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    WolframModel

The Wolfram Model is a rule-based computational framework in which a system is represented by a hypergraph that evolves through simple, local rewriting rules. Even with simple rules, the model can generate rich, emergent behavior and is used to explore complex systems.
This repository contains a full-featured Elixir implementation of the Wolfram Model, providing:
	N-pattern hypergraph rewriting rules (any number of input hyperedges)
	Configurable update orderings and parallel evolution
	Causal networks tracking rule applications
	Multiway DAG evolution exploring all possible paths
	Emergent structure analysis including dimension estimation and conservation laws
	SVG visualizations for hypergraphs, multiway DAGs, branchial graphs, and geodesic plots

Installation
def deps do
  [
    {:wolfram_model, "~> 1.3.0"}
  ]
end
Key Features
Evolution Rules
	N-pattern matching — rules with any number of input hyperedges via recursive backtracking
	Configurable update orderings: :first, :leftmost, :random
	Parallel evolution via evolve_parallel/1 — applies all non-conflicting matches in one step
	Fixpoint detection via fixpoint?/1 and evolve_until_fixpoint/3
	Multiple built-in rule sets: basic_rules/0, :growth, :cellular_automaton, :spacetime
	Classic Wolfram Physics Project benchmark rules via RuleSet.rule_set(:wolfram, key)
	Standard rule notation parser/printer via WolframModel.Rule.parse/2 and WolframModel.Rule.to_string/1

Causal Networks
	Tracks every rule application as an event with parent_ids for O(1) causal lookup
	Builds causal relationships between events
	Exports causal graph via export_event_graph/1 and causal_network_data/1
	Computes spacelike foliations (layers of causally independent events) via foliations/1
	Checks causal invariance (confluence) via causally_invariant?/2 — tests both overlapping pairs (Church-Rosser) and non-overlapping pairs (commutativity)

Multiway Evolution
	Explores all possible rule applications
	multiway_explore/2 — branching evolution tree
	multiway_explore_dag/2 — proper DAG where converging branches share nodes
	Builds the branchial graph of conflicting branches via branchial_graph/1

Emergent Structure Analysis
	Measures complexity, growth rates, clustering
	Estimates effective spatial dimension via hypergraph geodesic ball growth (Analytics.estimate_dimension/1)
	Estimates Ricci scalar curvature from the next-order ball-growth correction (Analytics.estimate_ricci_scalar/1) — positive for sphere-like, negative for hyperbolic-like geometries
	Detects conserved quantities (vertex count, edge count, total degree and their parities) via Analytics.detect_conserved_quantities/1
	Uses an information-theoretic approach to measure spatial coherence (Correlation Length)
	Analyzes diameter and connectivity patterns

Visualization
	HypergraphSVG.to_svg/2 — force-directed layout of a hypergraph; binary edges as directed arrows, N-ary edges as translucent polygons
	HypergraphSVG.evolution_to_svg/2 — horizontal strip of panels showing every generation
	MultiwayGraphSVG.to_svg/2 — hierarchical DAG layout of multiway evolution; nodes labelled with vertex/edge counts
	BranchialGraphSVG.to_svg/2 — circular layout of conflicting rule matches with rule-name legend
	GeodesicPlotSVG.to_svg/2 — dual-panel chart: linear V(r) vs r and log-log with best-fit dimension slope
	CausalGraphSVG.to_svg/1 — generation-layered causal event graph

Rule Analysis
	RuleAnalysis.reversible?/1 — checks structural reversibility
	RuleAnalysis.self_complementary?/1 — checks pattern/replacement symmetry
	RuleAnalysis.introduces_new_vertices?/1 — detects vertex-generating rules
	RuleAnalysis.hyperedge_delta/1 — net hyperedge count change per application
	RuleAnalysis.arity/1 — hyperedge size signature of a rule
	RuleAnalysis.canonical_form/1 — normalises variable names in first-appearance order
	RuleAnalysis.equivalent?/2 — checks if two rules are isomorphic up to variable renaming

Example Usage
# Create a simple universe
universe = WolframModel.Example.simple_universe()

# Evolve it for 10 steps (default :first ordering)
evolved = WolframModel.evolve_steps(universe, 10)

# Use leftmost or random ordering
WolframModel.evolve_step(universe, ordering: :leftmost)
WolframModel.evolve_step(universe, ordering: :random)

# Apply all non-conflicting matches in one parallel step
WolframModel.evolve_parallel(universe)

# Evolve until no rules apply (fixpoint)
final = WolframModel.evolve_until_fixpoint(universe)
WolframModel.fixpoint?(final)  # => true

# Analyze what emerged
WolframModel.print_stats(evolved)

# Explore multiway evolution as a tree...
multiway_tree = WolframModel.multiway_explore(universe, 3)

# ...or as a proper DAG where converging branches share nodes
dag = WolframModel.multiway_explore_dag(universe, 3)
# dag.nodes :: %{canonical_key => %WolframModel{}}
# dag.edges :: MapSet of {from_key, to_key}

# Analyze causality
causality = WolframModel.Analytics.analyze_causality(evolved)

# Compute spacelike foliations
layers = WolframModel.foliations(evolved)

# Explore the branchial graph of conflicting branches
bg = WolframModel.branchial_graph(universe)

# Check causal invariance (tests both overlapping and non-overlapping pairs)
WolframModel.causally_invariant?(universe)
WolframModel.causally_invariant?(universe, 3)  # depth-3 Church-Rosser check

# Estimate the emergent spatial dimension (uses hypergraph geodesics)
dim = WolframModel.Analytics.estimate_dimension(evolved.hypergraph)

# Estimate Ricci scalar curvature (positive → sphere-like, negative → hyperbolic)
r_scalar = WolframModel.Analytics.estimate_ricci_scalar(evolved.hypergraph)

# Detect conserved quantities across evolution history
conserved = WolframModel.Analytics.detect_conserved_quantities(evolved)
# => %{conserved: [:edge_count_parity, ...], vertex_count_history: [...], ...}

# Use classic Wolfram Physics Project benchmark rules
rules = WolframModel.RuleSet.rule_set(:wolfram, :rule_1)

# Parse rules from standard Wolfram notation
rule = WolframModel.Rule.parse("{{1,2},{1,3}} -> {{2,3},{1,4}}")
WolframModel.Rule.to_string(rule)
# => "{{1,2},{1,3}} -> {{2,3},{1,4}}"

# Inspect rule properties
alias WolframModel.RuleAnalysis
RuleAnalysis.reversible?(rule)
RuleAnalysis.introduces_new_vertices?(rule)
RuleAnalysis.hyperedge_delta(rule)
RuleAnalysis.canonical_form(rule)
RuleAnalysis.equivalent?(rule_a, rule_b)

# SVG visualizations
alias WolframModel.{HypergraphSVG, MultiwayGraphSVG, BranchialGraphSVG, GeodesicPlotSVG, CausalGraphSVG}

# Render the current hypergraph
evolved.hypergraph
|> HypergraphSVG.to_svg(title: "Step #{evolved.generation}")
|> then(&File.write!("hypergraph.svg", &1))

# Render the full evolution as a strip of panels
evolved
|> HypergraphSVG.evolution_to_svg(max_snapshots: 8, panel_size: 200)
|> then(&File.write!("evolution.svg", &1))

# Render the multiway DAG
dag = WolframModel.multiway_explore_dag(universe, 3)
dag
|> MultiwayGraphSVG.to_svg()
|> then(&File.write!("multiway.svg", &1))

# Render the branchial graph
WolframModel.branchial_graph(universe)
|> BranchialGraphSVG.to_svg(title: "Branchial graph")
|> then(&File.write!("branchial.svg", &1))

# Render the causal graph
evolved
|> WolframModel.causal_network_data()
|> CausalGraphSVG.to_svg()
|> then(&File.write!("causal.svg", &1))

