AST.path/2 can
locate nodes inside individual segments.
:variable
A named binding.
{:variable, meta, name_string}
The third element is always a binary (string). Variable scope is indicated
by the optional :scope metadata key:
	:local—regular variables (x, name)
	:module_attribute—Elixir module attributes (@timeout)
	:instance—Ruby instance variables (@x)
	:class—Ruby class variables (@@x)
	:global—global variables (Ruby $var, Python global x)

{:variable, [line: 1], "x"}
{:variable, [scope: :module_attribute], "@moduledoc"}
{:variable, [scope: :instance], "@name"}
{:variable, [scope: :global], "$stdout"}
:binary_op
An operation with two operands.
{:binary_op, [category: category, operator: op_atom], [left, right]}
Required metadata: :category and :operator.
Categories: :arithmetic, :comparison, :boolean, :range, :string.
{:binary_op, [category: :arithmetic, operator: :+],
  [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

{:binary_op, [category: :comparison, operator: :>],
  [{:variable, [], "age"}, {:literal, [subtype: :integer], 18}]}

{:binary_op, [category: :boolean, operator: :and],
  [{:variable, [], "a"}, {:variable, [], "b"}]}

{:binary_op, [category: :range, operator: :..],
  [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 10}]}

{:binary_op, [category: :string, operator: :<>],
  [{:variable, [], "greeting"}, {:literal, [subtype: :string], " world"}]}
:unary_op
An operation with one operand.
{:unary_op, [category: category, operator: op_atom], [operand]}
{:unary_op, [category: :arithmetic, operator: :-], [{:variable, [], "x"}]}
{:unary_op, [category: :boolean, operator: :not], [{:variable, [], "flag"}]}
:function_call
A function or method invocation.
{:function_call, [name: name_string], args_list}
Required metadata: :name (a binary). For method calls, the receiver
is encoded in the name: "Repo.all", "user.save".
{:function_call, [name: "add"], [{:variable, [], "x"}, {:variable, [], "y"}]}
{:function_call, [name: "Repo.all"], [{:variable, [], "User"}]}
{:function_call, [name: "IO.puts", line: 5], [{:literal, [subtype: :string], "hello"}]}
May carry :op_kind metadata for semantic enrichment (see below).
:conditional
An if/then/else expression.
{:conditional, meta, [condition, then_branch, else_branch_or_nil]}
The else branch may be nil if absent.
{:conditional, [],
  [{:binary_op, [category: :comparison, operator: :>],
    [{:variable, [], "x"}, {:literal, [subtype: :integer], 0}]},
   {:literal, [subtype: :string], "positive"},
   {:literal, [subtype: :string], "non-positive"}]}
:early_return
An explicit return statement.
{:early_return, meta, [value]}
{:early_return, meta, []}       # return with no value
:block
A sequence of statements.
{:block, meta, [statement_1, statement_2, ...]}
:list
An ordered sequence (array, list).
{:list, meta, [element_1, element_2, ...]}
M1 instances: Python ast.List, JavaScript Array, Elixir list literal,
Ruby Array, Erlang list.
{:list, [], []}
{:list, [], [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
:map
A key-value collection. Children are :pair nodes.
{:map, meta, [pair_1, pair_2, ...]}
M1 instances: Python ast.Dict, JavaScript Object literal, Elixir %{},
Ruby Hash, Erlang map.
{:map, [], [{:pair, [], [{:literal, [subtype: :string], "name"},
                         {:literal, [subtype: :string], "Alice"}]}]}
:pair
A single key-value association, used inside :map nodes.
{:pair, meta, [key, value]}
:tuple
A fixed-size ordered group. Used in patterns, destructuring, and languages
with native tuple support.
{:tuple, meta, [element_1, element_2, ...]}
:assignment
Imperative binding/mutation (Python, JavaScript, Ruby). The = is an
assignment operator.
{:assignment, meta, [target, value]}
{:assignment, [], [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

# Tuple unpacking
{:assignment, [],
  [{:tuple, [], [{:variable, [], "x"}, {:variable, [], "y"}]},
   {:tuple, [], [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}]}
:inline_match
Declarative pattern matching (Elixir, Erlang). The = is a match operator --
the left side is a pattern that must unify with the right side.
{:inline_match, meta, [pattern, value]}
{:inline_match, [], [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

{:inline_match, [],
  [{:tuple, [], [{:variable, [], "x"}, {:variable, [], "y"}]},
   {:tuple, [], [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}]}
Why two types for =? In Python, x = 5 assigns a value. In
Elixir, x = 5 matches and binds. The distinction matters for analysis:
an assignment can never fail, but a match can. Collapsing them into one node
type would lose this semantic difference.

:range
A numeric or iterable range.
{:range, meta, [start, stop]}
An optional :step key in metadata specifies a step value (as a MetaAST node).
{:range, [], [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 10}]}
{:range, [step: {:literal, [subtype: :integer], 2}],
  [{:literal, [subtype: :integer], 0}, {:literal, [subtype: :integer], 100}]}
:string_interpolation
A string with embedded expressions.
{:string_interpolation, meta, [part_1, part_2, ...]}
Parts alternate between literal string fragments and expression nodes.
# "Hello, #{name}!"
{:string_interpolation, [],
  [{:literal, [subtype: :string], "Hello, "},
   {:variable, [], "name"},
   {:literal, [subtype: :string], "!"}]}
:bin_segment
A single element of a bitstring literal / pattern (Cure v0.20.0+).
{:bin_segment, [type: type, signedness: sign, endianness: endian,
                size: size_ast, unit: unit], [value]}
Required children: a single-element list [value], where value
is any conforming MetaAST node.
Metadata keys (all optional, mirroring Elixir's bitstring specifier
grammar):
	:type -- one of :integer, :float, :bits, :bitstring,
:bytes, :binary, :utf8, :utf16, :utf32, :any.
	:signedness -- :signed or :unsigned.
	:endianness -- :big, :little, or :native.
	:size -- a MetaAST node (typically a :literal integer or a
:variable) giving the segment size.
	:unit -- an integer (the Elixir unit multiplier).

Segments appear as children of {:literal, [subtype: :bytes], [...]}
nodes. A standalone segment outside of a :bytes literal is a malformed
construct and will not round-trip through any adapter.
# <<x::utf8>>
{:literal, [subtype: :bytes],
  [{:bin_segment, [type: :utf8], [{:variable, [], "x"}]}]}

# <<size::integer-size(8), rest::binary>>
{:literal, [subtype: :bytes],
  [{:bin_segment,
     [type: :integer, size: {:literal, [subtype: :integer], 8}],
     [{:variable, [], "size"}]},
   {:bin_segment, [type: :binary], [{:variable, [], "rest"}]}]}
:comment
A trivia source comment (Cure v0.20.0+).
{:comment, [comment_kind: kind], text}
Required value: text must be a binary (string).
Metadata keys:
	:comment_kind -- :line (default; plain # or //), :doc
(Elixir @doc / Cure ## / ###), or :block (C-style
/* ... */).
	:line, :col, :end_line, :end_col -- standard location keys.

{:comment, [comment_kind: :line, line: 10], "TODO: revisit"}
{:comment, [comment_kind: :doc, line: 5], "Public API entry point"}
Comments are trivia: type checkers, codegens, and the majority of
analyzers skip them without visiting the children (there are none).
Formatters, documentation extractors, and round-trip tooling preserve
them to reproduce source faithfully.
:_ (wildcard)
The bare atom :_ represents a catch-all pattern in pattern matching.

M2.2: Extended Layer
Common patterns present in most languages. Normalized with optional hints
to preserve language-specific nuances.
:loop
A looping construct. The :loop_type metadata distinguishes variants.
# While loop: condition + body
{:loop, [loop_type: :while], [condition, body]}

# For / for-each loop: iterator + collection + body
{:loop, [loop_type: :for], [iterator, collection, body]}
{:loop, [loop_type: :for_each], [iterator, collection, body]}
{:loop, [loop_type: :while],
  [{:binary_op, [category: :comparison, operator: :>],
    [{:variable, [], "x"}, {:literal, [subtype: :integer], 0}]},
   {:block, [], [{:variable, [], "x"}]}]}

{:loop, [loop_type: :for],
  [{:variable, [], "item"}, {:variable, [], "items"},
   {:function_call, [name: "process"], [{:variable, [], "item"}]}]}
:lambda
An anonymous function / closure.
{:lambda, [params: param_list, captures: capture_list], body_list}
Params are :param nodes (see M2.2s). Captures list the closed-over
variables (may be empty).
{:lambda, [params: [{:param, [], "x"}, {:param, [], "y"}], captures: []],
  [{:binary_op, [category: :arithmetic, operator: :+],
    [{:variable, [], "x"}, {:variable, [], "y"}]}]}
:collection_op
A higher-order collection operation (map, filter, reduce, etc.).
# Map / filter: function + collection
{:collection_op, [op_type: :map], [function, collection]}
{:collection_op, [op_type: :filter], [function, collection]}

# Reduce: function + collection + initial accumulator
{:collection_op, [op_type: :reduce], [function, collection, initial]}
{:collection_op, [op_type: :map],
  [{:lambda, [params: [{:param, [], "x"}], captures: []],
    [{:binary_op, [category: :arithmetic, operator: :*],
      [{:variable, [], "x"}, {:literal, [subtype: :integer], 2}]}]},
   {:variable, [], "numbers"}]}
:pattern_match
A multi-branch pattern match (Elixir case, Ruby case/when, Python
match/case).
{:pattern_match, meta, [scrutinee, arm_1, arm_2, ...]}
Children: the first element is the scrutinee (the value being matched);
the rest are :match_arm nodes.
:match_arm
A single branch in a pattern match or exception handler.
{:match_arm, [pattern: pattern_ast, guard: guard_or_nil], body_list}
Required metadata: :pattern (a MetaAST node or :_ for catch-all).
Optional metadata: :guard (a guard expression, or nil).
{:pattern_match, [],
  [{:variable, [], "value"},
   {:match_arm, [pattern: {:literal, [subtype: :integer], 0}],
    [{:literal, [subtype: :string], "zero"}]},
   {:match_arm, [pattern: {:literal, [subtype: :integer], 1}],
    [{:literal, [subtype: :string], "one"}]},
   {:match_arm, [pattern: :_],
    [{:literal, [subtype: :string], "other"}]}]}
:exception_handling
A try/catch/finally construct.
{:exception_handling, meta, [try_block, handlers_list, finally_or_nil]}
The handlers_list is a list of :match_arm nodes. The finally block may
be nil.
{:exception_handling, [],
  [{:block, [], [{:function_call, [name: "risky"], []}]},
   [{:match_arm, [pattern: {:variable, [], "e"}],
     [{:function_call, [name: "handle"], [{:variable, [], "e"}]}]}],
   {:function_call, [name: "cleanup"], []}]}
:async_operation
An async/await construct.
{:async_operation, [op_type: :await], [operation]}
{:async_operation, [op_type: :async], [operation]}
:comprehension
A list/set/dict comprehension (Python, Elixir for, Haskell list
comprehensions).
{:comprehension, meta, [body, generator_or_filter_1, generator_or_filter_2, ...]}
The first child is the body expression (what gets collected). The remaining
children are :generator and :filter nodes.
# [x * 2 for x in range(10) if x > 3]
{:comprehension, [],
  [{:binary_op, [category: :arithmetic, operator: :*],
    [{:variable, [], "x"}, {:literal, [subtype: :integer], 2}]},
   {:generator, [],
    [{:variable, [], "x"},
     {:function_call, [name: "range"], [{:literal, [subtype: :integer], 10}]}]},
   {:filter, [],
    [{:binary_op, [category: :comparison, operator: :>],
      [{:variable, [], "x"}, {:literal, [subtype: :integer], 3}]}]}]}
:generator
An iterator binding inside a comprehension.
{:generator, meta, [variable, collection]}
:filter
A guard condition inside a comprehension.
{:filter, meta, [condition]}

M2.2s: Structural / Organizational Layer
Top-level constructs for organizing code into modules, classes, and
functions. These are part of the extended layer but grouped separately
because they represent structure rather than computation.
:container
A module, class, or namespace.
{:container, [container_type: type, name: name_string, ...], body_list}
Required metadata: :container_type (:module, :class, or
:namespace) and :name (binary).
Common metadata: :language, :line, :module (M1 context).
# Elixir module
{:container,
  [container_type: :module, name: "MyApp.Math",
   module: "MyApp.Math", language: :elixir, line: 1],
  [function_def_1, function_def_2]}

# Python class
{:container,
  [container_type: :class, name: "Calculator",
   language: :python, line: 1],
  [function_def_init, function_def_add]}
:function_def
A function or method definition.
{:function_def, [name: name, params: param_list, visibility: vis, ...], body_list}
Required metadata: :name (binary), :params (list of :param nodes).
Common metadata: :visibility (:public, :private, :protected),
:arity (integer), :guards (guard expression MetaAST or nil),
:function, :language, :line.
Enrichment metadata (added by Semantic.Enricher during tree
enrichment, not by adapters directly):
	:callback_for (binary) -- The behaviour or base-class module name
whose callback this function implements. Present only when the
enclosing :container declares a known behaviour (via :import
children or :parent metadata) and the function name/arity matches
a registered callback in Semantic.Callbacks. Examples:
"Oban.Worker", "GenServer", "ActiveJob::Base".

# def add(x, y), do: x + y
{:function_def,
  [name: "add",
   params: [{:param, [], "x"}, {:param, [], "y"}],
   visibility: :public, arity: 2],
  [{:binary_op, [category: :arithmetic, operator: :+],
    [{:variable, [], "x"}, {:variable, [], "y"}]}]}

# def positive?(x) when x > 0, do: true
{:function_def,
  [name: "positive?",
   params: [{:param, [], "x"}],
   visibility: :public, arity: 1,
   guards: {:binary_op, [category: :comparison, operator: :>],
     [{:variable, [], "x"}, {:literal, [subtype: :integer], 0}]}],
  [{:literal, [subtype: :boolean], true}]}

# Oban worker perform/1 (after enrichment)
{:function_def,
  [name: "perform",
   params: [{:param, [], "job"}],
   visibility: :public, arity: 1,
   callback_for: "Oban.Worker"],
  [body_ast]}
:param
A function parameter.
{:param, [pattern: pattern_or_nil, default: default_or_nil], name_string}
The third element is the parameter name (binary). Optional metadata:
	:pattern—a MetaAST node for destructured parameters
	:default—a MetaAST node for the default value
	:rest—true for rest/splat parameters (*args)
	:keyword—true for keyword arguments
	:keyword_rest—true for keyword rest (**kwargs)
	:block—true for block parameters (&block)

{:param, [], "x"}
{:param, [default: {:literal, [subtype: :string], "World"}], "name"}
{:param, [rest: true], "args"}
{:param, [keyword: true, default: {:literal, [subtype: :integer], 0}], "timeout"}
{:param, [keyword_rest: true], "opts"}
{:param, [block: true], "callback"}
:attribute_access
A field/property/member access.
{:attribute_access, [attribute: name_string], [receiver]}
Required metadata: :attribute (binary).
Optional :null_safe key (true for Ruby's &. operator).
{:attribute_access, [attribute: "value"], [{:variable, [], "obj"}]}

# Chained: user.address.street
{:attribute_access, [attribute: "street"],
  [{:attribute_access, [attribute: "address"], [{:variable, [], "user"}]}]}

# Ruby safe navigation: user&.name
{:attribute_access, [attribute: "name", null_safe: true], [{:variable, [], "user"}]}
:augmented_assignment
A compound assignment operator (+=, -=, *=, ||=, etc.).
{:augmented_assignment, [operator: op_atom], [target, value]}
Optional :category metadata (:arithmetic, :boolean, etc.).
{:augmented_assignment, [operator: :+],
  [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

# Ruby memoization: @user ||= User.find(1)
{:augmented_assignment, [category: :boolean, operator: :"||="],
  [{:variable, [scope: :instance], "@user"},
   {:function_call, [name: "User.find"], [{:literal, [subtype: :integer], 1}]}]}
:property
A getter/setter declaration.
{:property, [name: name_string], [getter_or_nil, setter_or_nil]}
# Ruby attr_reader :name
{:property, [name: "name"],
  [{:function_def, [name: "name", params: [], visibility: :public],
    [{:variable, [scope: :instance], "@name"}]},
   nil]}
:import
A module/package dependency directive. Unifies import, use, require,
alias, include, and equivalent constructs across all languages.
{:import, [source: module_string, import_type: type_atom, ...], []}
Required metadata: :source (binary—the module/package name) and
:import_type (atom preserving the original directive).
Import types by language:
	Elixir: :import, :use, :require, :alias
	Python: :import
	Ruby: :require, :include
	Haskell: :import
	Erlang: :import

Optional :names metadata—a list of specific names imported (for
selective imports like Python's from X import a, b).
{:import, [source: "GenServer", import_type: :use, language: :elixir], []}
{:import, [source: "Logger", import_type: :require, language: :elixir], []}
{:import, [source: "os.path", import_type: :import, language: :python, names: ["join", "exists"]], []}
:type_annotation
A type declaration, spec, or hint.
{:type_annotation, [annotation_type: type_atom], children_list}
Required metadata: :annotation_type—one of :spec, :type,
:hint, :callback.
# @spec add(integer(), integer()) :: integer()
{:type_annotation, [annotation_type: :spec], [spec_ast_children]}

# Python type hint: x: int = 5
{:type_annotation, [annotation_type: :hint], [target, type_expression]}

M2.3: Native Layer
When a language construct has no reasonable cross-language abstraction, it is
preserved as-is with a semantic hint. This is the escape hatch—it
sacrifices universality to avoid losing information.
:language_specific
{:language_specific, [language: lang_atom, hint: hint_atom], native_ast}
Required metadata: :language (source language atom).
Recommended metadata: :hint (a semantic hint atom like
:comprehension, :pipe, :with, :decorator, :macro).
The third element is the language's native AST—its structure is
language-dependent and opaque to cross-language tools.
# Elixir pipe operator
{:language_specific, [language: :elixir, hint: :pipe],
  {:|>, [], [left_ast, right_ast]}}

# Elixir with expression
{:language_specific, [language: :elixir, hint: :with],
  {:with, [], clauses}}

# Python decorator
{:language_specific, [language: :python, hint: :decorator],
  %{name: "cache", args: []}}
Analysis tools that encounter :language_specific nodes can:
	Use the :hint to apply partial analysis.
	Skip the node gracefully.
	Delegate to a language-specific handler.


Semantic Enrichment (op_kind)
Function call nodes may carry an :op_kind metadata key—a keyword list
that describes what the function does at a semantic level, independent of
its name or the framework it belongs to.
This lets analyzers reason about code meaning ("is this a database read?")
rather than pattern-matching on function names ("does this look like
Repo.get?").
Structure
{:function_call,
  [name: "Repo.get",
   op_kind: [domain: :db, operation: :retrieve, target: "User", framework: :ecto]],
  [args...]}
Fields:
	:domain (required)—The semantic domain. One of:
:db, :http, :auth, :cache, :queue, :file, :external_api.
	:operation (required)—The specific operation within the domain.
Examples: :retrieve, :retrieve_all, :create, :update, :delete,
:query, :transaction, :preload, :aggregate.
	:target (optional)—The entity being operated on. "User",
"orders", "session".
	:async (optional)—Whether the operation is asynchronous.
	:framework (optional)—The source framework. :ecto, :django,
:sequelize, :sqlalchemy.

Usage Pattern
Analyzers use a semantic-first, heuristic-fallback approach:
def analyze({:function_call, meta, _args} = node, _context) when is_list(meta) do
  op_kind = Keyword.get(meta, :op_kind)

  db_operation? =
    case op_kind do
      kw when is_list(kw) -> OpKind.db?(kw)       # accurate
      nil -> database_function?(Keyword.get(meta, :name, ""))  # fallback
    end

  if db_operation?, do: flag_issue(node)
end
Helper Functions
# Domain checks
OpKind.db?(op_kind)     # true if domain is :db
OpKind.http?(op_kind)   # true if domain is :http
OpKind.file?(op_kind)   # true if domain is :file

# Field access
OpKind.domain(op_kind)     # => :db
OpKind.operation(op_kind)  # => :retrieve
OpKind.target(op_kind)     # => "User"

# Operation classification
OpKind.read?(op_kind)   # true for :retrieve, :retrieve_all, :query
OpKind.write?(op_kind)  # true for :create, :update, :delete

Semantic Equivalence
Different language ASTs that represent the same semantic concept produce
identical MetaAST nodes. This is the fundamental property that enables
cross-language tooling.
Python:     x + 5
JavaScript: x + 5
Elixir:     x + 5
Ruby:       x + 5

All produce the same M2:
{:binary_op, [category: :arithmetic, operator: :+],
  [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}
A more involved example—a function definition:
Python:
    def add(x, y):
        return x + y

Elixir:
    def add(x, y), do: x + y

Ruby:
    def add(x, y)
      x + y
    end

All produce:
{:function_def,
  [name: "add",
   params: [{:param, [], "x"}, {:param, [], "y"}],
   visibility: :public, arity: 2],
  [{:binary_op, [category: :arithmetic, operator: :+],
    [{:variable, [], "x"}, {:variable, [], "y"}]}]}
(In practice, Python wraps the body in {:early_return, ...} and the
languages differ in metadata like :language and :line, but the
structural shape is equivalent.)

Traversal and Manipulation
Metastatic.AST provides traversal functions modeled directly on
Macro.traverse/4:
# Full traversal with pre and post callbacks
AST.traverse(ast, acc, &pre/2, &post/2)

# Pre-order only (post is identity)
AST.prewalk(ast, acc, &pre/2)

# Post-order only (pre is identity)
AST.postwalk(ast, acc, &post/2)
Accessors
AST.type(node)          # => :binary_op
AST.meta(node)          # => [category: :arithmetic, operator: :+]
AST.children(node)      # => [left, right]
AST.get_meta(node, :line)       # => 10
AST.put_meta(node, :line, 10)   # => updated node
AST.update_meta(node, line: 10, col: 5)
AST.update_children(node, new_children)
Conformance
AST.conforms?(ast)  # => true if valid MetaAST
Extraction
AST.variables(ast)  # => MapSet.new(["x", "y"])
AST.location(ast)   # => %{line: 10, col: 5} or nil
AST.metadata(ast)   # => full keyword list
M1 Context
AST.with_context(node, %{module: "MyApp", function: "create", arity: 2})
AST.node_module(node)      # => "MyApp"
AST.node_function(node)    # => "create"
AST.node_arity(node)       # => 2
AST.node_visibility(node)  # => :public

Node Type Reference
M2.1 Core (all languages)
:literal, :variable, :binary_op, :unary_op, :function_call,
:conditional, :early_return, :block, :list, :map, :pair,
:tuple, :assignment, :inline_match, :range,
:string_interpolation, :bin_segment, :comment
M2.2 Extended (most languages)
:loop, :lambda, :collection_op, :pattern_match, :match_arm,
:exception_handling, :async_operation, :comprehension, :generator,
:filter
M2.2s Structural (organizational)
:container, :function_def, :param, :attribute_access,
:augmented_assignment, :property, :import, :type_annotation
M2.3 Native (language-specific)
:language_specific
Special
:_ (wildcard pattern—bare atom, not a 3-tuple)


  

    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.
[Unreleased]
Added & Fixed -- Subprocess Fallback & Comprehensive Language Support
	Metastatic.Adapters.Cure.Subprocess -- added CLI / Subprocess fallback parser module for the Cure language adapter, enabling Cure source code parsing via external cure CLI binaries when in-process compiler modules (Cure.Compiler.Lexer / Parser) are unavailable.
	Language Delegation in Metastatic -- updated Metastatic.languages/0, Metastatic.supported?/1, and Metastatic.adapter_for_language/1 to delegate directly to Metastatic.Languages single source of truth, properly exposing all 9 supported languages (:cure, :elixir, :erlang, :haskell, :javascript, :march, :python, :ruby, :typescript).
	MetaCredo Cross-Language Integration Docs -- documented the companion Elixir static analysis and linting library MetaCredo, highlighting its ability to analyze and lint any source code understood by Metastatic.
	Documentation Audit -- comprehensive updates across README.md, GETTING_STARTED.md, METAST_SPEC.md, and module docs covering March and Cure language adapters.

Refactored -- Cache Behaviour & Backend Pluggability
	Metastatic.Cache Behaviour -- replaced inline if_dllb_available checkers in Metastatic.Cache with a pluggable behaviour (init/0, get/2, put/4, clear/0) and facade dispatcher.
	Cache Backends -- added Metastatic.Cache.ETS (default ETS memory cache) and Metastatic.Cache.DLLB (Dllb database cache).
	Configuration & Dependencies -- added optional :dllb dependency (runtime: false) and introduced :metastatic, :cache config option accepting :ets (default) or :dllb.

Added -- Cure v0.20.0 catch-up
	:bin_segment (M2.1 Core) -- new node type for a single element of
a bitstring literal / pattern (<<value::type-size(n)-unit(u)-sign-endian>>).
Shape {:bin_segment, meta, [value]} with optional meta keys
:type, :signedness, :endianness, :size (AST node), :unit
(integer). Added to @core_types, given a valid_node?/3 clause,
a Metastatic.AST.bin_segment/2 builder helper, AST.to_string/1
rendering, and handlers in the Cure and Elixir FromMeta adapters.
	:comment (M2.1 Core) -- new trivia node representing a source
comment. Shape {:comment, meta, text} with :comment_kind meta
(:line / :doc / :block). Analyzers and codegens skip comments;
formatters and documentation tooling round-trip them. Added to
@core_types, given a valid_node?/3 clause, the
Metastatic.AST.comment/3 builder, AST.to_string/1 rendering,
leaf-safe traversal wiring, and handlers in both FromMeta
adapters (Elixir collapses them to nil because its tokenizer
strips comments from quoted ASTs).
	:literal subtype :bytes dual shape. The validator now
accepts either the historical binary() payload or a list of
:bin_segment children. When the payload is a segment list,
AST.traverse/4, AST.prewalker/1, AST.postwalker/1,
AST.path/2, and AST.variables/1 descend into each segment's
value so analyzers see the bound names inside
<<x::utf8, rest::binary>>-style patterns.
	Metastatic.Adapters.Cure.ToMeta -- new abstraction adapter
that parses Cure source through the Cure compiler's lexer + parser
(when linked in at runtime) and normalises the resulting MetaAST
(default :comment_kind metadata, atom-coerced :bin_segment
specifiers, recursive :param normalisation). Exposes
from_source/2, from_ast/1, and normalize/1.
	Metastatic.Adapters.Cure.abstract/3 -- routes through the new
ToMeta.from_source/2, threads the preserve_comments: option, and
returns a Document with metadata: %{language: :cure} so the
result round-trips cleanly through Adapter.round_trip/2.
	METAST_SPEC.md -- adds dedicated :bin_segment and
:comment subsections under M2.1 Core, documents the dual :bytes
payload, and updates the Node Type Reference table.

Added -- previously unreleased
	MetaAST nodes backported from Cure v0.18.0 -- v0.19.0:	:pin (M2.2 Extended) -- pattern-position pin operator ^x.
Shape {:pin, meta, [inner]}. Promoted from a dead placeholder
entry in the Elixir adapter to a first-class node type recognised
by Metastatic.AST.conforms?/1.
	:assert_type (M2.2 Extended) -- compile-time type assertion
assert_type expr : T. Shape {:assert_type, meta, [expr, type_ast]}.
Reified by the Cure adapter; dropped to expr by the Elixir adapter
(Elixir has no surface syntax for it).
	container_type: :proof -- new value of the :container metadata
key emitted by Cure for proof Name.Path containers. Structurally
identical to :module but semantically a proposition-level namespace.


	MetaAST nodes backported from earlier Cure releases:	:record_update (M2.2s Structural, Cure v0.15.0) -- functional
record update Name{base | field: val, ...}. Shape
{:record_update, [name: "Name", ...], [base | field_pairs]}.
	container_type: :fsm (Cure v0.7.0) -- finite state machine
container fsm Name with Payload. Carries optional FSM metadata
(:payload, :terminal_states, :invariants, :verify, :timer,
:on_transition, :on_enter, :on_exit, :on_failure,
:on_timer); transitions are :function_call nodes with :from,
:event, :to, and :event_kind metadata.


	Metastatic.Adapters.Cure.FromMeta now reifies :pin, :assert_type,
:record_update, and container_type: :proof / :fsm instead of
falling back to inspect/1. The new emit_fsm/3 helper renders the
container header (fsm Name [with Payload]), the transition body, the
optional @timer <ms> annotation, and any on_transition /
on_enter / on_exit / on_failure / on_timer callback blocks.
	Macro-like AST traversal and manipulation API -- mirrors Elixir's Macro module for MetaAST:	prewalk/2, postwalk/2 -- transform-only tree walks (no accumulator)
	prewalker/1, postwalker/1 -- lazy enumerable traversals (Stream-based)
	path/2 -- find the path from a matching node up to the root
	unpipe/1 -- flatten nested :pipe chains into a list of {node, position} tuples
	pipe_into/3 -- inject an expression into a :function_call argument list at a given position
	decompose_call/1 -- extract {name, args} from :function_call nodes (returns :error otherwise)
	to_string/1 -- human-readable pseudo-code representation of MetaAST for debugging
	literal?/1 -- recursively check whether a subtree is composed entirely of literal values
	operator?/1 -- predicate for :binary_op and :unary_op nodes
	validate/1 -- structural validation returning :ok or {:error, {:invalid_node, node}}
	unique_var/1 -- generate unique variable nodes with monotonic counter


	All new functions available on both Metastatic.AST (canonical) and Metastatic (convenience delegates)
	Full @doc, @spec, and doctests for every new function
	1992 tests passing (336 doctests + 1656 tests), zero regressions

Documentation
	Added "AST Traversal & Manipulation" section to README.md explaining why traversal matters and
showing walking, lazy enumeration, path-finding, pipe utilities, predicates, and inspection
	Added "AST Traversal & Manipulation" section to GETTING_STARTED.md with comprehensive examples
for every new function and a quick-reference list

[0.15.1] - 2026-04-12
Major adapter overhaul: all five language adapters now emit proper M2 types instead of falling back
to :language_specific, alongside new M2 node types, Erlang adapter expansion, and comprehensive
documentation with mermaid diagrams. 1919 tests passing (263 doctests + 1656 tests), zero regressions.
Added
	New M2 node types:	:throw (M2.1 Core) -- raise/throw across languages
	:yield (M2.2 Extended) -- generators (yield/yield_from)
	:decorator (M2.2s Structural) -- decorators/annotations


	:bitwise operator category for band, bor, bxor, bsl, bsr, <<, >>
	Expanded container_type: :interface, :trait, :protocol, :enum, :struct
	New literal subtypes: :char, :bytes
	New loop types: :do_while, :infinite
	Expanded import_type: :from, :module, :export
	Builder helpers: throw_node/3, yield_node/3, decorator/3
	Erlang adapter: -module(Name) -> :container; function defs -> :function_def with params;
fun expressions -> :lambda; fun Name/Arity -> :lambda with capture_form;
try/catch/after -> :exception_handling; #{...} -> :map with :pair children;
-export([...]) -> :import with export type; receive remains :language_specific
	Python with statement -> :block with [original_form: :with] and inline_match bindings
	Mermaid diagrams throughout: GETTING_STARTED.md, RESEARCH.md, METAST_SPEC.md,
SUPPLEMENTAL_MODULES.md, module docstrings (ast.ex, adapter.ex, validator.ex),
and mix task docs

Changed
	Ruby adapter: dstr -> :string_interpolation; irange/erange -> :range with
[inclusive: true/false]; break/next -> :early_return with [kind: :break/:continue];
regexp -> :literal with [subtype: :regex, flags: [...]]; <</>> -> category: :bitwise;
round-trip (from_meta) support added for all new types
	Python adapter: All comprehensions (ListComp/DictComp/SetComp/GeneratorExp) ->
:comprehension with proper :generator/:filter children; match (3.10+) ->
:pattern_match with :match_arm children; AugAssign -> :augmented_assignment;
NamedExpr (walrus :=) -> :inline_match; Raise -> :throw; Yield/YieldFrom ->
:yield; AsyncFunctionDef -> :function_def with [async: true]; decorated
functions/classes -> proper M2 nodes with [decorators: [...]]
	Haskell adapter: modules -> :container with container_type: :module; function bindings ->
:function_def; type signatures -> :type_annotation with [annotation_type: :spec]; list
comprehensions -> :comprehension with [comp_type: :list]; class_decl -> :container with
container_type: :interface
	Erlang adapter: bitwise ops -> category: :bitwise; char literals -> subtype: :char
	1919 tests passing (263 doctests + 1656 tests), zero regressions

[0.12.1] - 2026-03-24
Added
	Comprehensive Ruby/Rails Support - Major expansion of the Ruby adapter:	Safe navigation operator (&.) via csend AST type: maps to function_call/attribute_access with null_safe: true
	Conditional assignment operators: ||= (or_asgn) and &&= (and_asgn) map to augmented_assignment
	All Ruby parameter types: optarg, kwarg, kwoptarg, restarg, kwrestarg, blockarg, forward_arg
	Variable binding forms for ivasgn, cvasgn, gvasgn (1-child targets in ||=/&&=)
	Multi-statement kwbegin blocks (explicit begin...end)
	FromMeta round-trip: csend reconstruction, or_asgn/and_asgn reconstruction, all parameter types
	Fixed fragile collection_op from_meta lambda extraction
	Parser now emits end_line and end_column in location info
	3 Rails fixture files for testing (model, concern, service)
	41 new tests including integration tests against 53-file Rails app (51/53 transform successfully)
	Test suite: 255 doctests + 1646 tests, 0 failures



[0.12.0] - 2026-03-19
Added
	OpKind Semantic Metadata System - Semantic operation kind metadata for accurate code analysis:	New Metastatic.Semantic.OpKind module providing semantic meaning for function calls and operations
	Supports 7 domains: :db, :http, :auth, :cache, :queue, :file, :external_api
	Rich operation types for each domain (e.g., DB: retrieve, retrieve_all, query, create, update, delete, transaction, preload, aggregate)
	Framework-aware detection (Ecto, Django, Sequelize, ActiveRecord, etc.)
	OpKind stored in :op_kind metadata field of :function_call nodes
	5 business logic analyzers updated to use OpKind with semantic-first, heuristic-fallback pattern:	BlockingInPlug: Checks OpKind domain for blocking operations
	MissingTelemetryForExternalHttp: Uses OpKind.http?() for HTTP detection
	SyncOverAsync: Identifies blocking operations via OpKind domain
	InefficientFilter: Detects fetch-all operations via OpKind (domain: :db, operation: :retrieve_all/:query)
	TOCTOU: Identifies file check/use operations via OpKind


	Significantly improves analyzer accuracy while maintaining backward compatibility
	Example: {:function_call, [name: "Repo.get", op_kind: [domain: :db, operation: :retrieve, target: "User"]], [args...]}



Changed
	Uniform 3-Tuple MetaAST Format - Complete migration to {type_atom, keyword_meta, children_or_value} structure:	All MetaAST nodes now use a uniform 3-tuple format for consistency and easier pattern matching
	Metadata moved to keyword lists in the second element (e.g., [subtype: :integer], [operator: :+])
	Children/value in the third element (list for composites, value for leaves)
	Updated all 5 language adapters (Python, Elixir, Ruby, Erlang, Haskell) to produce 3-tuple output
	Updated all 9 analysis tools (complexity, duplication, metrics, etc.) for new format
	Updated all 20 business logic analyzers for new format:	SwallowingException: Updated exception_handling pattern matching
	NPlusOneQuery: Fixed lambda detection with Keyword.keyword? check
	InefficientFilter: Added handler for function_def bodies
	TelemetryInRecursiveFunction: Fixed body traversal through all children
	MissingPreload: Updated collection_op format handling


	Fixed Elixir adapter try/rescue transformation with pre_transform marker
	Fixed extract_module_name/1 to handle {:literal, _, atom} format
	Test suite: 1,422 tests passing (235 doctests + 1,187 tests, 100% coverage)



Added
	M1 Metadata Preservation - Full context threading for Ragex integration:	Expanded location type with optional M1 context fields: :language, :module, :function, :arity, :container, :visibility, :file, :m1_meta
	Added AST helper functions: with_context/2, extract_metadata/2, node_module/1, node_function/1, node_arity/1, node_file/1, node_container/1, node_visibility/1
	Elixir adapter now attaches module and function context to structural nodes (container, function_def)
	Runner properly handles location-aware nodes (both with and without metadata) in update_contexts/2 and extract_children/2
	Analyzer.issue/1 helper automatically extracts location metadata from nodes
	Updated TelemetryInRecursiveFunction analyzer to handle both 6-tuple and 7-tuple function_def patterns
	All 1,431 tests passing (202 doctests + 1,229 tests including 14 new metadata tests)
	Enables Ragex to access function names, arities, modules, and locations from business logic analyzers


	Business Logic Analyzers - 20 language-agnostic analyzers ported from oeditus_credo:	Tier 1 (Pure MetaAST, 9 analyzers): CallbackHell, MissingErrorHandling, SilentErrorCase, SwallowingException, HardcodedValue, NPlusOneQuery, InefficientFilter, UnmanagedTask, TelemetryInRecursiveFunction
	Tier 2 (Function Name Heuristics, 4 analyzers): MissingTelemetryForExternalHttp, SyncOverAsync, DirectStructUpdate, MissingHandleAsync
	Tier 3 (Naming Conventions, 4 analyzers): BlockingInPlug, MissingTelemetryInAuthPlug, MissingTelemetryInLiveviewMount, MissingTelemetryInObanWorker
	Tier 4 (Content Analysis, 3 analyzers): MissingPreload, InlineJavascript, MissingThrottle
	Each analyzer includes comprehensive cross-language examples (Python, JavaScript, Elixir, C#, Go, Java, Ruby, Rust)
	Total: ~4,800 lines across 20 analyzer modules
	All 1,282 tests passing (142 doctests + 1,140 tests)
	Demonstrates that business logic analysis is fundamentally language-agnostic


	M2.1 Core Layer enhancements:	list type for list/array literals (moved from literal collection to first-class core type)
	map type for map/dictionary/object literals (moved from literal collection to first-class core type)
	Updated all language adapters (Python, Elixir) to use new list/map types
	Updated all analysis modules to traverse list elements and map key-value pairs
	Updated validator to classify list/map as core layer
	Updated CLI tools (inspector, formatter) to handle list/map display
	Added 12 new tests for list/map functionality (1,356 total tests passing: 131 doctests + 1,225 tests)


	M2.2s Structural/Organizational Layer - New meta-model layer for cross-language structural constructs	container type for modules/classes/namespaces with visibility-aware member tracking
	function_def type for function/method definitions with guards, visibility, and pattern parameters
	attribute_access type for field/property access on objects
	augmented_assignment type for compound assignment operators (+=, -=, etc.)
	property type for property declarations with getters/setters


	Full support for M2.2s types across all analysis modules:	Duplication fingerprinting (Type I/II clone detection)
	Cyclomatic complexity analysis
	Cognitive complexity analysis
	Nesting depth tracking
	Halstead metrics (operators/operands)
	Function metrics (statements, returns)
	Lines of code (LoC) counting


	Comprehensive test coverage: 143 new tests for structural types (1,149 total tests passing)
	Helper functions: container_name/1, function_name/1, function_visibility/1, has_state?/1

Documentation
	Added STRUCTURAL_LAYER_RESEARCH.md - Theory and cross-language analysis of structural constructs
	Added STRUCTURAL_LAYER_DESIGN.md - Implementation design decisions and rationale
	Updated README.md with M2.2s layer description
	Enhanced @typedoc for all structural types with M1 instances and examples

Mix Tasks
	All 15 mix tasks now have comprehensive @moduledoc documentation and @impl Mix.Task
	Added ruby and haskell language support to analyze, complexity, purity_check, translate, validate_equivalence
	detect_duplicates now fully implemented - parses real source files via language adapters

[0.1.0] - 2026-01-21
MVP
Notes
This project follows a rigorous theoretical foundation based on:
	OMG Meta Object Facility (MOF) Specification
	Eclipse Modeling Framework (EMF)
	Formal meta-modeling theory

See THEORETICAL_FOUNDATIONS.md for the complete formal treatment with proofs.
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Metastatic - Cross-language code analysis via unified MetaAST.
Main API
The primary entry points for working with Metastatic:
	quote/2 - Convert source code to MetaAST
	unquote/2 - Convert MetaAST back to source code
	prewalk/2, prewalk/3 - Pre-order AST traversal
	postwalk/2, postwalk/3 - Post-order AST traversal
	traverse/4 - Full pre+post AST traversal with accumulator
	path/2 - Find path from root to matching node
	to_string/1 - Human-readable AST representation
	decompose_call/1 - Decompose function call nodes
	validate/1 - Validate AST structure with diagnostics
	unpipe/1 - Decompose pipe chains
	pipe_into/3 - Inject expression into function call
	literal?/1 - Check if AST is purely literal
	operator?/1 - Check if node is an operator
	prewalker/1, postwalker/1 - Lazy enumerable traversals
	unique_var/1 - Generate unique variable nodes

Examples
# Parse Python code to MetaAST
iex> {:ok, {:binary_op, meta, _}} = Metastatic.quote("x + 5", :python)
iex> Keyword.get(meta, :category) == :arithmetic and Keyword.get(meta, :operator) == :+
true

# Convert MetaAST back to Python source
iex> ast = {:binary_op, [category: :arithmetic, operator: :+], [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}
iex> Metastatic.unquote(ast, :python)
{:ok, "x + 5"}

# Round-trip demonstration
iex> {:ok, my_ast} = Metastatic.quote("x + 5", :python)
iex> {:ok, source} = Metastatic.unquote(my_ast, :python)
iex> source
"x + 5"
Cross-Language Translation
Since MetaAST is language-independent, you can parse in one language
and generate in another:
# Parse from Python, generate Elixir code (same MetaAST!)
iex> {:ok, py_ast} = Metastatic.quote("x + 5", :python)
iex> {:ok, _source} = Metastatic.unquote(py_ast, :elixir)
iex> true
true

      


      
        Summary


  
    Types
  


    
      
        language()

      


    


    
      
        meta_ast()

      


    





  
    Functions
  


    
      
        adapter_for_language(language)

      


        Gets the adapter for a supported language.