# Render the geodesic ball growth plot with dimension estimate
evolved.hypergraph
|> GeodesicPlotSVG.to_svg(seeds: 5, title: "Geodesic dimension")
|> then(&File.write!("geodesic.svg", &1))
Interactive Livebook
For a step-by-step guided tour — including theory, worked examples, visualisations, and curvature analysis — open wolfram_model.livemd in Livebook:
livebook server wolfram_model.livemd

The notebook covers:
	Wolfram Physics background and core concepts
	Building and evolving universes
	Update orderings and parallel evolution
	Causal networks, foliations, and causal invariance
	Multiway evolution and branchial graphs
	Emergent spatial dimension and Ricci scalar curvature
	Classic Wolfram benchmark rules
	Rule analysis and conservation law detection

References
	The Wolfram Physics Project
	Technical Introduction
	arXiv: 2004.08210



  

    LICENSE


                                 Apache License
                           Version 2.0, January 2004
                        http://www.apache.org/licenses/

   TERMS AND CONDITIONS FOR USE, REPRODUCTION, AND DISTRIBUTION

   1. Definitions.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

   END OF TERMS AND CONDITIONS

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

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

   Copyright [yyyy] [name of copyright owner]

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

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

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



  

    Changelog

All notable changes to this project are documented in this file.
v1.3.0 (2026-05-17)
Enhancements
	HypergraphSVG.to_svg/2 — improved force-directed layout with better
handling of large hyperedges and more compact spacing; added title option for
SVGs
	MultiwayGraphSVG.to_svg/2 — fit-to-width layout — when the :width
option is provided, the graph's horizontal positions are now scaled so the
layout fills exactly the requested width. Previously the :width option only
set the canvas size without adjusting node positions.

v1.2.0 (2026-05-17)
New features
	Analytics.estimate_ricci_scalar/1 — estimates the Ricci scalar
curvature $R$ of a hypergraph from the geodesic ball growth correction:
$V(r) \approx C_d\, r^d (1 - R\, r^2 / (6(d+2)))$.  A linear regression of
$\Delta(r) = \log V(r) - d \log r$ against $r^2$ gives the slope
$-R/(6(d+2))$, from which $R$ is recovered.  Positive values indicate
sphere-like (positive) curvature; negative values indicate hyperbolic-like
(negative) curvature; values near zero indicate flat Euclidean geometry.
Returns nil for graphs with fewer than 6 vertices.
	wolfram_model.livemd — interactive Livebook notebook covering Wolfram
Physics theory, all major module features, and geometry examples (dimension
estimation, Ricci curvature across flat/sphere/evolved hypergraphs).

v1.1.0 (2026-05-15)
New features
	WolframModel.HypergraphSVG — SVG rendering of a hypergraph state using
a force-directed spring layout. Unary edges render as dashed rings, binary
edges as directed arrows, and N-ary edges as translucent coloured polygons.
evolution_to_svg/2 produces a horizontal strip of panels, one per
generation snapshot.
	WolframModel.MultiwayGraphSVG — hierarchical (BFS-level) layout of the
multiway DAG returned by multiway_explore_dag/2. Nodes are labelled with
vertex count, edge count, and generation; the root is highlighted; edges are
drawn as cubic Bézier curves.
	WolframModel.BranchialGraphSVG — circular layout of the branchial graph
returned by branchial_graph/1. Nodes are coloured by rule name with a
rule-name legend; conflict edges are drawn dashed.
	WolframModel.GeodesicPlotSVG — dual-panel SVG line chart showing
geodesic ball growth: a linear V(r) vs r panel and a log-log panel with
a best-fit slope labelled d≈… giving the estimated spatial dimension.
Uses the same hypergraph-native BFS as Analytics.estimate_dimension/1.

v1.0.0 (2026-05-15)
Breaking changes
	causally_invariant?/1 now accepts an optional depth argument
(causally_invariant?/2); callers that relied on the 1-arity form are
unaffected (default depth is 2).
	Fresh-vertex substitution is now memoised per rule application: a single
unbound atom tag produces one stable vertex ID across all replacement
hyperedges in the same application. Code that relied on each hyperedge
receiving a distinct fresh ID for the same tag will observe different IDs.

New features
	N-pattern rule matching — WolframModel.Matcher.match/2 now supports
rules with any number of input hyperedges via recursive backtracking.
Previously only 1- and 2-pattern rules were supported.
	Update orderings — evolve_step/2 accepts ordering: :first | :leftmost | :random to select which rule match is applied.

	Parallel evolution — evolve_parallel/1 greedily applies all
non-conflicting matches in a single model step.
	Fixpoint detection — fixpoint?/1 and evolve_until_fixpoint/3.
	Multiway DAG — multiway_explore_dag/2 returns a proper DAG
(%{root:, nodes:, edges:}) where converging branches share nodes.
	Improved causal invariance — causally_invariant?/2 now tests both
non-overlapping pairs (commutativity) and overlapping pairs (local
Church–Rosser property up to configurable depth).
	Hypergraph-native dimension estimation — Analytics.estimate_dimension/1
now uses hypergraph BFS (traversal through whole hyperedges) and up to 10
seed vertices.
	Conservation law detection — Analytics.detect_conserved_quantities/1
scans the evolution history for conserved vertex count, edge count, total
degree, and their parities.
	Rule notation parser/printer — new WolframModel.Rule module with
parse/2 and to_string/1 for the standard Wolfram notation
{{1,2},{1,3}} -> {{2,3},{1,4}}.
	Rule equivalence — RuleAnalysis.canonical_form/1 and
RuleAnalysis.equivalent?/2 check structural isomorphism up to variable
renaming.
	Wolfram benchmark rules — RuleSet.rule_set(:wolfram, key) and
RuleSet.wolfram_rules/0 expose five canonical rules from the Wolfram
Physics Project (including the 3-pattern triangle rule).

v0.3.0 (2026-05-15)
	Generalised fresh vertex substitution: any unbound atom in a rule replacement
is now treated as a new-vertex tag, removing the hardcoded :new/:center/
:parallel/:new1/:new2/:new3 special-cases
	Fixed causal_network_data/1 to derive edges from pre-computed parent_ids
(O(n) instead of O(n²)) and removed dead causally_related?/2
	Fixed calculate_clustering_coefficient/1 guard to use map_size/1 instead
of length/1 on a map (guard now fires correctly for small adjacency maps)
	Added WolframModel.foliations/1 — spacelike event layers (foliations of the
causal partial order)
	Added WolframModel.branchial_graph/1 — branchial connections between
conflicting/overlapping rule matches at the current state
	Added WolframModel.causally_invariant?/1 — confluence check: verifies that
all pairs of non-overlapping rule applications commute
	Added WolframModel.export_event_graph/1 — exports causal events as a
%{nodes, edges} graph using stored parent_ids
	Added WolframModel.Analytics.estimate_dimension/1 — estimates effective
spatial dimension via geodesic ball growth and log-log regression
	Added WolframModel.RuleAnalysis module with reversible?/1,
self_complementary?/1, introduces_new_vertices?/1, hyperedge_delta/1,
and arity/1

v0.2.0 (2025-12-29)
	Added property tests for two-hyperedge patterns
	Improved deterministic matching
	Enhanced event/cause indexing and analytics
	Fixed various invariants and Dialyzer warnings



  