    


    
      
        decompose_call(ast)

      


        Decomposes a function call into {name, args} or :error.



    


    
      
        languages()

      


        Returns all supported language atoms.



    


    
      
        literal?(ast)

      


        Returns true if the MetaAST represents a purely literal value.



    


    
      
        operator?(ast)

      


        Returns true if the node is a binary or unary operator.



    


    
      
        path(ast, fun)

      


        Returns the path to the node for which fun returns a truthy value.



    


    
      
        pipe_into(expr, call, position)

      


        Pipes expr into a function call at the given position.



    


    
      
        postwalk(ast, fun)

      


        Performs a depth-first, post-order traversal of the MetaAST (no accumulator).



    


    
      
        postwalk(ast, acc, fun)

      


        Performs a depth-first, post-order traversal with accumulator.



    


    
      
        postwalker(ast)

      


        Returns an enumerable that lazily traverses the MetaAST in post-order.



    


    
      
        prewalk(ast, fun)

      


        Performs a depth-first, pre-order traversal of the MetaAST (no accumulator).



    


    
      
        prewalk(ast, acc, fun)

      


        Performs a depth-first, pre-order traversal with accumulator.



    


    
      
        prewalker(ast)

      


        Returns an enumerable that lazily traverses the MetaAST in pre-order.



    


    
      
        quote(code, language)

      


        Convert source code to MetaAST.



    


    
      
        supported?(lang)

      


        Checks if a language atom is supported.



    


    
      
        to_string(ast)

      


        Converts a MetaAST to a human-readable string.



    


    
      
        traverse(ast, acc, pre, post)

      


        Traverse a MetaAST, applying pre and post functions.



    


    
      
        unique_var(prefix)

      


        Generates a unique variable MetaAST node.



    


    
      
        unpipe(ast)

      


        Breaks a pipe chain into a flat list of {ast, position} tuples.



    


    
      
        unquote(ast, language)

      


        Convert MetaAST to source code.



    


    
      
        validate(ast)

      


        Validates AST structure, returning :ok or {:error, reason}.



    





      


      
        Types


        


  
    
      
    
    
      language()



        
          
        

    

  


  

      

          @type language() :: atom()


      



  



  
    
      
    
    
      meta_ast()



        
          
        

    

  


  

      

          @type meta_ast() :: Metastatic.AST.meta_ast()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      adapter_for_language(language)



        
          
        

    

  


  

Gets the adapter for a supported language.

  



  
    
      
    
    
      decompose_call(ast)



        
          
        

    

  


  

Decomposes a function call into {name, args} or :error.
Delegates to Metastatic.AST.decompose_call/1.
Examples
iex> call = {:function_call, [name: "add"], [{:variable, [], "x"}, {:variable, [], "y"}]}
iex> Metastatic.decompose_call(call)
{"add", [{:variable, [], "x"}, {:variable, [], "y"}]}

iex> Metastatic.decompose_call({:literal, [subtype: :integer], 42})
:error

  



  
    
      
    
    
      languages()



        
          
        

    

  


  

Returns all supported language atoms.

  



  
    
      
    
    
      literal?(ast)



        
          
        

    

  


  

Returns true if the MetaAST represents a purely literal value.
Delegates to Metastatic.AST.literal?/1.
Examples
iex> Metastatic.literal?({:literal, [subtype: :integer], 42})
true

iex> Metastatic.literal?({:variable, [], "x"})
false

  



  
    
      
    
    
      operator?(ast)



        
          
        

    

  


  

Returns true if the node is a binary or unary operator.
Delegates to Metastatic.AST.operator?/1.
Examples
iex> Metastatic.operator?({:binary_op, [category: :arithmetic, operator: :+], [{:variable, [], "x"}, {:literal, [subtype: :integer], 1}]})
true

iex> Metastatic.operator?({:literal, [subtype: :integer], 42})
false

  



  
    
      
    
    
      path(ast, fun)



        
          
        

    

  


  

Returns the path to the node for which fun returns a truthy value.
The path is a list starting with the matched node, followed by its
parents up to the root. Returns nil if no match found.
Delegates to Metastatic.AST.path/2.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:variable, [], "x"}, {:literal, [subtype: :integer], 42}]}
iex> path = Metastatic.path(ast, fn
...>   {:literal, _, 42} -> true
...>   _ -> false
...> end)
iex> Enum.map(path, &Metastatic.AST.type/1)
[:literal, :binary_op]

  



  
    
      
    
    
      pipe_into(expr, call, position)



        
          
        

    

  


  

Pipes expr into a function call at the given position.
Delegates to Metastatic.AST.pipe_into/3.
Examples
iex> expr = {:variable, [], "x"}
iex> call = {:function_call, [name: "foo"], [{:literal, [subtype: :integer], 1}]}
iex> Metastatic.pipe_into(expr, call, 0)
{:function_call, [name: "foo"], [{:variable, [], "x"}, {:literal, [subtype: :integer], 1}]}

  



  
    
      
    
    
      postwalk(ast, fun)



        
          
        

    

  


  

Performs a depth-first, post-order traversal of the MetaAST (no accumulator).
Delegates to Metastatic.AST.postwalk/2.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> Metastatic.postwalk(ast, fn
...>   {:literal, meta, value} when is_integer(value) -> {:literal, meta, value * 10}
...>   node -> node
...> end)
{:binary_op, [category: :arithmetic, operator: :+],
  [{:literal, [subtype: :integer], 10}, {:literal, [subtype: :integer], 20}]}

  



  
    
      
    
    
      postwalk(ast, acc, fun)



        
          
        

    

  


  

Performs a depth-first, post-order traversal with accumulator.
Delegates to Metastatic.AST.postwalk/3.

  



  
    
      
    
    
      postwalker(ast)



        
          
        

    

  


  

Returns an enumerable that lazily traverses the MetaAST in post-order.
Delegates to Metastatic.AST.postwalker/1.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> ast |> Metastatic.postwalker() |> Enum.map(&Metastatic.AST.type/1)
[:literal, :literal, :binary_op]

  



  
    
      
    
    
      prewalk(ast, fun)



        
          
        

    

  


  

Performs a depth-first, pre-order traversal of the MetaAST (no accumulator).
Delegates to Metastatic.AST.prewalk/2.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> Metastatic.prewalk(ast, fn
...>   {:literal, meta, value} when is_integer(value) -> {:literal, meta, value * 10}
...>   node -> node
...> end)
{:binary_op, [category: :arithmetic, operator: :+],
  [{:literal, [subtype: :integer], 10}, {:literal, [subtype: :integer], 20}]}

  



  
    
      
    
    
      prewalk(ast, acc, fun)



        
          
        

    

  


  

Performs a depth-first, pre-order traversal with accumulator.
Delegates to Metastatic.AST.prewalk/3.

  



  
    
      
    
    
      prewalker(ast)



        
          
        

    

  


  

Returns an enumerable that lazily traverses the MetaAST in pre-order.
Delegates to Metastatic.AST.prewalker/1.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> ast |> Metastatic.prewalker() |> Enum.map(&Metastatic.AST.type/1)
[:binary_op, :literal, :literal]

  



  
    
      
    
    
      quote(code, language)



        
          
        

    

  


  

      

          @spec quote(String.t(), language()) :: {:ok, meta_ast()} | {:error, term()}


      


Convert source code to MetaAST.
Performs Source → M1 → M2 transformation, returning just the MetaAST
without the Document wrapper.
Parameters
	code - Source code string
	language - Language atom (:python, :elixir, :ruby, :erlang, :haskell)

Returns
	{:ok, meta_ast} - Successfully parsed and abstracted to M2
	{:error, reason} - Parsing or abstraction failed

Examples
iex> {:ok, {:binary_op, meta, _}} = Metastatic.quote("x + 5", :python)
iex> Keyword.get(meta, :category) == :arithmetic and Keyword.get(meta, :operator) == :+
true

iex> {:ok, {:binary_op, meta, _}} = Metastatic.quote("x + 5", :elixir)
iex> Keyword.get(meta, :category) == :arithmetic and Keyword.get(meta, :operator) == :+
true

iex> {:ok, {:list, _, items}} = Metastatic.quote("[1, 2, 3]", :python)
iex> length(items) == 3
true

  



  
    
      
    
    
      supported?(lang)



        
          
        

    

  


  

Checks if a language atom is supported.

  



  
    
      
    
    
      to_string(ast)



        
          
        

    

  


  

Converts a MetaAST to a human-readable string.
Delegates to Metastatic.AST.to_string/1.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}
iex> Metastatic.to_string(ast)
"x + 5"

  



  
    
      
    
    
      traverse(ast, acc, pre, post)



        
          
        

    

  


  

Traverse a MetaAST, applying pre and post functions.
Delegates to Metastatic.AST.traverse/4. See that module for full documentation.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> {_ast, count} = Metastatic.traverse(ast, 0, fn node, acc -> {node, acc + 1} end, fn node, acc -> {node, acc} end)
iex> count
3

  



  
    
      
    
    
      unique_var(prefix)



        
          
        

    

  


  

Generates a unique variable MetaAST node.
Delegates to Metastatic.AST.unique_var/1.
Examples
iex> {:variable, _, name} = Metastatic.unique_var("tmp")
iex> String.starts_with?(name, "tmp_")
true

  



  
    
      
    
    
      unpipe(ast)



        
          
        

    

  


  

Breaks a pipe chain into a flat list of {ast, position} tuples.
Delegates to Metastatic.AST.unpipe/1.

  



  
    
      
    
    
      unquote(ast, language)



        
          
        

    

  


  

      

          @spec unquote(meta_ast(), language()) :: {:ok, String.t()} | {:error, term()}


      


Convert MetaAST to source code.
Performs M2 → M1 → Source transformation, generating source code in the
specified target language.
Parameters
	ast - MetaAST structure (M2 level)
	language - Target language atom (:python, :elixir, :ruby, :erlang, :haskell)

Returns
	{:ok, source} - Successfully generated source code
	{:error, reason} - Generation failed

Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+], [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}
iex> Metastatic.unquote(ast, :python)
{:ok, "x + 5"}

iex> ast = {:binary_op, [category: :arithmetic, operator: :+], [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}
iex> Metastatic.unquote(ast, :elixir)
{:ok, "x + 5"}

iex> ast = {:literal, [subtype: :integer], 42}
iex> Metastatic.unquote(ast, :python)
{:ok, "42"}

iex> ast = {:list, [], [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> Metastatic.unquote(ast, :python)
{:ok, "[1, 2]"}
Cross-Language Translation
Since MetaAST is language-independent, you can parse from one language
and generate in another:
iex> {:ok, ast} = Metastatic.quote("x + 5", :python)
iex> {:ok, source} = Metastatic.unquote(ast, :elixir)
iex> source
"x + 5"

iex> {:ok, ast} = Metastatic.quote("42", :ruby)
iex> {:ok, source} = Metastatic.unquote(ast, :python)
iex> source
"42"

  



  
    
      
    
    
      validate(ast)



        
          
        

    

  


  

Validates AST structure, returning :ok or {:error, reason}.
Delegates to Metastatic.AST.validate/1.
Examples
iex> Metastatic.validate({:literal, [subtype: :integer], 42})
:ok

iex> Metastatic.validate("not an ast")
{:error, {:not_an_ast_node, "not an ast"}}

  


        

      


  

    
Metastatic.Languages 
    



      
Single source of truth for supported languages and their adapters.
All language detection, validation, and adapter lookup throughout the
codebase should go through this module. Adding support for a new language
requires only adding a single entry to @adapters here (assuming the
adapter module already exists and implements Metastatic.Adapter).
Compile-Time Derivation
Extension maps, supported language lists, and display strings are all
derived at compile time from the @adapters map and each adapter's
file_extensions/0 callback, so they stay in sync automatically.
Examples
iex> Metastatic.Languages.supported?(:python)
true

iex> Metastatic.Languages.supported?(:brainfuck)
false

iex> {:ok, :ruby} = Metastatic.Languages.detect_language("app.rb")

iex> {:ok, Metastatic.Adapters.Python} = Metastatic.Languages.get_adapter(:python)

      


      
        Summary


  
    Functions
  


    
      
        adapters()

      


        Returns the map of all adapters (language atom => module).



    


    
      
        detect_language(path)

      


        Detects language from a file path based on its extension.



    


    
      
        extension_for_language(language)

      


        Returns the primary file extension for a language.



    


    
      
        get_adapter(language)

      


        Returns the adapter module for a supported language.



    


    
      
        parse_language(lang_str)

      


        Parses a language string (e.g. from CLI --language option) into an atom.



    


    
      
        supported?(language)

      


        Checks whether a language atom is supported.



    


    
      
        supported_extensions()

      


        Returns all supported file extensions.



    


    
      
        supported_languages()

      


        Returns the list of supported language atoms, sorted alphabetically.



    


    
      
        supported_languages_string()

      


        Returns a comma-separated string of supported language names.



    





      


      
        Functions


        


  
    
      
    
    
      adapters()



        
          
        

    

  


  

      

          @spec adapters() :: %{required(atom()) => module()}


      


Returns the map of all adapters (language atom => module).
Examples
iex> adapters = Metastatic.Languages.adapters()
iex> Map.has_key?(adapters, :python)
true

  



  
    
      
    
    
      detect_language(path)



        
          
        

    

  


  

      

          @spec detect_language(String.t()) :: {:ok, atom()} | {:error, String.t()}


      


Detects language from a file path based on its extension.
Examples
iex> Metastatic.Languages.detect_language("script.py")
{:ok, :python}

iex> Metastatic.Languages.detect_language("app.rb")
{:ok, :ruby}

iex> Metastatic.Languages.detect_language("unknown.xyz")
{:error, "Cannot detect language from extension: .xyz"}

  



  
    
      
    
    
      extension_for_language(language)



        
          
        

    

  


  

      

          @spec extension_for_language(atom()) :: {:ok, String.t()} | {:error, String.t()}


      


Returns the primary file extension for a language.
Examples
iex> Metastatic.Languages.extension_for_language(:python)
{:ok, ".py"}

iex> Metastatic.Languages.extension_for_language(:unknown)
{:error, "No extension known for language: unknown"}

  



  
    
      
    
    
      get_adapter(language)



        
          
        

    

  


  

      

          @spec get_adapter(atom()) :: {:ok, module()} | {:error, String.t()}


      


Returns the adapter module for a supported language.
Examples
iex> Metastatic.Languages.get_adapter(:python)
{:ok, Metastatic.Adapters.Python}

iex> Metastatic.Languages.get_adapter(:unknown)
{:error, "Unsupported language: unknown. Supported: elixir, erlang, haskell, python, ruby"}

  



  
    
      
    
    
      parse_language(lang_str)



        
          
        

    

  


  

      

          @spec parse_language(String.t() | nil) :: {:ok, atom()} | {:error, String.t()} | nil


      


Parses a language string (e.g. from CLI --language option) into an atom.
Returns nil when given nil (language not specified, auto-detect).
Examples
iex> Metastatic.Languages.parse_language("python")
{:ok, :python}

iex> Metastatic.Languages.parse_language("Ruby")
{:ok, :ruby}

iex> Metastatic.Languages.parse_language(nil)
nil

iex> Metastatic.Languages.parse_language("brainfuck")
{:error, "Invalid language: brainfuck. Supported: elixir, erlang, haskell, python, ruby"}

  



  
    
      
    
    
      supported?(language)



        
          
        

    

  


  

      

          @spec supported?(atom()) :: boolean()


      


Checks whether a language atom is supported.
Examples
iex> Metastatic.Languages.supported?(:python)
true

iex> Metastatic.Languages.supported?(:brainfuck)
false

  



  
    
      
    
    
      supported_extensions()



        
          
        

    

  


  

      

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


      


Returns all supported file extensions.
Examples
iex> ".py" in Metastatic.Languages.supported_extensions()
true

  



  
    
      
    
    
      supported_languages()



        
          
        

    

  


  

      

          @spec supported_languages() :: [atom()]


      


Returns the list of supported language atoms, sorted alphabetically.
Examples
iex> Metastatic.Languages.supported_languages()
[:elixir, :erlang, :haskell, :python, :ruby]

  



  
    
      
    
    
      supported_languages_string()



        
          
        

    

  


  

      

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


      


Returns a comma-separated string of supported language names.
Useful for error messages and help text.
Examples
iex> Metastatic.Languages.supported_languages_string()
"elixir, erlang, haskell, python, ruby"

  


        

      


  

    
Metastatic.Adapters.Cure.Subprocess 
    



      
Subprocess management for Cure parser and unparser fallback.
Handles communication with external Cure CLI or parser binaries when in-process
Cure compiler modules are unavailable.

      


      
        Summary


  
    Functions
  


    
      
        parse(source)

      


        Parse Cure source code to AST using external subprocess binary or cure CLI executable.



    


    
      
        unparse(ast)

      


        Unparse Cure AST back to source code using external subprocess binary or cure CLI executable.



    





      


      
        Functions


        


  
    
      
    
    
      parse(source)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, term()} | {:error, String.t()}


      


Parse Cure source code to AST using external subprocess binary or cure CLI executable.

  



  
    
      
    
    
      unparse(ast)



        
          
        

    

  


  

      

          @spec unparse(term()) :: {:ok, String.t()} | {:error, String.t()}


      


Unparse Cure AST back to source code using external subprocess binary or cure CLI executable.

  


        

      


  

    
Metastatic.Adapters.JavaScript 
    



      
JavaScript language adapter for MetaAST transformations.
Bridges between JavaScript AST (M1 via Babel) and MetaAST (M2), enabling cross-language
code analysis, transformation, and round-trip code generation for JS/ES6+/JSX source code.

      




  

    
Metastatic.Adapters.JavaScript.FromMeta 
    



      
Transform MetaAST (M2) to JavaScript/TypeScript Babel AST (M1).
Reconstructs Babel AST JSON maps from MetaAST 3-element tuples and metadata.

      


      
        Summary


  
    Functions
  


    
      
        transform(meta_ast, metadata \\ %{})

      


        Transform MetaAST tree to Babel AST map.



    





      


      
        Functions


        


    

  
    
      
    
    
      transform(meta_ast, metadata \\ %{})



        
          
        

    

  


  

      

          @spec transform(term(), map()) :: {:ok, map()} | {:error, String.t()}


      


Transform MetaAST tree to Babel AST map.
Returns {:ok, babel_ast_map} on success or {:error, reason} on failure.

  


        

      


  

    
Metastatic.Adapters.JavaScript.Subprocess 
    



      
Subprocess management for JavaScript/TypeScript parser and unparser.
Handles communication with Node.js scripts via temporary files/stdin with JSON serialization.
Automatically ensures npm packages in priv/parsers/javascript are installed on demand when needed.

      


      
        Summary


  
    Functions
  


    
      
        parse(source)

      


        Parse JS/TS source code to Babel AST JSON.



    


    
      
        unparse(ast)

      


        Unparse Babel AST JSON back to JS/TS source code.



    





      


      
        Functions


        


  
    
      
    
    
      parse(source)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, map()} | {:error, String.t()}


      


Parse JS/TS source code to Babel AST JSON.
Examples
iex> Metastatic.Adapters.JavaScript.Subprocess.parse("const x = 5;")
{:ok, %{"type" => "File", ...}}

iex> Metastatic.Adapters.JavaScript.Subprocess.parse("const x =")
{:error, "SyntaxError: ..."}

  



  
    
      
    
    
      unparse(ast)



        
          
        

    

  


  

      

          @spec unparse(map()) :: {:ok, String.t()} | {:error, String.t()}


      


Unparse Babel AST JSON back to JS/TS source code.
Examples
iex> ast = %{"type" => "File", ...}
iex> Metastatic.Adapters.JavaScript.Subprocess.unparse(ast)
{:ok, "const x = 5;"}

  


        

      


  

    
Metastatic.Adapters.JavaScript.ToMeta 
    



      
Transform JavaScript/TypeScript Babel AST (M1) to MetaAST (M2).
Converts serialized Babel AST JSON maps into standard MetaAST 3-element tuples:
{type_atom, keyword_meta, children_or_value}
Supports M2.1 Core, M2.2 Extended (classes, functions, loops, try/catch, ES modules),
and M2.3 TypeScript type metadata preservation.

      


      
        Summary


  
    Functions
  


    
      
        transform(nodes)

      


        Transform Babel AST node/tree map to MetaAST tuple and metadata.



    





      


      
        Functions


        


  
    
      
    
    
      transform(nodes)



        
          
        

    

  


  

      

          @spec transform(map() | list()) :: {:ok, term(), map()} | {:error, String.t()}


      


Transform Babel AST node/tree map to MetaAST tuple and metadata.
Returns {:ok, meta_ast, metadata} on success or {:error, reason} on failure.

  


        

      


  

    
Metastatic.Adapters.March 
    



      
March language adapter for MetaAST transformations.
Bridges between March AST (M1) and MetaAST (M2), enabling cross-language
code analysis and transformation for March source code.

      




  

    
Metastatic.Adapters.March.FromMeta 
    



      
Transform MetaAST (M2) to March AST (M1).
Reifies standard MetaAST 3-tuples back into March AST JSON maps.

      


      
        Summary


  
    Functions
  


    
      
        transform(meta_ast, metadata \\ %{})

      


        Transform MetaAST tuple or list to March AST map representation.



    





      


      
        Functions


        


    

  
    
      
    
    
      transform(meta_ast, metadata \\ %{})



        
          
        

    

  


  

      

          @spec transform(term(), map()) :: {:ok, map() | list()} | {:error, String.t()}


      


Transform MetaAST tuple or list to March AST map representation.

  


        

      


  

    
Metastatic.Adapters.March.Subprocess 
    



      
Subprocess management for native OCaml March parser and unparser.
Handles communication with OCaml binaries via stdin/stdout with JSON serialization.

      


      
        Summary


  
    Functions
  


    
      
        parse(source)

      


        Parse March source code to AST JSON map using native OCaml parser.



    


    
      
        unparse(ast)

      


        Unparse AST JSON map back to March source code using native OCaml unparser.



    





      


      
        Functions


        


  
    
      
    
    
      parse(source)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, map()} | {:error, String.t()}


      


Parse March source code to AST JSON map using native OCaml parser.

  



  
    
      
    
    
      unparse(ast)



        
          
        

    

  


  

      

          @spec unparse(map()) :: {:ok, String.t()} | {:error, String.t()}


      


Unparse AST JSON map back to March source code using native OCaml unparser.

  


        

      


  

    
Metastatic.Adapters.March.ToMeta 
    



      
Transform March AST (M1) to MetaAST (M2).
Converts March AST JSON maps into MetaAST 3-tuples:
{type_atom, keyword_meta, children_or_value}

      


      
        Summary


  
    Functions
  


    
      
        transform(nodes)

      


        Transform March AST node or list of nodes to MetaAST.



    





      


      
        Functions


        


  
    
      
    
    
      transform(nodes)



        
          
        

    

  


  

      

          @spec transform(map() | list() | nil) :: {:ok, term(), map()} | {:error, String.t()}


      


Transform March AST node or list of nodes to MetaAST.

  


        

      


  

    
Metastatic.Adapters.TypeScript 
    



      
TypeScript language adapter for MetaAST transformations.
Bridges between TypeScript AST (M1 via Babel TS) and MetaAST (M2), preserving
type annotations in metadata while enabling cross-language code analysis.

      




  

    
Metastatic.Semantic.Callbacks 
    



      
Registry of known behaviour/base-class callbacks per language.
Maps {language, behaviour_module, function_name, arity} tuples to
callback specs, enabling the enricher to annotate :function_def nodes
with callback_for: metadata when the enclosing container uses/inherits
a registered behaviour.
Storage uses :persistent_term (same strategy as Semantic.Patterns).
Built-in Registrations
The module ships with callbacks for common frameworks:
	Elixir: Oban.Worker, GenServer, Phoenix.LiveView, Plug, Broadway
	Ruby: ActiveJob::Base, Sidekiq::Worker, Resque
	Python: celery.Task, RQ Worker, Dramatiq

Usage
# Check if a function is a known callback
Callbacks.lookup(:elixir, "Oban.Worker", "perform", 1)
#=> {:ok, %{framework: :oban, domain: :queue}}

# Register a custom callback
Callbacks.register(:elixir, "MyBehaviour", "handle_event", 2,
  %{framework: :custom, domain: nil})
Integration
The enricher calls lookup/4 during tree traversal. When a :container
node declares a behaviour (via :import children or :parent metadata),
its :function_def children are checked against this registry.

      


      
        Summary


  
    Types
  


    
      
        callback_key()

      


        Registry key: {language, behaviour_module, function_name, arity_or_nil}



    


    
      
        callback_spec()

      


        Callback specification describing the framework and domain



    





  
    Functions
  


    
      
        behaviours_for_language(language)

      


        Returns all registered behaviours for a language.



    


    
      
        callback?(language, behaviour, function_name, arity)

      


        Checks whether a function in a given behaviour is a known callback.



    


    
      
        clear()

      


        Clears all registered callbacks. Primarily for testing.



    


    
      
        lookup(language, behaviour, function_name, arity)

      


        Looks up a callback by language, behaviour, function name, and arity.



    


    
      
        register(language, behaviour, function_name, arity, spec)

      


        Registers a callback for a behaviour in a specific language.



    


    
      
        register_builtins()

      


        Registers all built-in callbacks for all supported languages.



    





      


      
        Types


        


  
    
      
    
    
      callback_key()



        
          
        

    

  


  

      

          @type callback_key() :: {atom(), String.t(), String.t(), non_neg_integer() | nil}


      


Registry key: {language, behaviour_module, function_name, arity_or_nil}

  



  
    
      
    
    
      callback_spec()



        
          
        

    

  


  

      

          @type callback_spec() :: %{framework: atom(), domain: atom() | nil}


      


Callback specification describing the framework and domain

  


        

      

      
        Functions


        


  
    
      
    
    
      behaviours_for_language(language)



        
          
        

    

  


  

      

          @spec behaviours_for_language(atom()) :: [String.t()]


      


Returns all registered behaviours for a language.
Examples
iex> behaviours = Callbacks.behaviours_for_language(:elixir)
iex> "Oban.Worker" in behaviours
true

  



  
    
      
    
    
      callback?(language, behaviour, function_name, arity)



        
          
        

    

  


  

      

          @spec callback?(atom(), String.t(), String.t(), non_neg_integer() | nil) :: boolean()


      


Checks whether a function in a given behaviour is a known callback.
Examples
iex> Callbacks.callback?(:elixir, "Oban.Worker", "perform", 1)
true

iex> Callbacks.callback?(:elixir, "Oban.Worker", "unknown", 0)
false

  



  
    
      
    
    
      clear()



        
          
        

    

  


  

      

          @spec clear() :: :ok


      


Clears all registered callbacks. Primarily for testing.

  



  
    
      
    
    
      lookup(language, behaviour, function_name, arity)



        
          
        

    

  


  

      

          @spec lookup(atom(), String.t(), String.t(), non_neg_integer() | nil) ::
  {:ok, callback_spec()} | :no_match


      


Looks up a callback by language, behaviour, function name, and arity.
Tries an exact arity match first, then falls back to a wildcard (nil arity)
match.
Examples
iex> Callbacks.lookup(:elixir, "Oban.Worker", "perform", 1)
{:ok, %{framework: :oban, domain: :queue}}

iex> Callbacks.lookup(:elixir, "Oban.Worker", "unknown", 0)
:no_match

  



  
    
      
    
    
      register(language, behaviour, function_name, arity, spec)



        
          
        

    

  


  

      

          @spec register(
  atom(),
  String.t(),
  String.t(),
  non_neg_integer() | nil,
  callback_spec()
) :: :ok


      


Registers a callback for a behaviour in a specific language.
When arity is nil, the callback matches any arity for that function name.
Parameters
	language - Source language atom (:elixir, :ruby, :python, etc.)
	behaviour - The behaviour/base-class module name (e.g., "Oban.Worker")
	function_name - The callback function name (e.g., "perform")
	arity - Expected arity, or nil for any arity
	spec - A %{framework: atom(), domain: atom() | nil} map


Examples
iex> Callbacks.register(:elixir, "Oban.Worker", "perform", 1, %{framework: :oban, domain: :queue})
:ok

  



  
    
      
    
    
      register_builtins()



        
          
        

    

  


  

      

          @spec register_builtins() :: :ok


      


Registers all built-in callbacks for all supported languages.
Called during application startup. Can also be called manually to
re-register after clear/0.
OTP and Elixir standard library behaviours are discovered automatically
via BEAM introspection (see Metastatic.Semantic.Callbacks.BeamIntrospector).
Third-party framework callbacks that may not be compiled are registered
manually.

  


        

      


  

    
Metastatic.Semantic.Callbacks.BeamIntrospector 
    



      
Discovers behaviour callbacks from compiled BEAM modules.
Uses behaviour_info(:callbacks) at runtime to extract the list of
callback functions defined by a behaviour module. This works for all
OTP behaviours and any Elixir/Erlang module that defines @callback
attributes, as long as the module is compiled and loaded.
This module is used exclusively by the Elixir and Erlang adapters.
Examples
iex> {:ok, callbacks} = BeamIntrospector.discover_callbacks(GenServer)
iex> {:handle_call, 3} in callbacks
true

iex> BeamIntrospector.discover_callbacks(NonExistentModule)
{:error, :not_loaded}

      


      
        Summary


  
    Types
  


    
      
        callback_def()

      


        A callback definition: {function_name, arity}



    


    
      
        register_opts()

      


        Options for discover_and_register/2



    





  
    Functions
  


    
      
        discover_and_register(module, opts)

      


        Discovers callbacks for a module and registers them in the
Semantic.Callbacks registry.



    


    
      
        discover_callbacks(module)

      


        Discovers all callbacks defined by a behaviour module.



    


    
      
        register_otp_behaviours()

      


        Registers all known OTP behaviours from the Erlang/OTP and Elixir
standard library.



    





      


      
        Types


        


  
    
      
    
    
      callback_def()



        
          
        

    

  


  

      

          @type callback_def() :: {atom(), non_neg_integer()}


      


A callback definition: {function_name, arity}

  



  
    
      
    
    
      register_opts()



        
          
        

    

  


  

      

          @type register_opts() :: [
  language: :elixir | :erlang,
  framework: atom(),
  domain: atom() | nil
]


      


Options for discover_and_register/2

  


        

      

      
        Functions


        


  
    
      
    
    
      discover_and_register(module, opts)



        
          
        

    

  


  

      

          @spec discover_and_register(module(), register_opts()) ::
  {:ok, non_neg_integer()} | {:error, atom()}


      


Discovers callbacks for a module and registers them in the
Semantic.Callbacks registry.
Accepts a module atom and options specifying language, framework name,
and optional domain. Both Elixir module names (GenServer) and bare
Erlang module atoms (:gen_statem) are supported.
Options
	:language - :elixir or :erlang (required)
	:framework - framework atom for the callback spec (required)
	:domain - domain atom or nil (default: nil)

Returns {:ok, count} with the number of callbacks registered, or
an error tuple if the module could not be introspected.
Examples
iex> {:ok, count} = BeamIntrospector.discover_and_register(GenServer, language: :elixir, framework: :genserver)
iex> count >= 7
true

  



  
    
      
    
    
      discover_callbacks(module)



        
          
        

    

  


  

      

          @spec discover_callbacks(module()) :: {:ok, [callback_def()]} | {:error, atom()}


      


Discovers all callbacks defined by a behaviour module.
Calls module.behaviour_info(:callbacks) to retrieve the list of
{function_name, arity} pairs. Returns {:error, :not_loaded} if
the module is not available, or {:error, :not_a_behaviour} if it
does not export behaviour_info/1.
Examples
iex> {:ok, callbacks} = BeamIntrospector.discover_callbacks(GenServer)
iex> {:init, 1} in callbacks
true

iex> BeamIntrospector.discover_callbacks(String)
{:error, :not_a_behaviour}

  



  
    
      
    
    
      register_otp_behaviours()



        
          
        

    

  


  

      

          @spec register_otp_behaviours() :: :ok


      


Registers all known OTP behaviours from the Erlang/OTP and Elixir
standard library.
Discovers callbacks at runtime rather than hardcoding them, ensuring
the registry stays in sync with the installed OTP/Elixir version.
Modules that are not available (e.g., optional applications) are
silently skipped.

  


        

      


  

    
Metastatic.Semantic.Callbacks.ElixirResolver 
    



      
Resolves Elixir use macros to discover which behaviours they inject.
When use SomeModule appears inside a container, this resolver figures
out which @behaviour attributes that use directive introduces, so
that the enricher can annotate callback implementations.
Two resolution strategies are tried in order:
	Runtime query (fast path): If the target module is compiled and
loaded, expand use Module via ExPanda and scan the expanded AST
for @behaviour attributes.

	ExPanda expansion (slow path): For source-only modules, expand
the use call via ExPanda.expand/1 and scan the resulting AST.


Results are cached in :persistent_term to avoid re-expansion.
Integration
The enricher calls resolve_behaviours/1 when it encounters an
:import node with import_type: :use inside an Elixir container.
Discovered behaviours are dynamically registered in the
Semantic.Callbacks registry.

      


      
        Summary


  
    Types
  


    
      
        behaviour_name()

      


        A resolved behaviour: the module name string



    





  
    Functions
  


    
      
        clear_cache()

      


        Clears the resolution cache. Primarily for testing.



    


    
      
        resolve_behaviours(module_name)

      


        Resolves which behaviours a use Module directive introduces.



    





      


      
        Types


        


  
    
      
    
    
      behaviour_name()



        
          
        

    

  


  

      

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


      


A resolved behaviour: the module name string

  


        

      

      
        Functions


        


  
    
      
    
    
      clear_cache()



        
          
        

    

  


  

      

          @spec clear_cache() :: :ok


      


Clears the resolution cache. Primarily for testing.

  



  
    
      
    
    
      resolve_behaviours(module_name)



        
          
        

    

  


  

      

          @spec resolve_behaviours(String.t()) :: [behaviour_name()]


      


Resolves which behaviours a use Module directive introduces.
Returns a list of behaviour module name strings (e.g., ["GenServer"]).
For each discovered behaviour that defines callbacks, the callbacks are
automatically registered in the Semantic.Callbacks registry.
Examples
iex> behaviours = ElixirResolver.resolve_behaviours("GenServer")
iex> "GenServer" in behaviours
true

iex> ElixirResolver.resolve_behaviours("SomeUnknownModule")
[]

  


        

      


  

    
Metastatic.Semantic.Callbacks.PythonResolver 
    



      
Resolves Python callbacks via decorator patterns and class inheritance.
Python uses two main mechanisms that signal callback relationships:
	Decorators on functions/methods (e.g., @app.route, @celery.task,
@abstractmethod) indicate the function serves as a callback for a
framework or protocol.

	Base classes on class definitions (e.g., class MyView(View)) indicate
the class implements a framework interface whose methods are callbacks.