    Wolfram Model: Causal Networks and Multiway Evolution

Mix.install([
  {:jason, "~> 1.4"},
  {:kino, "~> 0.12"},
  {:kino_vega_lite, "~> 0.1"},
  {:vega_lite, "~> 0.1"},
  {:wolfram_model, path: __DIR__}
])
Universe
steps = 30

initial =
  Hypergraph.new()
  |> Hypergraph.add_hyperedge([1, 2])
  |> Hypergraph.add_hyperedge([2, 3])
  |> Hypergraph.add_hyperedge([3, 4])
  |> Hypergraph.add_hyperedge([4, 5])
  |> Hypergraph.add_hyperedge([5, 6])
  |> Hypergraph.add_hyperedge([6, 7])
  |> Hypergraph.add_hyperedge([7, 8])
  |> Hypergraph.add_hyperedge([8, 9])
  |> WolframModel.new(WolframModel.RuleSet.rule_set(:growth))

evolved = WolframModel.evolve_steps(initial, steps)

Hypergraph.stats(evolved.hypergraph)
WolframModel.HypergraphSVG.to_svg(evolved.hypergraph)
|> Kino.HTML.new()
WolframModel.GeodesicPlotSVG.to_svg(evolved.hypergraph)
|> Kino.HTML.new()
WolframModel.HypergraphSVG.evolution_to_svg(evolved)
|> Kino.HTML.new()
Causal Network
This shows how evolution events are causally connected through time:
WolframModel.causal_network_data(evolved)
|> WolframModel.CausalGraphSVG.to_svg()
|> Kino.HTML.new()
Foliations (Spacelike Slices)
Foliations partition causal events into layers where each layer contains only
events whose parents all belong to earlier layers — the hypergraph analogue of
constant-time slices in relativity.
layers = WolframModel.foliations(evolved)

foliation_data =
  layers
  |> Enum.with_index()
  |> Enum.flat_map(fn {events, layer} ->
    Enum.map(events, fn e ->
      %{layer: layer, event_id: e.id, rule: e.rule.name, parents: length(e.parent_ids)}
    end)
  end)

VegaLite.new(width: 600, height: 300, title: "Causal Foliations (Spacelike Layers)")
|> VegaLite.data_from_values(foliation_data)
|> VegaLite.mark(:circle, size: 120)
|> VegaLite.encode_field(:x, "event_id", type: :quantitative, axis: [title: "Event ID"])
|> VegaLite.encode_field(:y, "layer", type: :quantitative, axis: [title: "Foliation Layer"])
|> VegaLite.encode_field(:color, "rule", type: :nominal, legend: [title: "Rule"])
|> VegaLite.encode(:tooltip, [
  [field: "layer", type: :quantitative, title: "Layer"],
  [field: "event_id", type: :quantitative, title: "Event ID"],
  [field: "rule", type: :nominal, title: "Rule"],
  [field: "parents", type: :quantitative, title: "# Parents"]
])
Branchial Graph
The branchial graph connects rule matches that overlap (conflict) at the current
state — these are the branching points in multiway evolution. Two nodes are
adjacent when their matched hyperedges share a vertex.
WolframModel.branchial_graph(evolved)
|> WolframModel.BranchialGraphSVG.to_svg()
|> Kino.HTML.new()
Causal Invariance
Check whether all pairs of non-overlapping rule applications at the initial
state commute (a necessary condition for relativistic invariance).
WolframModel.causally_invariant?(initial)
Event Graph Export
Export the full event DAG as nodes + edges for external tooling:
event_graph = WolframModel.export_event_graph(evolved)

IO.puts("Events: #{length(event_graph.nodes)}")
IO.puts("Causal edges: #{length(event_graph.edges)}")

event_graph
Effective Spatial Dimension
Estimate the emergent spatial dimension of the evolved hypergraph using
geodesic ball growth (fits $V(r) \sim r^d$ via log-log regression).
Track how dimension evolves across generations:
dim_data =
  evolved.evolution_history
  |> Enum.reverse()
  |> Enum.with_index()
  |> Enum.map(fn {hg, gen} ->
    %{generation: gen, dimension: WolframModel.Analytics.estimate_dimension(hg)}
  end)

VegaLite.new(width: 600, height: 300, title: "Emergent Spatial Dimension Over Time")
|> VegaLite.data_from_values(dim_data)
|> VegaLite.mark(:line, point: true, strokeWidth: 2)
|> VegaLite.encode_field(:x, "generation", type: :quantitative, axis: [title: "Generation"])
|> VegaLite.encode_field(:y, "dimension", type: :quantitative, axis: [title: "Est. Dimension"])
|> VegaLite.encode(:tooltip, [
  [field: "generation", type: :quantitative],
  [field: "dimension", type: :quantitative, format: ".3f"]
])
Rule Analysis
Inspect the structural properties of the built-in rule sets:
alias WolframModel.RuleAnalysis

WolframModel.RuleSet.basic_rules()
|> Enum.map(fn rule ->
  {pat, rep} = RuleAnalysis.arity(rule)

  %{
    name: rule.name,
    reversible: RuleAnalysis.reversible?(rule),
    self_complementary: RuleAnalysis.self_complementary?(rule),
    introduces_new_vertices: RuleAnalysis.introduces_new_vertices?(rule),
    hyperedge_delta: RuleAnalysis.hyperedge_delta(rule),
    pattern_arities: inspect(pat),
    replacement_arities: inspect(rep)
  }
end)
|> Kino.DataTable.new()
Multiway Evolution
WolframModel.multiway_explore_dag(evolved, 2)
|> WolframModel.MultiwayGraphSVG.to_svg()
|> Kino.HTML.new()


  

    Wolfram Model — An Interactive Guide

Mix.install([
  {:kino, "~> 0.12"},
  {:kino_vega_lite, "~> 0.1"},
  {:vega_lite, "~> 0.1"},
  {:wolfram_model, path: __DIR__}
])
1 What Is the Wolfram Model?
The Wolfram Model — part of Stephen Wolfram's Wolfram Physics Project — is a
computational framework for building a fundamental theory of physics from
simple, discrete rules. The central claim is that the universe itself may be a
kind of abstract computation: a hypergraph that rewrites itself according to a
small set of substitution rules, and whose large-scale limit produces the
familiar laws of space, time, gravity, and quantum mechanics.
1.1  Hypergraphs as Space
Ordinary graphs connect pairs of vertices with binary edges. A hypergraph
generalises this: each hyperedge can relate any number of vertices at once.
In the Wolfram Model, the current state of the universe is represented by a
hypergraph. Vertices are anonymous atoms (just IDs); hyperedges encode
relationships — there is no pre-existing notion of position, distance, or
dimensionality. All geometry emerges from the connectivity pattern.
Hyperedge [1, 2, 3] links vertices 1, 2, and 3.
Hyperedge [4, 5]    links vertices 4 and 5 (ordinary binary edge).
1.2  Rewriting Rules
A rule maps a pattern — a list of input hyperedges — to a replacement — a
list of output hyperedges. Variables in the pattern are bound to real vertices
when a match is found; the matched input hyperedges are removed and the
replacement hyperedges are inserted. New vertices introduced by a rule (atoms
marked :new, :new1, etc.) receive globally unique IDs at each application.
A canonical Wolfram Physics rule written in standard notation:
{{x, y}, {x, z}} -> {{x, y}, {x, w}, {y, w}, {z, w}}
This reads: wherever two hyperedges share a left vertex x, remove them and
replace with four new hyperedges, introducing a fresh vertex w.
1.3  The Updating Process and Causal Networks
Each time a rule fires on a matched set of hyperedges, it creates an event.
Events form a partial order: event B causally depends on event A if B used a
hyperedge created by A. This partial order is the causal network — the
discrete analogue of a Lorentzian spacetime manifold. Different orderings of
updates (which match to apply first) correspond to different reference frames;
causal invariance (confluence) is the discrete analogue of relativistic
covariance.
1.4  Multiway Evolution and Quantum Mechanics
When more than one match exists, we can branch and apply every possible rule
at each step, building a multiway system — a DAG of all possible
evolutionary histories. In this picture, different branches represent
superpositions of universes. The branchial graph connects branches that
diverged from the same parent state; its large-scale geometry is proposed to
encode quantum mechanical structure, including Hilbert space and quantum
entanglement.
1.5  Emergent Geometry and General Relativity
For rules that produce large, regular hypergraphs, the geodesic ball growth
formula reveals an effective dimension:
$$
V(r) \sim r^d
$$
where $V(r)$ is the number of vertices within graph distance $r$ of a seed. The
next-order correction to this formula encodes Ricci scalar curvature:
$$
V(r) \approx C_d \, r^d \left(1 - \frac{R\, r^2}{6(d+2)}\right)
$$
Wolfram and collaborators have shown that the Einstein field equations of
general relativity emerge as consistency conditions on the causal network in
the continuum limit — meaning the dynamics of hypergraph rewriting reproduce
gravity at large scales.

2  Setup — Aliases and Helpers
alias WolframModel
alias WolframModel.{Analytics, RuleSet, RuleAnalysis, Rule}
alias WolframModel.{HypergraphSVG, GeodesicPlotSVG, CausalGraphSVG,
                    MultiwayGraphSVG, BranchialGraphSVG}
alias Hypergraph

render = fn svg -> Kino.HTML.new(svg) end
:ok

3  Building a Universe from Scratch
A universe starts with an initial hypergraph and a set of rules. The
hypergraph can be as small as a single edge; the rules will grow it step by step.
# Initial state: a short chain of binary edges
initial_hg =
  Hypergraph.new()
  |> Hypergraph.add_hyperedge([1, 2])
  |> Hypergraph.add_hyperedge([2, 3])
  |> Hypergraph.add_hyperedge([3, 4])
  |> Hypergraph.add_hyperedge([4, 5])

# Growth rules: split each binary edge and sprout new branches
rules = RuleSet.rule_set(:growth)

universe = WolframModel.new(initial_hg, rules)
Hypergraph.stats(universe.hypergraph)
3.1  Evolving the Universe
steps = 20
evolved = WolframModel.evolve_steps(universe, steps)

IO.puts("Generation : #{evolved.generation}")
IO.puts("Events     : #{length(evolved.causal_network)}")
stats = Hypergraph.stats(evolved.hypergraph)
IO.inspect(stats, label: "Hypergraph stats")
3.2  Visualising the Hypergraph
Binary edges are drawn as directed arrows; N-ary hyperedges are drawn as
translucent coloured polygons. The layout is computed with a force-directed
spring algorithm.
evolved.hypergraph
|> HypergraphSVG.to_svg(title: "Generation #{evolved.generation}")
|> render.()
3.3  Evolution Strip
A horizontal strip of panels shows one snapshot per generation.
evolved
|> HypergraphSVG.evolution_to_svg(max_snapshots: 8, panel_size: 300, columns: 4)
|> render.()

4  Update Orderings
The Wolfram Model supports multiple strategies for selecting which rule match
to apply at each step. Different orderings produce different evolutionary
paths but, for causally invariant rule sets, always yield equivalent causal
networks.
	Ordering	Description
	:first	First match found in rule/hyperedge enumeration order
	:leftmost	Match whose hyperedges have the smallest vertex sort key
	:random	Uniformly random match

u0 = WolframModel.new(initial_hg, rules)

e_first    = WolframModel.evolve_steps(u0, 5, ordering: :first)
e_leftmost = WolframModel.evolve_steps(u0, 5, ordering: :leftmost)
e_random   = WolframModel.evolve_steps(u0, 5, ordering: :random)

for {label, m} <- [{"first", e_first}, {"leftmost", e_leftmost}, {"random", e_random}] do
  n_verts =
    m.hypergraph |> Hypergraph.hyperedges() |> Enum.flat_map(& &1) |> Enum.uniq() |> length()
  IO.puts("#{label}: #{n_verts} vertices, #{m.generation} generations")
end
:ok
4.1  Parallel Evolution
evolve_parallel/1 finds all non-conflicting matches and applies them
simultaneously in a single step — the maximum-parallelism update.
u_par = WolframModel.new(initial_hg, rules)
u_par = WolframModel.evolve_parallel(u_par)
IO.puts("After one parallel step: generation #{u_par.generation}")
Hypergraph.stats(u_par.hypergraph)
4.2  Fixpoint Detection
# A simple rule that terminates
terminating_rule = [
  %{name: "merge", pattern: [[1, 2], [2, 3]], replacement: [[1, 3]]}
]

small_hg =
  Hypergraph.new()
  |> Hypergraph.add_hyperedge([1, 2])
  |> Hypergraph.add_hyperedge([2, 3])
  |> Hypergraph.add_hyperedge([3, 4])

term_universe = WolframModel.new(small_hg, terminating_rule)
final = WolframModel.evolve_until_fixpoint(term_universe)

IO.puts("Fixpoint reached: #{WolframModel.fixpoint?(final)}")
IO.puts("Steps taken     : #{final.generation}")

5  Causal Networks
Every rule application creates an event. Events carry:
	the rule that fired
	the hyperedges removed and added
	parent_ids — the IDs of events that produced the matched hyperedges

This forms a directed acyclic graph: the causal network.
evolved.causal_network
|> Enum.take(5)
|> Enum.map(fn e ->
  %{id: e.id, rule: e.rule.name, parents: e.parent_ids, added: length(e.added)}
end)
|> Kino.DataTable.new()
5.1  Causal Graph Visualisation
Events are laid out by generation; causal edges flow downward.
evolved
|> WolframModel.causal_network_data()
|> CausalGraphSVG.to_svg()
|> render.()
5.2  Spacelike Foliations
A foliation partitions events into layers such that every event's parents
belong to earlier layers. This is the discrete analogue of constant-time
hypersurfaces in relativity.
layers = WolframModel.foliations(evolved)
IO.puts("Number of spacelike layers: #{length(layers)}")

foliation_data =
  layers
  |> Enum.with_index()
  |> Enum.flat_map(fn {events, layer} ->
    Enum.map(events, fn e ->
      %{layer: layer, event_id: e.id, rule: e.rule.name, parents: length(e.parent_ids)}
    end)
  end)

VegaLite.new(width: 600, height: 300, title: "Causal Foliations")
|> VegaLite.data_from_values(foliation_data)
|> VegaLite.mark(:circle, size: 80)
|> VegaLite.encode_field(:x, "event_id", type: :quantitative, axis: [title: "Event ID"])
|> VegaLite.encode_field(:y, "layer",    type: :quantitative, axis: [title: "Layer"])
|> VegaLite.encode_field(:color, "rule", type: :nominal)
|> VegaLite.encode(:tooltip, [
  [field: "layer",    type: :quantitative, title: "Layer"],
  [field: "event_id", type: :quantitative, title: "Event"],
  [field: "rule",     type: :nominal,      title: "Rule"],
  [field: "parents",  type: :quantitative, title: "# Parents"]
])
5.3  Causal Invariance
A rule set is causally invariant if every pair of non-overlapping rule
applications commutes — i.e., applying them in either order yields the same
state. This is the discrete analogue of relativistic covariance.
IO.puts("Causally invariant (depth 2): #{WolframModel.causally_invariant?(universe, 2)}")
IO.puts("Causally invariant (depth 3): #{WolframModel.causally_invariant?(universe, 3)}")

6  Multiway Evolution
Instead of picking one rule match per step, multiway evolution branches
into every possible update simultaneously, producing a DAG of all possible
histories.
# Use a compact starting state for tractable branching
compact_hg =
  Hypergraph.new()
  |> Hypergraph.add_hyperedge([1, 2])
  |> Hypergraph.add_hyperedge([2, 3])

compact_universe = WolframModel.new(compact_hg, RuleSet.basic_rules())

dag = WolframModel.multiway_explore_dag(compact_universe, 3)