Decorator Resolution
iex> PythonResolver.resolve_from_decorators(["app.route"])
{:ok, %{framework: :flask, domain: :http}}

iex> PythonResolver.resolve_from_decorators(["some_custom_decorator"])
:no_match
Base Class Resolution
iex> PythonResolver.resolve_base_class("View")
{:ok, "View"}

iex> PythonResolver.resolve_base_class("SomeRandomClass")
:no_match

      


      
        Summary


  
    Types
  


    
      
        decorator_spec()

      


        Callback specification from decorator resolution



    





  
    Functions
  


    
      
        register_base_class_callbacks()

      


        Ensures that all known Python base class behaviours are registered
in the Callbacks registry with their standard callbacks.



    


    
      
        resolve_all_decorators(decorators)

      


        Resolves all callback specs from a list of decorators.



    


    
      
        resolve_base_class(class_name)

      


        Checks whether a Python base class name is a known behaviour source.



    


    
      
        resolve_base_classes(bases)

      


        Resolves all known behaviours from a list of base class names.



    


    
      
        resolve_from_decorators(decorators)

      


        Resolves callback metadata from a list of Python decorator names.



    





      


      
        Types


        


  
    
      
    
    
      decorator_spec()



        
          
        

    

  


  

      

          @type decorator_spec() :: %{framework: atom(), domain: atom() | nil}


      


Callback specification from decorator resolution

  


        

      

      
        Functions


        


  
    
      
    
    
      register_base_class_callbacks()



        
          
        

    

  


  

      

          @spec register_base_class_callbacks() :: :ok


      


Ensures that all known Python base class behaviours are registered
in the Callbacks registry with their standard callbacks.
Called during register_builtins/0 to populate the registry with
Python class-based callback patterns.

  



  
    
      
    
    
      resolve_all_decorators(decorators)



        
          
        

    

  


  

      

          @spec resolve_all_decorators([String.t()]) :: [decorator_spec()]


      


Resolves all callback specs from a list of decorators.
Unlike resolve_from_decorators/1 which returns the first match,
this returns all matching specs.
Examples
iex> specs = PythonResolver.resolve_all_decorators(["login_required", "app.route"])
iex> length(specs) >= 2
true

  



  
    
      
    
    
      resolve_base_class(class_name)



        
          
        

    

  


  

      

          @spec resolve_base_class(String.t()) :: {:ok, String.t()} | :no_match


      


Checks whether a Python base class name is a known behaviour source.
Returns {:ok, behaviour_name} if the base class maps to a known
behaviour, or :no_match otherwise.
Examples
iex> PythonResolver.resolve_base_class("View")
{:ok, "View"}

iex> PythonResolver.resolve_base_class("object")
:no_match

  



  
    
      
    
    
      resolve_base_classes(bases)



        
          
        

    

  


  

      

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


      


Resolves all known behaviours from a list of base class names.
Returns the list of behaviour name strings that the enricher should
use to annotate callbacks.
Examples
iex> PythonResolver.resolve_base_classes(["View", "object"])
["View"]

  



  
    
      
    
    
      resolve_from_decorators(decorators)



        
          
        

    

  


  

      

          @spec resolve_from_decorators([String.t()]) :: {:ok, decorator_spec()} | :no_match


      


Resolves callback metadata from a list of Python decorator names.
Checks each decorator against the known decorator patterns and returns
the first matching callback spec.
Examples
iex> PythonResolver.resolve_from_decorators(["app.route"])
{:ok, %{framework: :flask, domain: :http}}

iex> PythonResolver.resolve_from_decorators(["login_required", "app.route"])
{:ok, %{framework: :django, domain: :auth}}

iex> PythonResolver.resolve_from_decorators(["my_custom_deco"])
:no_match

  


        

      


  

    
Metastatic.AST 
    



      
M2: Meta-Model for Programming Language Abstract Syntax.
This module defines the meta-types that all language ASTs (M1 level) must
conform to. Think of this as the "UML" for programming language ASTs.
Meta-Modeling Hierarchy
	M3: Elixir type system (@type, @spec)
	M2: This module (MetaAST) - defines what AST nodes CAN be
	M1: Python AST, JavaScript AST, Elixir AST - what specific code IS
	M0: Runtime execution - what code DOES

Node Structure
All MetaAST nodes are uniform 3-element tuples:
{type_atom, keyword_meta, children_or_value}
Where:
	type_atom - Node type (e.g., :literal, :container, :function_def)
	keyword_meta - Keyword list containing metadata (line, column, subtype, etc.)
	children_or_value - Either a value (for leaf nodes) or list of child nodes

graph LR
    subgraph "3-Tuple Structure"
        A["type_atom"] --- B["keyword_meta"] --- C["children_or_value"]
    end
    A -->|identifies| D["Node kind"]
    B -->|contains| E["Metadata"]
    C -->|holds| F["Value or children"]
Third Element Semantics
The third element varies by node type:
	Leaf nodes (literal, variable): The actual value (42, "x")
	Composite nodes (binary_op, function_call): List of child AST nodes
	Container nodes (container, function_def): List of body statements

graph TD
    subgraph "Leaf Nodes"
        L1["{:literal, [subtype: :integer], 42}"]
        L2["{:variable, [], 'x'}"]
    end
    subgraph "Composite Nodes"
        C1["{:binary_op, [operator: :+], [left, right]}"]
        C2["{:function_call, [name: 'foo'], [arg1, arg2]}"]
    end
    subgraph "Container Nodes"
        S1["{:container, [name: 'MyModule'], [body...]}"]
        S2["{:function_def, [name: 'greet'], [body...]}"]
    end
Examples
# Literal integer
{:literal, [subtype: :integer, line: 10], 42}

# Variable
{:variable, [line: 5], "x"}

# Binary operation
{:binary_op, [category: :arithmetic, operator: :+],
 [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

# Map with pairs
{:map, [],
 [{:pair, [], [{:literal, [subtype: :symbol], :name},
               {:literal, [subtype: :string], "Alice"}]}]}
Semantic Enrichment (op_kind)
Function call nodes may include semantic metadata via the op_kind key.
This metadata is added during M1 -> M2 transformation by the semantic
enricher, which detects known patterns (e.g., database operations).
When present, op_kind is a keyword list with:
	:domain - Semantic domain (e.g., :db, :http, :cache)
	:operation - Operation type within the domain (e.g., :retrieve, :create)
	:target - Optional target entity (e.g., "User", "orders")
	:async - Whether the operation is asynchronous
	:framework - Source framework (e.g., :ecto, :sqlalchemy)

Example:
{:function_call,
 [name: "Repo.get", op_kind: [domain: :db, operation: :retrieve, target: "User"]],
 [{:variable, [], "User"}, {:variable, [], "id"}]}
Analyzers can use op_kind for precise semantic detection instead of heuristics.
See Metastatic.Semantic.OpKind for the full type specification.
Import Semantics
The :import MetaAST type unifies all dependency/module-loading directives
across languages. The import_type metadata key preserves the original
language-specific semantics:
Elixir:
	import_type: :import -- brings functions into scope (import MyModule)
	import_type: :use -- invokes __using__/1 macro (use GenServer)
	import_type: :require -- ensures module is compiled for macros (require Logger)
	import_type: :alias -- creates a short name (alias MyApp.Repo)

Python: import_type: :import for both import and from...import
Ruby: import_type: :require for require, :include for include
Haskell: import_type: :import for import declarations
Erlang: import_type: :import for -import attributes
All share the common structure:
{:import, [source: "ModuleName", import_type: :import, language: :elixir], []}
Adapters producing :import nodes MUST include :source (the module/package
name as a string) and :import_type (the original directive atom). The
:language key enables round-trip reconstruction of the original directive.
Traversal
Use traverse/4 for walking and transforming ASTs:
AST.traverse(ast, acc, &pre/2, &post/2)
This mirrors Macro.traverse/4 from Elixir's standard library.
Dependently-Typed / Proof Extensions (Cure v0.18.0 / v0.19.0)
Three MetaAST additions were back-ported from Cure v0.18.0 -- v0.19.0.
They live at the M2.2 Extended and M2.2s Structural layers so that any
language with the same semantics can reuse the shapes.
	:pin -- pattern-position pin operator ^x. Shape
{:pin, meta, [inner]}. inner is the value to be pin-matched; it
is most commonly a :variable node but may be any expression. In
pattern position it constrains the subject to equal the referenced
value rather than rebinding the name.
	:assert_type -- compile-time type assertion assert_type expr : T.
Shape {:assert_type, meta, [expr, type_ast]}. Lowered by the host
language's type checker; erased by the code generator so it has zero
runtime cost.
	container_type: :proof -- new value of the :container
metadata key. Shape {:container, [container_type: :proof, name: ...], body}. Structurally identical to :module, but every binding is
expected to elaborate to an equality / refinement witness.

Record / FSM Extensions (Cure v0.7.0 / v0.15.0)
Two further MetaAST additions were back-ported from earlier Cure
releases that the meta-model previously lacked:
	:record_update (Cure v0.15.0) -- functional record update
Name{base | field: val, ...}. Shape
{:record_update, [name: "Name", ...], [base | field_pairs]}. The
first child is the expression supplying the original record; the
remaining children are :pair nodes describing the per-field
overrides.
	container_type: :fsm (Cure v0.7.0) -- finite state machine
container fsm Name with Payload. Shape
{:container, [container_type: :fsm, name: ...], body}. Carries
optional FSM-only metadata keys such as :payload,
:terminal_states, :invariants, :verify, :timer,
:on_transition, :on_enter, :on_exit, :on_failure,
:on_timer. Body elements are typically transition :function_call
nodes carrying :from, :event, :to, and :event_kind metadata.

Actor / Supervisor / App Extensions (Cure v0.25.0 / v0.26.0)
Three container_type values were back-ported from Cure v0.25.0 and
v0.26.0 into the meta-model:
	container_type: :actor (Cure v0.25.0) -- typed GenServer-backed
process actor Name [with InitExpr]. Carries optional lifecycle
callback metadata keys: :on_start, :on_message, :on_stop (each a
list of :match_arm nodes). Optional :init metadata holds the initial
payload expression. Body is []; all content is hoisted onto the
container meta by the parser.

	container_type: :supervisor (Cure v0.25.0) -- OTP supervisor
sup Name. Carries optional :strategy, :intensity, :period
metadata (MetaAST literal nodes). Body is a list of :child_spec nodes,
one per child declared in the children block.

	container_type: :app (Cure v0.26.0) -- OTP Application container
app Name. Carries optional metadata: :vsn, :description, :root,
:applications, :included_applications, :env, :registered (all
MetaAST nodes), plus :on_start, :on_stop callback clause lists and
:on_phase entries (each [{phase_atom, [match_arm]}]). Body is [];
all declarative content is hoisted onto the container meta.


A companion structural node :child_spec is also added:
	:child_spec -- a single supervisor child declaration Module as id [(opts)]. Shape {:child_spec, meta, []} where meta carries:	:module (binary) -- the child module path (dotted string);
	:id (binary) -- the local child identifier;
	:kind (:worker | :supervisor) -- whether the child is a plain
worker or a nested supervisor;

	:restart, :shutdown, etc. -- OTP child-spec options as MetaAST
literal nodes.
The body is always [].



Bitstring / Comment Extensions (Cure v0.20.0)
Two M2.1 Core additions were back-ported from Cure v0.20.0 -- "The
Shape of Things":
	:bin_segment -- a single element of a bitstring literal /
pattern such as <<x::utf8, rest::binary>>. Shape
{:bin_segment, meta, [value]}. Accepted meta keys mirror Elixir's
bitstring specifier grammar:	:type -- one of :integer, :float, :bits, :bitstring,
:bytes, :binary, :utf8, :utf16, :utf32, :any;
	:signedness -- :signed or :unsigned;
	:endianness -- :big, :little, or :native;
	:size -- a MetaAST node (typically :literal integer or
:variable);
	:unit -- integer 1..256.


	:literal with subtype: :bytes now accepts two payload
shapes: the historical binary() value, or a list of
:bin_segment children representing the segment grammar. Walkers
and path utilities treat the segment-list payload as composite so
that analyzers can traverse into each segment value.
	:comment -- a trivia node representing a source comment.
Shape {:comment, meta, text}. :comment_kind metadata is one of
:line (default, plain # or //), :doc (Elixir @doc / Cure
##), or :block (C-style). Analyzers and code generators skip
comments; formatters and documentation tooling use them to
round-trip source faithfully.


      


      
        Summary


  
    Types
  


    
      
        container_type()

      


        Container type classification.



    


    
      
        core_type()

      


        Node type atoms for M2.1 Core Layer - universal concepts.



    


    
      
        db_operation()

      


        Database operation types for op_kind metadata.



    


    
      
        extended_type()

      


        Node type atoms for M2.2 Extended Layer - common patterns.



    


    
      
        function_clause()

      


        Clause entry for grouped multi-clause function definitions.



    


    
      
        import_type()

      


        Import type classification for :import nodes.



    


    
      
        literal_subtype()

      


        Semantic subtype for literals.



    


    
      
        meta_ast()

      


        A MetaAST node is a 3-tuple: {type, metadata, children_or_value}.



    


    
      
        native_type()

      


        Node type atoms for M2.3 Native Layer - language-specific escape hatch.



    


    
      
        node_type()

      


        All valid node type atoms.



    


    
      
        op_kind()

      


        Semantic operation kind metadata added to function_call nodes.
Provides precise semantic information about what a function does.



    


    
      
        operator_category()

      


        Category for binary/unary operators.



    


    
      
        param_kind()

      


        Parameter kind for :param nodes.



    


    
      
        semantic_domain()

      


        Semantic domain for op_kind metadata.
Domains categorize operations by their high-level purpose.



    


    
      
        structural_type()

      


        Node type atoms for M2.2s Structural Layer - organizational constructs.



    


    
      
        variable_scope()

      


        Scope classification for variable nodes.



    


    
      
        visibility()

      


        Visibility modifier.



    





  
    Functions
  


    
      
        assert_type(kind, expression, type_expr, extra_meta \\ [])

      


        Builds an :assert_type node.



    


    
      
        assignment(target, value, meta \\ [])

      


        Builds an :assignment node.



    


    
      
        async_operation(kind, children, extra_meta \\ [])

      


        Builds an :async_operation node.



    


    
      
        attribute_access(object, attribute, extra_meta \\ [])

      


        Builds an :attribute_access node.



    


    
      
        augmented_assignment(operator, target, value, extra_meta \\ [])

      


        Builds an :augmented_assignment node.



    


    
      
        bin_segment(value, meta \\ [])

      


        Create a bitstring segment node (Cure v0.20.0+).



    


    
      
        binary_op(category, operator, left, right, extra_meta \\ [])

      


        Create a binary operation node.



    


    
      
        block(statements, meta \\ [])

      


        Create a block node.



    


    
      
        child_spec_node(spec, extra_meta \\ [])

      


        Builds a :child_spec node.



    


    
      
        children(arg)

      


        Extract the children or value from a MetaAST node.



    


    
      
        collection_op(operation, collection, args, extra_meta \\ [])

      


        Builds a :collection_op node.
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        Returns true if the given MetaAST represents a literal value.
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        prewalk(ast, fun)

      


        Performs a depth-first, pre-order traversal of the MetaAST.
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          @type container_type() ::
  :module
  | :class
  | :namespace
  | :interface
  | :trait
  | :protocol
  | :enum
  | :struct
  | :proof
  | :fsm
  | :actor
  | :supervisor
  | :app


      


Container type classification.
:proof is emitted by Cure v0.19.0+ for proof Name.Path containers;
structurally identical to :module, semantically a proposition-level
namespace.
:fsm is emitted by Cure for fsm Name with Payload containers; the
body is a list of transition :function_call nodes (carrying :from,
:event, :to, :event_kind metadata), and FSM-only metadata such
as :payload, :terminal_states, :invariants, :verify, :timer,
:on_transition, :on_enter, :on_exit, :on_failure, :on_timer
is carried on the container's own meta.
:actor is emitted by Cure v0.25.0+ for actor Name [with InitExpr]
containers. Lifecycle callbacks (:on_start, :on_message, :on_stop)
are stored as keyword list entries on meta; the body is always [].
Optional :init metadata carries the initial state expression.
:supervisor is emitted by Cure v0.25.0+ for sup Name containers.
Supervision settings (:strategy, :intensity, :period) are stored
on meta; the body is a list of :child_spec nodes.
:app is emitted by Cure v0.26.0+ for app Name containers. All
declarative content (:vsn, :description, :root, :applications,
:included_applications, :env, :registered, :on_start, :on_stop,
:on_phase) is stored on meta; the body is always [].
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          @type core_type() ::
  :literal
  | :variable
  | :list
  | :map
  | :pair
  | :tuple
  | :binary_op
  | :unary_op
  | :function_call
  | :conditional
  | :early_return
  | :throw
  | :block
  | :assignment
  | :inline_match
  | :range
  | :string_interpolation
  | :bin_segment
  | :comment


      


Node type atoms for M2.1 Core Layer - universal concepts.
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          @type db_operation() ::
  :retrieve
  | :retrieve_all
  | :query
  | :create
  | :update
  | :delete
  | :transaction
  | :preload
  | :aggregate


      


Database operation types for op_kind metadata.
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          @type extended_type() ::
  :loop
  | :lambda
  | :collection_op
  | :pattern_match
  | :match_arm
  | :exception_handling
  | :async_operation
  | :yield
  | :comprehension
  | :generator
  | :filter
  | :pipe
  | :pin
  | :assert_type


      


Node type atoms for M2.2 Extended Layer - common patterns.
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          @type function_clause() :: %{
  params: [meta_ast()],
  guard: meta_ast() | nil,
  body: [meta_ast()]
}


      


Clause entry for grouped multi-clause function definitions.
Used in the clauses: metadata of :function_def nodes when multiple
function clauses (same name/arity) are grouped together.
Fields:
	:params - Parameter list for this clause
	:guard - Guard expression (optional)
	:body - List of body statements
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          @type import_type() ::
  :import | :use | :require | :alias | :include | :from | :module | :export


      


Import type classification for :import nodes.
Preserves the original language directive so that from_meta can reconstruct
the correct syntax. Each language maps its dependency-loading constructs
to one of these atoms.
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          @type literal_subtype() ::
  :integer
  | :float
  | :string
  | :boolean
  | :null
  | :symbol
  | :regex
  | :char
  | :bytes


      


Semantic subtype for literals.
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          @type meta_ast() :: {atom(), keyword(), term()}


      


A MetaAST node is a 3-tuple: {type, metadata, children_or_value}.
The type atom identifies the node kind.
The metadata is a keyword list with location, subtype, and other info.
The third element is either a value (leaf nodes) or list of children.
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          @type native_type() :: :language_specific


      


Node type atoms for M2.3 Native Layer - language-specific escape hatch.

  



  
    
      
    
    
      node_type()



        
          
        

    

  


  

      

          @type node_type() :: core_type() | extended_type() | structural_type() | native_type()


      


All valid node type atoms.

  



  
    
      
    
    
      op_kind()



        
          
        

    

  


  

      

          @type op_kind() :: [
  domain: semantic_domain(),
  operation: atom(),
  target: String.t() | nil,
  async: boolean(),
  framework: atom() | nil
]


      


Semantic operation kind metadata added to function_call nodes.
Provides precise semantic information about what a function does.
Fields:
	:domain - High-level semantic category (required)
	:operation - Specific operation within the domain (required)
	:target - Target entity or resource (optional)
	:async - Whether the operation is asynchronous (optional)
	:framework - Source framework that provides this operation (optional)

Example: [domain: :db, operation: :retrieve, target: "User", framework: :ecto]

  



  
    
      
    
    
      operator_category()



        
          
        

    

  


  

      

          @type operator_category() ::
  :arithmetic | :comparison | :boolean | :bitwise | :range | :string


      


Category for binary/unary operators.

  



  
    
      
    
    
      param_kind()



        
          
        

    

  


  

      

          @type param_kind() :: :positional | :keyword | :variadic | :keyword_variadic


      


Parameter kind for :param nodes.
Classifies the parameter's calling convention:
	:positional - Regular positional argument (x in def f(x))
	:keyword - Keyword-only argument (Python: after *; JS/TS named params)
	:variadic - Variadic positional argument (*args in Python, ...rest in JS)
	:keyword_variadic - Variadic keyword argument (**kwargs in Python)

If not set, :positional is assumed.

  



  
    
      
    
    
      semantic_domain()



        
          
        

    

  


  

      

          @type semantic_domain() :: :db | :http | :cache | :queue | :file | :external


      


Semantic domain for op_kind metadata.
Domains categorize operations by their high-level purpose.

  



  
    
      
    
    
      structural_type()



        
          
        

    

  


  

      

          @type structural_type() ::
  :container
  | :function_def
  | :param
  | :attribute_access
  | :augmented_assignment
  | :property
  | :import
  | :type_annotation
  | :decorator
  | :record_update
  | :child_spec


      


Node type atoms for M2.2s Structural Layer - organizational constructs.

  



  
    
      
    
    
      variable_scope()



        
          
        

    

  


  

      

          @type variable_scope() :: :local | :module_attribute | :global | :instance | :class


      


Scope classification for variable nodes.
Used in the scope metadata key of :variable nodes to distinguish
between different binding contexts:
	:local - Regular local variables (e.g., x in Elixir, x in Python)
	:module_attribute - Module-level attributes (e.g., @attr in Elixir)
	:global - Global/top-level variables (e.g., global x in Python)
	:instance - Instance variables (e.g., @x in Ruby, self.x in Python)
	:class - Class-level variables (e.g., @@x in Ruby)

Example:
{:variable, [scope: :local, line: 5], "x"}
{:variable, [scope: :module_attribute], "@moduledoc"}

  



  
    
      
    
    
      visibility()



        
          
        

    

  


  

      

          @type visibility() :: :public | :private | :protected


      


Visibility modifier.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      assert_type(kind, expression, type_expr, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec assert_type(atom(), meta_ast(), meta_ast(), keyword()) :: meta_ast()


      


Builds an :assert_type node.

  



    

  
    
      
    
    
      assignment(target, value, meta \\ [])



        
          
        

    

  


  

      

          @spec assignment(meta_ast(), meta_ast(), keyword()) :: meta_ast()


      


Builds an :assignment node.

  



    

  
    
      
    
    
      async_operation(kind, children, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec async_operation(atom(), [meta_ast()], keyword()) :: meta_ast()


      


Builds an :async_operation node.

  



    

  
    
      
    
    
      attribute_access(object, attribute, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec attribute_access(meta_ast(), String.t(), keyword()) :: meta_ast()


      


Builds an :attribute_access node.

  



    

  
    
      
    
    
      augmented_assignment(operator, target, value, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec augmented_assignment(atom(), meta_ast(), meta_ast(), keyword()) :: meta_ast()


      


Builds an :augmented_assignment node.

  



    

  
    
      
    
    
      bin_segment(value, meta \\ [])



        
          
        

    

  


  

      

          @spec bin_segment(meta_ast(), keyword()) :: meta_ast()


      


Create a bitstring segment node (Cure v0.20.0+).
Segments appear as children of {:literal, [subtype: :bytes], [...]}
nodes and mirror Elixir's <<value::type-size(n)-unit(u)-sign-endian>>
grammar. The value is a conforming MetaAST node; the accepted meta
keys are :type, :signedness, :endianness, :size (AST node)
and :unit (integer).
Examples
iex> v = {:variable, [], "x"}
iex> Metastatic.AST.bin_segment(v, type: :utf8)
{:bin_segment, [type: :utf8], [{:variable, [], "x"}]}

iex> v = {:variable, [], "rest"}
iex> Metastatic.AST.bin_segment(v, type: :binary)
{:bin_segment, [type: :binary], [{:variable, [], "rest"}]}

  



    

  
    
      
    
    
      binary_op(category, operator, left, right, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec binary_op(operator_category(), atom(), meta_ast(), meta_ast(), keyword()) ::
  meta_ast()


      


Create a binary operation node.
Examples
iex> left = {:variable, [], "x"}
iex> right = {:literal, [subtype: :integer], 5}
iex> Metastatic.AST.binary_op(:arithmetic, :+, left, right)
{:binary_op, [category: :arithmetic, operator: :+], [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

  



    

  
    
      
    
    
      block(statements, meta \\ [])



        
          
        

    

  


  

      

          @spec block([meta_ast()], keyword()) :: meta_ast()


      


Create a block node.
Examples
iex> stmts = [{:variable, [], "x"}, {:literal, [subtype: :integer], 42}]
iex> Metastatic.AST.block(stmts)
{:block, [], [{:variable, [], "x"}, {:literal, [subtype: :integer], 42}]}

  



    

  
    
      
    
    
      child_spec_node(spec, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec child_spec_node(meta_ast(), keyword()) :: meta_ast()


      


Builds a :child_spec node.

  



  
    
      
    
    
      children(arg)



        
          
        

    

  


  

      

          @spec children(meta_ast()) :: term()


      


Extract the children or value from a MetaAST node.
For leaf nodes (literal, variable), returns the value.
For composite nodes, returns the list of children.
Examples
iex> Metastatic.AST.children({:literal, [subtype: :integer], 42})
42

iex> left = {:variable, [], "x"}
iex> right = {:literal, [subtype: :integer], 5}
iex> Metastatic.AST.children({:binary_op, [operator: :+], [left, right]})
[{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]

  



    

  
    
      
    
    
      collection_op(operation, collection, args, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec collection_op(atom(), meta_ast(), [meta_ast()], keyword()) :: meta_ast()


      


Builds a :collection_op node.

  



    

    

  
    
      
    
    
      comment(text, kind \\ :line, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec comment(String.t(), atom(), keyword()) :: meta_ast()


      


Create a trivia comment node (Cure v0.20.0+).
Comments are trivia: analyzers and code generators skip them, but
formatters and documentation tooling need them back. kind is one
of :line (plain # or //), :doc (Elixir @doc / Cure ##)
or :block (C-style /* ... */).
Examples
iex> Metastatic.AST.comment("TODO: revisit")
{:comment, [comment_kind: :line], "TODO: revisit"}

iex> Metastatic.AST.comment("Public API entry point", :doc, line: 5)
{:comment, [comment_kind: :doc, line: 5], "Public API entry point"}

  



    

  
    
      
    
    
      comprehension(body, generators_and_filters, meta \\ [])



        
          
        

    

  


  

      

          @spec comprehension(meta_ast(), [meta_ast()], keyword()) :: meta_ast()


      


Create a comprehension node.
Examples
iex> body = {:binary_op, [category: :arithmetic, operator: :*], [{:variable, [], "x"}, {:variable, [], "x"}]}
iex> gen = {:generator, [], [{:variable, [], "x"}, {:function_call, [name: "range"], [{:literal, [subtype: :integer], 10}]}]}
iex> Metastatic.AST.comprehension(body, [gen])
{:comprehension, [], [{:binary_op, [category: :arithmetic, operator: :*], [{:variable, [], "x"}, {:variable, [], "x"}]}, {:generator, [], [{:variable, [], "x"}, {:function_call, [name: "range"], [{:literal, [subtype: :integer], 10}]}]}]}

  



    

  
    
      
    
    
      conditional(kind, condition, branches, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec conditional(atom(), meta_ast(), [meta_ast()], keyword()) :: meta_ast()


      


Builds a :conditional node.

  



  
    
      
    
    
      conforms?(ast)



        
          
        

    

  


  

      

          @spec conforms?(term()) :: boolean()


      


Validate that a term conforms to the M2 meta-model.
Checks that the structure is a valid 3-tuple MetaAST node
with proper type, metadata, and children.
Examples
iex> Metastatic.AST.conforms?({:literal, [subtype: :integer], 42})
true

iex> Metastatic.AST.conforms?({:binary_op, [category: :arithmetic, operator: :+],
...>   [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]})
true

iex> Metastatic.AST.conforms?({:invalid_node, "data"})
false

iex> Metastatic.AST.conforms?("not a tuple")
false

  



    

  
    
      
    
    
      container(type, name, body, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec container(container_type(), String.t(), [meta_ast()], keyword()) :: meta_ast()


      


Create a container node.
Examples
iex> func_def1 = {:function_def, [name: "add", params: [{:param, [], "x"}, {:param, [], "y"}]], []}
iex> func_def2 = {:function_def, [name: "sub", params: [{:param, [], "x"}, {:param, [], "y"}]], []}
iex> Metastatic.AST.container(:module, "MyApp.Math", [func_def1, func_def2])
{:container, [container_type: :module, name: "MyApp.Math"], [{:function_def, [name: "add", params: [{:param, [], "x"}, {:param, [], "y"}]], []}, {:function_def, [name: "sub", params: [{:param, [], "x"}, {:param, [], "y"}]], []}]}

  



  
    
      
    
    
      container_name(arg1)



        
          
        

    

  


  

      

          @spec container_name(meta_ast()) :: String.t() | nil


      


Extract the name from a container node.
Examples
iex> ast = {:container, [container_type: :module, name: "MyApp.Math"], []}
iex> Metastatic.AST.container_name(ast)
"MyApp.Math"

  



  
    
      
    
    
      decompose_call(arg1)



        
          
        

    

  


  

      

          @spec decompose_call(meta_ast()) :: {String.t(), [meta_ast()]} | :error


      


Decomposes a function call into its name and argument list.
Returns {name, args} for :function_call nodes, or :error for
any other node type.
For dotted calls like "Repo.get", returns the full dotted name as
a string. Use String.split(name, ".") to separate receiver and method.
Mirrors Macro.decompose_call/1.
Examples
iex> call = {:function_call, [name: "add"], [{:variable, [], "x"}, {:variable, [], "y"}]}
iex> Metastatic.AST.decompose_call(call)
{"add", [{:variable, [], "x"}, {:variable, [], "y"}]}

iex> Metastatic.AST.decompose_call({:literal, [subtype: :integer], 42})
:error

  



    

    

  
    
      
    
    
      decorator(name, args \\ [], extra_meta \\ [])



        
          
        

    

  


  

      

          @spec decorator(String.t(), [meta_ast()], keyword()) :: meta_ast()


      


Create a decorator node.
Examples
iex> Metastatic.AST.decorator("staticmethod")
{:decorator, [name: "staticmethod"], []}

iex> Metastatic.AST.decorator("app.route", [{:literal, [subtype: :string], "/api"}])
{:decorator, [name: "app.route"], [{:literal, [subtype: :string], "/api"}]}

  



    

    

  
    
      
    
    
      early_return(value \\ nil, meta \\ [])



        
          
        

    

  


  

      

          @spec early_return(meta_ast() | nil, keyword()) :: meta_ast()


      


Builds an :early_return node.

  



    

  
    
      
    
    
      exception_handling(kind, clauses, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec exception_handling(atom(), [meta_ast()], keyword()) :: meta_ast()


      


Builds an :exception_handling node.

  



    

  
    
      
    
    
      filter(condition, meta \\ [])



        
          
        

    

  


  

      

          @spec filter(meta_ast(), keyword()) :: meta_ast()


      


Create a filter node.
Examples
iex> condition = {:binary_op, [category: :comparison, operator: :>], [{:variable, [], "x"}, {:literal, [subtype: :integer], 0}]}
iex> Metastatic.AST.filter(condition)
{:filter, [], [{:binary_op, [category: :comparison, operator: :>], [{:variable, [], "x"}, {:literal, [subtype: :integer], 0}]}]}

  



    

  
    
      
    
    
      function_call(name, args, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec function_call(String.t(), [meta_ast()], keyword()) :: meta_ast()


      


Create a function call node.
Examples
iex> args = [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]
iex> Metastatic.AST.function_call("add", args)
{:function_call, [name: "add"], [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

  



    

  
    
      
    
    
      function_def(name, params, body, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec function_def(String.t(), [term()], [meta_ast()], keyword()) :: meta_ast()


      


Create a function definition node.
Examples
iex> body = [{:binary_op, [category: :arithmetic, operator: :+],
...>   [{:variable, [], "x"}, {:variable, [], "y"}]}]
iex> Metastatic.AST.function_def("add", ["x", "y"], body)
{:function_def, [name: "add", params: [{:param, [], "x"}, {:param, [], "y"}]], [{:binary_op, [category: :arithmetic, operator: :+], [{:variable, [], "x"}, {:variable, [], "y"}]}]}

  



  
    
      
    
    
      function_name(arg1)



        
          
        

    

  


  

      

          @spec function_name(meta_ast()) :: String.t() | nil


      


Extract the name from a function_def node.
Examples
iex> body = {:binary_op, [operator: :+], [{:variable, [], "x"}, {:variable, [], "y"}]}
iex> ast = {:function_def, [name: "add", params: [{:param, [], "x"}, {:param, [], "y"}]], [body]}
iex> Metastatic.AST.function_name(ast)
"add"

  



  
    
      
    
    
      function_visibility(arg1)



        
          
        

    

  


  

      

          @spec function_visibility(meta_ast()) :: visibility()


      


Get the visibility of a function_def node.
Examples
iex> body = {:binary_op, [operator: :+], [{:variable, [], "x"}, {:variable, [], "y"}]}
iex> ast = {:function_def, [name: "add", visibility: :public], [body]}
iex> Metastatic.AST.function_visibility(ast)
:public

  



    

  
    
      
    
    
      generator(variable, collection, meta \\ [])



        
          
        

    

  


  

      

          @spec generator(meta_ast(), meta_ast(), keyword()) :: meta_ast()


      


Create a generator node.
Examples
iex> var = {:variable, [], "x"}
iex> coll = {:function_call, [name: "range"], [{:literal, [subtype: :integer], 10}]}
iex> Metastatic.AST.generator(var, coll)
{:generator, [], [{:variable, [], "x"}, {:function_call, [name: "range"], [{:literal, [subtype: :integer], 10}]}]}

  



    

  
    
      
    
    
      get_meta(arg, key, default \\ nil)



        
          
        

    

  


  

      

          @spec get_meta(meta_ast(), atom(), term()) :: term()


      


Get a specific metadata value by key.
Examples
iex> ast = {:literal, [subtype: :integer, line: 10], 42}
iex> Metastatic.AST.get_meta(ast, :line)
10

iex> ast = {:variable, [], "x"}
iex> Metastatic.AST.get_meta(ast, :line)
nil

iex> ast = {:variable, [], "x"}
iex> Metastatic.AST.get_meta(ast, :line, 0)
0

  



  
    
      
    
    
      has_state?(arg1)



        
          
        

    

  


  

      

          @spec has_state?(meta_ast()) :: boolean()


      


Check if a container has state (classes typically have state).
Examples
iex> ast = {:container, [container_type: :class, name: "Counter"], []}
iex> Metastatic.AST.has_state?(ast)
true

iex> ast = {:container, [container_type: :module, name: "Math"], []}
iex> Metastatic.AST.has_state?(ast)
false

  



    

  
    
      
    
    
      import_node(source, import_type, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec import_node(String.t(), atom(), keyword()) :: meta_ast()


      


Builds an :import node.

  



    

  
    
      
    
    
      inline_match(pattern, value, meta \\ [])



        
          
        

    

  


  

      

          @spec inline_match(meta_ast(), meta_ast(), keyword()) :: meta_ast()


      


Create an inline match node.
Examples
iex> pattern = {:variable, [], "x"}
iex> value = {:literal, [subtype: :integer], 42}
iex> Metastatic.AST.inline_match(pattern, value)
{:inline_match, [], [{:variable, [], "x"}, {:literal, [subtype: :integer], 42}]}

  



    

  
    
      
    
    
      lambda(params, body, meta \\ [])



        
          
        

    

  


  

      

          @spec lambda([meta_ast()], [meta_ast()], keyword()) :: meta_ast()


      


Builds a :lambda node.

  



    

  
    
      
    
    
      language_specific(language, value, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec language_specific(atom(), term(), keyword()) :: meta_ast()


      


Builds a :language_specific node.

  



  
    
      
    
    
      layer(type)



        
          
        

    

  


  

      

          @spec layer(atom()) :: :core | :extended | :structural | :native | :unknown


      


Get the layer classification for a node type.
Returns :core, :extended, :structural, or :native.
Examples
iex> Metastatic.AST.layer(:literal)
:core

iex> Metastatic.AST.layer(:lambda)
:extended

iex> Metastatic.AST.layer(:container)
:structural

iex> Metastatic.AST.layer(:language_specific)
:native

  



  
    
      
    
    
      leaf?(arg1)



        
          
        

    

  


  

      

          @spec leaf?(meta_ast()) :: boolean()


      


Check if a node is a leaf node (no children to traverse).
Examples
iex> Metastatic.AST.leaf?({:literal, [subtype: :integer], 42})
true

iex> Metastatic.AST.leaf?({:variable, [], "x"})
true

iex> left = {:variable, [], "x"}
iex> right = {:literal, [subtype: :integer], 5}
iex> Metastatic.AST.leaf?({:binary_op, [], [left, right]})
false

  



    

  
    
      
    
    
      list_node(elements, meta \\ [])



        
          
        

    

  


  

      

          @spec list_node([meta_ast()], keyword()) :: meta_ast()


      


Builds a :list node.

  



    

  
    
      
    
    
      literal(subtype, value, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec literal(literal_subtype(), term(), keyword()) :: meta_ast()


      


Create a literal node.
Examples
iex> Metastatic.AST.literal(:integer, 42)
{:literal, [subtype: :integer], 42}

iex> Metastatic.AST.literal(:string, "hello", line: 5)
{:literal, [subtype: :string, line: 5], "hello"}

  



  
    
      
    
    
      literal?(arg1)



        
          
        

    

  


  

      

          @spec literal?(meta_ast()) :: boolean()


      


Returns true if the given MetaAST represents a literal value.
A node is considered literal if it is a :literal node, or a composite
node (:list, :tuple, :map, :pair) whose children are all literals.
Mirrors Macro.quoted_literal?/1.
Examples
iex> Metastatic.AST.literal?({:literal, [subtype: :integer], 42})
true

iex> Metastatic.AST.literal?({:list, [], [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]})
true

iex> Metastatic.AST.literal?({:variable, [], "x"})
false

iex> Metastatic.AST.literal?({:list, [], [{:variable, [], "x"}]})
false

  



  
    
      
    
    
      location(arg1)



        
          
        

    

  


  

      

          @spec location(meta_ast()) :: map() | nil


      


Extract location information from a MetaAST node.
Returns a map with :line, :col, :end_line, :end_col if present in metadata.
Examples
iex> ast = {:literal, [subtype: :integer, line: 10, col: 5], 42}
iex> Metastatic.AST.location(ast)
%{line: 10, col: 5}

iex> ast = {:variable, [], "x"}
iex> Metastatic.AST.location(ast)
nil

  



    

  
    
      
    
    
      loop_node(kind, condition, body, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec loop_node(atom(), meta_ast() | nil, [meta_ast()], keyword()) :: meta_ast()


      


Builds a :loop node.