IO.puts("Multiway nodes : #{map_size(dag.nodes)}")
IO.puts("Multiway edges : #{MapSet.size(dag.edges)}")
6.1  Multiway DAG Visualisation
Nodes are labelled with vertex count, edge count, and generation. Converging
branches that reach the same hypergraph state share a single node.
dag
|> MultiwayGraphSVG.to_svg(width: 900)
|> render.()
6.2  Branchial Graph
The branchial graph connects rule matches that conflict at the current
hypergraph state — matches whose input hyperedges overlap. These are the
branching points between alternative histories; their connectivity encodes
the quantum-mechanical branchial space.
WolframModel.branchial_graph(evolved)
|> BranchialGraphSVG.to_svg(title: "Branchial Graph", width: 700, height: 700)
|> render.()

7  Emergent Geometry
7.1  Effective Spatial Dimension
The spatial dimension of the hypergraph is not imposed — it emerges from the
connectivity. We estimate it by fitting geodesic ball growth
$V(r) \sim r^d$ over several seed vertices using hypergraph-native BFS.
d = Analytics.estimate_dimension(evolved.hypergraph)
IO.puts("Estimated dimension: #{Float.round(d, 3)}")
Track how dimension evolves across generations:
dim_data =
  evolved.evolution_history
  |> Enum.reverse()
  |> Enum.with_index()
  |> Enum.map(fn {hg, gen} ->
    %{generation: gen, dimension: Analytics.estimate_dimension(hg)}
  end)

VegaLite.new(width: 600, height: 300, title: "Emergent Spatial Dimension Over Generations")
|> VegaLite.data_from_values(dim_data)
|> VegaLite.mark(:line, point: true, strokeWidth: 2)
|> VegaLite.encode_field(:x, "generation", type: :quantitative, axis: [title: "Generation"])
|> VegaLite.encode_field(:y, "dimension",  type: :quantitative, axis: [title: "Est. d"])
|> VegaLite.encode(:tooltip, [
  [field: "generation", type: :quantitative],
  [field: "dimension",  type: :quantitative, format: ".3f"]
])
7.2  Geodesic Ball Growth Plot
The dual-panel chart shows the raw $V(r)$ curve alongside the log-log view
with the best-fit slope labelled $d \approx \ldots$.
evolved.hypergraph
|> GeodesicPlotSVG.to_svg(seeds: 5, title: "Geodesic Ball Growth")
|> render.()
7.3  Ricci Scalar Curvature
The Ricci scalar curvature $R$ appears as the next-order correction to ball
growth beyond the flat-space $r^d$ term:
$$
V(r) \approx C_d \, r^d \left(1 - \frac{R\, r^2}{6(d+2)}\right)
$$
Taking logs gives a linear relationship between
$\Delta(r) = \log V(r) - d \log r$ and $r^2$, whose slope is $-R/(6(d+2))$.
	Sign of $R$	Geometry	Analogy
	$R > 0$	Positive curvature	Sphere-like
	$R = 0$	Flat	Euclidean grid
	$R < 0$	Negative curvature	Hyperbolic / saddle

r_scalar = Analytics.estimate_ricci_scalar(evolved.hypergraph)

case r_scalar do
  nil -> IO.puts("Graph too small for curvature estimate")
  r   -> IO.puts("Ricci scalar R ≈ #{Float.round(r, 4)}")
end
Comparing curvature across known geometries
# Flat 4×4 grid  (R ≈ 0)
flat_hg =
  for row <- 0..3, col <- 0..3, reduce: Hypergraph.new() do
    acc ->
      hg = if col < 3, do: Hypergraph.add_hyperedge(acc,  [row*4+col+1, row*4+col+2]),   else: acc
      if row < 3,      do: Hypergraph.add_hyperedge(hg,   [row*4+col+1, (row+1)*4+col+1]), else: hg
  end

# Subdivided icosahedron (R > 0, sphere-like)
ico_edges = [
  {1,2},{1,3},{1,4},{1,5},{1,6},{2,3},{3,4},{4,5},{5,6},{6,2},
  {2,7},{3,7},{3,8},{4,8},{4,9},{5,9},{5,10},{6,10},{6,11},{2,11},
  {7,8},{8,9},{9,10},{10,11},{11,7},{7,12},{8,12},{9,12},{10,12},{11,12}
]
ico_faces = [
  {1,2,3},{1,3,4},{1,4,5},{1,5,6},{1,6,2},
  {2,3,7},{3,4,8},{4,5,9},{5,6,10},{6,2,11},
  {2,7,11},{3,7,8},{4,8,9},{5,9,10},{6,10,11},
  {12,7,8},{12,8,9},{12,9,10},{12,10,11},{12,11,7}
]
edge_to_mid =
  ico_edges
  |> Enum.with_index(13)
  |> Map.new(fn {{a,b}, id} -> {{min(a,b), max(a,b)}, id} end)
get_mid = fn a, b -> Map.fetch!(edge_to_mid, {min(a,b), max(a,b)}) end

sphere_hg =
  (Enum.flat_map(ico_edges, fn {a,b} -> m = get_mid.(a,b); [[a,m],[b,m]] end) ++
   Enum.flat_map(ico_faces, fn {a,b,c} ->
     [mab, mbc, mac] = [get_mid.(a,b), get_mid.(b,c), get_mid.(a,c)]
     [[mab,mbc],[mbc,mac],[mac,mab]]
   end))
  |> Enum.reduce(Hypergraph.new(), &Hypergraph.add_hyperedge(&2, &1))

[
  %{geometry: "4×4 flat grid",         expected: "≈ 0",  r: Analytics.estimate_ricci_scalar(flat_hg)},
  %{geometry: "Evolved universe",       expected: "?",   r: Analytics.estimate_ricci_scalar(evolved.hypergraph)},
  %{geometry: "Subdivided icosahedron", expected: "> 0", r: Analytics.estimate_ricci_scalar(sphere_hg)}
]
|> Enum.map(fn row ->
  r_str = if row.r, do: Float.round(row.r, 4) |> to_string(), else: "nil"
  Map.put(row, :r, r_str)
end)
|> Kino.DataTable.new()

8  Classic Wolfram Physics Benchmark Rules
The Wolfram Physics Project identified specific rules with especially rich
behaviour. This library ships five of them under :wolfram rule sets.
WolframModel.RuleSet.wolfram_rules()
|> Enum.map(fn {key, rules} ->
  rule = List.first(rules)
  %{
    key:              key,
    notation:         Rule.to_string(rule),
    pattern_edges:    length(rule.pattern),
    replacement_edges: length(rule.replacement)
  }
end)
|> Kino.DataTable.new()
8.1  Evolving a Wolfram Benchmark Rule
wolfram_rules = RuleSet.rule_set(:wolfram, :rule_1)

wolfram_universe =
  Hypergraph.new()
  |> Hypergraph.add_hyperedge([1, 2])
  |> Hypergraph.add_hyperedge([1, 3])
  |> WolframModel.new(wolfram_rules)

wolfram_evolved = WolframModel.evolve_steps(wolfram_universe, 15)

wolfram_evolved.hypergraph
|> HypergraphSVG.to_svg(title: "Wolfram Rule 1 — 15 steps")
|> render.()

9  Rule Analysis
RuleSet.basic_rules()
|> Enum.map(fn rule ->
  {pat_arities, rep_arities} = RuleAnalysis.arity(rule)
  %{
    name:                  rule.name,
    notation:              Rule.to_string(rule),
    reversible:            RuleAnalysis.reversible?(rule),
    self_complementary:    RuleAnalysis.self_complementary?(rule),
    introduces_new_verts:  RuleAnalysis.introduces_new_vertices?(rule),
    hyperedge_delta:       RuleAnalysis.hyperedge_delta(rule),
    pattern_arities:       inspect(pat_arities),
    replacement_arities:   inspect(rep_arities)
  }
end)
|> Kino.DataTable.new()
9.1  Rule Notation Parser
Rules can be written in standard Wolfram notation and parsed back to the
internal representation:
r = Rule.parse("{{1,2},{1,3}} -> {{2,3},{1,4}}")
IO.puts("Parsed  : #{inspect(r.pattern)} -> #{inspect(r.replacement)}")
IO.puts("Printed : #{Rule.to_string(r)}")
IO.puts("Canonical form: #{Rule.to_string(RuleAnalysis.canonical_form(r))}")
9.2  Rule Equivalence
Two rules are equivalent if one can be obtained from the other by
renaming variables:
r1 = Rule.parse("{{1,2}} -> {{1,3},{3,2}}")
r2 = Rule.parse("{{a,b}} -> {{a,c},{c,b}}")

IO.puts("r1 == r2 (structurally): #{RuleAnalysis.equivalent?(r1, r2)}")

10  Conservation Law Detection
conserved = Analytics.detect_conserved_quantities(evolved)

IO.puts("Conserved quantities: #{inspect(conserved.conserved)}")
IO.puts("Vertex count history (last 5): #{inspect(Enum.take(conserved.vertex_count_history, -5))}")
IO.puts("Edge count history   (last 5): #{inspect(Enum.take(conserved.edge_count_history,   -5))}")
Track vertex and edge counts over time:
history_data =
  Enum.zip([
    conserved.vertex_count_history,
    conserved.edge_count_history,
    0..length(conserved.vertex_count_history)
  ])
  |> Enum.map(fn {v, e, g} -> %{generation: g, vertices: v, edges: e} end)

VegaLite.new(width: 600, height: 300, title: "Vertex and Edge Counts Over Generations")
|> VegaLite.data_from_values(history_data)
|> VegaLite.layers([
  VegaLite.new()
  |> VegaLite.mark(:line, color: "steelblue", strokeWidth: 2)
  |> VegaLite.encode_field(:x, "generation", type: :quantitative)
  |> VegaLite.encode_field(:y, "vertices",   type: :quantitative, axis: [title: "Count"]),

  VegaLite.new()
  |> VegaLite.mark(:line, color: "tomato", strokeDash: [4, 2], strokeWidth: 2)
  |> VegaLite.encode_field(:x, "generation", type: :quantitative)
  |> VegaLite.encode_field(:y, "edges",      type: :quantitative)
])

11  Event Graph Export
Export the full causal event DAG as raw nodes and edges for integration with
external graph tools (e.g. GraphViz, Neo4j, custom analysis):
event_graph = WolframModel.export_event_graph(evolved)

IO.puts("Events       : #{length(event_graph.nodes)}")
IO.puts("Causal edges : #{length(event_graph.edges)}")

event_graph.edges
|> Enum.take(10)
|> Kino.DataTable.new()
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        Creates a visualization-friendly representation of the causal network.
Each event (i.e., a specific hypergraph update) becomes a vertex in the causal graph.
Implements the partial order of event dependencies (a DAG): if the application of
event B depends on the output of event A (e.g., B’s matching pattern overlaps with
hyperedges created by A), then the causal graph includes a directed edge A → B.
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  causal_network: [WolframModel.Event.t()],
  event_index: term(),
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Creates a visualization-friendly representation of the causal network.
Each event (i.e., a specific hypergraph update) becomes a vertex in the causal graph.
Implements the partial order of event dependencies (a DAG): if the application of
event B depends on the output of event A (e.g., B’s matching pattern overlaps with
hyperedges created by A), then the causal graph includes a directed edge A → B.
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Checks causal invariance (confluence) for the current model state.
Tests all pairs of rule matches — both overlapping and non-overlapping:
	Non-overlapping pairs: applied in both orders; the results must be
identical (immediate commutativity).
	Overlapping pairs: each match is applied independently; then evolution
continues for up to depth additional steps (default 2) on each branch.
Invariance holds if the two branches reach a common state within that
depth (local Church-Rosser property).

Returns true if all tested pairs satisfy the check, false otherwise.
An empty match set is trivially invariant.

  



  
    
      
    
    
      evolve_parallel(model)



        
          
        

    

  


  

      

          @spec evolve_parallel(t()) :: t()


      


Applies all non-conflicting rule matches in parallel during a single step.
Matches are processed greedily in rule/hyperedge order: once a hyperedge is
consumed by a chosen match it is unavailable to subsequent matches in the
same step. Returns the unchanged model when no matches exist.

  



    

  
    
      
    
    
      evolve_step(model, opts \\ [])



        
          
        

    

  


  

      

          @spec evolve_step(
  t(),
  keyword()
) :: t()


      


Evolves the universe by one step, applying one rule match selected by
opts[:ordering].
Supported orderings:
	:first (default) — first match in rule/hyperedge order
	:leftmost — match whose hyperedges have the smallest vertex sort key
	:random — uniformly random match

Accepts opts[:id_generator] to override the model's id generator for
deterministic behaviour during tests.
Returns the unchanged model when no rules are applicable (fixpoint).

  



    

  
    
      
    
    
      evolve_steps(model, steps, opts \\ [])



        
          
        

    

  


  

      

          @spec evolve_steps(t(), non_neg_integer(), keyword()) :: t()


      


Evolves the universe for a specified number of steps.
Accepts opts forwarded to evolve_step/2 (e.g., :id_generator).

  



    

    

  
    
      
    
    
      evolve_until_fixpoint(model, max_steps \\ 1000, opts \\ [])



        
          
        

    

  


  

      

          @spec evolve_until_fixpoint(t(), non_neg_integer(), keyword()) :: t()


      


Evolves the universe by repeatedly calling evolve_step/2 until either
no rule is applicable or max_steps is reached.
Returns the final model. You can check fixpoint?/1 on the result to
distinguish a natural fixpoint from a step-limit halt.

  



  
    
      
    
    
      export_event_graph(model)



        
          
        

    

  


  

      

          @spec export_event_graph(t()) :: %{nodes: [map()], edges: [map()]}


      


Exports the causal event graph as a map of nodes and edges.
Nodes correspond to events in chronological order. Edges link parent events to
child events using the parent_ids recorded during evolution.

  



  
    
      
    
    
      fixpoint?(model)



        
          
        

    

  


  

      

          @spec fixpoint?(t()) :: boolean()


      


Returns true when no rule can be applied to the current hypergraph
(the system has reached a fixpoint).

  



  
    
      
    
    
      foliations(model)



        
          
        

    

  


  

      

          @spec foliations(t()) :: [[WolframModel.Event.t()]]


      


Computes foliations of the causal network: layers of events where each layer
contains only events whose parents all belong to earlier layers (spacelike
slices of the causal partial order).
Returns a list of lists of Event.t(), ordered from earliest to latest layer.
Layer 0 contains root events (no causal parents). Layer N contains events
whose deepest ancestor is in layer N-1.

  



  
    
      
    
    
      multiway_explore(model, depth)



        
          
        

    

  


  

      

          @spec multiway_explore(t(), non_neg_integer()) :: %{model: t(), children: [map()]}


      


Explores the multiway graph up to a specified depth.
Returns a tree of possible evolution paths.

  



  
    
      
    
    
      multiway_explore_dag(model, depth)



        
          
        

    

  


  

      

          @spec multiway_explore_dag(t(), non_neg_integer()) :: %{
  root: term(),
  nodes: map(),
  edges: MapSet.t()
}


      


Explores the multiway system as a directed acyclic graph (DAG) up to
depth steps. Unlike multiway_explore/2, states that are reachable via
multiple paths are represented once and converging branches share nodes.
Returns:
%{
  root: canonical_key,
  nodes: %{canonical_key => %WolframModel{}},
  edges: MapSet.t({from_key, to_key})
}
where canonical_key is a sorted list-of-lists encoding of the hypergraph.