  



    

  
    
      
    
    
      map_node(pairs, meta \\ [])



        
          
        

    

  


  

      

          @spec map_node([meta_ast()], keyword()) :: meta_ast()


      


Create a map node with pairs.
Examples
iex> pairs = [Metastatic.AST.pair(
...>   {:literal, [subtype: :symbol], :name},
...>   {:literal, [subtype: :string], "Alice"})]
iex> Metastatic.AST.map_node(pairs)
{:map, [], [{:pair, [], [{:literal, [subtype: :symbol], :name}, {:literal, [subtype: :string], "Alice"}]}]}

  



    

  
    
      
    
    
      match_arm(pattern, guard, body, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec match_arm(meta_ast(), meta_ast() | nil, [meta_ast()], keyword()) :: meta_ast()


      


Builds a :match_arm node.

  



  
    
      
    
    
      meta(arg)



        
          
        

    

  


  

      

          @spec meta(meta_ast()) :: keyword()


      


Extract the metadata keyword list from a MetaAST node.
Examples
iex> Metastatic.AST.meta({:literal, [subtype: :integer, line: 10], 42})
[subtype: :integer, line: 10]

iex> Metastatic.AST.meta({:variable, [], "x"})
[]

  



  
    
      
    
    
      metadata(arg1)



        
          
        

    

  


  

      

          @spec metadata(meta_ast()) :: keyword()


      


Extract all metadata from a MetaAST node as a keyword list.
Returns the full metadata including location, M1 context (module, function, arity, etc.),
and node-specific metadata (subtype, operator, etc.).
Examples
iex> ast = {:literal, [subtype: :integer, line: 10], 42}
iex> Metastatic.AST.metadata(ast)
[subtype: :integer, line: 10]

iex> ast = {:variable, [line: 5, module: "MyApp", function: "create"], "x"}
iex> Metastatic.AST.metadata(ast)
[line: 5, module: "MyApp", function: "create"]

iex> ast = {:variable, [], "x"}
iex> Metastatic.AST.metadata(ast)
[]

  



  
    
      
    
    
      node_arity(ast)



        
          
        

    

  


  

      

          @spec node_arity(meta_ast()) :: non_neg_integer() | nil


      


Extract arity from node metadata.

  



  
    
      
    
    
      node_container(ast)



        
          
        

    

  


  

      

          @spec node_container(meta_ast()) :: String.t() | nil


      


Extract container name from node metadata.

  



  
    
      
    
    
      node_file(ast)



        
          
        

    

  


  

      

          @spec node_file(meta_ast()) :: String.t() | nil


      


Extract file path from node metadata.

  



  
    
      
    
    
      node_function(ast)



        
          
        

    

  


  

      

          @spec node_function(meta_ast()) :: String.t() | nil


      


Extract function name from node metadata.

  



  
    
      
    
    
      node_module(ast)



        
          
        

    

  


  

      

          @spec node_module(meta_ast()) :: String.t() | nil


      


Extract module name from node metadata.
Examples
iex> ast = {:variable, [module: "MyApp.Controller"], "x"}
iex> Metastatic.AST.node_module(ast)
"MyApp.Controller"

  



  
    
      
    
    
      node_visibility(ast)



        
          
        

    

  


  

      

          @spec node_visibility(meta_ast()) :: visibility() | nil


      


Extract visibility from node metadata.

  



  
    
      
    
    
      operator?(arg1)



        
          
        

    

  


  

      

          @spec operator?(meta_ast()) :: boolean()


      


Returns true if the node is a binary or unary operator.
Examples
iex> Metastatic.AST.operator?({:binary_op, [category: :arithmetic, operator: :+], [{:variable, [], "x"}, {:literal, [subtype: :integer], 1}]})
true

iex> Metastatic.AST.operator?({:unary_op, [category: :arithmetic, operator: :-], [{:variable, [], "x"}]})
true

iex> Metastatic.AST.operator?({:literal, [subtype: :integer], 42})
false

  



    

  
    
      
    
    
      pair(key, value, meta \\ [])



        
          
        

    

  


  

      

          @spec pair(meta_ast(), meta_ast(), keyword()) :: meta_ast()


      


Create a key-value pair node for maps.
Examples
iex> key = {:literal, [subtype: :symbol], :name}
iex> value = {:literal, [subtype: :string], "Alice"}
iex> Metastatic.AST.pair(key, value)
{:pair, [], [{:literal, [subtype: :symbol], :name}, {:literal, [subtype: :string], "Alice"}]}

  



    

  
    
      
    
    
      param_node(name, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec param_node(String.t(), keyword()) :: meta_ast()


      


Builds a :param node.

  



  
    
      
    
    
      path(ast, fun)



        
          
        

    

  


  

      

          @spec path(meta_ast(), (meta_ast() -> as_boolean(term()))) :: [meta_ast()] | nil


      


Returns the path to the node in ast for which fun returns a truthy value.
The path is a list, starting with the node for which fun returns a truthy
value, followed by all of its parents up to the root. Returns nil if no
node matches.
Mirrors Macro.path/2.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:variable, [], "x"}, {:literal, [subtype: :integer], 42}]}
iex> path = Metastatic.AST.path(ast, fn
...>   {:literal, _, 42} -> true
...>   _ -> false
...> end)
iex> Enum.map(path, &Metastatic.AST.type/1)
[:literal, :binary_op]

iex> ast = {:literal, [subtype: :integer], 1}
iex> Metastatic.AST.path(ast, fn {:variable, _, _} -> true; _ -> false end)
nil

  



    

  
    
      
    
    
      pattern_match(subject, arms, meta \\ [])



        
          
        

    

  


  

      

          @spec pattern_match(meta_ast(), [meta_ast()], keyword()) :: meta_ast()


      


Builds a :pattern_match node.

  



    

  
    
      
    
    
      pin_node(expression, meta \\ [])



        
          
        

    

  


  

      

          @spec pin_node(meta_ast(), keyword()) :: meta_ast()


      


Builds a :pin node.

  



    

  
    
      
    
    
      pipe(left, right, meta \\ [operator: :|>])



        
          
        

    

  


  

      

          @spec pipe(meta_ast(), meta_ast(), keyword()) :: meta_ast()


      


Create a pipe node.
Preserves the pipe operator (|>, ->, etc.) as a first-class node
rather than desugaring it into a function call. Useful for languages
where the pipe has distinct syntactic or semantic meaning.
Parameters
	left - Left-hand side of the pipe
	right - Right-hand side (function to pipe into)
	meta - Optional metadata (default: [operator: :|>])

Examples
iex> left = {:variable, [], "x"}
iex> right = {:function_call, [name: "inspect"], []}
iex> Metastatic.AST.pipe(left, right)
{:pipe, [operator: :|>], [{:variable, [], "x"}, {:function_call, [name: "inspect"], []}]}

  



  
    
      
    
    
      pipe_into(expr, arg, position)



        
          
        

    

  


  

      

          @spec pipe_into(meta_ast(), meta_ast(), non_neg_integer()) :: meta_ast()


      


Pipes expr into the call_args at the given position.
Inserts expr as an argument into a function call node at the
specified 0-indexed position. If call_args is a :function_call
node, the expression is injected into its argument list.
Mirrors Macro.pipe/3.
Examples
iex> expr = {:variable, [], "x"}
iex> call = {:function_call, [name: "foo"], [{:literal, [subtype: :integer], 1}]}
iex> Metastatic.AST.pipe_into(expr, call, 0)
{:function_call, [name: "foo"], [{:variable, [], "x"}, {:literal, [subtype: :integer], 1}]}

  



  
    
      
    
    
      postwalk(ast, fun)



        
          
        

    

  


  

      

          @spec postwalk(meta_ast() | term(), (meta_ast() | term() -> meta_ast() | term())) ::
  meta_ast() | term()


      


Performs a depth-first, post-order traversal of the MetaAST.
Returns a new AST where each node is the result of invoking fun
on each corresponding node. This is the transform-only variant
(no accumulator), mirroring Macro.postwalk/2.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> Metastatic.AST.postwalk(ast, fn
...>   {:literal, meta, value} when is_integer(value) -> {:literal, meta, value * 10}
...>   node -> node
...> end)
{:binary_op, [category: :arithmetic, operator: :+],
  [{:literal, [subtype: :integer], 10}, {:literal, [subtype: :integer], 20}]}

  



  
    
      
    
    
      postwalk(ast, acc, fun)



        
          
        

    

  


  

      

          @spec postwalk(meta_ast() | term(), acc, (meta_ast() | term(), acc ->
                                      {meta_ast() | term(), acc})) ::
  {meta_ast() | term(), acc}
when acc: term()


      


Traverse a MetaAST with only a post function (pre is identity).
Examples
{new_ast, acc} = AST.postwalk(ast, [], fn node, acc -> {node, acc} end)

  



  
    
      
    
    
      postwalker(ast)



        
          
        

    

  


  

      

          @spec postwalker(meta_ast()) :: Enumerable.t()


      


Returns an enumerable that traverses the MetaAST in depth-first, post-order.
Mirrors Macro.postwalker/1. The returned enumerable lazily yields each node
after its children.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> ast |> Metastatic.AST.postwalker() |> Enum.map(&Metastatic.AST.type/1)
[:literal, :literal, :binary_op]

  



  
    
      
    
    
      prewalk(ast, fun)



        
          
        

    

  


  

      

          @spec prewalk(meta_ast() | term(), (meta_ast() | term() -> meta_ast() | term())) ::
  meta_ast() | term()


      


Performs a depth-first, pre-order traversal of the MetaAST.
Returns a new AST where each node is the result of invoking fun
on each corresponding node. This is the transform-only variant
(no accumulator), mirroring Macro.prewalk/2.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> Metastatic.AST.prewalk(ast, fn
...>   {:literal, meta, value} when is_integer(value) -> {:literal, meta, value * 10}
...>   node -> node
...> end)
{:binary_op, [category: :arithmetic, operator: :+],
  [{:literal, [subtype: :integer], 10}, {:literal, [subtype: :integer], 20}]}

  



  
    
      
    
    
      prewalk(ast, acc, fun)



        
          
        

    

  


  

      

          @spec prewalk(meta_ast() | term(), acc, (meta_ast() | term(), acc ->
                                     {meta_ast() | term(), acc})) ::
  {meta_ast() | term(), acc}
when acc: term()


      


Traverse a MetaAST with only a pre function (post is identity).
Examples
{new_ast, acc} = AST.prewalk(ast, [], fn node, acc -> {node, acc} end)

  



  
    
      
    
    
      prewalker(ast)



        
          
        

    

  


  

      

          @spec prewalker(meta_ast()) :: Enumerable.t()


      


Returns an enumerable that traverses the MetaAST in depth-first, pre-order.
Mirrors Macro.prewalker/1. The returned enumerable lazily yields each node
before its children.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> ast |> Metastatic.AST.prewalker() |> Enum.map(&Metastatic.AST.type/1)
[:binary_op, :literal, :literal]

  



    

    

  
    
      
    
    
      property_node(name, value \\ nil, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec property_node(String.t(), meta_ast() | nil, keyword()) :: meta_ast()


      


Builds a :property node.

  



  
    
      
    
    
      put_meta(arg, key, value)



        
          
        

    

  


  

      

          @spec put_meta(meta_ast(), atom(), term()) :: meta_ast()


      


Put a metadata value by key.
Examples
iex> ast = {:literal, [subtype: :integer], 42}
iex> Metastatic.AST.put_meta(ast, :line, 10)
{:literal, [line: 10, subtype: :integer], 42}

iex> ast = {:variable, [line: 5], "x"}
iex> Metastatic.AST.put_meta(ast, :line, 10)
{:variable, [line: 10], "x"}

  



    

  
    
      
    
    
      range(start, stop, meta \\ [])



        
          
        

    

  


  

      

          @spec range(meta_ast(), meta_ast(), keyword()) :: meta_ast()


      


Create a range node.
Examples
iex> start = {:literal, [subtype: :integer], 1}
iex> stop = {:literal, [subtype: :integer], 10}
iex> Metastatic.AST.range(start, stop)
{:range, [], [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 10}]}

iex> start = {:literal, [subtype: :integer], 1}
iex> stop = {:literal, [subtype: :integer], 10}
iex> step = {:literal, [subtype: :integer], 2}
iex> Metastatic.AST.range(start, stop, step: step)
{:range, [step: {:literal, [subtype: :integer], 2}], [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 10}]}

  



    

  
    
      
    
    
      record_update(record, updates, meta \\ [])



        
          
        

    

  


  

      

          @spec record_update(meta_ast(), [meta_ast()], keyword()) :: meta_ast()


      


Builds a :record_update node.

  



    

  
    
      
    
    
      string_interpolation(parts, meta \\ [])



        
          
        

    

  


  

      

          @spec string_interpolation([meta_ast()], keyword()) :: meta_ast()


      


Create a string interpolation node.
Examples
iex> parts = [{:literal, [subtype: :string], "Hello, "}, {:variable, [], "name"}, {:literal, [subtype: :string], "!"}]
iex> Metastatic.AST.string_interpolation(parts)
{:string_interpolation, [], [{:literal, [subtype: :string], "Hello, "}, {:variable, [], "name"}, {:literal, [subtype: :string], "!"}]}

  



    

    

    

  
    
      
    
    
      throw_node(kind \\ :raise, value \\ nil, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec throw_node(atom(), meta_ast() | nil, keyword()) :: meta_ast()


      


Create a throw/raise node.
Examples
iex> exception = {:function_call, [name: "ValueError"], [{:literal, [subtype: :string], "bad value"}]}
iex> Metastatic.AST.throw_node(:raise, exception)
{:throw, [kind: :raise], [{:function_call, [name: "ValueError"], [{:literal, [subtype: :string], "bad value"}]}]}

  



  
    
      
    
    
      to_string(ast)



        
          
        

    

  


  

      

          @spec to_string(meta_ast()) :: String.t()


      


Converts a MetaAST node to a human-readable string representation.
Produces a compact notation that conveys the structure without
reproducing full Elixir tuple syntax. Useful for debugging and
logging.
Mirrors Macro.to_string/1.
Examples
iex> Metastatic.AST.to_string({:literal, [subtype: :integer], 42})
"42"

iex> Metastatic.AST.to_string({:variable, [], "x"})
"x"

iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}
iex> Metastatic.AST.to_string(ast)
"x + 5"

iex> ast = {:function_call, [name: "foo"], [{:variable, [], "x"}, {:literal, [subtype: :integer], 1}]}
iex> Metastatic.AST.to_string(ast)
"foo(x, 1)"

iex> ast = {:list, [], [{:literal, [subtype: :integer], 1}, {:literal, [subtype: :integer], 2}]}
iex> Metastatic.AST.to_string(ast)
"[1, 2]"

  



  
    
      
    
    
      traverse(ast, acc, pre, post)



        
          
        

    

  


  

      

          @spec traverse(meta_ast() | term(), acc, pre_fun, post_fun) ::
  {meta_ast() | term(), acc}
when acc: term(),
     pre_fun: (meta_ast() | term(), acc -> {meta_ast() | term(), acc}),
     post_fun: (meta_ast() | term(), acc -> {meta_ast() | term(), acc})


      


Traverse a MetaAST, applying pre and post functions.
This mirrors Macro.traverse/4 from Elixir's standard library.
	pre is called before visiting children, receives {ast, acc}, returns {ast, acc}
	post is called after visiting children, receives {ast, acc}, returns {ast, acc}

The traversal visits children based on the node type:
	Leaf nodes (literal, variable): No children to visit
	Composite nodes: Visits each child in the list
	Non-AST values: Passed through unchanged

Examples
# Count all nodes
{_ast, count} = AST.traverse(ast, 0, fn node, acc -> {node, acc + 1} end, fn node, acc -> {node, acc} end)

# Collect all variable names
{_ast, vars} = AST.traverse(ast, [], fn
  {:variable, _, name} = node, acc -> {node, [name | acc]}
  node, acc -> {node, acc}
end, fn node, acc -> {node, acc} end)

# Transform all integers by doubling them
{new_ast, _} = AST.traverse(ast, nil, fn node, acc -> {node, acc} end, fn
  {:literal, meta, value} = node, acc ->
    if Keyword.get(meta, :subtype) == :integer do
      {{:literal, meta, value * 2}, acc}
    else
      {node, acc}
    end
  node, acc -> {node, acc}
end)

  



    

  
    
      
    
    
      tuple_node(elements, meta \\ [])



        
          
        

    

  


  

      

          @spec tuple_node([meta_ast()], keyword()) :: meta_ast()


      


Builds a :tuple node.

  



  
    
      
    
    
      type(arg)



        
          
        

    

  


  

      

          @spec type(meta_ast()) :: atom()


      


Extract the node type from a MetaAST node.
Examples
iex> Metastatic.AST.type({:literal, [subtype: :integer], 42})
:literal

iex> left = {:variable, [], "x"}
iex> right = {:literal, [subtype: :integer], 5}
iex> Metastatic.AST.type({:binary_op, [operator: :+], [left, right]})
:binary_op

  



    

  
    
      
    
    
      type_annotation(annotation_type, target, type_expr, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec type_annotation(atom(), meta_ast(), meta_ast(), keyword()) :: meta_ast()


      


Create a type annotation node.
Examples
iex> target = {:function_call, [name: "add"], []}
iex> type_expr = {:literal, [subtype: :string], "integer() :: integer() -> integer()"}
iex> Metastatic.AST.type_annotation(:spec, target, type_expr)
{:type_annotation, [annotation_type: :spec], [{:function_call, [name: "add"], []}, {:literal, [subtype: :string], "integer() :: integer() -> integer()"}]}

  



    

  
    
      
    
    
      unary_op(category, operator, operand, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec unary_op(atom(), atom(), meta_ast(), keyword()) :: meta_ast()


      


Builds a :unary_op node.

  



    

  
    
      
    
    
      unique_var(prefix, meta \\ [])



        
          
        

    

  


  

      

          @spec unique_var(String.t(), keyword()) :: meta_ast()


      


Generates a unique variable MetaAST node.
Each call produces a variable with a unique name based on the given
prefix and a monotonically increasing counter. Useful for code
transformations that need to introduce fresh bindings.
Mirrors Macro.unique_var/2.
Examples
iex> {:variable, _, name1} = Metastatic.AST.unique_var("tmp")
iex> {:variable, _, name2} = Metastatic.AST.unique_var("tmp")
iex> name1 != name2
true

iex> {:variable, _, name} = Metastatic.AST.unique_var("arg")
iex> String.starts_with?(name, "arg_")
true

  



  
    
      
    
    
      unpipe(other)



        
          
        

    

  


  

      

          @spec unpipe(meta_ast()) :: [{meta_ast(), non_neg_integer()}]


      


Breaks a pipe chain into a flat list of {ast, position} tuples.
Each tuple contains the piped expression and the argument position
(0-indexed) where it was injected. For the leftmost expression (the
initial value), position is 0.
Mirrors Macro.unpipe/1.
Examples
iex> inner_pipe = {:pipe, [operator: :|>], [
...>   {:variable, [], "x"},
...>   {:function_call, [name: "foo"], []}
...> ]}
iex> outer_pipe = {:pipe, [operator: :|>], [
...>   inner_pipe,
...>   {:function_call, [name: "bar"], []}
...> ]}
iex> Metastatic.AST.unpipe(outer_pipe)
...>   |> Enum.map(fn {node, pos} -> {Metastatic.AST.type(node), pos} end)
[variable: 0, function_call: 0, function_call: 0]

  



  
    
      
    
    
      update_children(arg, new_children)



        
          
        

    

  


  

      

          @spec update_children(meta_ast(), term()) :: meta_ast()


      


Update the children/value of a node.
Examples
iex> old_left = {:variable, [], "x"}
iex> old_right = {:literal, [subtype: :integer], 5}
iex> ast = {:binary_op, [operator: :+], [old_left, old_right]}
iex> new_left = {:variable, [], "y"}
iex> new_right = {:literal, [subtype: :integer], 10}
iex> Metastatic.AST.update_children(ast, [new_left, new_right])
{:binary_op, [operator: :+], [{:variable, [], "y"}, {:literal, [subtype: :integer], 10}]}

  



  
    
      
    
    
      update_meta(arg, updates)



        
          
        

    

  


  

      

          @spec update_meta(meta_ast(), keyword()) :: meta_ast()


      


Update multiple metadata keys at once.
Examples
iex> ast = {:literal, [subtype: :integer], 42}
iex> Metastatic.AST.update_meta(ast, line: 10, col: 5)
{:literal, [subtype: :integer, line: 10, col: 5], 42}

  



  
    
      
    
    
      validate(ast)



        
          
        

    

  


  

      

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


      


Validates that the given term is a valid MetaAST node.
Returns :ok if valid, or {:error, reason} with a description of
the first encountered problem. Unlike conforms?/1 which returns a
boolean, this provides diagnostic information.
Mirrors Macro.validate/1.
Examples
iex> Metastatic.AST.validate({:literal, [subtype: :integer], 42})
:ok

iex> Metastatic.AST.validate({:literal, [subtype: :integer], "not_an_int"})
{:error, {:invalid_node, {:literal, [subtype: :integer], "not_an_int"}}}

iex> Metastatic.AST.validate("not an ast")
{:error, {:not_an_ast_node, "not an ast"}}

  



    

  
    
      
    
    
      variable(name, meta \\ [])



        
          
        

    

  


  

      

          @spec variable(String.t(), keyword()) :: meta_ast()


      


Create a variable node.
Examples
iex> Metastatic.AST.variable("x")
{:variable, [], "x"}

iex> Metastatic.AST.variable("count", line: 10)
{:variable, [line: 10], "count"}

  



  
    
      
    
    
      variables(ast)



        
          
        

    

  


  

      

          @spec variables(meta_ast()) :: MapSet.t(String.t())


      


Extract all variable names referenced in an AST.
Uses traverse/4 internally to collect all variable nodes.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:variable, [], "x"}, {:variable, [], "y"}]}
iex> Metastatic.AST.variables(ast)
MapSet.new(["x", "y"])

iex> ast = {:literal, [subtype: :integer], 42}
iex> Metastatic.AST.variables(ast)
MapSet.new([])

  



  
    
      
    
    
      with_context(ast, context)



        
          
        

    

  


  

      

          @spec with_context(meta_ast(), map()) :: meta_ast()


      


Merge context metadata into a node's metadata.
Used for attaching M1-level context like module name, function name, etc.
Note: Order of merged keys is not guaranteed due to map iteration order.
Examples
iex> ast = {:variable, [line: 10], "x"}
iex> context = %{module: "MyApp"}
iex> {:variable, meta, "x"} = Metastatic.AST.with_context(ast, context)
iex> Keyword.get(meta, :module)
"MyApp"
iex> Keyword.get(meta, :line)
10

  



  
    
      
    
    
      with_location(ast, loc)



        
          
        

    

  


  

      

          @spec with_location(meta_ast(), map() | nil) :: meta_ast()


      


Attach location information to a MetaAST node.
Examples
iex> ast = {:literal, [subtype: :integer], 42}
iex> Metastatic.AST.with_location(ast, %{line: 10, col: 5})
{:literal, [subtype: :integer, line: 10, col: 5], 42}

iex> ast = {:variable, [], "x"}
iex> Metastatic.AST.with_location(ast, nil)
{:variable, [], "x"}

  



    

    

    

  
    
      
    
    
      yield_node(kind \\ :yield, value \\ nil, extra_meta \\ [])



        
          
        

    

  


  

      

          @spec yield_node(atom(), meta_ast() | nil, keyword()) :: meta_ast()


      


Create a yield node.
Examples
iex> value = {:literal, [subtype: :integer], 42}
iex> Metastatic.AST.yield_node(:yield, value)
{:yield, [kind: :yield], [{:literal, [subtype: :integer], 42}]}

  


        

      


  

    
Metastatic.Builder 
    



      
High-level API for building MetaAST documents from source code.
This module provides the primary interface for users to work with Metastatic:
	from_source/2 - Parse source code to MetaAST (Source → M1 → M2)
	to_source/1 - Convert MetaAST back to source (M2 → M1 → Source)

Usage
# Parse Python code to MetaAST
{:ok, doc} = Metastatic.Builder.from_source("x + 5", :python)

# Doc now contains M2 representation (3-tuple format):
doc.ast
# => {:binary_op, [category: :arithmetic, operator: :+],
#     [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}

# Convert back to source
{:ok, source} = Metastatic.Builder.to_source(doc)
# => "x + 5"
Round-Trip Example
source = "x + 5"
{:ok, doc} = Metastatic.Builder.from_source(source, :python)
{:ok, result} = Metastatic.Builder.to_source(doc)

# Should be semantically equivalent (may have normalized formatting)
assert normalize(result) == normalize(source)
Cross-Language Transformation
# Parse from Python
{:ok, doc} = Metastatic.Builder.from_source("x + 5", :python)

# The M2 AST is language-independent!
# Could theoretically transform to JavaScript, Elixir, etc.
# (Once those adapters are implemented)

      


      
        Summary


  
    Functions
  


    
      
        from_file(file_path, language \\ nil)

      


        Build a MetaAST document from a file.



    


    
      
        from_source(source, language)

      


        Build a MetaAST document from source code.



    


    
      
        round_trip(source, language)

      


        Round-trip test: Source → M1 → M2 → M1 → Source.



    


    
      
        supported_languages()

      


        Get information about available language adapters.



    


    
      
        to_file(document, file_path, target_language \\ nil)

      


        Write a MetaAST document to a file.



    


    
      
        to_source(document, target_language \\ nil)

      


        Convert a MetaAST document back to source code.



    


    
      
        valid_source?(source, language)

      


        Validate that source code can be parsed and abstracted.



    





      


      
        Functions


        


    

  
    
      
    
    
      from_file(file_path, language \\ nil)



        
          
        

    

  


  

      

          @spec from_file(Path.t(), atom() | nil) ::
  {:ok, Metastatic.Document.t()} | {:error, term()}


      


Build a MetaAST document from a file.
Reads the file, detects language from extension, and parses to MetaAST.
Parameters
	file_path - Path to source file
	language - Optional language override (auto-detected if not provided)

Examples
iex> Metastatic.Builder.from_file("script.py")
{:ok, %Metastatic.Document{...}}

iex> Metastatic.Builder.from_file("module.js")
{:ok, %Metastatic.Document{language: :javascript, ...}}

iex> Metastatic.Builder.from_file("nonexistent.py")
{:error, :enoent}

  



  
    
      
    
    
      from_source(source, language)



        
          
        

    

  


  

      

          @spec from_source(String.t(), atom()) ::
  {:ok, Metastatic.Document.t()} | {:error, term()}


      


Build a MetaAST document from source code.
Performs the full Source → M1 → M2 pipeline:
	Detects or uses specified language
	Parses source to M1 (native AST)
	Abstracts M1 to M2 (MetaAST)
	Returns Document with M2 AST and metadata

Parameters
	source - Source code string
	language - Language atom (:python, :javascript, :elixir, etc.)
If not provided, attempts to detect from source (not yet implemented)

Returns
	{:ok, document} - Successfully parsed and abstracted
	{:error, reason} - Parsing or abstraction failed

Examples
# Example result (not runnable - depends on Python adapter)
# Metastatic.Builder.from_source("x + 5", :python)
# => {:ok, %Metastatic.Document{
#   ast: {:binary_op, [category: :arithmetic, operator: :+],
#         [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]},
#   language: :python,
#   metadata: %{...},
#   original_source: "x + 5"
# }}

  



  
    
      
    
    
      round_trip(source, language)



        
          
        

    

  


  

      

          @spec round_trip(String.t(), atom()) :: {:ok, String.t()} | {:error, term()}


      


Round-trip test: Source → M1 → M2 → M1 → Source.
Useful for validating adapter fidelity. The result may have normalized
formatting but should be semantically equivalent to the input.
Examples
iex> Metastatic.Builder.round_trip("x + 5", :python)
{:ok, "x + 5"}

iex> Metastatic.Builder.round_trip("x  +  5", :python)
{:ok, "x + 5"}  # Normalized spacing

iex> Metastatic.Builder.round_trip("invalid!", :python)
{:error, "SyntaxError: ..."}

  



  
    
      
    
    
      supported_languages()



        
          
        

    

  


  

      

          @spec supported_languages() :: [map()]


      


Get information about available language adapters.
Returns a list of supported languages with their adapters.
Examples
iex> Metastatic.Builder.supported_languages()
[
  %{language: :python, adapter: Metastatic.Adapters.Python, extensions: [".py"]},
  %{language: :javascript, adapter: Metastatic.Adapters.JavaScript, extensions: [".js", ".jsx"]}
]

  



    

  
    
      
    
    
      to_file(document, file_path, target_language \\ nil)



        
          
        

    

  


  

      

          @spec to_file(Metastatic.Document.t(), Path.t(), atom() | nil) ::
  :ok | {:error, term()}


      


Write a MetaAST document to a file.
Converts to source and writes to the specified path.
Examples
iex> doc = %Metastatic.Document{...}
iex> Metastatic.Builder.to_file(doc, "output.py")
:ok

iex> Metastatic.Builder.to_file(doc, "/invalid/path/file.py")
{:error, :enoent}

  



    

  
    
      
    
    
      to_source(document, target_language \\ nil)



        
          
        

    

  


  

      

          @spec to_source(Metastatic.Document.t(), atom() | nil) ::
  {:ok, String.t()} | {:error, term()}


      


Convert a MetaAST document back to source code.
Performs the full M2 → M1 → Source pipeline:
	Gets adapter for document's language
	Reifies M2 to M1 (native AST)
	Unparses M1 to source
	Returns source string

Parameters
	document - MetaAST document
	target_language - Optional target language (defaults to document's language)

Returns
	{:ok, source} - Successfully unparsed
	{:error, reason} - Unparsing failed

Examples
iex> doc = %Metastatic.Document{
...>   ast: {:literal, [subtype: :integer], 42},
...>   language: :elixir,
...>   metadata: %{}
...> }
iex> Metastatic.Builder.to_source(doc)
{:ok, "42"}
Cross-Language Translation (Future)
# This will be possible once multiple adapters are implemented
iex> doc = %Metastatic.Document{ast: ..., language: :python, ...}
iex> Metastatic.Builder.to_source(doc, :javascript)
{:ok, "// JavaScript equivalent"}

  



  
    
      
    
    
      valid_source?(source, language)



        
          
        

    

  


  

      

          @spec valid_source?(String.t(), atom()) :: boolean()


      


Validate that source code can be parsed and abstracted.
Returns true if the source is valid, false otherwise.
Examples
iex> Metastatic.Builder.valid_source?("x + 5", :python)
true

iex> Metastatic.Builder.valid_source?("x +", :python)
false

iex> Metastatic.Builder.valid_source?("code", :unknown)
false

  


        

      


  

    
Metastatic.Cache behaviour
    



      
AST Caching behaviour and dispatcher for Metastatic.
Caches the results of parsing and abstracting source code to MetaAST (M2).
Supports multiple backends (ETS, DLLB), configured via :metastatic, :cache.
Default backend is :ets.

      


      
        Summary


  
    Callbacks
  


    
      
        clear()

      


    


    
      
        get(adapter, source)

      


    


    
      
        init()

      


    


    
      
        put(adapter, source, meta_ast, metadata)

      


    





  
    Functions
  


    
      
        clear()

      


        Clear all cached entries from the active cache backend.



    


    
      
        get(adapter, source)

      


        Get cached abstraction result (MetaAST + Metadata) for a source code string and language.



    


    
      
        impl()

      


        Return the configured cache implementation module.



    


    
      
        init()

      


        Initialize the active cache backend.
Called automatically during application startup.



    


    
      
        put(adapter, source, meta_ast, metadata)

      


        Store abstraction result in cache.



    





      


      
        Callbacks


        


  
    
      
    
    
      clear()



        
          
        

    

  


  

      

          @callback clear() :: :ok


      



  



  
    
      
    
    
      get(adapter, source)



        
          
        

    

  


  

      

          @callback get(adapter :: module(), source :: String.t()) ::
  {:ok, term(), map()} | {:error, :not_found}


      



  



  
    
      
    
    
      init()



        
          
        

    

  


  

      

          @callback init() :: :ok


      



  



  
    
      
    
    
      put(adapter, source, meta_ast, metadata)



        
          
        

    

  


  

      

          @callback put(
  adapter :: module(),
  source :: String.t(),
  meta_ast :: term(),
  metadata :: map()
) :: :ok


      



  


        

      

      
        Functions


        


  
    
      
    
    
      clear()



        
          
        

    

  


  

      

          @spec clear() :: :ok


      


Clear all cached entries from the active cache backend.

  



  
    
      
    
    
      get(adapter, source)



        
          
        

    

  


  

      

          @spec get(module(), String.t()) :: {:ok, term(), map()} | {:error, :not_found}


      


Get cached abstraction result (MetaAST + Metadata) for a source code string and language.

  



  
    
      
    
    
      impl()



        
          
        

    

  


  

      

          @spec impl() :: module()


      


Return the configured cache implementation module.
Options for :metastatic, :cache are:
	:ets (default) -> Metastatic.Cache.ETS
	:dllb -> Metastatic.Cache.DLLB
	A module implementing Metastatic.Cache


  



  
    
      
    
    
      init()



        
          
        

    

  


  

      

          @spec init() :: :ok


      


Initialize the active cache backend.
Called automatically during application startup.

  



  
    
      
    
    
      put(adapter, source, meta_ast, metadata)



        
          
        

    

  


  

      

          @spec put(module(), String.t(), term(), map()) :: :ok


      


Store abstraction result in cache.

  


        

      


  

    
Metastatic.Cache.DLLB 
    



      
Dllb database implementation of Metastatic.Cache.
Caches MetaAST entries in a Dllb database instance if available.

      




  

    
Metastatic.Cache.ETS 
    



      
ETS implementation of Metastatic.Cache.
Uses a public ETS table for high-performance memory caching.

      




  

    
Metastatic.Document 
    



      
A MetaAST Document wraps an M2 AST with metadata and language information.
This structure represents the result of abstraction (M1 → M2) and serves
as input for reification (M2 → M1).
Fields
	ast - The M2 MetaAST representation
	metadata - Language-specific information preserved from M1
	language - Source language (:python, :javascript, :elixir, etc.)
	original_source - Optional: original source code (for debugging/comparison)

Metadata
Metadata contains M1-specific information that cannot be represented at M2 level:
	Formatting preferences (indentation, spacing)
	Comments and documentation
	Type annotations (TypeScript, Python type hints)
	Language-specific hints (async models, iterator styles, etc.)

This enables high-fidelity M2 → M1 round-trips while maintaining semantic equivalence.
Examples
# After abstraction from Python (new 3-tuple format)
%Metastatic.Document{
  language: :python,
  ast: {:binary_op, [category: :arithmetic, operator: :+],
        [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]},
  metadata: %{
    native_lang: :python,
    type_hints: %{"x" => "int"},
    formatting: %{indent: 4}
  },
  original_source: "x + 5"
}

      


      
        Summary


  
    Types
  


    
      
        t()

      


        A Document containing M2 AST with associated metadata.



    





  
    Functions
  


    
      
        equivalent?(document1, document2)

      


        Check if two documents have semantically equivalent ASTs.



    


    
      
        language(document)

      


        Get the language of a document.



    


    
      
        new(ast, language, metadata \\ %{}, original_source \\ nil)

      


        Create a new MetaAST document.



    


    
      
        normalize(doc)

      


        Normalize input to a Document.



    


    
      
        normalize!(input)

      


        Normalize input to a Document, raising on error.



    


    
      
        update_ast(doc, new_ast)

      


        Update the AST in a document while preserving metadata and language.



    


    
      
        update_metadata(doc, new_metadata)

      


        Update document metadata (merges with existing metadata).



    


    
      
        valid?(document)

      


        Validate that a document's AST conforms to M2 meta-model.



    


    
      
        variables(document)

      


        Extract all variables referenced in the document's AST.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %Metastatic.Document{
  ast: Metastatic.AST.meta_ast(),
  language: atom(),
  metadata: map(),
  original_source: String.t() | nil
}


      


A Document containing M2 AST with associated metadata.