  



  
    
      
    
    
      multiway_step(model)



        
          
        

    

  


  

      

          @spec multiway_step(t()) :: [t()]


      


Finds all possible rule applications in the current state (multiway evolution).
Returns a deduplicated list of possible next states (unique hypergraphs).

  



    

  
    
      
    
    
      new(initial_hypergraph, rules, opts \\ [])



        
          
        

    

  


  

      

          @spec new(Hypergraph.t(), [rule()], keyword()) :: t()


      


Creates a new Wolfram Model universe with initial hypergraph and rules.

  



  
    
      
    
    
      print_stats(model)



        
          
        

    

  


  

      

          @spec print_stats(t()) :: :ok


      


Helper function to print evolution statistics.

  


        

      


  

    
WolframModel.Analytics 
    



      
Emergence and graph analytics helpers for the Wolfram Model.
This module provides functions to build adjacency maps, compute
clustering coefficients, estimate diameter, and other small analytics
previously living directly on WolframModel.

      


      
        Summary


  
    Functions
  


    
      
        analyze_causality(model)

      


        Analyzes the causal structure of evolution events using event indices for efficiency.
Returns counts and density.



    


    
      
        analyze_emergence(model)

      


        Analyze emergent properties of the given model.



    


    
      
        build_adjacency_map(hg)

      


        Build an adjacency map from hg.



    


    
      
        calculate_clustering_coefficient(adjacency_map)

      


        Compute the average local clustering coefficient for the (projected) graph
represented by adjacency_map.



    


    
      
        calculate_complexity(hg)

      


        Calculate a lightweight complexity measure for a hypergraph. Currently
delegated to Hypergraph.CorrelationLength.compute/1. If that function is
not available or returns an error, this returns 0.



    


    
      
        calculate_growth_rate(wolfram_model)

      


        Simple growth rate between the two most recent hypergraph snapshots in the
model's evolution_history (recent - previous) / previous. Returns 0.0 if
there are fewer than two snapshots or the previous count is zero.



    


    
      
        detect_conserved_quantities(model)

      


        Detects conserved quantities by scanning the full evolution history.



    


    
      
        estimate_diameter(adjacency_map)

      


        Estimate the graph diameter (longest shortest path) from adjacency_map.



    


    
      
        estimate_dimension(hg)

      


        Estimates the effective spatial dimension of the hypergraph using geodesic
ball growth. Counts vertices within BFS distance r from several seed vertices
and fits V(r) ~ r^d via log-log linear regression.



    


    
      
        estimate_ricci_scalar(hg)

      


        Estimates the Ricci scalar curvature of the hypergraph from geodesic ball
growth.



    





      


      
        Functions


        


  
    
      
    
    
      analyze_causality(model)



        
          
        

    

  


  

      

          @spec analyze_causality(WolframModel.t()) :: map()


      


Analyzes the causal structure of evolution events using event indices for efficiency.
Returns counts and density.

  



  
    
      
    
    
      analyze_emergence(model)



        
          
        

    

  


  

      

          @spec analyze_emergence(WolframModel.t()) :: map()


      


Analyze emergent properties of the given model.
Returns a map containing basic hypergraph stats plus derived metrics:
	:clustering_coefficient (float)
	:estimated_diameter (integer)
	:growth_rate (float)
	:complexity_measure (number)
	:evolution_generation (integer)

This function delegates to the helper functions provided by this module and
returns a stable map suitable for reporting or tests.

  



  
    
      
    
    
      build_adjacency_map(hg)



        
          
        

    

  


  

      

          @spec build_adjacency_map(Hypergraph.t()) :: map()


      


Build an adjacency map from hg.
The returned map has the shape %{vertex => MapSet.t(neighbors)}. Isolated
vertices are included with an empty MapSet.

  



  
    
      
    
    
      calculate_clustering_coefficient(adjacency_map)



        
          
        

    

  


  

      

          @spec calculate_clustering_coefficient(map()) :: float()


      


Compute the average local clustering coefficient for the (projected) graph
represented by adjacency_map.
Uses the standard definition: average over vertices of (existing neighbor
connections) / (possible neighbor connections).

  



  
    
      
    
    
      calculate_complexity(hg)



        
          
        

    

  


  

      

          @spec calculate_complexity(Hypergraph.t()) :: number()


      


Calculate a lightweight complexity measure for a hypergraph. Currently
delegated to Hypergraph.CorrelationLength.compute/1. If that function is
not available or returns an error, this returns 0.

  



  
    
      
    
    
      calculate_growth_rate(wolfram_model)



        
          
        

    

  


  

      

          @spec calculate_growth_rate(WolframModel.t()) :: float()


      


Simple growth rate between the two most recent hypergraph snapshots in the
model's evolution_history (recent - previous) / previous. Returns 0.0 if
there are fewer than two snapshots or the previous count is zero.

  



  
    
      
    
    
      detect_conserved_quantities(model)



        
          
        

    

  


  

      

          @spec detect_conserved_quantities(WolframModel.t()) :: map()


      


Detects conserved quantities by scanning the full evolution history.
Checks the following candidates across all recorded hypergraph snapshots:
	:vertex_count — total distinct vertex count is constant
	:edge_count — total hyperedge count is constant
	:vertex_count_parity — vertex count parity (mod 2) is constant
	:edge_count_parity — edge count parity (mod 2) is constant
	:total_degree — sum of all hyperedge sizes (total degree) is constant
	:total_degree_parity — total degree parity is constant

Returns:
%{
  conserved: [:vertex_count, ...],
  vertex_count_history: [n, ...],
  edge_count_history: [n, ...],
  total_degree_history: [n, ...]
}
Requires at least 2 snapshots; returns %{conserved: []} otherwise.

  



  
    
      
    
    
      estimate_diameter(adjacency_map)



        
          
        

    

  


  

      

          @spec estimate_diameter(map()) :: non_neg_integer()


      


Estimate the graph diameter (longest shortest path) from adjacency_map.
For disconnected graphs, the maximum diameter among components is returned.
For a graph with a single isolated vertex the function returns 1 to remain
compatible with prior behavior in the project.

  



  
    
      
    
    
      estimate_dimension(hg)



        
          
        

    

  


  

      

          @spec estimate_dimension(Hypergraph.t()) :: float()


      


Estimates the effective spatial dimension of the hypergraph using geodesic
ball growth. Counts vertices within BFS distance r from several seed vertices
and fits V(r) ~ r^d via log-log linear regression.
Returns 1.0 for degenerate (fewer than 4 vertices) or disconnected graphs
where a meaningful estimate cannot be produced.

  



  
    
      
    
    
      estimate_ricci_scalar(hg)



        
          
        

    

  


  

      

          @spec estimate_ricci_scalar(Hypergraph.t()) :: float() | nil


      


Estimates the Ricci scalar curvature of the hypergraph from geodesic ball
growth.
For a d-dimensional Riemannian space the volume of a geodesic ball of
radius r satisfies:
V(r) ≈ Cₐ · rᵈ · (1 − R · r² / (6(d+2)))
where R is the Ricci scalar curvature. Taking logs and grouping:
Δ(r) = log V(r) − d · log r  ≈  const − R · r² / (6(d+2))
So a linear regression of Δ(r) against r² yields
slope ≈ −R / (6(d+2))   ⟹   R = −slope · 6(d+2)
The estimate is averaged over up to 10 seed vertices. Returns nil for
graphs with fewer than 6 vertices or whenever the fit is degenerate.
	A result near 0.0 indicates flat (Euclidean-like) geometry.
	A positive result indicates positive curvature (sphere-like).
	A negative result indicates negative curvature (hyperbolic-like).