  


        

      

      
        Functions


        


  
    
      
    
    
      equivalent?(document1, document2)



        
          
        

    

  


  

      

          @spec equivalent?(t(), t()) :: boolean()


      


Check if two documents have semantically equivalent ASTs.
This compares the M2 AST structures, ignoring metadata and original source.
Examples
iex> doc1 = Metastatic.Document.new({:literal, [subtype: :integer], 42}, :python)
iex> doc2 = Metastatic.Document.new({:literal, [subtype: :integer], 42}, :javascript)
iex> Metastatic.Document.equivalent?(doc1, doc2)
true

iex> doc1 = Metastatic.Document.new({:literal, [subtype: :integer], 42}, :python)
iex> doc2 = Metastatic.Document.new({:literal, [subtype: :string], "42"}, :python)
iex> Metastatic.Document.equivalent?(doc1, doc2)
false

  



  
    
      
    
    
      language(document)



        
          
        

    

  


  

      

          @spec language(t()) :: atom()


      


Get the language of a document.
Examples
iex> doc = Metastatic.Document.new({:literal, [subtype: :integer], 42}, :python)
iex> Metastatic.Document.language(doc)
:python

  



    

    

  
    
      
    
    
      new(ast, language, metadata \\ %{}, original_source \\ nil)



        
          
        

    

  


  

      

          @spec new(Metastatic.AST.meta_ast(), atom(), map(), String.t() | nil) :: t()


      


Create a new MetaAST document.
Examples
iex> ast = {:literal, [subtype: :integer], 42}
iex> Metastatic.Document.new(ast, :python)
%Metastatic.Document{
  ast: {:literal, [subtype: :integer], 42},
  language: :python,
  metadata: %{},
  original_source: nil
}

iex> ast = {:variable, [], "x"}
iex> metadata = %{type_hint: "str"}
iex> Metastatic.Document.new(ast, :python, metadata, "x")
%Metastatic.Document{
  ast: {:variable, [], "x"},
  language: :python,
  metadata: %{type_hint: "str"},
  original_source: "x"
}

  



  
    
      
    
    
      normalize(doc)



        
          
        

    

  


  

      

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


      


Normalize input to a Document.
Accepts either:
	A Metastatic.Document struct (returned as-is)
	A {language, native_ast} tuple (converted to Document using the appropriate adapter)

This enables analyzers to accept both formats for convenience.
Examples
# Already a Document - returns as-is
iex> doc = Metastatic.Document.new({:literal, [subtype: :integer], 42}, :python)
iex> Metastatic.Document.normalize(doc)
{:ok, doc}

# {lang, native_ast} tuple - converts using adapter
# (Python adapter doctest skipped until adapter is updated to 3-tuple format)
# python_ast = %{"_type" => "Constant", "value" => 42}
# {:ok, doc} = Metastatic.Document.normalize({:python, python_ast})
# doc.ast => {:literal, [subtype: :integer], 42}

  



  
    
      
    
    
      normalize!(input)



        
          
        

    

  


  

      

          @spec normalize!(t() | {atom(), term()}) :: t()


      


Normalize input to a Document, raising on error.
Examples
iex> doc = Metastatic.Document.new({:literal, [subtype: :integer], 42}, :python)
iex> Metastatic.Document.normalize!(doc)
doc

  



  
    
      
    
    
      update_ast(doc, new_ast)



        
          
        

    

  


  

      

          @spec update_ast(t(), Metastatic.AST.meta_ast()) :: t()


      


Update the AST in a document while preserving metadata and language.
Useful for transformations that operate on the M2 level.
Examples
iex> doc = Metastatic.Document.new({:literal, [subtype: :integer], 42}, :python)
iex> new_ast = {:literal, [subtype: :integer], 100}
iex> updated = Metastatic.Document.update_ast(doc, new_ast)
iex> updated.ast
{:literal, [subtype: :integer], 100}
iex> updated.language
:python

  



  
    
      
    
    
      update_metadata(doc, new_metadata)



        
          
        

    

  


  

      

          @spec update_metadata(t(), map()) :: t()


      


Update document metadata (merges with existing metadata).
Examples
iex> doc = Metastatic.Document.new({:variable, [], "x"}, :python, %{type: "int"})
iex> updated = Metastatic.Document.update_metadata(doc, %{mutable: false})
iex> updated.metadata
%{type: "int", mutable: false}

  



  
    
      
    
    
      valid?(document)



        
          
        

    

  


  

      

          @spec valid?(t()) :: boolean()


      


Validate that a document's AST conforms to M2 meta-model.
Examples
iex> doc = Metastatic.Document.new({:literal, [subtype: :integer], 42}, :python)
iex> Metastatic.Document.valid?(doc)
true

iex> doc = %Metastatic.Document{
...>   ast: {:invalid_node, [], "data"},
...>   language: :python,
...>   metadata: %{}
...> }
iex> Metastatic.Document.valid?(doc)
false

  



  
    
      
    
    
      variables(document)



        
          
        

    

  


  

      

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


      


Extract all variables referenced in the document's AST.
Delegates to Metastatic.AST.variables/1.
Examples
iex> ast = {:binary_op, [category: :arithmetic, operator: :+],
...>        [{:variable, [], "x"}, {:variable, [], "y"}]}
iex> doc = Metastatic.Document.new(ast, :python)
iex> Metastatic.Document.variables(doc)
MapSet.new(["x", "y"])

  


        

      


  

    
Metastatic.Validator 
    



      
Conformance validation for MetaAST.
This module provides formal M1 -> M2 conformance checking and validation
of MetaAST structures according to the theoretical foundations.
New 3-Tuple Format
All MetaAST nodes are uniform 3-element tuples:
{type_atom, keyword_meta, children_or_value}
Conformance Rules (Definition 8 from THEORETICAL_FOUNDATIONS.md)
A term t in M1 conforms to M2 if it can be represented by M2 meta-types
without loss of essential semantic information. Validation checks:
	Structural conformance - AST structure matches M2 type definitions
	Type safety - All type tags are valid M2 types
	Semantic preservation - Required semantic information is present
	Native escape hatches - M2.3 used only when necessary

Validation Decision Tree
flowchart TD
    Input["Input: Document / AST"] --> Structure{"Structure valid?<br/>AST.conforms?"}
    Structure -->|No| Err1["error: invalid_structure"]
    Structure -->|Yes| Analyze["Single-pass analysis<br/>collect metrics"]
    Analyze --> Level{"Classify level"}
    Level -->|"has :language_specific"| Native[":native"]
    Level -->|"has extended types"| Extended[":extended"]
    Level -->|"core types only"| Core[":core"]
    Native --> Mode{"Check mode"}
    Extended --> Mode
    Core --> Mode
    Mode -->|":strict + native > 0"| Err2["error: native_constructs_not_allowed"]
    Mode -->|"depth > max"| Err3["error: max_depth_exceeded"]
    Mode -->|"vars > max"| Err4["error: too_many_variables"]
    Mode -->|"all ok"| OK["{:ok, metadata}"]
Validation Levels
	Strict - No M2.3 native constructs allowed (M2.1 + M2.2 + M2.2s only)
	Standard - M2.3 allowed but discouraged
	Permissive - All M2 levels accepted

Note: M2.2s (Structural/Organizational layer) is part of the extended layer
and includes container, function_def, attribute_access, augmented_assignment,
and property types.
Usage
# Validate a MetaAST document
alias Metastatic.Validator

doc = %Metastatic.Document{
  ast: {:binary_op, [category: :arithmetic, operator: :+],
        [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]},
  language: :python,
  metadata: %{}
}

Validator.validate(doc)
# => {:ok, %{level: :core, native_constructs: 0, warnings: []}}

# Strict validation (reject native constructs)
Validator.validate(doc, mode: :strict)
# => {:ok, %{...}} or {:error, :native_constructs_not_allowed}
Validation Result
Returns:
	{:ok, metadata} - Valid MetaAST with validation metadata
	{:error, reason} - Invalid structure

Metadata includes:
	:level - Highest M2 level used (:core, :extended, :native)
	:native_constructs - Count of M2.3 language_specific nodes
	:warnings - List of validation warnings
	:variables - Set of all variables referenced
	:depth - Maximum AST depth


      


      
        Summary


  
    Types
  


    
      
        validation_mode()

      


    


    
      
        validation_result()

      


    





  
    Functions
  


    
      
        valid?(document, opts \\ [])

      


        Quick validation check - returns boolean.



    


    
      
        validate(document, opts \\ [])

      


        Validate a MetaAST document.



    


    
      
        validate_ast(ast, opts \\ [])

      


        Validate just the AST structure (without Document wrapper).



    





      


      
        Types


        


  
    
      
    
    
      validation_mode()



        
          
        

    

  


  

      

          @type validation_mode() :: :strict | :standard | :permissive


      



  



  
    
      
    
    
      validation_result()



        
          
        

    

  


  

      

          @type validation_result() :: {:ok, map()} | {:error, term()}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      valid?(document, opts \\ [])



        
          
        

    

  


  

      

          @spec valid?(Metastatic.Document.t(), keyword()) :: boolean()


      


Quick validation check - returns boolean.
Examples
iex> doc = %Metastatic.Document{ast: {:literal, [subtype: :integer], 42}, language: :python, metadata: %{}}
iex> Metastatic.Validator.valid?(doc)
true

iex> invalid_doc = %Metastatic.Document{ast: {:bad, [], "ast"}, language: :python, metadata: %{}}
iex> Metastatic.Validator.valid?(invalid_doc)
false

  



    

  
    
      
    
    
      validate(document, opts \\ [])



        
          
        

    

  


  

      

          @spec validate(Metastatic.Document.t(), keyword()) :: validation_result()


      


Validate a MetaAST document.
Options
	:mode - Validation mode (:strict, :standard, :permissive)
	:max_depth - Maximum allowed AST depth (default: 1000)
	:max_variables - Maximum unique variables (default: 10000)

Examples
iex> doc = %Metastatic.Document{ast: {:literal, [subtype: :integer], 42}, language: :python, metadata: %{}}
iex> {:ok, meta} = Metastatic.Validator.validate(doc)
iex> meta.level
:core

iex> invalid_doc = %Metastatic.Document{ast: {:invalid_type, [], "oops"}, language: :python, metadata: %{}}
iex> Metastatic.Validator.validate(invalid_doc)
{:error, {:invalid_structure, {:invalid_type, [], "oops"}}}

  



    

  
    
      
    
    
      validate_ast(ast, opts \\ [])



        
          
        

    

  


  

      

          @spec validate_ast(Metastatic.AST.meta_ast(), keyword()) :: validation_result()


      


Validate just the AST structure (without Document wrapper).
Examples
iex> {:ok, meta} = Metastatic.Validator.validate_ast({:literal, [subtype: :integer], 42})
iex> meta.level
:core

iex> Metastatic.Validator.validate_ast({:invalid, [], "nope"})
{:error, {:invalid_structure, {:invalid, [], "nope"}}}

  


        

      


  

    
Metastatic.CLI 
    



      
Shared utilities for Metastatic CLI commands.
Provides common functionality for Mix tasks including:
	Adapter lookup by language or file extension
	File path handling
	Error formatting
	Success/error reporting


      


      
        Summary


  
    Types
  


    
      
        file_path()

      


    


    
      
        language()

      


    





  
    Functions
  


    
      
        detect_language(path)

      


        Detect language from file extension.



    


    
      
        fatal(message)

      


        Print error and exit with status code 1.



    


    
      
        format_error(message)

      


        Format error message for CLI output.



    


    
      
        format_info(message)

      


        Format info message for CLI output.



    


    
      
        format_success(message)

      


        Format success message for CLI output.



    


    
      
        get_adapter(language)

      


        Get adapter for a given language.



    


    
      
        parse_language(lang_str)

      


        Parse a language string from CLI options into an atom.



    


    
      
        read_file(path)

      


        Read file contents.



    


    
      
        write_file(path, content)

      


        Write file contents, creating directories if needed.



    





      


      
        Types


        


  
    
      
    
    
      file_path()



        
          
        

    

  


  

      

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


      



  



  
    
      
    
    
      language()



        
          
        

    

  


  

      

          @type language() :: atom()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      detect_language(path)



        
          
        

    

  


  

      

          @spec detect_language(file_path()) :: {:ok, language()} | {:error, String.t()}


      


Detect language from file extension.
Delegates to Metastatic.Languages.detect_language/1.
Examples
iex> Metastatic.CLI.detect_language("foo.py")
{:ok, :python}

iex> Metastatic.CLI.detect_language("foo.ex")
{:ok, :elixir}

iex> Metastatic.CLI.detect_language("foo.erl")
{:ok, :erlang}

iex> Metastatic.CLI.detect_language("foo.rb")
{:ok, :ruby}

iex> Metastatic.CLI.detect_language("foo.txt")
{:error, "Cannot detect language from extension: .txt"}

  



  
    
      
    
    
      fatal(message)



        
          
        

    

  


  

      

          @spec fatal(String.t()) :: no_return()


      


Print error and exit with status code 1.

  



  
    
      
    
    
      format_error(message)



        
          
        

    

  


  

      

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


      


Format error message for CLI output.
Prefixes with red "Error: " for terminal output.

  



  
    
      
    
    
      format_info(message)



        
          
        

    

  


  

      

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


      


Format info message for CLI output.
Prefixes with blue info icon for terminal output.

  



  
    
      
    
    
      format_success(message)



        
          
        

    

  


  

      

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


      


Format success message for CLI output.
Prefixes with green checkmark for terminal output.

  



  
    
      
    
    
      get_adapter(language)



        
          
        

    

  


  

      

          @spec get_adapter(language()) :: {:ok, module()} | {:error, String.t()}


      


Get adapter for a given language.
Delegates to Metastatic.Languages.get_adapter/1.
Examples
iex> Metastatic.CLI.get_adapter(:python)
{:ok, Metastatic.Adapters.Python}

iex> Metastatic.CLI.get_adapter(:unknown)
{:error, "Unsupported language: unknown. Supported: elixir, erlang, haskell, python, ruby"}

  



  
    
      
    
    
      parse_language(lang_str)



        
          
        

    

  


  

      

          @spec parse_language(String.t() | nil) :: {:ok, atom()} | {:error, String.t()} | nil


      


Parse a language string from CLI options into an atom.
Delegates to Metastatic.Languages.parse_language/1.
Examples
iex> Metastatic.CLI.parse_language("python")
{:ok, :python}

iex> Metastatic.CLI.parse_language(nil)
nil

iex> Metastatic.CLI.parse_language("brainfuck")
{:error, "Invalid language: brainfuck. Supported: elixir, erlang, haskell, python, ruby"}

  



  
    
      
    
    
      read_file(path)



        
          
        

    

  


  

      

          @spec read_file(file_path()) :: {:ok, String.t()} | {:error, String.t()}


      


Read file contents.
Examples
iex> Metastatic.CLI.read_file("test.py")
{:ok, "print('hello')"}

iex> Metastatic.CLI.read_file("nonexistent.py")
{:error, "Cannot read file test.py: enoent"}

  



  
    
      
    
    
      write_file(path, content)



        
          
        

    

  


  

      

          @spec write_file(file_path(), String.t()) :: :ok | {:error, String.t()}


      


Write file contents, creating directories if needed.
Examples
iex> Metastatic.CLI.write_file("output/test.py", "print('hello')")
:ok

  


        

      


  

    
Metastatic.CLI.Formatter 
    



      
Output formatting utilities for Metastatic CLI.
Supports multiple output formats:
	Tree format (default) - Human-readable tree structure
	JSON format - Machine-readable JSON
	Plain format - Simple text representation


      


      
        Summary


  
    Types
  


    
      
        format()

      


    


    
      
        meta_ast()

      


    





  
    Functions
  


    
      
        format(ast, atom)

      


        Format a MetaAST node for display.



    


    
      
        format_document(doc, format)

      


        Format a Document for display.



    





      


      
        Types


        


  
    
      
    
    
      format()



        
          
        

    

  


  

      

          @type format() :: :tree | :json | :plain


      



  



  
    
      
    
    
      meta_ast()



        
          
        

    

  


  

      

          @type meta_ast() :: Metastatic.AST.meta_ast()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      format(ast, atom)



        
          
        

    

  


  

      

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


      


Format a MetaAST node for display.
Uses 3-tuple format: {type, meta, children_or_value}
Examples
iex> format({:literal, [subtype: :integer], 42}, :plain)
"literal(integer, 42)"

iex> format({:binary_op, [category: :arithmetic, operator: :+], [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}, :tree)
"binary_op (arithmetic: +)\n  variable: x\n  literal (integer): 5"

  



  
    
      
    
    
      format_document(doc, format)



        
          
        

    

  


  

      

          @spec format_document(Metastatic.Document.t(), format()) :: String.t()


      


Format a Document for display.
Includes metadata about language, validation status, etc.

  


        

      


  

    
Metastatic.CLI.Inspector 
    



      
AST inspection and analysis logic for Metastatic CLI.
Provides various inspection capabilities:
	Layer filtering (core, extended, native)
	Variable extraction
	Node counting
	Depth analysis


      


      
        Summary


  
    Types
  


    
      
        inspection_result()

      


    


    
      
        layer()

      


    





  
    Functions
  


    
      
        extract_variables(doc)

      


        Extract only variables from a MetaAST.



    


    
      
        inspect_document(doc, opts \\ [])

      


        Inspect a MetaAST document.



    


    
      
        validate_with_details(doc, mode \\ :standard)

      


        Validate a document and return detailed validation metadata.



    





      


      
        Types


        


  
    
      
    
    
      inspection_result()



        
          
        

    

  


  

      

          @type inspection_result() :: %{
  ast: Metastatic.AST.meta_ast(),
  variables: MapSet.t(String.t()),
  layer: layer(),
  depth: non_neg_integer(),
  node_count: non_neg_integer()
}


      



  



  
    
      
    
    
      layer()



        
          
        

    

  


  

      

          @type layer() :: :core | :extended | :native | :all


      



  


        

      

      
        Functions


        


  
    
      
    
    
      extract_variables(doc)



        
          
        

    

  


  

      

          @spec extract_variables(Metastatic.Document.t()) :: {:ok, MapSet.t(String.t())}


      


Extract only variables from a MetaAST.

  



    

  
    
      
    
    
      inspect_document(doc, opts \\ [])



        
          
        

    

  


  

      

          @spec inspect_document(Metastatic.Document.t(), keyword()) ::
  {:ok, inspection_result()} | {:error, String.t()}


      


Inspect a MetaAST document.
Returns detailed information about the AST structure.

  



    

  
    
      
    
    
      validate_with_details(doc, mode \\ :standard)



        
          
        

    

  


  

      

          @spec validate_with_details(Metastatic.Document.t(), atom()) ::
  {:ok, Metastatic.Validator.validation_result()} | {:error, term()}


      


Validate a document and return detailed validation metadata.

  


        

      


  

    
Metastatic.CLI.Translator 
    



      
Cross-language translation orchestration for Metastatic CLI.
Handles translation of individual files or entire directories from one
programming language to another using MetaAST as the intermediate representation.
Translation Pipeline
	Parse source code to native AST (M1)
	Transform to MetaAST (M2)
	Transform MetaAST to target language AST (M1')
	Unparse to target language source code

Example
iex> translate("example.py", :python, :elixir, "example.ex")
{:ok, "example.ex"}
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    Types
  


    
      
        file_path()

      


    


    
      
        language()

      


    


    
      
        translate_result()

      


    





  
    Functions
  


    
      
        translate(source_path, from_lang, to_lang, output_path)

      


        Translate a single file from one language to another.



    


    
      
        translate_directory(source_dir, from_lang, to_lang, output_dir)

      


        Translate a directory of files from one language to another.



    


    
      
        translate_with_auto_output(source_path, from_lang, to_lang)

      


        Translate a single file, auto-detecting output path.
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      file_path()



        
          
        

    

  


  

      

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


      



  



  
    
      
    
    
      language()



        
          
        

    

  


  

      

          @type language() :: atom()


      



  



  
    
      
    
    
      translate_result()



        
          
        

    

  


  

      

          @type translate_result() :: {:ok, file_path()} | {:error, String.t()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      translate(source_path, from_lang, to_lang, output_path)



        
          
        

    

  


  

      

          @spec translate(file_path(), language(), language(), file_path()) ::
  translate_result()


      


Translate a single file from one language to another.
Parameters
	source_path - Path to source file
	from_lang - Source language (:python, :elixir, :erlang)
	to_lang - Target language (:python, :elixir, :erlang)
	output_path - Path for output file

Examples
iex> translate("hello.py", :python, :elixir, "hello.ex")
{:ok, "hello.ex"}

iex> translate("invalid.py", :python, :elixir, "out.ex")
{:error, "Parse error: ..."}

  



  
    
      
    
    
      translate_directory(source_dir, from_lang, to_lang, output_dir)



        
          
        

    

  


  

      

          @spec translate_directory(file_path(), language(), language(), file_path()) ::
  {:ok, [file_path()]} | {:error, String.t()}


      


Translate a directory of files from one language to another.
Recursively processes all files with matching extensions in the source
directory and writes translated files to the output directory, preserving
the directory structure.
Parameters
	source_dir - Source directory path
	from_lang - Source language
	to_lang - Target language
	output_dir - Output directory path

Examples
iex> translate_directory("src/python", :python, :elixir, "src/elixir")
{:ok, ["src/elixir/foo.ex", "src/elixir/bar.ex"]}

  



  
    
      
    
    
      translate_with_auto_output(source_path, from_lang, to_lang)



        
          
        

    

  


  

      

          @spec translate_with_auto_output(file_path(), language(), language()) ::
  translate_result()


      


Translate a single file, auto-detecting output path.
Output path is generated by changing the file extension to match
the target language.
Examples
iex> translate_with_auto_output("hello.py", :python, :elixir)
{:ok, "hello.ex"}

iex> translate_with_auto_output("src/foo.ex", :elixir, :python)
{:ok, "src/foo.py"}

  


        

      


  

    
Metastatic.Semantic.Enricher 
    



      
AST enricher for semantic metadata injection.
This module provides functions to enrich MetaAST nodes with semantic
metadata. Two kinds of enrichment are performed:
	op_kind on :function_call nodes -- classifies calls by
semantic domain (database, HTTP, queue, ...) using registered patterns.
	callback_for on :function_def nodes -- tags functions that
implement a known behaviour/base-class callback (e.g., Oban.Worker
perform/1, ActiveJob::Base perform).

Usage
Single Node Enrichment
alias Metastatic.Semantic.Enricher

# Enrich a single function_call node
enriched = Enricher.enrich(node, :elixir)
Full Tree Enrichment
# Enrich all nodes in an AST tree (including callback_for)
enriched_ast = Enricher.enrich_tree(ast, :python)
Integration with Adapters
The enricher should be called at the end of the to_meta transformation:
def transform(native_ast) do
  with {:ok, meta_ast, metadata} <- do_transform(native_ast) do
    enriched = Enricher.enrich_tree(meta_ast, :python)
    {:ok, enriched, metadata}
  end
end
Enrichment Strategy
Enrichment is eager -- all applicable nodes are enriched in a single
pass. This ensures semantic information is available immediately for
analyzers.
The tree traversal is context-aware: when entering a :container node,
the enricher collects behaviours declared via :import children (e.g.,
use Oban.Worker) and :parent metadata (e.g., Ruby class inheritance).
These behaviours are then matched against the Semantic.Callbacks
registry to annotate enclosed :function_def nodes.
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    Types
  


    
      
        enricher_acc()

      


        Traversal accumulator carrying container context



    


    
      
        language()

      


        Language identifier for pattern matching



    





  
    Functions
  


    
      
        enrich(node, language)

      


        Enriches a single MetaAST node with semantic metadata.



    


    
      
        enrich_callback(node, language, behaviours)

      


        Enriches a :function_def node with callback_for metadata.



    


    
      
        enrich_tree(ast, language)

      


        Enriches an entire AST tree with semantic metadata.



    


    
      
        enriched?(arg1)

      


        Checks if a node has been enriched with semantic metadata.



    


    
      
        get_callback_for(arg1)

      


        Gets the callback_for value from a node, if present.



    


    
      
        get_op_kind(arg1)

      


        Gets the op_kind from a node, if present.
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      enricher_acc()



        
          
        

    

  


  

      

          @type enricher_acc() :: %{
  language: language(),
  behaviours: [String.t()],
  behaviour_stack: [[String.t()]]
}


      


Traversal accumulator carrying container context

  



  
    
      
    
    
      language()



        
          
        

    

  


  

      

          @type language() :: Metastatic.Semantic.Patterns.language()


      


Language identifier for pattern matching

  


        

      

      
        Functions


        


  
    
      
    
    
      enrich(node, language)



        
          
        

    

  


  

      

          @spec enrich(Metastatic.AST.meta_ast(), language()) :: Metastatic.AST.meta_ast()


      


Enriches a single MetaAST node with semantic metadata.
If the node is a :function_call and matches a known pattern for the
given language, adds op_kind metadata. Otherwise returns the node unchanged.
Parameters
	node - The MetaAST node to enrich
	language - The source language for pattern matching

Examples
iex> node = {:function_call, [name: "Repo.get"], [{:variable, [], "User"}, {:literal, [subtype: :integer], 1}]}
iex> enriched = Enricher.enrich(node, :elixir)
iex> Keyword.get(elem(enriched, 1), :op_kind)
[domain: :db, operation: :retrieve, target: "User", async: false, framework: :ecto]

  



  
    
      
    
    
      enrich_callback(node, language, behaviours)



        
          
        

    

  


  

      

          @spec enrich_callback(Metastatic.AST.meta_ast(), language(), [String.t()]) ::
  Metastatic.AST.meta_ast()


      


Enriches a :function_def node with callback_for metadata.
When the function matches a known callback for one of the given
behaviours, the node's metadata is annotated with
callback_for: "BehaviourModule".
This is called internally by enrich_tree/2 with the behaviours
collected from the enclosing :container. Can also be called
directly when the set of behaviours is known.
Parameters
	node - A :function_def MetaAST node
	language - Source language atom
	behaviours - List of behaviour/base-class module name strings

Examples
iex> node = {:function_def, [name: "perform", params: [{:param, [], "job"}], visibility: :public, arity: 1], []}
iex> enriched = Enricher.enrich_callback(node, :elixir, ["Oban.Worker"])
iex> Keyword.get(elem(enriched, 1), :callback_for)
"Oban.Worker"

  



  
    
      
    
    
      enrich_tree(ast, language)



        
          
        

    

  


  

      

          @spec enrich_tree(Metastatic.AST.meta_ast(), language()) :: Metastatic.AST.meta_ast()


      


Enriches an entire AST tree with semantic metadata.
Traverses the AST and enriches all applicable nodes. This is the
recommended way to enrich AST during adapter transformations.
The traversal is context-aware:
	On entering a :container node, collects behaviours from its
:import children and :parent metadata.
	On leaving a :function_def inside such a container, checks
Callbacks.lookup/4 and adds callback_for: if matched.
	On leaving a :function_call, adds op_kind: if matched.

Parameters
	ast - The root MetaAST node
	language - The source language for pattern matching

Examples
iex> ast = {:block, [], [
...>   {:function_call, [name: "Repo.get"], [{:variable, [], "User"}, {:literal, [subtype: :integer], 1}]},
...>   {:function_call, [name: "Repo.all"], [{:variable, [], "Post"}]}
...> ]}
iex> enriched = Enricher.enrich_tree(ast, :elixir)
iex> {:block, [], [call1, call2]} = enriched
iex> Keyword.get(elem(call1, 1), :op_kind) |> Keyword.get(:operation)
:retrieve
iex> Keyword.get(elem(call2, 1), :op_kind) |> Keyword.get(:operation)
:retrieve_all

  



  
    
      
    
    
      enriched?(arg1)



        
          
        

    

  


  

      

          @spec enriched?(Metastatic.AST.meta_ast()) :: boolean()


      


Checks if a node has been enriched with semantic metadata.
Returns true if the node carries op_kind or callback_for.
Examples
iex> node = {:function_call, [name: "Repo.get", op_kind: [domain: :db, operation: :retrieve]], []}
iex> Enricher.enriched?(node)
true

iex> node = {:function_def, [name: "perform", callback_for: "Oban.Worker"], []}
iex> Enricher.enriched?(node)
true

iex> node = {:function_call, [name: "unknown"], []}
iex> Enricher.enriched?(node)
false

  



  
    
      
    
    
      get_callback_for(arg1)



        
          
        

    

  


  

      

          @spec get_callback_for(Metastatic.AST.meta_ast()) :: String.t() | nil


      


Gets the callback_for value from a node, if present.
Examples
iex> node = {:function_def, [name: "perform", callback_for: "Oban.Worker"], []}
iex> Enricher.get_callback_for(node)
"Oban.Worker"

iex> node = {:function_def, [name: "run"], []}
iex> Enricher.get_callback_for(node)
nil

  



  
    
      
    
    
      get_op_kind(arg1)



        
          
        

    

  


  

      

          @spec get_op_kind(Metastatic.AST.meta_ast()) :: Metastatic.Semantic.OpKind.t() | nil


      


Gets the op_kind from a node, if present.
Examples
iex> node = {:function_call, [name: "Repo.get", op_kind: [domain: :db, operation: :retrieve]], []}
iex> Enricher.get_op_kind(node)
[domain: :db, operation: :retrieve]

iex> node = {:function_call, [name: "unknown"], []}
iex> Enricher.get_op_kind(node)
nil

  


        

      


  

    
Metastatic.Semantic.OpKind 
    



      
Semantic operation kind metadata for MetaAST nodes.
OpKind captures the semantic meaning of function calls and operations,
enabling analyzers to reason about code at a higher level than raw syntax.
Structure
An OpKind is a keyword list with the following fields:
	:domain - The operation domain (required)
	:operation - The specific operation type (required)
	:target - The entity/resource being operated on (optional)
	:async - Whether this is an async operation (optional, default: false)
	:framework - The framework/library this pattern comes from (optional)

Domains
Currently supported domains:
	:db - Database operations (CRUD, transactions, queries)

Future domains (not yet implemented):
	:http - HTTP client operations
	:auth - Authentication/authorization
	:cache - Cache operations
	:queue - Message queue operations
	:file - File I/O operations
	:external_api - External API calls

Database Operations (:db)
	Operation	Description
	:retrieve	Fetch single record by primary key
	:retrieve_all	Fetch multiple/all records
	:query	Complex query with conditions
	:create	Insert new record
	:update	Update existing record
	:delete	Delete record
	:transaction	Transaction boundary
	:preload	Eager load associations
	:aggregate	Aggregation operations (count, sum, etc.)

Examples
# Elixir/Ecto: Repo.get(User, 1)
[domain: :db, operation: :retrieve, target: "User", framework: :ecto]

# Python/Django: User.objects.filter(active=True)
[domain: :db, operation: :query, target: "User", framework: :django]

# JavaScript/Sequelize: User.findAll()
[domain: :db, operation: :retrieve_all, target: "User", framework: :sequelize]
Usage in MetaAST
OpKind is stored in the metadata of :function_call nodes:
{:function_call, [
  name: "Repo.get",
  line: 42,
  op_kind: [domain: :db, operation: :retrieve, target: "User"]
], [args...]}
Analyzers can check for the presence of op_kind:
def analyze({:function_call, meta, _args} = node, _context) do
  case Keyword.get(meta, :op_kind) do
    nil -> use_heuristics(node)
    op_kind -> analyze_with_semantic(node, op_kind)
  end
end
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        HTTP operation types
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        All operation types (union of domain-specific operations)
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        Queue operation types
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        OpKind as a keyword list



    





  
    Functions
  


    
      
        auth?(op_kind)

      


        Checks if this is an auth operation.



    


    
      
        auth_operations()

      


        Returns all supported auth operations.



    


    
      
        cache?(op_kind)

      


        Checks if this is a cache operation.



    


    
      
        cache_operations()

      


        Returns all supported cache operations.



    


    
      
        db?(op_kind)

      


        Checks if this is a database operation.



    


    
      
        db_operations()

      


        Returns all supported database operations.



    


    
      
        domain(op_kind)

      


        Gets the domain from an OpKind.



    


    
      
        domains()

      


        Returns all supported domains.



    


    
      
        external_api?(op_kind)

      


        Checks if this is an external API operation.



    


    
      
        external_api_operations()

      


        Returns all supported external API operations.



    


    
      
        file?(op_kind)

      


        Checks if this is a file operation.



    


    
      
        file_operations()

      


        Returns all supported file operations.



    


    
      
        http?(op_kind)

      


        Checks if this is an HTTP operation.



    


    
      
        http_operations()

      


        Returns all supported HTTP operations.



    


    
      
        new(domain, operation, opts \\ [])

      


        Creates a new OpKind keyword list.



    


    
      
        operation(op_kind)

      


        Gets the operation from an OpKind.



    


    
      
        queue?(op_kind)

      


        Checks if this is a queue operation.



    


    
      
        queue_operations()

      


        Returns all supported queue operations.



    


    
      
        read?(op_kind)

      


        Checks if this is a read operation (retrieve, retrieve_all, query).



    


    
      
        target(op_kind)

      


        Gets the target from an OpKind.



    


    
      
        valid?(op_kind)

      


        Checks if a value is a valid OpKind.



    


    
      
        write?(op_kind)

      


        Checks if this is a write operation (create, update, delete).
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      auth_operation()



        
          
        

    

  


  

      

          @type auth_operation() ::
  :login
  | :logout
  | :authenticate
  | :register
  | :verify_token
  | :generate_token
  | :refresh_token
  | :hash_password
  | :verify_password
  | :authorize
  | :oauth
  | :session


      


Auth operation types

  



  
    
      
    
    
      cache_operation()



        
          
        

    

  


  

      

          @type cache_operation() ::
  :get
  | :set
  | :delete
  | :clear
  | :invalidate
  | :expire
  | :exists
  | :increment
  | :decrement
  | :ttl
  | :fetch


      


Cache operation types

  



  
    
      
    
    
      db_operation()



        
          
        

    

  


  

      

          @type db_operation() ::
  :retrieve
  | :retrieve_all
  | :query
  | :create
  | :update
  | :delete
  | :transaction
  | :preload
  | :aggregate


      


Database operation types

  



  
    
      
    
    
      domain()



        
          
        

    

  


  

      

          @type domain() :: :db | :http | :auth | :cache | :queue | :file | :external_api


      


Supported operation domains

  



  
    
      
    
    
      external_api_operation()



        
          
        

    

  


  

      

          @type external_api_operation() ::
  :call | :upload | :download | :send | :charge | :webhook | :search | :sync


      


External API operation types

  



  
    
      
    
    
      file_operation()



        
          
        

    

  


  

      

          @type file_operation() ::
  :read
  | :write
  | :append
  | :delete
  | :copy
  | :move
  | :exists
  | :stat
  | :mkdir
  | :rmdir
  | :list
  | :open
  | :close


      


File operation types

  



  
    
      
    
    
      framework()



        
          
        

    

  


  

      

          @type framework() ::
  :ecto
  | :amnesia
  | :sqlalchemy
  | :django
  | :peewee
  | :sequelize
  | :typeorm
  | :prisma
  | :mongoose
  | :activerecord
  | :httpoison
  | :req
  | :tesla
  | :finch
  | :requests
  | :httpx
  | :aiohttp
  | :nethttp
  | :httparty
  | :faraday
  | :restclient
  | :fetch
  | :axios
  | :got
  | :superagent
  | :guardian
  | :pow
  | :bcrypt_elixir
  | :argon2_elixir
  | :pbkdf2_elixir
  | :comeonin
  | :ueberauth
  | :flask_login
  | :pyjwt
  | :jose
  | :passlib
  | :devise
  | :warden
  | :bcrypt_ruby
  | :passport
  | :jsonwebtoken
  | :bcryptjs
  | :auth0
  | :cachex
  | :concache
  | :nebulex
  | :ets
  | :redis_py
  | :django_cache
  | :flask_cache
  | :rails_cache
  | :dalli
  | :redis_rb
  | :node_cache
  | :ioredis
  | :broadway
  | :oban
  | :genstage
  | :amqp
  | :celery
  | :rq
  | :kombu
  | :sidekiq
  | :activejob
  | :resque
  | :bullmq
  | :amqplib
  | :agenda
  | :elixir_file
  | :elixir_io
  | :python_builtin
  | :python_os
  | :pathlib
  | :shutil
  | :ruby_file
  | :fileutils
  | :nodejs_fs
  | :nodejs_fs_promises
  | :ex_aws
  | :boto3
  | :aws_sdk
  | :aws_sdk_js
  | :stripe
  | :twilio
  | :sendgrid
  | :unknown


      


Known framework identifiers
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          @type http_operation() ::
  :get | :post | :put | :patch | :delete | :head | :options | :request | :stream


      


HTTP operation types

  



  
    
      
    
    
      operation()



        
          
        

    

  


  

      

          @type operation() ::
  db_operation()
  | http_operation()
  | auth_operation()
  | cache_operation()
  | queue_operation()
  | file_operation()
  | external_api_operation()


      


All operation types (union of domain-specific operations)

  



  
    
      
    
    
      queue_operation()



        
          
        

    

  


  

      

          @type queue_operation() ::
  :publish
  | :consume
  | :subscribe
  | :acknowledge
  | :reject
  | :enqueue
  | :dequeue
  | :schedule
  | :retry
  | :process


      


Queue operation types

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: [
  domain: domain(),
  operation: operation(),
  target: String.t() | nil,
  async: boolean(),
  framework: framework() | nil
]


      


OpKind as a keyword list

  


        

      

      
        Functions


        


  
    
      
    
    
      auth?(op_kind)



        
          
        

    

  


  

      

          @spec auth?(t()) :: boolean()


      


Checks if this is an auth operation.
Examples
iex> op_kind = [domain: :auth, operation: :login]
iex> Metastatic.Semantic.OpKind.auth?(op_kind)
true

iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.auth?(op_kind)
false

  



  
    
      
    
    
      auth_operations()



        
          
        

    

  


  

      

          @spec auth_operations() :: [auth_operation()]


      


Returns all supported auth operations.
Examples
iex> Metastatic.Semantic.OpKind.auth_operations()
[:login, :logout, :authenticate, :register, :verify_token, :generate_token, :refresh_token, :hash_password, :verify_password, :authorize, :oauth, :session]

  



  
    
      
    
    
      cache?(op_kind)



        
          
        

    

  


  

      

          @spec cache?(t()) :: boolean()


      


Checks if this is a cache operation.
Examples
iex> op_kind = [domain: :cache, operation: :get]
iex> Metastatic.Semantic.OpKind.cache?(op_kind)
true

iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.cache?(op_kind)
false

  



  
    
      
    
    
      cache_operations()



        
          
        

    

  


  

      

          @spec cache_operations() :: [cache_operation()]


      


Returns all supported cache operations.
Examples
iex> Metastatic.Semantic.OpKind.cache_operations()
[:get, :set, :delete, :clear, :invalidate, :expire, :exists, :increment, :decrement, :ttl, :fetch]

  



  
    
      
    
    
      db?(op_kind)



        
          
        

    

  


  

      

          @spec db?(t()) :: boolean()


      


Checks if this is a database operation.
Examples
iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.db?(op_kind)
true

iex> op_kind = [domain: :http, operation: :get]
iex> Metastatic.Semantic.OpKind.db?(op_kind)
false

  



  
    
      
    
    
      db_operations()



        
          
        

    

  


  

      

          @spec db_operations() :: [db_operation()]


      


Returns all supported database operations.
Examples
iex> Metastatic.Semantic.OpKind.db_operations()
[:retrieve, :retrieve_all, :query, :create, :update, :delete, :transaction, :preload, :aggregate]

  



  
    
      
    
    
      domain(op_kind)



        
          
        

    

  


  

      

          @spec domain(t()) :: domain() | nil


      


Gets the domain from an OpKind.
Examples
iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.domain(op_kind)
:db

  



  
    
      
    
    
      domains()



        
          
        

    

  


  

      

          @spec domains() :: [domain()]


      


Returns all supported domains.
Examples
iex> Metastatic.Semantic.OpKind.domains()
[:db, :http, :auth, :cache, :queue, :file, :external_api]

  



  
    
      
    
    
      external_api?(op_kind)



        
          
        

    

  


  

      

          @spec external_api?(t()) :: boolean()


      


Checks if this is an external API operation.
Examples
iex> op_kind = [domain: :external_api, operation: :call]
iex> Metastatic.Semantic.OpKind.external_api?(op_kind)
true

iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.external_api?(op_kind)
false

  



  
    
      
    
    
      external_api_operations()



        
          
        

    

  


  

      

          @spec external_api_operations() :: [external_api_operation()]


      


Returns all supported external API operations.
Examples
iex> Metastatic.Semantic.OpKind.external_api_operations()
[:call, :upload, :download, :send, :charge, :webhook, :search, :sync]

  



  
    
      
    
    
      file?(op_kind)



        
          
        

    

  


  

      

          @spec file?(t()) :: boolean()


      


Checks if this is a file operation.
Examples
iex> op_kind = [domain: :file, operation: :read]
iex> Metastatic.Semantic.OpKind.file?(op_kind)
true

iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.file?(op_kind)
false

  



  
    
      
    
    
      file_operations()



        
          
        

    

  


  

      

          @spec file_operations() :: [file_operation()]


      


Returns all supported file operations.
Examples
iex> Metastatic.Semantic.OpKind.file_operations()
[:read, :write, :append, :delete, :copy, :move, :exists, :stat, :mkdir, :rmdir, :list, :open, :close]

  



  
    
      
    
    
      http?(op_kind)



        
          
        

    

  


  

      

          @spec http?(t()) :: boolean()


      


Checks if this is an HTTP operation.
Examples
iex> op_kind = [domain: :http, operation: :get]
iex> Metastatic.Semantic.OpKind.http?(op_kind)
true

iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.http?(op_kind)
false

  



  
    
      
    
    
      http_operations()



        
          
        

    

  


  

      

          @spec http_operations() :: [http_operation()]


      


Returns all supported HTTP operations.
Examples
iex> Metastatic.Semantic.OpKind.http_operations()
[:get, :post, :put, :patch, :delete, :head, :options, :request, :stream]

  



    

  
    
      
    
    
      new(domain, operation, opts \\ [])



        
          
        

    

  


  

      

          @spec new(domain(), operation(), keyword()) :: t()


      


Creates a new OpKind keyword list.
Examples
iex> Metastatic.Semantic.OpKind.new(:db, :retrieve)
[domain: :db, operation: :retrieve, target: nil, async: false, framework: nil]

iex> Metastatic.Semantic.OpKind.new(:db, :retrieve, target: "User", framework: :ecto)
[domain: :db, operation: :retrieve, target: "User", async: false, framework: :ecto]

  



  
    
      
    
    
      operation(op_kind)



        
          
        

    

  


  

      

          @spec operation(t()) :: operation() | nil


      


Gets the operation from an OpKind.
Examples
iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.operation(op_kind)
:retrieve

  



  
    
      
    
    
      queue?(op_kind)



        
          
        

    

  


  

      

          @spec queue?(t()) :: boolean()


      


Checks if this is a queue operation.
Examples
iex> op_kind = [domain: :queue, operation: :enqueue]
iex> Metastatic.Semantic.OpKind.queue?(op_kind)
true

iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.queue?(op_kind)
false

  



  
    
      
    
    
      queue_operations()



        
          
        

    

  


  

      

          @spec queue_operations() :: [queue_operation()]


      


Returns all supported queue operations.
Examples
iex> Metastatic.Semantic.OpKind.queue_operations()
[:publish, :consume, :subscribe, :acknowledge, :reject, :enqueue, :dequeue, :schedule, :retry, :process]

  



  
    
      
    
    
      read?(op_kind)



        
          
        

    

  


  

      

          @spec read?(t()) :: boolean()


      


Checks if this is a read operation (retrieve, retrieve_all, query).
Examples
iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.read?(op_kind)
true

iex> op_kind = [domain: :db, operation: :create]
iex> Metastatic.Semantic.OpKind.read?(op_kind)
false

  



  
    
      
    
    
      target(op_kind)



        
          
        

    

  


  

      

          @spec target(t()) :: String.t() | nil


      


Gets the target from an OpKind.
Examples
iex> op_kind = [domain: :db, operation: :retrieve, target: "User"]
iex> Metastatic.Semantic.OpKind.target(op_kind)
"User"

  



  
    
      
    
    
      valid?(op_kind)



        
          
        

    

  


  

      

          @spec valid?(term()) :: boolean()


      


Checks if a value is a valid OpKind.
Examples
iex> Metastatic.Semantic.OpKind.valid?([domain: :db, operation: :retrieve])
true

iex> Metastatic.Semantic.OpKind.valid?([domain: :invalid, operation: :foo])
false

iex> Metastatic.Semantic.OpKind.valid?("not a keyword list")
false

  



  
    
      
    
    
      write?(op_kind)



        
          
        

    

  


  

      

          @spec write?(t()) :: boolean()


      


Checks if this is a write operation (create, update, delete).
Examples
iex> op_kind = [domain: :db, operation: :create]
iex> Metastatic.Semantic.OpKind.write?(op_kind)
true

iex> op_kind = [domain: :db, operation: :retrieve]
iex> Metastatic.Semantic.OpKind.write?(op_kind)
false

  


        

      


  

    
Metastatic.Semantic.Patterns 
    



      
Language-aware pattern registry for semantic enrichment.
This module provides a pattern matching engine that maps function names
to semantic operation kinds. Patterns are organized by language and domain,
enabling precise detection of framework-specific operations.
Pattern Types
Three types of patterns are supported:
	Exact match - Full function name: "Repo.get"
	Prefix match - Module prefix with wildcard: "Repo.*"
	Suffix match - Method name at end: "*.findByPk"
	Regex match - Complex patterns: ~r/\.objects\.get/

Usage
alias Metastatic.Semantic.Patterns

# Match a function name against patterns for a language
case Patterns.match("Repo.get", :elixir, args) do
  {:ok, op_kind} -> # Found a match
  :no_match -> # No pattern matched
end
Pattern Registration
Patterns are defined in domain-specific modules (e.g., Domains.Database)
and registered here. Each pattern specifies:
	Language(s) it applies to
	Function name pattern
	Operation kind metadata
	Optional: target extraction strategy


      


      
        Summary


  
    Types
  


    
      
        language()

      


        Language identifier (see Metastatic.Languages.supported_languages/0 for current list)



    


    
      
        pattern_spec()

      


        Pattern specification



    





  
    Functions
  


    
      
        clear_all()

      


        Clears all registered patterns (useful for testing).



    


    
      
        get_patterns(domain, language)

      


        Gets all registered patterns for a domain and language.



    


    
      
        match(func_name, language, args, receiver \\ nil)

      


        Matches a function name against registered patterns for a language.



    


    
      
        register(domain, language, patterns)

      


        Registers patterns for a domain and language.



    





      


      
        Types


        


  
    
      
    
    
      language()



        
          
        

    

  


  

      

          @type language() :: :elixir | :python | :ruby | :erlang | :haskell | atom()


      


Language identifier (see Metastatic.Languages.supported_languages/0 for current list)

  



  
    
      
    
    
      pattern_spec()



        
          
        

    

  


  

      

          @type pattern_spec() :: %{
  operation: Metastatic.Semantic.OpKind.operation(),
  framework: Metastatic.Semantic.OpKind.framework() | nil,
  extract_target: :first_arg | :receiver | :none | nil
}


      


Pattern specification

  


        

      

      
        Functions


        


  
    
      
    
    
      clear_all()



        
          
        

    

  


  

      

          @spec clear_all() :: :ok


      


Clears all registered patterns (useful for testing).

  



  
    
      
    
    
      get_patterns(domain, language)



        
          
        

    

  


  

      

          @spec get_patterns(Metastatic.Semantic.OpKind.domain(), language()) :: [
  {String.t() | Regex.t(), pattern_spec()}
]


      


Gets all registered patterns for a domain and language.

  



    

  
    
      
    
    
      match(func_name, language, args, receiver \\ nil)



        
          
        

    

  


  

      

          @spec match(String.t(), language(), list(), term()) ::
  {:ok, Metastatic.Semantic.OpKind.t()} | :no_match


      


Matches a function name against registered patterns for a language.
Returns {:ok, op_kind} if a pattern matches, or :no_match otherwise.
Parameters
	func_name - The function name to match (e.g., "Repo.get", "session.query")
	language - The source language (e.g., :elixir, :python)
	args - AST arguments for target extraction
	receiver - Optional receiver AST for method calls

Examples
iex> Patterns.match("Repo.get", :elixir, [{:variable, [], "User"}, {:literal, [subtype: :integer], 1}])
{:ok, [domain: :db, operation: :retrieve, target: "User", async: false, framework: :ecto]}

iex> Patterns.match("unknown_function", :elixir, [])
:no_match

  



  
    
      
    
    
      register(domain, language, patterns)



        
          
        

    

  


  

      

          @spec register(Metastatic.Semantic.OpKind.domain(), language(), [
  {String.t() | Regex.t(), pattern_spec()}
]) :: :ok


      


Registers patterns for a domain and language.
This is called by domain modules (e.g., Domains.Database) during compilation.
Examples
Patterns.register(:db, :elixir, [
  {"Repo.get", %{operation: :retrieve, framework: :ecto, extract_target: :first_arg}},
  {"Repo.all", %{operation: :retrieve_all, framework: :ecto}}
])

  


        

      


  

    
Metastatic.Semantic.Domains.Auth 
    



      
Authentication and authorization operation patterns for semantic enrichment.
This module defines patterns for detecting auth operations across
multiple languages and auth libraries. Patterns are registered with
the Metastatic.Semantic.Patterns registry at module load time.
Supported Libraries
Elixir
	Guardian - JWT authentication
	Pow - User authentication
	Bcrypt/Argon2 - Password hashing
	Ueberauth - OAuth authentication

Python
	Flask-Login - Flask authentication
	Django auth - Django authentication
	passlib - Password hashing
	PyJWT/python-jose - JWT handling

Ruby
	Devise - Rails authentication
	Warden - Rack authentication
	bcrypt - Password hashing
	Knock - JWT authentication

JavaScript
	Passport.js - Node.js authentication
	jsonwebtoken - JWT handling
	bcrypt - Password hashing
	Auth0 - Auth0 SDK

Auth Operations
	Operation	Description
	:login	User login/sign-in
	:logout	User logout/sign-out
	:authenticate	Verify user credentials
	:register	User registration
	:verify_token	JWT/token verification
	:generate_token	JWT/token generation
	:refresh_token	Token refresh
	:hash_password	Password hashing
	:verify_password	Password verification
	:authorize	Check authorization/permissions
	:oauth	OAuth flow operations
	:session	Session management

Pattern Structure
Each pattern is a tuple of {pattern, spec} where:
	pattern - String or Regex to match function names
	spec - Map with operation details:	:operation - The auth operation type
	:framework - The auth library identifier
	:extract_target - Strategy for extracting user/resource




      


      
        Summary


  
    Functions
  


    
      
        register_all()

      


        Registers all auth patterns for all languages.



    





      


      
        Functions


        


  
    
      
    
    
      register_all()



        
          
        

    

  


  

      

          @spec register_all() :: :ok


      


Registers all auth patterns for all languages.
Called automatically when the module is loaded. Can also be called
manually to re-register patterns (e.g., after clearing).

  


        

      


  

    
Metastatic.Semantic.Domains.Cache 
    



      
Cache operation patterns for semantic enrichment.
This module defines patterns for detecting cache operations across
multiple languages and caching libraries. Patterns are registered with
the Metastatic.Semantic.Patterns registry at module load time.
Supported Libraries
Elixir
	Cachex - In-memory cache with TTL support
	ConCache - ETS-based caching
	Nebulex - Distributed caching
	ETS - Erlang Term Storage

Python
	redis-py - Redis client
	python-memcached - Memcached client
	Flask-Caching - Flask caching extension
	django-cache - Django caching framework

Ruby
	Rails.cache - Rails caching API
	Dalli - Memcached client
	redis-rb - Redis client

JavaScript
	node-cache - In-memory caching
	redis/ioredis - Redis clients
	memcached - Memcached client

Cache Operations
	Operation	Description
	:get	Retrieve value from cache
	:set	Store value in cache
	:delete	Remove value from cache
	:clear	Clear all cache entries
	:invalidate	Invalidate cache entries
	:expire	Set/update TTL
	:exists	Check if key exists
	:increment	Increment numeric value
	:decrement	Decrement numeric value
	:ttl	Get time-to-live
	:fetch	Get or compute value

Pattern Structure
Each pattern is a tuple of {pattern, spec} where:
	pattern - String or Regex to match function names
	spec - Map with operation details:	:operation - The cache operation type
	:framework - The caching library identifier
	:extract_target - Strategy for extracting cache key




      


      
        Summary


  
    Functions
  


    
      
        register_all()

      


        Registers all cache patterns for all languages.



    





      


      
        Functions


        


  
    
      
    
    
      register_all()



        
          
        

    

  


  

      

          @spec register_all() :: :ok


      


Registers all cache patterns for all languages.
Called automatically when the module is loaded. Can also be called
manually to re-register patterns (e.g., after clearing).

  


        

      


  

    
Metastatic.Semantic.Domains.Database 
    



      
Database operation patterns for semantic enrichment.
This module defines patterns for detecting database operations across
multiple languages and ORM frameworks. Patterns are registered with
the Metastatic.Semantic.Patterns registry at module load time.
Supported Frameworks
Elixir
	Ecto - Repo.* operations

Python
	SQLAlchemy - session.*, query.* operations
	Django ORM - *.objects.* operations
	Peewee - Model class operations

Ruby
	ActiveRecord - Model class and instance operations

JavaScript
	Sequelize - Model class operations
	TypeORM - Repository operations
	Prisma - Client operations
	Mongoose - Model operations

Pattern Structure
Each pattern is a tuple of {pattern, spec} where:
	pattern - String or Regex to match function names
	spec - Map with operation details:	:operation - The database operation type
	:framework - The ORM framework identifier
	:extract_target - Strategy for extracting entity name



Target Extraction
Three strategies for extracting the target entity:
	:first_arg - First argument is the entity (e.g., Repo.get(User, 1))
	:receiver - Receiver is the entity (e.g., User.find(1))
	:none - No target extraction


      


      
        Summary


  
    Functions
  


    
      
        register_all()

      


        Registers all database patterns for all languages.



    





      


      
        Functions


        


  
    
      
    
    
      register_all()



        
          
        

    

  


  

      

          @spec register_all() :: :ok


      


Registers all database patterns for all languages.
Called automatically when the module is loaded. Can also be called
manually to re-register patterns (e.g., after clearing).

  


        

      


  

    
Metastatic.Semantic.Domains.ExternalApi 
    



      
External API operation patterns for semantic enrichment.
This module defines patterns for detecting external/third-party API calls across
multiple languages. These are higher-level service integrations beyond basic HTTP.
Patterns are registered with the Metastatic.Semantic.Patterns registry at module load time.
Supported Services
Cloud Services
	AWS SDK - Amazon Web Services
	Google Cloud - GCP services
	Azure - Microsoft Azure
	Stripe - Payment processing
	Twilio - Communication APIs
	SendGrid - Email services

Social/OAuth
	GitHub API - GitHub integrations
	Slack API - Slack integrations
	Twitter/X API - Social media

External API Operations
	Operation	Description
	:call	Generic API call
	:upload	Upload to external service
	:download	Download from external service
	:send	Send notification/message
	:charge	Payment/billing operation
	:webhook	Webhook handling
	:search	Search/query external service
	:sync	Synchronization with service

Pattern Structure
Each pattern is a tuple of {pattern, spec} where:
	pattern - String or Regex to match function names
	spec - Map with operation details:	:operation - The external API operation type
	:framework - The service/SDK identifier
	:extract_target - Strategy for extracting service/resource name




      


      
        Summary


  
    Functions
  


    
      
        register_all()

      


        Registers all external API patterns for all languages.



    





      


      
        Functions


        


  
    
      
    
    
      register_all()



        
          
        

    

  


  

      

          @spec register_all() :: :ok


      


Registers all external API patterns for all languages.
Called automatically when the module is loaded. Can also be called
manually to re-register patterns (e.g., after clearing).

  


        

      


  

    
Metastatic.Semantic.Domains.File 
    



      
File I/O operation patterns for semantic enrichment.
This module defines patterns for detecting file operations across
multiple languages and file handling libraries. Patterns are registered with
the Metastatic.Semantic.Patterns registry at module load time.
Supported Libraries
Elixir
	File - Standard library file operations
	Path - Path manipulation
	IO - Input/output operations

Python
	builtins - open(), read(), write()
	os - OS-level file operations
	pathlib - Object-oriented path operations
	shutil - High-level file operations

Ruby
	File - Standard library file operations
	FileUtils - File utility methods
	IO - Input/output operations

JavaScript
	fs - Node.js file system module
	fs/promises - Promise-based fs operations
	path - Path manipulation

File Operations
	Operation	Description
	:read	Read file contents
	:write	Write to file
	:append	Append to file
	:delete	Delete file
	:copy	Copy file
	:move	Move/rename file
	:exists	Check if file exists
	:stat	Get file metadata
	:mkdir	Create directory
	:rmdir	Remove directory
	:list	List directory contents
	:open	Open file handle
	:close	Close file handle

Pattern Structure
Each pattern is a tuple of {pattern, spec} where:
	pattern - String or Regex to match function names
	spec - Map with operation details:	:operation - The file operation type
	:framework - The file library identifier
	:extract_target - Strategy for extracting file path




      


      
        Summary


  
    Functions
  


    
      
        register_all()

      


        Registers all file patterns for all languages.



    





      


      
        Functions


        


  
    
      
    
    
      register_all()



        
          
        

    

  


  

      

          @spec register_all() :: :ok


      


Registers all file patterns for all languages.
Called automatically when the module is loaded. Can also be called
manually to re-register patterns (e.g., after clearing).

  


        

      


  

    
Metastatic.Semantic.Domains.Http 
    



      
HTTP client operation patterns for semantic enrichment.
This module defines patterns for detecting HTTP client operations across
multiple languages and HTTP client libraries. Patterns are registered with
the Metastatic.Semantic.Patterns registry at module load time.
Supported Libraries
Elixir
	HTTPoison - HTTPoison.* operations
	Req - Req.* operations
	Tesla - Tesla.* operations
	Finch - Finch.* operations
	Mint - Low-level HTTP client

Python
	requests - requests.* operations
	httpx - httpx.* operations (sync and async)
	aiohttp - Async HTTP client
	urllib - Standard library

Ruby
	Net::HTTP - Standard library
	HTTParty - HTTParty.* operations
	Faraday - Faraday.* operations
	RestClient - RestClient.* operations

JavaScript
	fetch - Native Fetch API
	axios - axios.* operations
	got - got.* operations
	node-fetch - Node.js fetch implementation
	superagent - superagent.* operations

HTTP Operations
	Operation	Description
	:get	HTTP GET request
	:post	HTTP POST request
	:put	HTTP PUT request
	:patch	HTTP PATCH request
	:delete	HTTP DELETE request
	:head	HTTP HEAD request
	:options	HTTP OPTIONS request
	:request	Generic HTTP request
	:stream	Streaming HTTP request

Pattern Structure
Each pattern is a tuple of {pattern, spec} where:
	pattern - String or Regex to match function names
	spec - Map with operation details:	:operation - The HTTP operation type
	:framework - The HTTP library identifier
	:extract_target - Strategy for extracting URL/endpoint




      


      
        Summary


  
    Functions
  


    
      
        register_all()

      


        Registers all HTTP patterns for all languages.



    





      


      
        Functions


        


  
    
      
    
    
      register_all()



        
          
        

    

  


  

      

          @spec register_all() :: :ok


      


Registers all HTTP patterns for all languages.
Called automatically when the module is loaded. Can also be called
manually to re-register patterns (e.g., after clearing).

  


        

      


  

    
Metastatic.Semantic.Domains.Queue 
    



      
Message queue operation patterns for semantic enrichment.
This module defines patterns for detecting message queue operations across
multiple languages and queue libraries. Patterns are registered with
the Metastatic.Semantic.Patterns registry at module load time.
Supported Libraries
Elixir
	Broadway - Data processing pipelines
	GenStage - Producer-consumer pipelines
	Oban - Background job processing
	Exq - Redis-backed job processing

Python
	Celery - Distributed task queue
	RQ (Redis Queue) - Simple job queue
	Dramatiq - Background task processing
	Kombu - Messaging library for Python

Ruby
	Sidekiq - Background job processing
	Resque - Redis-backed job processing
	Delayed::Job - Database-backed background jobs
	ActiveJob - Rails job framework

JavaScript
	Bull/BullMQ - Redis-based queue
	Agenda - Job scheduling
	Bee-Queue - Redis job queue
	amqplib - RabbitMQ client

Queue Operations
	Operation	Description
	:publish	Publish/send message to queue
	:consume	Consume/receive message from queue
	:subscribe	Subscribe to queue/topic
	:acknowledge	Acknowledge message processing
	:reject	Reject/nack message
	:enqueue	Add job to queue
	:dequeue	Remove job from queue
	:schedule	Schedule delayed job
	:retry	Retry failed job
	:process	Process job/message

Pattern Structure
Each pattern is a tuple of {pattern, spec} where:
	pattern - String or Regex to match function names
	spec - Map with operation details:	:operation - The queue operation type
	:framework - The queue library identifier
	:extract_target - Strategy for extracting queue/topic name




      


      
        Summary


  
    Functions
  


    
      
        register_all()

      


        Registers all queue patterns for all languages.



    





      


      
        Functions


        


  
    
      
    
    
      register_all()



        
          
        

    

  


  

      

          @spec register_all() :: :ok


      


Registers all queue patterns for all languages.
Called automatically when the module is loaded. Can also be called
manually to re-register patterns (e.g., after clearing).

  


        

      


  

    
Metastatic.Adapter behaviour
    



      
Behaviour for language adapters (M1 <-> M2 transformations).
Language adapters bridge between:
	M1: Language-specific ASTs (Python, JavaScript, Elixir, etc.)
	M2: MetaAST meta-model

Meta-Modeling Operations
	parse/1: Source -> M1 (language-specific parsing)
	to_meta/1: M1 -> M2 (abstraction to meta-level)
	from_meta/2: M2 -> M1 (reification from meta-level)
	unparse/1: M1 -> Source (language-specific unparsing)

graph LR
    Source["Source Code"] -->|"parse/1"| M1["M1: Native AST"]
    M1 -->|"to_meta/1"| M2["M2: MetaAST"]
    M2 -->|"from_meta/2"| M1b["M1: Native AST"]
    M1b -->|"unparse/1"| Source2["Source Code"]
Conformance
Adapters must ensure:
	M1 instances conform to M2 meta-model
	M2 → M1 → M2 round-trips preserve semantics
	Invalid M2 transformations are rejected at M1 level

Theory
In formal terms, a language adapter is a pair of functions:
Adapter_L = ⟨α_L, ρ_L⟩

where:
  α_L: AS_L → MetaAST × Metadata    (abstraction)
  ρ_L: MetaAST × Metadata → AS_L    (reification)
These functions form a Galois connection between M1 and M2 levels.
Example Implementation
defmodule Metastatic.Adapters.Python do
  @behaviour Metastatic.Adapter

  @impl true
  def parse(source) do
    # Call Python AST parser (via port or NIF)
    {:ok, python_ast}
  end

  @impl true
  def to_meta(python_ast) do
    # Transform Python AST (M1) to MetaAST (M2)
    # Example: BinOp(op=Add()) → {:binary_op, :arithmetic, :+, ...}
    {:ok, meta_ast, metadata}
  end

  @impl true
  def from_meta(meta_ast, metadata) do
    # Transform MetaAST (M2) back to Python AST (M1)
    {:ok, python_ast}
  end

  @impl true
  def unparse(python_ast) do
    # Convert Python AST back to source code
    {:ok, source}
  end

  @impl true
  def file_extensions, do: [".py"]
end
Semantic Equivalence
Different M1 models may map to the same M2 instance:
graph LR
    PY["Python M1<br/>BinOp(op=Add)"] --> M2["{:binary_op, :arithmetic, :+, ...}"]
    JS["JavaScript M1<br/>BinaryExpression('+')"] --> M2
    EX["Elixir M1<br/>{:+, [], [...]}"] --> M2
    RB["Ruby M1<br/>s(:send, ..., :+, ...)"] --> M2
# Python (M1)
BinOp(op=Add(), left=Name('x'), right=Num(5))

# JavaScript (M1)
BinaryExpression(operator: '+', left: Identifier('x'), right: Literal(5))

# Both abstract to the SAME M2 instance:
{:binary_op, :arithmetic, :+, {:variable, "x"}, {:literal, :integer, 5}}
This is the foundation of universal transformations.

      


      
        Summary


  
    Types
  


    
      
        meta_ast()

      


        MetaAST representation (M2 level).



    


    
      
        metadata()

      


        Metadata preserving M1-specific information.



    


    
      
        native_ast()

      


        Native AST in the language-specific format (M1 level).



    


    
      
        source()

      


        Source code as a string.



    





  
    Callbacks
  


    
      
        extract_children(native_ast)

      


        Extract children from a language-specific AST node.



    


    
      
        file_extensions()

      


        Return the file extensions this adapter handles.



    


    
      
        from_meta(meta_ast, metadata)

      


        Transform MetaAST back to native AST (M2 → M1 reification).



    


    
      
        parse(source)

      


        Parse source code to native AST (Source → M1).



    


    
      
        to_meta(native_ast)

      


        Transform native AST to MetaAST (M1 → M2 abstraction).



    


    
      
        unparse(native_ast)

      


        Convert native AST back to source code (M1 → Source).



    


    
      
        validate_mutation(meta_ast, metadata)

      


        Validate that an M2 transformation produces valid M1.



    





  
    Functions
  


    
      
        abstract(adapter, source, language)

      


        Abstraction pipeline: Source → M1 → M2 (Document).



    


    
      
        detect_language(filename)

      


        Detect language from file extension.



    


    
      
        for_language(language)

      


        Get adapter module for a language.



    


    
      
        reify(adapter, document)

      


        Reification pipeline: M2 (Document) → M1 → Source.



    


    
      
        round_trip(adapter, source)

      


        Full round-trip: Source → M1 → M2 → M1 → Source.



    


    
      
        valid_adapter?(adapter)

      


        Validate that an adapter correctly implements the behaviour.



    





      


      
        Types


        


  
    
      
    
    
      meta_ast()



        
          
        

    

  


  

      

          @type meta_ast() :: Metastatic.AST.meta_ast()


      


MetaAST representation (M2 level).

  



  
    
      
    
    
      metadata()



        
          
        

    

  


  

      

          @type metadata() :: map()


      


Metadata preserving M1-specific information.
Contains details that cannot be represented at M2 level but are
necessary for high-fidelity round-trips.

  



  
    
      
    
    
      native_ast()



        
          
        

    

  


  

      

          @type native_ast() :: term()


      


Native AST in the language-specific format (M1 level).
This is an opaque term - the structure varies by language.

  



  
    
      
    
    
      source()



        
          
        

    

  


  

      

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


      


Source code as a string.

  


        

      

      
        Callbacks


        


  
    
      
    
    
      extract_children(native_ast)


        (optional)


        
          
        

    

  


  

      

          @callback extract_children(native_ast()) :: [native_ast()]


      


Extract children from a language-specific AST node.
Given a language-specific AST node (M1), return a list of its child nodes
that should be traversed during analysis.
This is used by analyzers that need to traverse language-specific nodes
embedded in :language_specific MetaAST nodes.
Default Implementation
If not implemented, the runner will use a generic fallback that attempts
to extract children based on common AST patterns.
Examples
# Elixir adapter
extract_children({:defmodule, _meta, [_name, [do: body]]})
# => [body]

# Python adapter  
extract_children(%{"_type" => "FunctionDef", "body" => statements})
# => statements

  



  
    
      
    
    
      file_extensions()



        
          
        

    

  


  

      

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


      


Return the file extensions this adapter handles.
Used for automatic language detection.
Examples
# Python adapter
file_extensions()
# => [".py"]

# JavaScript/TypeScript adapter
file_extensions()
# => [".js", ".jsx", ".ts", ".tsx"]

  



  
    
      
    
    
      from_meta(meta_ast, metadata)



        
          
        

    

  


  

      

          @callback from_meta(meta_ast(), metadata()) ::
  {:ok, native_ast()} | {:error, reason :: term()}


      


Transform MetaAST back to native AST (M2 → M1 reification).
This is the reification operation that instantiates the meta-model (M2)
into a concrete language AST (M1).
Uses metadata to restore M1-specific information that was preserved
during abstraction (e.g., formatting, type annotations, etc.).
Conformance Validation
Implementation must ensure the resulting M1 AST:
	Is valid for the target language
	Preserves the semantics of the M2 instance
	Can be round-tripped (M1 → M2 → M1 ≈ M1)

Examples
# MetaAST to Python BinOp
from_meta(
  {:binary_op, :arithmetic, :+, {:variable, "x"}, {:literal, :integer, 5}},
  %{native_lang: :python}
)
# => {:ok, %{"_type" => "BinOp", "op" => %{"_type" => "Add"}, ...}}

  



  
    
      
    
    
      parse(source)



        
          
        

    

  


  

      

          @callback parse(source()) :: {:ok, native_ast()} | {:error, reason :: term()}


      


Parse source code to native AST (Source → M1).
This is a language-specific operation that produces the M1 representation.
Implementation Notes
	May spawn external processes (Python, Node.js, etc.)
	May use native Elixir parsing (for Elixir adapter)
	Should validate syntax and return clear error messages

Examples
# Python adapter
parse("x + 5")
# => {:ok, %{"_type" => "BinOp", "op" => %{"_type" => "Add"}, ...}}

# JavaScript adapter
parse("x + 5")
# => {:ok, %{"type" => "BinaryExpression", "operator" => "+", ...}}

  



  
    
      
    
    
      to_meta(native_ast)



        
          
        

    

  


  

      

          @callback to_meta(native_ast()) ::
  {:ok, meta_ast(), metadata()} | {:error, reason :: term()}


      


Transform native AST to MetaAST (M1 → M2 abstraction).
This is the abstraction operation that lifts language-specific
AST (M1) to the meta-level (M2).
Semantic Equivalence
Different M1 models may map to the same M2 instance:
	Python: BinOp(op=Add) → {:binary_op, :arithmetic, :+, ...}
	JavaScript: BinaryExpression(operator: '+') → same M2 instance
	Elixir: {:+, [], [...]} → same M2 instance

Return Value
Returns a tuple of {meta_ast, metadata} where:
	meta_ast is the M2 representation
	metadata preserves M1-specific information for round-tripping

Examples
# Python BinOp to MetaAST
to_meta(%{"_type" => "BinOp", "op" => %{"_type" => "Add"}, ...})
# => {:ok,
#     {:binary_op, :arithmetic, :+, {:variable, "x"}, {:literal, :integer, 5}},
#     %{native_lang: :python, ...}}

  



  
    
      
    
    
      unparse(native_ast)



        
          
        

    

  


  

      

          @callback unparse(native_ast()) :: {:ok, source()} | {:error, reason :: term()}


      


Convert native AST back to source code (M1 → Source).
This is the final step in the M2 → M1 → Source pipeline.
Implementation Notes
	May use language-specific unparsers/pretty-printers
	Should attempt to preserve formatting where possible
	May normalize formatting to language conventions

Examples
# Python AST to source
unparse(%{"_type" => "BinOp", ...})
# => {:ok, "x + 5"}

  



  
    
      
    
    
      validate_mutation(meta_ast, metadata)


        (optional)


        
          
        

    

  


  

      

          @callback validate_mutation(meta_ast(), metadata()) ::
  :ok | {:error, validation_error :: String.t()}


      


Validate that an M2 transformation produces valid M1.
After a mutation at M2 level, validate that the result:
	Conforms to M2 meta-model structurally
	Can be instantiated in this language (M1 conformance)
	Satisfies language-specific constraints

Examples
	Rust: Reject mutations that violate ownership/borrowing
	TypeScript: Reject mutations that violate type constraints
	Python: Most mutations valid (dynamic typing)

This is M2 → M1 semantic conformance validation.
Default Implementation
If not implemented, assumes all M2-valid transformations are M1-valid.

  


        

      

      
        Functions


        


  
    
      
    
    
      abstract(adapter, source, language)



        
          
        

    

  


  

      

          @spec abstract(module(), source(), atom()) ::
  {:ok, Metastatic.Document.t()} | {:error, term()}


      


Abstraction pipeline: Source → M1 → M2 (Document).
Convenience function that combines parse and to_meta.
Examples
iex> Metastatic.Adapter.abstract(MyAdapter, "x + 5")
{:ok, %Metastatic.Document{
  ast: {:binary_op, :arithmetic, :+, ...},
  language: :python,
  metadata: %{...},
  original_source: "x + 5"
}}

  



  
    
      
    
    
      detect_language(filename)



        
          
        

    

  


  

      

          @spec detect_language(String.t()) :: {:ok, atom()} | {:error, :unknown_extension}


      


Detect language from file extension.
Delegates to Metastatic.Languages.detect_language/1, converting the
error format for backward compatibility.
Examples
iex> Metastatic.Adapter.detect_language("script.py")
{:ok, :python}

iex> Metastatic.Adapter.detect_language("unknown.xyz")
{:error, :unknown_extension}

  



  
    
      
    
    
      for_language(language)



        
          
        

    

  


  

      

          @spec for_language(atom()) :: {:ok, module()} | {:error, :no_adapter_found}


      


Get adapter module for a language.
Returns the appropriate adapter module for a given language atom.
Examples
iex> Metastatic.Adapter.for_language(:python)
{:ok, Metastatic.Adapters.Python}

iex> Metastatic.Adapter.for_language(:unknown)
{:error, :no_adapter_found}

  



  
    
      
    
    
      reify(adapter, document)



        
          
        

    

  


  

      

          @spec reify(module(), Metastatic.Document.t()) :: {:ok, source()} | {:error, term()}


      


Reification pipeline: M2 (Document) → M1 → Source.
Convenience function that combines from_meta and unparse.
Examples
iex> doc = %Metastatic.Document{
...>   ast: {:binary_op, :arithmetic, :+, {:variable, "x"}, {:literal, :integer, 5}},
...>   language: :python,
...>   metadata: %{}
...> }
iex> Metastatic.Adapter.reify(MyAdapter, doc)
{:ok, "x + 5"}

  



  
    
      
    
    
      round_trip(adapter, source)



        
          
        

    

  


  

      

          @spec round_trip(module(), source()) :: {:ok, source()} | {:error, term()}


      


Full round-trip: Source → M1 → M2 → M1 → Source.
Useful for testing adapter fidelity.
Examples
iex> source = "x + 5"
iex> Metastatic.Adapter.round_trip(MyAdapter, source)
{:ok, "x + 5"}  # May have normalized formatting

  



  
    
      
    
    
      valid_adapter?(adapter)



        
          
        

    

  


  

      

          @spec valid_adapter?(module()) :: boolean()


      


Validate that an adapter correctly implements the behaviour.
Checks that all required callbacks are defined.
Examples
iex> Metastatic.Adapter.valid_adapter?(MyPythonAdapter)
true

iex> Metastatic.Adapter.valid_adapter?(InvalidModule)
false

  


        

      


  

    
Metastatic.Adapter.Registry 
    



      
Registry for language adapters.
Provides a centralized registry for managing language adapters that implement
the Metastatic.Adapter behaviour. Adapters can be registered dynamically
or discovered automatically from the application.
Meta-Modeling Context
The registry maintains mappings between:
	Languages (atoms like :python, :javascript) → Adapter modules
	File extensions (strings like ".py") → Languages

This enables automatic language detection and adapter selection for
M1 ↔ M2 transformations.
Usage
# Register an adapter
Registry.register(:python, Metastatic.Adapters.Python)

# Get adapter for a language
{:ok, adapter} = Registry.get(:python)

# Detect language from filename
{:ok, language} = Registry.detect_language("script.py")

# List all registered adapters
adapters = Registry.list()

      


      
        Summary


  
    Functions
  


    
      
        child_spec(init_arg)

      


        Returns a specification to start this module under a supervisor.



    


    
      
        detect_language(filename)

      


        Detect language from filename based on extension.



    


    
      
        get(language)

      


        Get the adapter module for a language.



    


    
      
        list()

      


        List all registered adapters.



    


    
      
        register(language, adapter)

      


        Register a language adapter.



    


    
      
        registered?(language)

      


        Check if a language is registered.



    


    
      
        start_link(opts \\ [])

      


        Start the registry.



    


    
      
        unregister(language)

      


        Unregister a language adapter.



    


    
      
        validate_all()

      


        Validate that all registered adapters are still valid.



    





      


      
        Functions


        


  
    
      
    
    
      child_spec(init_arg)



        
          
        

    

  


  

Returns a specification to start this module under a supervisor.
See Supervisor.

  



  
    
      
    
    
      detect_language(filename)



        
          
        

    

  


  

      

          @spec detect_language(String.t()) :: {:ok, atom()} | {:error, :unknown_extension}


      


Detect language from filename based on extension.
Uses the registered adapters' file extensions to determine the language.
Examples
iex> Registry.detect_language("script.py")
{:ok, :python}

iex> Registry.detect_language("app.js")
{:ok, :javascript}

iex> Registry.detect_language("unknown.xyz")
{:error, :unknown_extension}

  



  
    
      
    
    
      get(language)



        
          
        

    

  


  

      

          @spec get(atom()) :: {:ok, module()} | {:error, :not_found}


      


Get the adapter module for a language.
Examples
iex> Registry.get(:python)
{:ok, Metastatic.Adapters.Python}

iex> Registry.get(:unknown)
{:error, :not_found}

  



  
    
      
    
    
      list()



        
          
        

    

  


  

      

          @spec list() :: %{required(atom()) => module()}


      


List all registered adapters.
Returns a map of language atoms to adapter modules.
Examples
iex> Registry.list()
%{python: Metastatic.Adapters.Python, javascript: Metastatic.Adapters.JavaScript}

  



  
    
      
    
    
      register(language, adapter)



        
          
        

    

  


  

      

          @spec register(atom(), module()) :: :ok | {:error, :invalid_adapter}


      


Register a language adapter.
Parameters
	language - Language identifier (e.g., :python, :javascript)
	adapter - Module implementing Metastatic.Adapter behaviour

Examples
iex> Registry.register(:python, Metastatic.Adapters.Python)
:ok

iex> Registry.register(:python, InvalidModule)
{:error, :invalid_adapter}

  



  
    
      
    
    
      registered?(language)



        
          
        

    

  


  

      

          @spec registered?(atom()) :: boolean()


      


Check if a language is registered.
Examples
iex> Registry.registered?(:python)
true

iex> Registry.registered?(:unknown)
false

  



    

  
    
      
    
    
      start_link(opts \\ [])



        
          
        

    

  


  

      

          @spec start_link(keyword()) :: GenServer.on_start()


      


Start the registry.
This is typically called by the application supervisor.

  



  
    
      
    
    
      unregister(language)



        
          
        

    

  


  

      

          @spec unregister(atom()) :: :ok


      


Unregister a language adapter.
Examples
iex> Registry.unregister(:python)
:ok

  



  
    
      
    
    
      validate_all()



        
          
        

    

  


  

      

          @spec validate_all() :: {:ok, []} | {:error, [{atom(), String.t()}]}


      


Validate that all registered adapters are still valid.
Returns a list of invalid adapters (if any).
Examples
iex> Registry.validate_all()
{:ok, []}

iex> Registry.validate_all()
{:error, [python: "Missing required callback: parse/1"]}

  


        

      


  

    
Metastatic.Adapters.Cure 
    



      
Metastatic adapter for the Cure programming language.
Transforms Cure source code to/from MetaAST representation using
Cure's lexer and parser pipeline.

      


      
        Summary


  
    Functions
  


    
      
        abstract(source, language \\ :cure, opts \\ [])

      


        Parse Cure source code into a MetaAST Document.



    


    
      
        reify(arg1)

      


        Convert a Cure MetaAST Document back to Cure source.



    


    
      
        round_trip(source)

      


        Round-trip: parse source to MetaAST, then back to source.



    





      


      
        Functions


        


    

    

  
    
      
    
    
      abstract(source, language \\ :cure, opts \\ [])



        
          
        

    

  


  

      

          @spec abstract(String.t(), atom(), keyword()) ::
  {:ok, Metastatic.Document.t()} | {:error, term()}


      


Parse Cure source code into a MetaAST Document.

  



  
    
      
    
    
      reify(arg1)



        
          
        

    

  


  

      

          @spec reify(Metastatic.Document.t()) :: {:ok, String.t()} | {:error, term()}


      


Convert a Cure MetaAST Document back to Cure source.

  



  
    
      
    
    
      round_trip(source)



        
          
        

    

  


  

      

          @spec round_trip(String.t()) :: {:ok, String.t()} | {:error, term()}


      


Round-trip: parse source to MetaAST, then back to source.

  


        

      


  

    
Metastatic.Adapters.Cure.FromMeta 
    



      
Transform MetaAST (M2) back to Cure source code.
This is the reification function for the Cure adapter, producing
human-readable Cure source from MetaAST nodes.

      


      
        Summary


  
    Functions
  


    
      
        to_source(ast)

      


        Convert a MetaAST node to Cure source string.



    





      


      
        Functions


        


  
    
      
    
    
      to_source(ast)



        
          
        

    

  


  

      

          @spec to_source(Metastatic.AST.meta_ast()) :: String.t()


      


Convert a MetaAST node to Cure source string.

  


        

      


  

    
Metastatic.Adapters.Cure.ToMeta 
    



      
Transform Cure source / Cure AST (M1) into MetaAST (M2).
This is the abstraction function α_Cure that lifts a Cure program
to the meta-level. Unlike the Python / Ruby / Haskell adapters --
which marshal a foreign-language AST through a subprocess -- the
Cure compiler already emits 3-tuples in the MetaAST shape because
MetaAST was designed as Cure's primary AST. This module therefore
does only two jobs:
	invoke the Cure compiler's lexer + parser (when it is linked in
at runtime);
	normalise any lingering adapter-specific metadata so the result
round-trips cleanly through Metastatic.AST.conforms?/1.

When the Cure.Compiler.Lexer / Cure.Compiler.Parser modules are
not available at runtime (e.g. Metastatic is used as a library in a
host project that does not depend on Cure) the from_source/2
entry point returns {:error, :cure_not_available}. The
normalize/1 entry point -- which accepts an already-parsed AST --
works unconditionally.
Entry Points
	from_source/2 -- parse Cure source into a canonical MetaAST.
	from_ast/1 -- normalise an already-parsed Cure AST.
	normalize/1 -- compact alias for from_ast/1.

v0.20.0 Notes
Cure v0.20.0 added :bin_segment and :comment node types plus the
segment-list payload for {:literal, [subtype: :bytes], ...}. All
three are part of the MetaAST M2.1 core layer, so this adapter does
not need to rewrite them -- it only walks the tree to ensure every
3-tuple has a keyword-list metadata in the second position (the
Cure parser emits [] when no metadata applies, which is already
canonical).

      


      
        Summary


  
    Types
  


    
      
        meta_ast()

      


        The MetaAST produced by this adapter.



    


    
      
        metadata()

      


        M1 metadata preserved for round-tripping (currently empty).



    


    
      
        source()

      


        Opaque Cure source code.



    





  
    Functions
  


    
      
        available?()

      


        Return true if the Cure compiler is available at runtime.



    


    
      
        ensure_cure_compiler()

      


        Ensure Cure compiler modules are loaded into the VM.
Attempts dynamic discovery of Cure ebin directories or escript/executable
if Cure is not already loaded.



    


    
      
        from_ast(ast)

      


        Normalise an already-parsed Cure AST into canonical MetaAST.



    


    
      
        from_source(source, opts \\ [])

      


        Parse a Cure source fragment into a canonical MetaAST.



    


    
      
        normalize(other)

      


    





      


      
        Types


        


  
    
      
    
    
      meta_ast()



        
          
        

    

  


  

      

          @type meta_ast() :: Metastatic.AST.meta_ast()


      


The MetaAST produced by this adapter.

  



  
    
      
    
    
      metadata()



        
          
        

    

  


  

      

          @type metadata() :: map()


      


M1 metadata preserved for round-tripping (currently empty).

  



  
    
      
    
    
      source()



        
          
        

    

  


  

      

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


      


Opaque Cure source code.

  


        

      

      
        Functions


        


  
    
      
    
    
      available?()



        
          
        

    

  


  

      

          @spec available?() :: boolean()


      


Return true if the Cure compiler is available at runtime.

  



  
    
      
    
    
      ensure_cure_compiler()



        
          
        

    

  


  

      

          @spec ensure_cure_compiler() :: :ok | {:error, :cure_not_available}


      


Ensure Cure compiler modules are loaded into the VM.
Attempts dynamic discovery of Cure ebin directories or escript/executable
if Cure is not already loaded.

  



  
    
      
    
    
      from_ast(ast)



        
          
        

    

  


  

      

          @spec from_ast(meta_ast()) :: meta_ast()


      


Normalise an already-parsed Cure AST into canonical MetaAST.
The Cure parser already emits 3-tuples with keyword metadata, so
this is effectively a structure-preserving pass that ensures:
	the metadata list is always a keyword list (even when empty);
	:literal nodes with subtype: :bytes keep either their raw
binary payload or their :bin_segment children (v0.20.0+);
	:comment nodes carry a :comment_kind metadata key (defaults
to :line when the parser did not set one);
	:param lists stored in :function_def / :lambda metadata are
recursively normalised.

Nodes unknown to MetaAST are passed through unchanged so analyzers
can use Metastatic.AST.conforms?/1 to surface them.

  



    

  
    
      
    
    
      from_source(source, opts \\ [])



        
          
        

    

  


  

      

          @spec from_source(source(), keyword()) ::
  {:ok, meta_ast(), metadata()} | {:error, term()}


      


Parse a Cure source fragment into a canonical MetaAST.
Returns {:ok, meta_ast, metadata} on success, {:error, reason}
otherwise. metadata is a map reserved for future M1-specific
round-trip hints; it is currently %{language: :cure}.
When the Cure compiler's Cure.Compiler.Lexer /
Cure.Compiler.Parser modules are not linked in at runtime the
function returns {:error, :cure_not_available} instead of
attempting to parse. Call available?/0 to probe ahead of time.

  



  
    
      
    
    
      normalize(other)



        
          
        

    

  


  

      

          @spec normalize(meta_ast() | term()) :: meta_ast() | term()


      



  


        

      


  

    
Metastatic.Adapters.Elixir 
    



      
Elixir language adapter for MetaAST transformations.
Bridges between Elixir AST (M1) and MetaAST (M2), enabling cross-language
code analysis and transformation for Elixir source code.
Elixir AST Structure (M1)
Elixir represents AST as three-element tuples:
{form, metadata, arguments}
Where:
	form is an atom representing the syntactic construct
	metadata is a keyword list with line numbers and other info
	arguments vary by construct type

Examples
# Variable
{:x, [], nil}

# Addition
{:+, [], [{:x, [], nil}, 5]}

# Function call
{:foo, [], [arg1, arg2]}

# If expression
{:if, [], [condition, [do: then_clause, else: else_clause]]}
M1 ↔ M2 Transformations
This adapter performs bidirectional transformations between Elixir AST (M1)
and MetaAST (M2):
Literals
# M1 → M2
42                          → {:literal, :integer, 42}
3.14                        → {:literal, :float, 3.14}
"hello"                     → {:literal, :string, "hello"}
true                        → {:literal, :boolean, true}
nil                         → {:literal, :null, nil}
:atom                       → {:literal, :symbol, :atom}
Variables
{:x, [], Elixir}            → {:variable, "x"}
Binary Operations
{:+, _, [left, right]}      → {:binary_op, :arithmetic, :+, left, right}
{:==, _, [left, right]}     → {:binary_op, :comparison, :==, left, right}
{:and, _, [left, right]}    → {:binary_op, :boolean, :and, left, right}
Function Calls
{:foo, _, [a, b]}           → {:function_call, "foo", [a, b]}
Conditionals
{:if, _, [cond, [do: t]]}   → {:conditional, cond, t, nil}
Round-Trip Fidelity
The adapter achieves >95% round-trip fidelity for M2.1 (Core) constructs.
Metadata preserves information like:
	Line numbers
	Variable contexts
	Formatting hints

Usage
# Parse Elixir source
{:ok, ast} = Metastatic.Adapters.Elixir.parse("x + 5")

# Transform to MetaAST
{:ok, meta_ast, metadata} = Metastatic.Adapters.Elixir.to_meta(ast)

# Transform back to Elixir AST
{:ok, ast2} = Metastatic.Adapters.Elixir.from_meta(meta_ast, metadata)

# Unparse to source
{:ok, source} = Metastatic.Adapters.Elixir.unparse(ast2)
Theory
This adapter implements the Galois connection:
α_Elixir: AS_Elixir → MetaAST × Metadata
ρ_Elixir: MetaAST × Metadata → AS_Elixir
Where:
	α_Elixir is to_meta/1 (abstraction)
	ρ_Elixir is from_meta/2 (reification)


      


      
        Summary


  
    Functions
  


    
      
        to_meta(elixir_ast, opts \\ [])

      


        Transform Elixir AST to MetaAST, optionally expanding macros via ExPanda.



    





      


      
        Functions


        


    

  
    
      
    
    
      to_meta(elixir_ast, opts \\ [])



        
          
        

    

  


  

Transform Elixir AST to MetaAST, optionally expanding macros via ExPanda.
Options
	:expand_macros - when true, uses ExPanda to fully expand
macros before transformation, annotating expansion points with the
original surface form in :original_macro metadata. When false
(default), behaves as before (surface AST only).
	:expander_opts - keyword options passed through to
MacroExpander.expand_and_annotate/2 (e.g. :env, :file).


  


        

      


  

    
Metastatic.Adapters.Elixir.FromMeta 
    



      
Transform MetaAST (M2) back to Elixir AST (M1).
This module implements the reification function ρ_Elixir that instantiates
meta-level representations back into Elixir-specific AST structures.
New 3-Tuple Format
All MetaAST nodes are uniform 3-element tuples:
{type_atom, keyword_meta, children_or_value}
Where:
	type_atom - Node type (e.g., :literal, :binary_op, :function_def)
	keyword_meta - Keyword list with metadata (line, subtype, operator, etc.)
	children_or_value - Value for leaf nodes, list of children for composites

Transformation Strategy
Uses Metastatic.AST.traverse/4 for bottom-up AST transformation:
	Post-order traversal: Children are transformed before parents
	Metadata extraction: Node attributes extracted from keyword metadata
	Original metadata restoration: Uses :original_meta when available

Examples
iex> meta_ast = {:literal, [subtype: :integer], 42}
iex> {:ok, elixir_ast} = FromMeta.transform(meta_ast, %{})
iex> elixir_ast
42

iex> meta_ast = {:binary_op, [category: :arithmetic, operator: :+],
...>   [{:variable, [], "x"}, {:literal, [subtype: :integer], 5}]}
iex> {:ok, elixir_ast} = FromMeta.transform(meta_ast, %{})
iex> elixir_ast
{:+, [], [{:x, [], nil}, 5]}

      


      
        Summary


  
    Functions
  


    
      
        transform(meta_ast, metadata \\ %{})

      


        Transform MetaAST back to Elixir AST.



    





      


      
        Functions


        


    

  
    
      
    
    
      transform(meta_ast, metadata \\ %{})



        
          
        

    

  


  

      

          @spec transform(term(), map()) :: {:ok, term()} | {:error, String.t()}


      


Transform MetaAST back to Elixir AST.
Returns {:ok, elixir_ast} on success or {:error, reason} on failure.
Examples
iex> FromMeta.transform({:literal, [subtype: :integer], 42}, %{})
{:ok, 42}

iex> FromMeta.transform({:variable, [], "x"}, %{context: Elixir})
{:ok, {:x, [], Elixir}}

  


        

      


  

    
Metastatic.Adapters.Elixir.MacroExpander 
    



      
Full macro expansion for the Elixir adapter using ExPanda.
This module takes a surface-level Elixir AST (from Code.string_to_quoted/1)
and produces a fully expanded AST where every macro has been resolved, while
annotating expansion boundaries with the original surface form so that the
FromMeta transformer can reconstruct macros faithfully.
How It Works
	Parse the surface AST via Code.string_to_quoted/1 (done upstream)
	Expand the AST fully with ExPanda.expand/1
	Walk both ASTs in parallel (annotate/2):	Structural match (same form atom): recurse into children pairwise
	Macro boundary (different form atoms): tag the expanded node with
__original_macro__: surface_node in its Elixir AST metadata
	Leaf/literal match: return expanded as-is


	Return the annotated expanded AST

The __original_macro__ annotation is later propagated by ToMeta into
the MetaAST keyword metadata as :original_macro, and consumed by FromMeta
to restore the original macro call during round-tripping.
Examples
iex> {:ok, surface} = Code.string_to_quoted("unless true, do: :never")
iex> {:ok, annotated} = MacroExpander.expand_and_annotate(surface)
iex> {form, meta, _args} = annotated
iex> form
:case
iex> Keyword.has_key?(meta, :__original_macro__)
true

      


      
        Summary


  
    Functions
  


    
      
        expand_and_annotate(surface_ast, opts \\ [])

      


        Expand all macros in surface_ast via ExPanda and annotate expansion points.



    


    
      
        expand_and_annotate_string(source, opts \\ [])

      


        Expand all macros in a source string and return the annotated AST.



    





      


      
        Functions


        


    

  
    
      
    
    
      expand_and_annotate(surface_ast, opts \\ [])



        
          
        

    

  


  

      

          @spec expand_and_annotate(Macro.t(), keyword()) :: {:ok, Macro.t()} | {:error, term()}


      


Expand all macros in surface_ast via ExPanda and annotate expansion points.
Returns {:ok, annotated_ast} where every node that resulted from a macro
expansion carries __original_macro__: original_surface_node in its
Elixir AST metadata keyword list.
Options
	:env - custom Macro.Env to pass to ExPanda (default: fresh env)
	:file - file path for error messages (default: "nofile")

Examples
iex> {:ok, surface} = Code.string_to_quoted("1 |> to_string()")
iex> {:ok, annotated} = MacroExpander.expand_and_annotate(surface)
iex> match?({{:., _, _}, _, _}, annotated)
true

  



    

  
    
      
    
    
      expand_and_annotate_string(source, opts \\ [])



        
          
        

    

  


  

      

          @spec expand_and_annotate_string(String.t(), keyword()) ::
  {:ok, Macro.t()} | {:error, term()}


      


Expand all macros in a source string and return the annotated AST.
Convenience wrapper that parses + expands + annotates in one step.
Examples
iex> {:ok, annotated} = MacroExpander.expand_and_annotate_string("unless true, do: :never")
iex> {form, meta, _} = annotated
iex> form
:case
iex> is_list(Keyword.get(meta, :__original_macro__))
false

  


        

      


  

    
Metastatic.Adapters.Elixir.ToMeta 
    



      
Transform Elixir AST (M1) to MetaAST (M2).
This module implements the abstraction function α_Elixir that lifts
Elixir-specific AST structures to the meta-level representation.
New 3-Tuple Format
All MetaAST nodes are uniform 3-element tuples:
{type_atom, keyword_meta, children_or_value}
Where:
	type_atom - Node type (e.g., :literal, :binary_op, :function_def)
	keyword_meta - Keyword list with metadata (line, subtype, operator, etc.)
	children_or_value - Value for leaf nodes, list of children for composites

Metadata Preservation
The transformation preserves M1-specific information:
	:original_meta - Original Elixir AST metadata keyword list
	:original_code - Source code snippet (when available)
	:line, :col - Source location from Elixir metadata

Transformation Strategy
Uses Macro.traverse/4 for bottom-up AST transformation:
	Pre-pass: Track context (module, function, arity)
	Post-pass: Transform Elixir nodes to MetaAST nodes

Examples
iex> {:ok, ast} = Code.string_to_quoted("x + 5")
iex> {:ok, meta_ast, _metadata} = ToMeta.transform(ast)
iex> meta_ast
{:binary_op, [category: :arithmetic, operator: :+, original_meta: [line: 1]],
 [{:variable, [scope: :local, original_meta: [line: 1]], "x"},
  {:literal, [subtype: :integer], 5}]}

      


      
        Summary


  
    Functions
  


    
      
        transform(elixir_ast)

      


        Transform Elixir AST to MetaAST.



    





      


      
        Functions


        


  
    
      
    
    
      transform(elixir_ast)



        
          
        

    

  


  

      

          @spec transform(term()) :: {:ok, term(), map()} | {:error, String.t()}


      


Transform Elixir AST to MetaAST.
Returns {:ok, meta_ast, metadata} on success or {:error, reason} on failure.
Examples
iex> ToMeta.transform(42)
{:ok, {:literal, [subtype: :integer], 42}, %{}}

iex> ToMeta.transform({:x, [line: 1], nil})
{:ok, {:variable, [scope: :local, line: 1, original_meta: [line: 1]], "x"}, %{}}

  


        

      


  

    
Metastatic.Adapters.Erlang 
    



      
Erlang language adapter for MetaAST transformations.
Bridges between Erlang AST (M1) and MetaAST (M2), enabling cross-language
code analysis and transformation for Erlang source code.
Erlang AST Structure (M1)
Erlang represents AST as tuples with specific structures. The format varies
by construct but generally follows patterns like:
{Type, Line, Value}
{Type, Line, Left, Right}
Examples
# Integer literal
{:integer, 1, 42}

# Variable
{:var, 1, :X}

# Binary operation (addition)
{:op, 1, :+, {:var, 1, :X}, {:integer, 1, 5}}

# Function call
{:call, 1, {:atom, 1, :foo}, [{:integer, 1, 1}, {:integer, 1, 2}]}

# Case expression
{:case, 1, {:var, 1, :X},
 [{:clause, 1, [{:integer, 1, 1}], [], [{:atom, 1, :ok}]}]}
M1 ↔ M2 Transformations
This adapter performs bidirectional transformations between Erlang AST (M1)
and MetaAST (M2):
Literals
# M1 → M2
{:integer, _, 42}           → {:literal, :integer, 42}
{:float, _, 3.14}           → {:literal, :float, 3.14}
{:string, _, 'hello'}       → {:literal, :string, "hello"}
{:atom, _, true}            → {:literal, :boolean, true}
{:atom, _, undefined}       → {:literal, :null, nil}
Variables
{:var, _, :X}               → {:variable, "X"}
Binary Operations
{:op, _, :+, left, right}   → {:binary_op, :arithmetic, :+, left, right}
{:op, _, :==, left, right}  → {:binary_op, :comparison, :==, left, right}
Function Calls
{:call, _, func, args}      → {:function_call, "func", args}
Round-Trip Fidelity
The adapter achieves >90% round-trip fidelity for M2.1 (Core) constructs.
Metadata preserves:
	Line numbers
	Variable names (case-sensitive)
	Erlang-specific type information

Usage
# Parse Erlang source
{:ok, ast} = Metastatic.Adapters.Erlang.parse("X + 5.")

# Transform to MetaAST
{:ok, meta_ast, metadata} = Metastatic.Adapters.Erlang.to_meta(ast)

# Transform back to Erlang AST
{:ok, ast2} = Metastatic.Adapters.Erlang.from_meta(meta_ast, metadata)

# Unparse to source
{:ok, source} = Metastatic.Adapters.Erlang.unparse(ast2)
Theory
This adapter implements the Galois connection:
α_Erlang: AS_Erlang → MetaAST × Metadata
ρ_Erlang: MetaAST × Metadata → AS_Erlang
Where:
	α_Erlang is to_meta/1 (abstraction)
	ρ_Erlang is from_meta/2 (reification)


      




  

    
Metastatic.Adapters.Erlang.FromMeta 
    



      
Transform MetaAST (M2) back to Erlang AST (M1).
This module implements the reification function ρ_Erlang that instantiates
meta-level representations back into Erlang-specific AST structures.

      


      
        Summary


  
    Functions
  


    
      
        transform(unknown, metadata)

      


        Transform MetaAST back to Erlang AST.



    





      


      
        Functions


        


  
    
      
    
    
      transform(unknown, metadata)



        
          
        

    

  


  

      

          @spec transform(term(), map()) :: {:ok, term()} | {:error, String.t()}


      


Transform MetaAST back to Erlang AST.
Returns {:ok, erlang_ast} on success or {:error, reason} on failure.

  


        

      


  

    
Metastatic.Adapters.Erlang.ToMeta 
    



      
Transform Erlang AST (M1) to MetaAST (M2).
This module implements the abstraction function α_Erlang that lifts
Erlang-specific AST structures to the meta-level representation.
Erlang AST Patterns
Erlang uses a consistent tuple-based format:
	Literals: {type, line, value}
	Variables: {:var, line, name}
	Binary ops: {:op, line, op, left, right}
	Calls: {:call, line, func, args}

Metadata Preservation
The transformation preserves M1-specific information:
	:line - line number from source
	:erlang_form - original Erlang construct type


      


      
        Summary


  
    Functions
  


    
      
        transform(cons_node)

      


        Transform Erlang AST to MetaAST.



    





      


      
        Functions


        


  
    
      
    
    
      transform(cons_node)



        
          
        

    

  


  

      

          @spec transform(term()) :: {:ok, term(), map()} | {:error, String.t()}


      


Transform Erlang AST to MetaAST.
Returns {:ok, meta_ast, metadata} on success or {:error, reason} on failure.

  


        

      


  

    
Metastatic.Adapters.Haskell 
    



      
Haskell language adapter for Metastatic.
This adapter provides bidirectional transformation between Haskell source code
and MetaAST (M2) representation.
Architecture
	parse/1 - Haskell source → Haskell AST (via haskell-src-exts)
	to_meta/1 - Haskell AST → MetaAST (M2 abstraction)
	from_meta/2 - MetaAST → Haskell AST (M2 reification)
	unparse/1 - Haskell AST → Haskell source (via haskell-src-exts)

Example
iex> {:ok, ast} = Metastatic.Adapters.Haskell.parse("1 + 2")
iex> {:ok, meta_ast, _metadata} = Metastatic.Adapters.Haskell.ToMeta.transform(ast)
iex> meta_ast
{:binary_op, :arithmetic, :+, {:literal, :integer, 1}, {:literal, :integer, 2}}

      




  

    
Metastatic.Adapters.Haskell.FromMeta 
    



      
Transform MetaAST (M2) back to Haskell AST (M1).
This module implements the reification function ρ_Haskell that converts
meta-level representations back to Haskell-specific AST structures.
3-Tuple Format
All MetaAST nodes use the uniform 3-tuple structure:
{type_atom, keyword_meta, children_or_value}
Status
Basic M2.1 Core Layer support implemented.
M2.2 Extended and M2.3 Native layers to be completed in future iterations.

      


      
        Summary


  
    Functions
  


    
      
        transform(unsupported, metadata)

      


        Transform MetaAST back to Haskell AST.



    





      


      
        Functions


        


  
    
      
    
    
      transform(unsupported, metadata)



        
          
        

    

  


  

      

          @spec transform(term(), map()) :: {:ok, term()} | {:error, String.t()}


      


Transform MetaAST back to Haskell AST.
Returns {:ok, haskell_ast} on success or {:error, reason} on failure.

  


        

      


  

    
Metastatic.Adapters.Haskell.Subprocess 
    



      
Manages subprocess communication with the Haskell parser.
Uses Stack to execute the parser binary built from priv/parsers/haskell/.

      


      
        Summary


  
    Functions
  


    
      
        parse(source)

      


        Parse Haskell source code by invoking the Stack-based parser subprocess.



    





      


      
        Functions


        


  
    
      
    
    
      parse(source)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, map()} | {:error, String.t()}


      


Parse Haskell source code by invoking the Stack-based parser subprocess.
Returns {:ok, ast} on success or {:error, reason} on failure.
Examples
iex> Metastatic.Adapters.Haskell.Subprocess.parse("1 + 2")
{:ok, %{"type" => "infix", ...}}

  


        

      


  

    
Metastatic.Adapters.Haskell.ToMeta 
    



      
Transform Haskell AST (M1) to MetaAST (M2).
Implements the abstraction function α_Haskell that lifts Haskell-specific
AST structures to the meta-level representation.
3-Tuple Format
All MetaAST nodes use the uniform 3-tuple structure:
{type_atom, keyword_meta, children_or_value}
Transformation Strategy
M2.1 (Core Layer)
	Literals: integers, floats, strings, chars
	Variables: unqualified and qualified names
	Binary operators: arithmetic, comparison, boolean
	Function application
	Conditionals: if-then-else
	Lambdas: anonymous functions
	Let bindings

M2.2 (Extended Layer)
	List comprehensions
	Case expressions (pattern matching)
	Do notation (monadic sequencing)

M2.3 (Native Layer)
	Type signatures
	Data type definitions
	Type class definitions
	Module definitions


      


      
        Summary


  
    Functions
  


    
      
        transform(node)

      


        Transform Haskell AST to MetaAST.



    





      


      
        Functions


        


  
    
      
    
    
      transform(node)



        
          
        

    

  


  

      

          @spec transform(term()) :: {:ok, term(), map()} | {:error, String.t()}


      


Transform Haskell AST to MetaAST.
Returns {:ok, meta_ast, metadata} on success or {:error, reason} on failure.

  


        

      


  

    
Metastatic.Adapters.Python 
    



      
Python language adapter for MetaAST transformations.
Bridges between Python AST (M1) and MetaAST (M2), enabling cross-language
code analysis and transformation for Python source code.
Python AST Structure (M1)
Python's ast module represents AST as nested dictionaries with a _type field:
%{"_type" => "BinOp", "op" => %{"_type" => "Add"}, "left" => ..., "right" => ...}
Examples
# Integer literal
%{"_type" => "Constant", "value" => 42}

# Variable
%{"_type" => "Name", "id" => "x", "ctx" => %{"_type" => "Load"}}

# Addition
%{"_type" => "BinOp",
  "op" => %{"_type" => "Add"},
  "left" => %{"_type" => "Name", "id" => "x"},
  "right" => %{"_type" => "Constant", "value" => 5}}

# Function call
%{"_type" => "Call",
  "func" => %{"_type" => "Name", "id" => "foo"},
  "args" => [...]}
M1 ↔ M2 Transformations
This adapter performs bidirectional transformations between Python AST (M1)
and MetaAST (M2):
Literals
# M1 → M2
%{"_type" => "Constant", "value" => 42}    → {:literal, :integer, 42}
%{"_type" => "Constant", "value" => 3.14}  → {:literal, :float, 3.14}
%{"_type" => "Constant", "value" => "hi"}  → {:literal, :string, "hi"}
%{"_type" => "Constant", "value" => true}  → {:literal, :boolean, true}
%{"_type" => "Constant", "value" => nil}   → {:literal, :null, nil}
Variables
%{"_type" => "Name", "id" => "x"}          → {:variable, "x"}
Binary Operations
BinOp(op=Add())                            → {:binary_op, :arithmetic, :+, left, right}
Compare(ops=[Eq()])                        → {:binary_op, :comparison, :==, left, right}
BoolOp(op=And())                           → {:binary_op, :boolean, :and, left, right}
Function Calls
Call(func=Name("foo"), args=[...])         → {:function_call, "foo", [...]}
Conditionals
If(test=..., body=..., orelse=...)         → {:conditional, test, body, orelse}
IfExp(test=..., body=..., orelse=...)      → {:conditional, test, body, orelse}
Communication Strategy
Since Python parsing requires the ast module, this adapter uses subprocess
communication:
	Parse: Spawn priv/parsers/python/parser.py → receives JSON AST
	Unparse: Spawn priv/parsers/python/unparser.py → receives source

All communication uses stdin/stdout with JSON serialization.
Round-Trip Fidelity
Target >90% round-trip fidelity (Python's AST is lossy for formatting).
Metadata preserves:
	Line numbers (lineno, col_offset)
	End positions (end_lineno, end_col_offset)

Usage
# Parse Python source
{:ok, ast} = Metastatic.Adapters.Python.parse("x + 5")

# Transform to MetaAST
{:ok, meta_ast, metadata} = Metastatic.Adapters.Python.to_meta(ast)

# Transform back to Python AST
{:ok, ast2} = Metastatic.Adapters.Python.from_meta(meta_ast, metadata)

# Unparse to source
{:ok, source} = Metastatic.Adapters.Python.unparse(ast2)
Theory
This adapter implements the Galois connection:
α_Python: AS_Python → MetaAST × Metadata
ρ_Python: MetaAST × Metadata → AS_Python
Where:
	α_Python is to_meta/1 (abstraction)
	ρ_Python is from_meta/2 (reification)

Python and Elixir/Erlang produce semantically equivalent MetaAST for
equivalent code:
# Python: x + 5
# Elixir: x + 5
# Erlang: X + 5.
# All → {:binary_op, :arithmetic, :+, {:variable, _}, {:literal, :integer, 5}}

      




  

    
Metastatic.Adapters.Python.FromMeta 
    



      
Transform MetaAST (M2) back to Python AST (M1).
Implements the reification function ρ_Python that instantiates
meta-level representations back into Python-specific AST structures.
Transformation Strategy
The transformation reverses the abstraction performed by ToMeta, using
metadata to restore Python-specific information when needed.
M2.1 (Core Layer) → Python AST
	Literals, variables, operators, function calls, conditionals, blocks, early returns

M2.2 (Extended Layer) → Python AST
	Loops: {:loop, :while, ...} → While, {:loop, :for_each, ...} → For
	Lambdas: {:lambda, params, captures, body} → Lambda
	Collection ops: {:collection_op, :map, ...} → ListComp or map() call
	Exception handling: {:exception_handling, ...} → Try

Round-Trip Fidelity
The transformation aims for high fidelity:
	Metadata preserves line numbers and formatting hints
	Default values are provided when metadata is absent


      


      
        Summary


  
    Functions
  


    
      
        transform(unknown, metadata)

      


        Transform MetaAST back to Python AST.



    





      


      
        Functions


        


  
    
      
    
    
      transform(unknown, metadata)



        
          
        

    

  


  

      

          @spec transform(term(), map()) :: {:ok, map()} | {:error, String.t()}


      


Transform MetaAST back to Python AST.
Returns {:ok, python_ast} on success or {:error, reason} on failure.

  


        

      


  

    
Metastatic.Adapters.Python.Subprocess 
    



      
Subprocess management for Python parser and unparser.
Handles communication with Python scripts via stdin/stdout with JSON serialization.

      


      
        Summary


  
    Functions
  


    
      
        parse(source)

      


        Parse Python source code to AST JSON.



    


    
      
        unparse(ast)

      


        Unparse AST JSON back to Python source code.



    





      


      
        Functions


        


  
    
      
    
    
      parse(source)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, map()} | {:error, String.t()}


      


Parse Python source code to AST JSON.
Examples
iex> Metastatic.Adapters.Python.Subprocess.parse("x + 5")
{:ok, %{"_type" => "Module", "body" => [...]}}

iex> Metastatic.Adapters.Python.Subprocess.parse("x +")
{:error, "SyntaxError: ..."}

  



  
    
      
    
    
      unparse(ast)



        
          
        

    

  


  

      

          @spec unparse(map()) :: {:ok, String.t()} | {:error, String.t()}


      


Unparse AST JSON back to Python source code.
Examples
iex> ast = %{"_type" => "Module", "body" => [...]}
iex> Metastatic.Adapters.Python.Subprocess.unparse(ast)
{:ok, "x + 5"}

  


        

      


  

    
Metastatic.Adapters.Python.ToMeta 
    



      
Transform Python AST (M1) to MetaAST (M2).
Implements the abstraction function α_Python that lifts Python-specific
AST structures to the meta-level representation.
Transformation Strategy
Python's AST is represented as nested maps with "_type" keys. We pattern
match on these structures and transform them to MetaAST tuples.
M2.1 (Core Layer)
	Literals: Constant nodes → {:literal, type, value}
	Variables: Name nodes → {:variable, name}
	Binary operators: BinOp → {:binary_op, category, op, left, right}
	Unary operators: UnaryOp → {:unary_op, category, op, operand}
	Function calls: Call → {:function_call, name, args}
	Conditionals: If, IfExp → {:conditional, condition, then, else}
	Blocks: Module, multiple statements → {:block, statements}
	Early returns: Return, Break, Continue → {:early_return, kind, value}

M2.2 (Extended Layer)
	Loops: While → {:loop, :while, condition, body}
	Loops: For → {:loop, :for_each, iterator, collection, body}
	Lambdas: Lambda → {:lambda, params, captures, body}
	Collection ops: Simple ListComp → {:collection_op, :map, lambda, collection}
	Exception handling: Try → {:exception_handling, try_block, rescue_clauses, finally_block}

Metadata Preservation
The transformation preserves Python-specific information:
	:lineno - line number
	:col_offset - column offset
	:python_node_type - original Python AST node type

This enables high-fidelity round-trips (M1 → M2 → M1).

      


      
        Summary


  
    Functions
  


    
      
        transform(node)

      


        Transform Python AST to MetaAST.



    





      


      
        Functions


        


  
    
      
    
    
      transform(node)



        
          
        

    

  


  

      

          @spec transform(map()) :: {:ok, term(), map()} | {:error, String.t()}


      


Transform Python AST to MetaAST.
Returns {:ok, meta_ast, metadata} on success or {:error, reason} on failure.
New 3-Tuple Format
All MetaAST nodes are uniform 3-element tuples:
{type_atom, keyword_meta, children_or_value}
Examples
iex> transform(%{"_type" => "Constant", "value" => 42})
{:ok, {:literal, [subtype: :integer], 42}, %{}}

iex> transform(%{"_type" => "Name", "id" => "x"})
{:ok, {:variable, [scope: :local], "x"}, %{}}

iex> transform(%{"_type" => "BinOp", "op" => %{"_type" => "Add"}, ...})
{:ok, {:binary_op, [category: :arithmetic, operator: :+], [left, right]}, %{}}

  


        

      


  

    
Metastatic.Adapters.Ruby 
    



      
Ruby language adapter for MetaAST transformations.
Bridges between Ruby AST (M1) and MetaAST (M2), enabling cross-language
code analysis and transformation for Ruby source code.
Ruby AST Structure (M1)
Ruby uses the parser gem which represents AST as nodes with:
	type - Symbol representing the syntactic construct
	children - List of child nodes or values
	location - Source location information

Examples
# Variable assignment
%{type: "lvasgn", children: ["x", %{type: "int", children: [42]}]}

# Method call
%{type: "send", children: [receiver, :method_name, args...]}

# Binary operation
%{type: "send", children: [left, :+, right]}
M1 ↔ M2 Transformations
This adapter performs bidirectional transformations between Ruby AST (M1)
and MetaAST (M2):
Literals
# M1 → M2
%{type: "int", children: [42]}     → {:literal, :integer, 42}
%{type: "float", children: [3.14]} → {:literal, :float, 3.14}
%{type: "str", children: ["hello"]} → {:literal, :string, "hello"}
%{type: "true"}                     → {:literal, :boolean, true}
%{type: "nil"}                      → {:literal, :null, nil}
%{type: "sym", children: [:foo]}    → {:literal, :symbol, :foo}
Variables
%{type: "lvar", children: [:x]}     → {:variable, "x"}
%{type: "ivar", children: [:@x]}    → {:variable, "@x"}
Binary Operations
# x + 5
%{type: "send", children: [x_node, :+, five_node]} → {:binary_op, :arithmetic, :+, left, right}
Round-Trip Fidelity
The adapter achieves >95% round-trip fidelity for M2.1 (Core) constructs.
Metadata preserves information like:
	Line numbers and columns
	Variable scopes (local, instance, class, global)
	Original syntax variants

Usage
# Parse Ruby source
{:ok, ast} = Metastatic.Adapters.Ruby.parse("x = 42")

# Transform to MetaAST
{:ok, meta_ast, metadata} = Metastatic.Adapters.Ruby.to_meta(ast)

# Transform back to Ruby AST
{:ok, ast2} = Metastatic.Adapters.Ruby.from_meta(meta_ast, metadata)

# Unparse to source
{:ok, source} = Metastatic.Adapters.Ruby.unparse(ast2)

      




  

    
Metastatic.Adapters.Ruby.FromMeta 
    



      
Transform MetaAST (M2) back to Ruby AST (M1).
This module implements the reification function ρ_Ruby that converts
meta-level representations back to Ruby-specific AST structures.
Coverage
M2.1 Core Layer: Fully supported
M2.2 Extended Layer: Partial support (loops, basic iterators)
M2.3 Native Layer: Direct passthrough (preserves original AST)
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        transform(unsupported, metadata)

      


        Transform MetaAST back to Ruby AST.
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      transform(unsupported, metadata)



        
          
        

    

  


  

      

          @spec transform(term(), map()) :: {:ok, term()} | {:error, String.t()}


      


Transform MetaAST back to Ruby AST.
Returns {:ok, ruby_ast} on success or {:error, reason} on failure.

  


        

      


  

    
Metastatic.Adapters.Ruby.Subprocess 
    



      
Subprocess management for Ruby parser and unparser.
Handles communication with Ruby scripts via stdin/stdout with JSON serialization.

      


      
        Summary


  
    Functions
  


    
      
        parse(source)

      


        Parse Ruby source code to AST JSON.



    


    
      
        unparse(ast)

      


        Unparse AST JSON back to Ruby source code.



    





      


      
        Functions


        


  
    
      
    
    
      parse(source)



        
          
        

    

  


  

      

          @spec parse(String.t()) :: {:ok, map()} | {:error, String.t()}


      


Parse Ruby source code to AST JSON.
Examples
iex> Metastatic.Adapters.Ruby.Subprocess.parse("x = 42")
{:ok, %{"type" => "lvasgn", "children" => [...]}}

iex> Metastatic.Adapters.Ruby.Subprocess.parse("x = ")
{:error, "SyntaxError: ..."}

  



  
    
      
    
    
      unparse(ast)



        
          
        

    

  


  

      

          @spec unparse(map()) :: {:ok, String.t()} | {:error, String.t()}


      


Unparse AST JSON back to Ruby source code.
Examples
iex> ast = %{"type" => "lvasgn", "children" => [...]}
iex> Metastatic.Adapters.Ruby.Subprocess.unparse(ast)
{:ok, "x = 42"}

  


        

      


  

    
Metastatic.Adapters.Ruby.ToMeta 
    



      
Transform Ruby AST (M1) to MetaAST (M2).
This module implements the abstraction function α_Ruby that lifts
Ruby-specific AST structures to the meta-level representation.
Transformation Strategy
The transformation follows a pattern-matching approach, handling each
Ruby AST construct (from parser gem) and mapping it to the appropriate MetaAST node type.
M2.1 (Core Layer)
	Literals: integers, floats, strings, booleans, nil, symbols
	Variables: local, instance, class, global
	Binary operators: arithmetic, comparison, boolean
	Unary operators: negation, logical not
	Method calls
	Conditionals: if/elsif/else, unless, ternary
	Blocks: sequential expressions
	Assignment: local variable assignment

M2.2 (Extended Layer)
	Loops: while, until, for
	Iterators: each, map, select, reduce
	Blocks & Procs: blocks, lambdas, procs
	Pattern matching: case/when (classic), case/in (Ruby 3+)
	Exception handling: begin/rescue/ensure

M2.3 (Native Layer)
	Class definitions
	Module definitions
	Method definitions
	String interpolation
	Regular expressions
	Metaprogramming constructs
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    Functions
  


    
      
        transform(ast)

      


        Transform Ruby AST to MetaAST.
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      transform(ast)



        
          
        

    

  


  

      

          @spec transform(term()) :: {:ok, term(), map()} | {:error, String.t()}


      


Transform Ruby AST to MetaAST.
Returns {:ok, meta_ast, metadata} on success or {:error, reason} on failure.
New 3-Tuple Format
All MetaAST nodes are uniform 3-element tuples:
{type_atom, keyword_meta, children_or_value}
Examples
iex> transform(%{"type" => "int", "children" => [42]})
{:ok, {:literal, [subtype: :integer], 42}, %{}}

iex> transform(%{"type" => "lvar", "children" => ["x"]})
{:ok, {:variable, [], "x"}, %{}}

  


        

      


  

    
Metastatic.Supplemental behaviour
    



      
Behaviour for supplemental modules that extend language adapter capabilities.
Supplemental modules enable cross-language transformation by providing mappings
from MetaAST constructs to library-specific code when native language support
is unavailable.
Example
A supplemental module for Python's Pykka actor library:
defmodule MyApp.Supplemental.Python.Pykka do
  @behaviour Metastatic.Supplemental

  @impl true
  def info do
    %Metastatic.Supplemental.Info{
      name: :pykka_actor,
      language: :python,
      constructs: [:actor_call, :actor_cast, :spawn_actor],
      requires: ["pykka >= 3.0"],
      description: "Actor model support via Pykka library"
    }
  end

  @impl true
  def transform({:actor_call, actor, message, _timeout}, _language, _metadata) do
    # Build Python AST for: actor_ref.ask(message)
    {:ok, python_ast}
  end

  def transform(_, _, _), do: :error
end
Usage
Supplementals are registered at application startup and automatically used
during MetaAST transformation when needed constructs are encountered.
See Metastatic.Supplemental.Registry for registration details.

      


      
        Summary


  
    Callbacks
  


    
      
        info()

      


        Returns information about this supplemental module.



    


    
      
        transform(meta_ast, language, metadata)

      


        Transforms a MetaAST construct to target language AST.



    





  
    Functions
  


    
      
        dependencies(module)

      


        Returns external library dependencies required by this supplemental.



    


    
      
        language(module)

      


        Returns the target language for this supplemental.



    


    
      
        supported_constructs(module)

      


        Lists all MetaAST construct types supported by this supplemental.



    





      


      
        Callbacks


        


  
    
      
    
    
      info()



        
          
        

    

  


  

      

          @callback info() :: Metastatic.Supplemental.Info.t()


      


Returns information about this supplemental module.
Must return a Metastatic.Supplemental.Info struct containing:
	:name - Unique identifier for this supplemental
	:language - Target language (e.g., :python, :javascript)
	:constructs - List of MetaAST construct types this module handles
	:requires - External library dependencies with version constraints
	:description - Human-readable description

Example
@impl true
def info do
  %Info{
    name: :pykka_actor,
    language: :python,
    constructs: [:actor_call, :actor_cast],
    requires: ["pykka >= 3.0"],
    description: "Actor model support for Python"
  }
end

  



  
    
      
    
    
      transform(meta_ast, language, metadata)



        
          
        

    

  


  

      

          @callback transform(meta_ast :: term(), language :: atom(), metadata :: map()) ::
  {:ok, term()} | :error


      


Transforms a MetaAST construct to target language AST.
Receives a MetaAST node, target language, and metadata. Returns either:
	{:ok, language_ast} - Successfully transformed
	:error - Cannot handle this construct

The supplemental should only transform constructs listed in its info/0.
Example
@impl true
def transform({:actor_call, actor, message, timeout}, :python, _metadata) do
  python_ast = build_pykka_ask_call(actor, message, timeout)
  {:ok, python_ast}
end

def transform(_, _, _), do: :error

  


        

      

      
        Functions


        


  
    
      
    
    
      dependencies(module)



        
          
        

    

  


  

      

          @spec dependencies(module()) :: [String.t()]


      


Returns external library dependencies required by this supplemental.
Example
iex> MySupplemental.dependencies()
["pykka >= 3.0", "typing-extensions"]

  



  
    
      
    
    
      language(module)



        
          
        

    

  


  

      

          @spec language(module()) :: atom()


      


Returns the target language for this supplemental.
Example
iex> MySupplemental.language()
:python

  



  
    
      
    
    
      supported_constructs(module)



        
          
        

    

  


  

      

          @spec supported_constructs(module()) :: [atom()]


      


Lists all MetaAST construct types supported by this supplemental.
Convenience function that extracts constructs from info/0.
Example
iex> MySupplemental.supported_constructs()
[:actor_call, :actor_cast, :spawn_actor]

  


        

      


  

    
Metastatic.Supplemental.CompatibilityMatrix 
    



      
Provides a compatibility matrix showing which supplemental modules
support which constructs for each language.
This module helps developers understand cross-language support and
identify gaps in supplemental coverage.
Examples
# Get full matrix
matrix = CompatibilityMatrix.build()

# Check if a construct is supported in a language
CompatibilityMatrix.supported?(:actor_call, :python)
# => true (via Pykka supplemental)

# Get all languages supporting a construct
CompatibilityMatrix.languages_for_construct(:actor_call)
# => [:python]

# Get all constructs supported in a language
CompatibilityMatrix.constructs_for_language(:python)
# => [:actor_call, :actor_cast, :spawn_actor, :async_await, ...]
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        construct()

      


    


    
      
        language()

      


    


    
      
        matrix()

      


    





  
    Functions
  


    
      
        build()

      


        Builds the full compatibility matrix from registered supplementals.



    


    
      
        constructs_for_language(language)

      


        Lists all constructs supported in a target language.



    


    
      
        detailed_report()

      


        Generates a detailed report showing all supplementals and their support.



    


    
      
        format_table(opts \\ [])

      


        Generates a text-based compatibility matrix table.



    


    
      
        languages_for_construct(construct)

      


        Lists all languages that support a given construct.



    


    
      
        providers_for(construct, language)

      


        Gets supplemental modules providing a construct for a language.



    


    
      
        supported?(construct, language)

      


        Checks if a construct is supported in a target language.
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      construct()



        
          
        

    

  


  

      

          @type construct() :: atom()


      



  



  
    
      
    
    
      language()



        
          
        

    

  


  

      

          @type language() :: atom()


      



  



  
    
      
    
    
      matrix()



        
          
        

    

  


  

      

          @type matrix() :: %{
  required(construct()) => %{required(language()) => [module_name :: atom()]}
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      build()



        
          
        

    

  


  

      

          @spec build() :: matrix()


      


Builds the full compatibility matrix from registered supplementals.
Returns a nested map structure:
	First level: construct name (e.g., :actor_call)
	Second level: language (e.g., :python)
	Value: list of modules providing support

Examples
iex> matrix = CompatibilityMatrix.build()
iex> matrix[:actor_call][:python]
[Metastatic.Supplemental.Python.Pykka]

  



  
    
      
    
    
      constructs_for_language(language)



        
          
        

    

  


  

      

          @spec constructs_for_language(language()) :: [construct()]


      


Lists all constructs supported in a target language.
Examples
iex> constructs = CompatibilityMatrix.constructs_for_language(:python)
iex> :actor_call in constructs
true

iex> CompatibilityMatrix.constructs_for_language(:unknown_language)
[]

  



  
    
      
    
    
      detailed_report()



        
          
        

    

  


  

      

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


      


Generates a detailed report showing all supplementals and their support.
Examples
iex> report = CompatibilityMatrix.detailed_report()
iex> is_binary(report)
true

  



    

  
    
      
    
    
      format_table(opts \\ [])



        
          
        

    

  


  

      

          @spec format_table(keyword()) :: String.t()


      


Generates a text-based compatibility matrix table.
Shows which constructs are supported in which languages.
Options
	:format - Output format :text (default) or :markdown

Examples
iex> table = CompatibilityMatrix.format_table()
iex> is_binary(table)
true

  



  
    
      
    
    
      languages_for_construct(construct)



        
          
        

    

  


  

      

          @spec languages_for_construct(construct()) :: [language()]


      


Lists all languages that support a given construct.
Examples
iex> CompatibilityMatrix.languages_for_construct(:actor_call)
[:python]

iex> CompatibilityMatrix.languages_for_construct(:unknown_construct)
[]

  



  
    
      
    
    
      providers_for(construct, language)



        
          
        

    

  


  

      

          @spec providers_for(construct(), language()) :: [module()]


      


Gets supplemental modules providing a construct for a language.
Examples
iex> CompatibilityMatrix.providers_for(:actor_call, :python)
[Metastatic.Supplemental.Python.Pykka]

iex> CompatibilityMatrix.providers_for(:unknown, :python)
[]

  



  
    
      
    
    
      supported?(construct, language)



        
          
        

    

  


  

      

          @spec supported?(construct(), language()) :: boolean()


      


Checks if a construct is supported in a target language.
Examples
iex> CompatibilityMatrix.supported?(:actor_call, :python)
true

iex> CompatibilityMatrix.supported?(:actor_call, :go)
false

  


        

      


  

    
Metastatic.Supplemental.Error 
    



      
Error types for supplemental module system.
Provides structured errors for common supplemental-related failures.

      




  

    
Metastatic.Supplemental.Info 
    



      
Metadata structure for supplemental modules.
Contains information about a supplemental module's capabilities,
dependencies, and target language.
Fields
	:name - Unique atom identifier for this supplemental (e.g., :pykka_actor)
	:language - Target language atom (e.g., :python, :javascript)
	:constructs - List of MetaAST construct atoms this supplemental handles
	:requires - List of external library dependencies with version constraints
	:description - Human-readable description string

Example
%Info{
  name: :pykka_actor,
  language: :python,
  constructs: [:actor_call, :actor_cast, :spawn_actor],
  requires: ["pykka >= 3.0"],
  description: "Actor model support for Python via Pykka library"
}
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    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        valid?(arg1)

      


        Validates that an Info struct has all required fields properly set.
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      t()



        
          
        

    

  


  

      

          @type t() :: %Metastatic.Supplemental.Info{
  constructs: [atom()],
  description: String.t(),
  language: atom(),
  name: atom(),
  requires: [String.t()]
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      valid?(arg1)



        
          
        

    

  


  

      

          @spec valid?(t()) :: boolean()


      


Validates that an Info struct has all required fields properly set.
Examples
iex> info = %Info{
...>   name: :test,
...>   language: :python,
...>   constructs: [:actor_call],
...>   description: "Test"
...> }
iex> Info.valid?(info)
true

iex> Info.valid?(%Info{name: nil, language: :python, constructs: [], description: "Test"})
false

  


        

      


  

    
Metastatic.Supplemental.Python.Asyncio 
    



      
Supplemental module for Python's asyncio library.
Transforms async/await constructs into asyncio API calls. This supplemental
handles:
	:async_await - async/await patterns → asyncio.run()
	:async_context - async context managers → async with
	:gather - parallel execution → asyncio.gather()

Examples
# Transform async function call
iex> ast = {:async_operation, :async_await,
...>   {:function_call, "fetch_data", [
...>     {:literal, :string, "https://api.example.com"}
...>   ]}}
iex> {:ok, result} = Metastatic.Supplemental.Python.Asyncio.transform(ast, :python, %{})
iex> match?({:function_call, "asyncio.run", _}, result)
true

# Transform gather for parallel execution
iex> ast = {:async_operation, :gather, [
...>   {:function_call, "fetch_user", [{:literal, :integer, 1}]},
...>   {:function_call, "fetch_posts", [{:literal, :integer, 1}]}
...> ]}
iex> {:ok, result} = Metastatic.Supplemental.Python.Asyncio.transform(ast, :python, %{})
iex> match?({:function_call, "asyncio.gather", _}, result)
true

      




  

    
Metastatic.Supplemental.Python.Pykka 
    



      
Pykka actor library supplemental for Python.
Provides actor model support for Python via the Pykka library, enabling
transformation of actor-related MetaAST constructs to Pykka API calls.
Supported Constructs
	:actor_call - Synchronous actor message (ask)
	:actor_cast - Asynchronous actor message (tell)
	:spawn_actor - Create actor instance

Requirements
	pykka >= 3.0

Example Transformations
# Elixir/Erlang
GenServer.call(actor, :get_state, 5000)

# MetaAST
{:actor_call, actor, :get_state, 5000}

# Python (via Pykka)
actor_ref.ask({'type': 'get_state'}, timeout=5.0)

      




  

    
Metastatic.Supplemental.Registry 
    



      
Registry for supplemental modules.
Manages registration and lookup of supplemental modules that extend
language adapter capabilities. Runs as a GenServer under the application
supervision tree.
Usage
# Register a supplemental module
Registry.register(MyApp.Supplemental.Python.Pykka)

# Look up by language
Registry.list_for_language(:python)

# Look up by construct
Registry.get_for_construct(:python, :actor_call)

# List all available constructs for a language
Registry.available_constructs(:python)
Configuration
Auto-register supplementals at application startup:
# config/config.exs
config :metastatic, :supplementals,
  auto_register: [Metastatic.Supplemental.Python.Pykka],
  disabled: [:some_supplemental]
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        construct_key()

      


    


    
      
        registry_state()

      


    





  
    Functions
  


    
      
        available_constructs(language)

      


        Lists all constructs that have supplemental support for a language.



    


    
      
        child_spec(init_arg)

      


        Returns a specification to start this module under a supervisor.



    


    
      
        clear()

      


        Clears all registered supplementals.



    


    
      
        get_for_construct(language, construct)

      


        Gets the supplemental module that handles a specific construct for a language.



    


    
      
        list_all()

      


        Lists all registered supplemental modules.



    


    
      
        list_for_language(language)

      


        Lists all supplemental modules registered for a language.



    


    
      
        register(module)

      


        Registers a supplemental module.



    


    
      
        start_link(opts \\ [])

      


        Starts the registry GenServer.



    


    
      
        unregister(module)

      


        Unregisters a supplemental module.
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      construct_key()



        
          
        

    

  


  

      

          @type construct_key() :: {language :: atom(), construct :: atom()}


      



  



  
    
      
    
    
      registry_state()



        
          
        

    

  


  

      

          @type registry_state() :: %{
  by_construct: %{required(construct_key()) => module()},
  by_language: %{required(atom()) => [module()]},
  all: MapSet.t(module())
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      available_constructs(language)



        
          
        

    

  


  

      

          @spec available_constructs(atom()) :: [atom()]


      


Lists all constructs that have supplemental support for a language.
Examples
iex> Registry.available_constructs(:python)
[:actor_call, :actor_cast, :spawn_actor]

  



  
    
      
    
    
      child_spec(init_arg)



        
          
        

    

  


  

Returns a specification to start this module under a supervisor.
See Supervisor.

  



  
    
      
    
    
      clear()



        
          
        

    

  


  

      

          @spec clear() :: :ok


      


Clears all registered supplementals.
Primarily for testing purposes.

  



  
    
      
    
    
      get_for_construct(language, construct)



        
          
        

    

  


  

      

          @spec get_for_construct(atom(), atom()) :: module() | nil


      


Gets the supplemental module that handles a specific construct for a language.
Returns nil if no supplemental is registered.
Examples
iex> Registry.get_for_construct(:python, :actor_call)
MyApp.Supplemental.Python.Pykka

iex> Registry.get_for_construct(:python, :unsupported_construct)
nil

  



  
    
      
    
    
      list_all()



        
          
        

    

  


  

      

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


      


Lists all registered supplemental modules.
Examples
iex> Registry.list_all()
[MyApp.Supplemental.Python.Pykka]

  



  
    
      
    
    
      list_for_language(language)



        
          
        

    

  


  

      

          @spec list_for_language(atom()) :: [module()]


      


Lists all supplemental modules registered for a language.
Examples
iex> Registry.list_for_language(:python)
[MyApp.Supplemental.Python.Pykka, MyApp.Supplemental.Python.Asyncio]

  



  
    
      
    
    
      register(module)



        
          
        

    

  


  

      

          @spec register(module()) :: :ok | {:error, Exception.t()}


      


Registers a supplemental module.
The module must implement the Metastatic.Supplemental behaviour.
Validates that no conflicts exist (another supplemental already handles
the same constructs for the same language).
Examples
iex> Registry.register(MyApp.Supplemental.Python.Pykka)
:ok

iex> Registry.register(ConflictingModule)
{:error, %ConflictError{}}

  



    

  
    
      
    
    
      start_link(opts \\ [])



        
          
        

    

  


  

      

          @spec start_link(keyword()) :: GenServer.on_start()


      


Starts the registry GenServer.
Called automatically by the application supervision tree.

  



  
    
      
    
    
      unregister(module)



        
          
        

    

  


  

      

          @spec unregister(module()) :: :ok


      


Unregisters a supplemental module.
Removes the module from the registry.
Examples
iex> Registry.unregister(MyApp.Supplemental.Python.Pykka)
:ok

  


        

      


  

    
Metastatic.Supplemental.Transformer 
    



      
Helper module for transforming MetaAST using registered supplementals.
Coordinates between the registry and supplemental modules to perform
transformations on constructs that don't have native language support.

      


      
        Summary


  
    Functions
  


    
      
        available?(construct, language)

      


        Checks if a supplemental is available for the given construct and language.



    


    
      
        supported_constructs(language)

      


        Lists all supplemental-supported constructs for a language.



    


    
      
        transform(meta_ast, language, metadata)

      


        Attempts to transform a MetaAST construct using a registered supplemental.



    


    
      
        transform!(meta_ast, language, metadata)

      


        Attempts to transform, raising an exception if no supplemental is available.



    





      


      
        Functions


        


  
    
      
    
    
      available?(construct, language)



        
          
        

    

  


  

      

          @spec available?(atom(), atom()) :: boolean()


      


Checks if a supplemental is available for the given construct and language.
Examples
iex> Transformer.available?(:actor_call, :python)
true

iex> Transformer.available?(:unsupported_construct, :python)
false

  



  
    
      
    
    
      supported_constructs(language)



        
          
        

    

  


  

      

          @spec supported_constructs(atom()) :: [atom()]


      


Lists all supplemental-supported constructs for a language.
Examples
iex> Transformer.supported_constructs(:python)
[:actor_call, :actor_cast, :spawn_actor]

  



  
    
      
    
    
      transform(meta_ast, language, metadata)



        
          
        

    

  


  

      

          @spec transform(term(), atom(), map()) ::
  {:ok, term()} | :error | {:error, Exception.t()}


      


Attempts to transform a MetaAST construct using a registered supplemental.
Looks up the appropriate supplemental module for the given language and
construct, then delegates transformation to that module.
Returns:
	{:ok, transformed} - Successfully transformed by supplemental
	:error - No supplemental handles this construct
	{:error, exception} - Transformation failed

Examples
iex> Transformer.transform({:actor_call, actor, msg, timeout}, :python, %{})
{:ok, python_ast}

iex> Transformer.transform({:unsupported_construct, val}, :python, %{})
:error

  



  
    
      
    
    
      transform!(meta_ast, language, metadata)



        
          
        

    

  


  

      

          @spec transform!(term(), atom(), map()) :: {:ok, term()} | no_return()


      


Attempts to transform, raising an exception if no supplemental is available.
Similar to transform/3 but raises MissingSupplementalError when no
supplemental handles the construct.
Examples
iex> Transformer.transform!({:actor_call, actor, msg, timeout}, :python, %{})
{:ok, python_ast}

iex> Transformer.transform!({:unsupported_construct, val}, :python, %{})
** (Metastatic.Supplemental.Error.MissingSupplementalError)

  


        

      


  

    
Metastatic.Supplemental.Validator 
    



      
Validates supplemental module availability and compatibility.
Analyzes MetaAST documents to detect required supplemental modules
and checks if they are registered and compatible.

      


      
        Summary


  
    Functions
  


    
      
        analyze(document, target_language)

      


        Analyzes a document to detect required supplementals for target language.



    


    
      
        compatible?(document, target_language)

      


        Checks if all required supplementals are available for a language.



    


    
      
        detect_required_constructs(meta_ast)

      


        Lists all supplemental-requiring constructs in a MetaAST.



    





      


      
        Functions


        


  
    
      
    
    
      analyze(document, target_language)



        
          
        

    

  


  

      

          @spec analyze(Metastatic.Document.t(), atom()) :: {:ok, map()} | {:error, map()}


      


Analyzes a document to detect required supplementals for target language.
Returns analysis result with required and available supplementals.
Examples
iex> Validator.analyze(document, :python)
{:ok, %{required: [:actor_call], available: [:actor_call], missing: []}}

iex> Validator.analyze(document_with_actors, :python)
{:error, %{required: [:actor_call], available: [], missing: [:actor_call]}}

  



  
    
      
    
    
      compatible?(document, target_language)



        
          
        

    

  


  

      

          @spec compatible?(Metastatic.Document.t(), atom()) :: boolean()


      


Checks if all required supplementals are available for a language.
Examples
iex> Validator.compatible?(document, :python)
true

  



  
    
      
    
    
      detect_required_constructs(meta_ast)



        
          
        

    

  


  

      

          @spec detect_required_constructs(term()) :: [atom()]


      


Lists all supplemental-requiring constructs in a MetaAST.
Examples
iex> Validator.detect_required_constructs(meta_ast)
[:actor_call, :spawn_actor]

  


        

      


  

    
Metastatic.Test.AdapterHelper 
    



      
Testing utilities for language adapters (M1 ↔ M2 transformations).
Provides macros and helper functions to test adapter round-trip fidelity,
validate conformance, and measure transformation quality.
M1 ↔ M2 Round-Trip Testing
A round-trip test validates the following pipeline:
Source → M1 → M2 → M1 → Source
Where:
	Source → M1: adapter.parse/1
	M1 → M2: adapter.to_meta/1
	M2 → M1: adapter.from_meta/2
	M1 → Source: adapter.unparse/1

Fidelity Metrics
	Exact match: Source output matches input exactly
	Semantic match: ASTs match even if formatting differs
	Partial match: Core structure preserved but details lost

Usage
defmodule MyAdapterTest do
  use ExUnit.Case
  import Metastatic.Test.AdapterHelper

  test "round-trip simple arithmetic" do
    source = "x + 5"
    assert_round_trip(MyAdapter, source)
  end

  test "validates M2 conformance" do
    source = "x + 5"
    assert_valid_meta_ast(MyAdapter, source)
  end
end

      


      
        Summary


  
    Functions
  


    
      
        assert_round_trip(adapter, source, opts \\ [])

      


        Assert that source code round-trips successfully through the adapter.



    


    
      
        assert_valid_meta_ast(adapter, source, opts \\ [])

      


        Assert that source code produces a valid MetaAST.



    


    
      
        assert_valid_reification(adapter, meta_ast, metadata)

      


        Assert that MetaAST can be reified back to source.



    


    
      
        calculate_fidelity(original, result)

      


        Calculate round-trip fidelity score.



    


    
      
        load_fixtures(dir)

      


        Load test fixtures from a directory.



    


    
      
        measure_performance(adapter, source)

      


        Measure adapter performance.



    





      


      
        Functions


        


    

  
    
      
    
    
      assert_round_trip(adapter, source, opts \\ [])



        
          
        

    

  


  

      

          @spec assert_round_trip(module(), String.t(), keyword()) :: :ok


      


Assert that source code round-trips successfully through the adapter.
Validates: Source → M1 → M2 → M1 → Source
Options
	:exact - Require exact source match (default: false)
	:semantic - Allow formatting differences (default: true)

Examples
assert_round_trip(MyAdapter, "x + 5")
assert_round_trip(MyAdapter, "x + 5", exact: true)

  



    

  
    
      
    
    
      assert_valid_meta_ast(adapter, source, opts \\ [])



        
          
        

    

  


  

      

          @spec assert_valid_meta_ast(module(), String.t(), keyword()) ::
  Metastatic.Document.t()


      


Assert that source code produces a valid MetaAST.
Validates: Source → M1 → M2 and checks M2 conformance.
Options
	:mode - Validation mode (:strict, :standard, :permissive)
	:max_depth - Maximum allowed AST depth
	:max_nodes - Maximum allowed node count

Examples
assert_valid_meta_ast(MyAdapter, "x + 5")
assert_valid_meta_ast(MyAdapter, "x + 5", mode: :strict)

  



  
    
      
    
    
      assert_valid_reification(adapter, meta_ast, metadata)



        
          
        

    

  


  

      

          @spec assert_valid_reification(module(), Metastatic.AST.meta_ast(), map()) ::
  String.t()


      


Assert that MetaAST can be reified back to source.
Validates: M2 → M1 → Source
Examples
ast = {:binary_op, :arithmetic, :+, {:variable, "x"}, {:literal, :integer, 5}}
assert_valid_reification(MyAdapter, ast, %{})

  



  
    
      
    
    
      calculate_fidelity(original, result)



        
          
        

    

  


  

      

          @spec calculate_fidelity(String.t(), String.t()) :: float()


      


Calculate round-trip fidelity score.
Returns a percentage (0.0 to 100.0) representing how closely the
round-trip output matches the input.
Examples
fidelity = calculate_fidelity(original, round_trip_result)
# => 95.5

  



  
    
      
    
    
      load_fixtures(dir)



        
          
        

    

  


  

      

          @spec load_fixtures(String.t()) :: [{String.t(), String.t(), term() | nil}]


      


Load test fixtures from a directory.
Expects a directory structure like:
fixtures/
├── python/
│   ├── simple_arithmetic.py
│   ├── list_comprehension.py
│   └── expected/
│       ├── simple_arithmetic.exs
│       └── list_comprehension.exs
Returns a list of {source_file, source_code, expected_meta_ast} tuples.
Examples
fixtures = load_fixtures("test/fixtures/python")

  



  
    
      
    
    
      measure_performance(adapter, source)



        
          
        

    

  


  

      

          @spec measure_performance(module(), String.t()) :: map()


      


Measure adapter performance.
Returns timing information for each stage of the transformation pipeline.
Examples
metrics = measure_performance(MyAdapter, source)
# => %{
#   parse_time_us: 150,
#   to_meta_time_us: 200,
#   from_meta_time_us: 180,
#   unparse_time_us: 120,
#   total_time_us: 650
# }

  


        

      


  

    
Metastatic.Test.FixtureHelper 
    



      
Helper utilities for loading and managing test fixtures.
Provides structured access to test fixtures across different languages,
with support for expected MetaAST outputs and validation.
Directory Structure
test/fixtures/
├── python/
│   ├── simple_arithmetic.py
│   ├── complex_function.py
│   └── expected/
│       ├── simple_arithmetic.exs
│       └── complex_function.exs
├── javascript/
│   └── ...
└── elixir/
    └── ...
Usage
# Load all fixtures for a language
fixtures = FixtureHelper.load_language(:python)

# Load a specific fixture
{:ok, fixture} = FixtureHelper.load_fixture(:python, "simple_arithmetic")

# Get fixture path
path = FixtureHelper.fixture_path(:python, "simple_arithmetic.py")

      


      
        Summary


  
    Functions
  


    
      
        create_language_dir(language)

      


        Create a fixture directory structure for a language.



    


    
      
        fixture_path(language, filename)

      


        Get the full path to a fixture file.



    


    
      
        fixtures_dir()

      


        Get the base fixtures directory path.



    


    
      
        language_dir(language)

      


        Get the fixtures directory for a specific language.



    


    
      
        load_all()

      


        Load all fixtures across all languages.



    


    
      
        load_fixture(language, name)

      


        Load a specific fixture.



    


    
      
        load_language(language)

      


        Load all fixtures for a language.



    


    
      
        save_fixture(language, name, source, expected_ast \\ nil)

      


        Save a fixture file and optionally its expected AST.



    


    
      
        stats()

      


        Get statistics about available fixtures.



    


    
      
        validate_fixture(map, actual_ast)

      


        Validate that a fixture's expected AST matches actual parsing result.



    





      


      
        Functions


        


  
    
      
    
    
      create_language_dir(language)



        
          
        

    

  


  

      

          @spec create_language_dir(atom()) :: :ok


      


Create a fixture directory structure for a language.
Examples
iex> FixtureHelper.create_language_dir(:python)
:ok

  



  
    
      
    
    
      fixture_path(language, filename)



        
          
        

    

  


  

      

          @spec fixture_path(atom(), String.t()) :: String.t()


      


Get the full path to a fixture file.
Examples
iex> FixtureHelper.fixture_path(:python, "test.py")
"/path/to/test/fixtures/python/test.py"

  



  
    
      
    
    
      fixtures_dir()



        
          
        

    

  


  

      

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


      


Get the base fixtures directory path.

  



  
    
      
    
    
      language_dir(language)



        
          
        

    

  


  

      

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


      


Get the fixtures directory for a specific language.
Examples
iex> FixtureHelper.language_dir(:python)
"/path/to/test/fixtures/python"

  



  
    
      
    
    
      load_all()



        
          
        

    

  


  

      

          @spec load_all() :: %{required(atom()) => [map()]}


      


Load all fixtures across all languages.
Returns a map of language => list of fixtures.
Examples
iex> all = FixtureHelper.load_all()
iex> is_map(all)
true

  



  
    
      
    
    
      load_fixture(language, name)



        
          
        

    

  


  

      

          @spec load_fixture(atom(), String.t()) ::
  {:ok, map()} | {:error, :not_found | :invalid_fixture}


      


Load a specific fixture.
Returns a map with:
	:name - Fixture name (without extension)
	:source_file - Full path to source file
	:source - Source code content
	:expected_ast - Expected MetaAST (if exists)
	:language - Language atom

Examples
iex> {:ok, fixture} = FixtureHelper.load_fixture(:python, "simple_arithmetic")
iex> fixture.name
"simple_arithmetic"
iex> is_binary(fixture.source)
true

  



  
    
      
    
    
      load_language(language)



        
          
        

    

  


  

      

          @spec load_language(atom()) :: [map()]


      


Load all fixtures for a language.
Returns a list of fixture maps.
Examples
iex> fixtures = FixtureHelper.load_language(:python)
iex> is_list(fixtures)
true

  



    

  
    
      
    
    
      save_fixture(language, name, source, expected_ast \\ nil)



        
          
        

    

  


  

      

          @spec save_fixture(atom(), String.t(), String.t(), term() | nil) :: :ok


      


Save a fixture file and optionally its expected AST.
Examples
iex> FixtureHelper.save_fixture(:python, "test", "x + 5")
:ok

iex> ast = {:binary_op, :arithmetic, :+, {:variable, "x"}, {:literal, :integer, 5}}
iex> FixtureHelper.save_fixture(:python, "test", "x + 5", ast)
:ok

  



  
    
      
    
    
      stats()



        
          
        

    

  


  

      

          @spec stats() :: map()


      


Get statistics about available fixtures.
Examples
iex> stats = FixtureHelper.stats()
iex> stats.total_fixtures
42

  



  
    
      
    
    
      validate_fixture(map, actual_ast)



        
          
        

    

  


  

      

          @spec validate_fixture(map(), term()) :: :ok | {:error, {:mismatch, term(), term()}}


      


Validate that a fixture's expected AST matches actual parsing result.
Examples
iex> {:ok, fixture} = FixtureHelper.load_fixture(:python, "test")
iex> FixtureHelper.validate_fixture(fixture, actual_ast)
:ok

  


        

      


  

    
Metastatic.Supplemental.Error.ConflictError exception
    



      
Raised when multiple supplementals attempt to handle the same construct.
Indicates ambiguity in which supplemental should transform a construct.

      




  

    
Metastatic.Supplemental.Error.IncompatibleSupplementalError exception
    



      
Raised when a supplemental module's dependencies are incompatible.
Indicates version mismatches or missing external library dependencies.

      




  

    
Metastatic.Supplemental.Error.MissingSupplementalError exception
    



      
Raised when a required supplemental module is not registered.
Indicates that transformation requires a supplemental that hasn't been
registered in the system.

      




  

    
Metastatic.Supplemental.Error.UnsupportedConstructError exception
    



      
Raised when a MetaAST construct has no transformation path.
Indicates the construct is neither natively supported by the adapter
nor handled by any registered supplemental.

      




  

    
mix metastatic.gen.supplemental 
    



      
Generates a new supplemental module scaffold.
Usage
mix metastatic.gen.supplemental NAME --language LANG [options]
Arguments
	NAME - Module name (e.g., python.requests, javascript.axios)
	--language or -l - Target language (required)

Options
	--constructs or -c - Comma-separated list of constructs to support
	--library - Name of the library being wrapped
	--library-version - Version requirement for the library

Examples
# Generate Python supplemental for requests library
mix metastatic.gen.supplemental python.requests --language python \
  --constructs http_get,http_post --library requests --library-version ">=2.28.0"

# Generate JavaScript supplemental for axios
mix metastatic.gen.supplemental javascript.axios --language javascript \
  --constructs http_get,http_post --library axios

# Generate with minimal options
mix metastatic.gen.supplemental ruby.httparty --language ruby
Generated Files
The generator creates:
	lib/metastatic/supplemental/{language}/{name}.ex - Main supplemental module
	test/metastatic/supplemental/{language}/{name}_test.exs - Test file

The generated module includes:
	Behaviour implementation (@behaviour Metastatic.Supplemental)
	info/0 function with metadata
	transform/3 function scaffold for each construct
	Comprehensive documentation
	Example tests


      




  

    
mix metastatic.inspect 
    



      
Inspect the MetaAST structure of source code files.
Usage
mix metastatic.inspect FILE [OPTIONS]
Arguments
	FILE - Source file to inspect

Options
	--format FORMAT - Output format (tree, json, plain) [default: tree]
	--layer LAYER - Filter by layer (core, extended, native, all) [default: all]
	--variables - Show only variables
	--language LANG - Source language (optional, auto-detected from extension)

Examples
Inspect a Python file (tree format):
mix metastatic.inspect hello.py
Show MetaAST in JSON format:
mix metastatic.inspect hello.py --format json
Filter to show only core layer nodes:
mix metastatic.inspect hello.py --layer core
Extract only variables:
mix metastatic.inspect hello.py --variables
Output Formats
	tree (default) - Human-readable tree structure with indentation
	json - Machine-readable JSON for programmatic processing
	plain - Simple text representation

Layer Filtering
	core - Universal constructs (literals, variables, operators, etc.)
	extended - Common patterns (loops, lambdas, collections)
	native - Language-specific constructs
	all - Show everything (default)


      




  

    
mix metastatic.supplemental_check 
    



      
Analyzes code to detect required supplemental modules.
Usage
mix metastatic.supplemental_check FILE [options]
Options
	--format - Output format: text (default), json, or detailed
	--language - Source language (auto-detected if not specified)
	--target - Target language for translation analysis

Examples
# Check what supplementals are needed for a file
mix metastatic.supplemental_check my_file.ex

# Check compatibility when translating to Python
mix metastatic.supplemental_check my_file.ex --target python

# JSON output
mix metastatic.supplemental_check my_file.py --format json

# Detailed report
mix metastatic.supplemental_check my_file.ex --target python --format detailed
Exit Codes
	0 - All required supplementals available (or none needed)
	1 - Missing supplementals detected
	2 - Error during analysis


      




  

    
mix metastatic.translate 
    



      
Translate source code from one programming language to another using MetaAST.
Usage
mix metastatic.translate --from LANG --to LANG FILE [OPTIONS]
mix metastatic.translate --from LANG --to LANG DIR --output OUT_DIR
Arguments
	FILE or DIR - Source file or directory to translate

Options
	--from LANG - Source language (cure, elixir, erlang, haskell, javascript, march, python, ruby, typescript)
	--to LANG - Target language (cure, elixir, erlang, haskell, javascript, march, python, ruby, typescript)
	--output PATH - Output file or directory (optional for single files)

Examples
Translate a single Python file to Elixir (auto-detects output path):
mix metastatic.translate --from python --to elixir hello.py
# Creates: hello.ex
Translate with explicit output path:
mix metastatic.translate --from python --to elixir hello.py --output lib/hello.ex
Translate an entire directory:
mix metastatic.translate --from python --to elixir src/ --output lib/
Auto-detect source language from file extension:
mix metastatic.translate --to elixir hello.py
# Detects Python from .py extension
Translation Process
	Parse source code to language-specific AST (M1)
	Transform to MetaAST (M2) - universal representation
	Transform MetaAST to target language AST (M1')
	Unparse to target language source code

Limitations
	Some language-specific constructs may not translate perfectly
	Native layer (M2.3) constructs are preserved as language_specific nodes
	Comments and formatting may not be preserved
	Not all type annotations translate between languages


      




  

    
mix metastatic.validate_equivalence 
    



      
Validate that two source files have semantically equivalent MetaAST representations.
This demonstrates cross-language semantic equivalence - showing that code in
different languages can represent the same abstract computation at the M2 level.
Usage
mix metastatic.validate-equivalence FILE1 FILE2 [OPTIONS]
Arguments
	FILE1 - First source file
	FILE2 - Second source file

Options
	--lang1 LANG - Language of first file (optional, auto-detected)
	--lang2 LANG - Language of second file (optional, auto-detected)
	--verbose - Show detailed comparison

Examples
Compare Python and Elixir implementations:
mix metastatic.validate-equivalence hello.py hello.ex
Compare with explicit language specification:
mix metastatic.validate-equivalence file1.txt file2.txt --lang1 python --lang2 elixir
Show detailed differences:
mix metastatic.validate-equivalence hello.py hello.ex --verbose
Equivalence Checking
Two files are considered semantically equivalent if their MetaAST representations
are identical. This means:
	Same structure and operations
	Same variable names
	Same literal values
	Same control flow

Differences allowed:
	Comments and documentation
	Whitespace and formatting
	Language-specific syntax sugar
	Type annotations (when not semantically meaningful)

Exit Codes
	0 - Files are semantically equivalent
	1 - Files are not equivalent or error occurred
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