  


        

      


  

    
WolframModel.BranchialGraphSVG 
    



      
SVG rendering of the branchial graph returned by WolframModel.branchial_graph/1.
Each node represents a possible rule match at the current state. An edge
connects two nodes when their matched hyperedges overlap, meaning the two
rule applications conflict (they cannot both be applied without first
resolving the branch).
Nodes are placed on a circle and coloured by rule name. The label shows the
rule name (truncated) and which hyperedges it matched.
Example
universe
|> WolframModel.branchial_graph()
|> WolframModel.BranchialGraphSVG.to_svg()
|> then(&File.write!("branchial.svg", &1))

      


      
        Summary


  
    Functions
  


    
      
        to_svg(map, opts \\ [])

      


        Returns an SVG string for branchial_data.



    





      


      
        Functions


        


    

  
    
      
    
    
      to_svg(map, opts \\ [])



        
          
        

    

  


  

      

          @spec to_svg(
  %{nodes: [map()], edges: [map()]},
  keyword()
) :: String.t()


      


Returns an SVG string for branchial_data.
Options:
	:width / :height — canvas size in pixels (default 480).
	:title — optional label at the top.


  


        

      


  

    
WolframModel.CausalGraphSVG 
    



      
Converts causal network data into an SVG visualization.

      


      
        Summary


  
    Functions
  


    
      
        to_svg(map)

      


    





      


      
        Functions


        


  
    
      
    
    
      to_svg(map)



        
          
        

    

  


  


  


        

      


  

    
WolframModel.Event 
    



      
Represents a single rewrite event in the Wolfram Model evolution.
Fields:
	id - unique event id
	generation - generation when the event occurred
	rule - the rule applied
	removed - hyperedges removed (list of vertex lists)
	added - hyperedges added (list of vertex lists)
	affected_vertices - list of vertices affected
	parent_ids - list of parent event ids
	metadata - optional map for extra info


      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %WolframModel.Event{
  added: [[Hypergraph.vertex()]],
  affected_vertices: [Hypergraph.vertex()],
  generation: non_neg_integer(),
  id: integer(),
  metadata: map(),
  parent_ids: [integer()],
  removed: [[Hypergraph.vertex()]],
  rule: WolframModel.rule()
}


      



  


        

      


  

    
WolframModel.Example 
    



      
Factory for sample models.

      


      
        Summary


  
    Functions
  


    
      
        complex_universe()

      


        Creates a more complex initial universe.



    


    
      
        simple_universe()

      


        Creates a simple initial universe for experimentation.



    





      


      
        Functions


        


  
    
      
    
    
      complex_universe()



        
          
        

    

  


  

      

          @spec complex_universe() :: WolframModel.t()


      


Creates a more complex initial universe.

  



  
    
      
    
    
      simple_universe()



        
          
        

    

  


  

      

          @spec simple_universe() :: WolframModel.t()


      


Creates a simple initial universe for experimentation.

  


        

      


  

    
WolframModel.GeodesicPlotSVG 
    



      
SVG line chart of geodesic ball growth in a Hypergraph.
For each seed vertex, the plot shows V(r) — the number of vertices
reachable within geodesic distance r — as a function of r. In a
d-dimensional space, V(r) ~ r^d, so the slope of the log-log version
gives an estimate of the effective spatial dimension.
Two panels are rendered side-by-side:
	Linear — V(r) vs r (raw ball volumes).
	Log-log — log V(r) vs log r with the best-fit line whose slope
is the estimated dimension d.

Example
evolved.hypergraph
|> WolframModel.GeodesicPlotSVG.to_svg(seeds: 5, title: "Dimension estimate")
|> then(&File.write!("geodesic.svg", &1))

      


      
        Summary


  
    Functions
  


    
      
        to_svg(hg, opts \\ [])

      


        Returns an SVG string containing the geodesic ball growth chart.



    





      


      
        Functions


        


    

  
    
      
    
    
      to_svg(hg, opts \\ [])



        
          
        

    

  


  

      

          @spec to_svg(
  Hypergraph.t(),
  keyword()
) :: String.t()


      


Returns an SVG string containing the geodesic ball growth chart.
Options:
	:seeds — number of seed vertices to sample (default 5).
	:title — overall title shown above both panels.


  


        

      


  

    
WolframModel.HypergraphSVG 
    



      
SVG rendering of a Hypergraph state.
Vertices are placed with a force-directed spring layout (Fruchterman-Reingold
style). Rendering conventions:
	Unary hyperedges: dashed ring around the vertex.
	Binary hyperedges: directed line with an arrowhead (order preserved).
	N-ary (3+) hyperedges: translucent filled polygon in a distinct colour
per hyperedge, with a solid border.

Example
hg
|> WolframModel.HypergraphSVG.to_svg(title: "Step 5")
|> then(&File.write!("hypergraph.svg", &1))

# Render whole evolution history as a horizontal strip
model
|> WolframModel.HypergraphSVG.evolution_to_svg(max_snapshots: 8)
|> then(&File.write!("evolution.svg", &1))

# Render in a 3-column grid
model
|> WolframModel.HypergraphSVG.evolution_to_svg(max_snapshots: 12, columns: 3)
|> then(&File.write!("evolution.svg", &1))

      


      
        Summary


  
    Functions
  


    
      
        evolution_to_svg(model, opts \\ [])

      


        Renders the full evolution_history of model as a grid of panels,
oldest first. Each panel shows one hypergraph snapshot.



    


    
      
        to_svg(hg, opts \\ [])

      


        Returns an SVG string rendering hg.



    





      


      
        Functions


        


    

  
    
      
    
    
      evolution_to_svg(model, opts \\ [])



        
          
        

    

  


  

      

          @spec evolution_to_svg(
  WolframModel.t(),
  keyword()
) :: String.t()


      


Renders the full evolution_history of model as a grid of panels,
oldest first. Each panel shows one hypergraph snapshot.
Options:
	:max_snapshots — maximum panels to show (default 6).
	:panel_size — pixel size of each square panel (default 200).
	:columns — number of panels per row (default: all panels in one row).


  



    

  
    
      
    
    
      to_svg(hg, opts \\ [])



        
          
        

    

  


  

      

          @spec to_svg(
  Hypergraph.t(),
  keyword()
) :: String.t()


      


Returns an SVG string rendering hg.
Options:
	:width / :height — canvas size in pixels (default 500).
	:title — optional label drawn at the top of the canvas.
	:directed — draw arrowheads on binary edges (default true).


  


        

      


  

    
WolframModel.Matcher 
    



      
Deterministic pattern matcher for WolframModel.
Exposes a general match/2 that handles rules with any number of pattern
hyperedges (1, 2, or N) via recursive backtracking. Patterns are matched
positionally: the element at position i in the pattern binds to the element
at position i in the matched hyperedge. Shared variables across patterns must
map to the same vertex in every matched hyperedge.
Hyperedges are ordered lists. Each pattern variable can be any term; atoms
and integers are treated as variable names to bind.

      


      
        Summary


  
    Types
  


    
      
        match_result()

      


    





  
    Functions
  


    
      
        build_mapping_for_two(p1, p2, he1, he2)

      


        Builds a merged mapping from two (pattern, hyperedge) pairs.
Kept for backward compatibility.



    


    
      
        match(hyperedges, patterns)

      


        Finds all ways to match patterns against hyperedges with consistent
variable bindings. Supports patterns of any length (1, 2, or N hyperedges).



    





      


      
        Types


        


  
    
      
    
    
      match_result()



        
          
        

    

  


  

      

          @type match_result() :: %{
  mapping: map(),
  matched_hyperedges: [Hypergraph.hyperedge()]
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      build_mapping_for_two(p1, p2, he1, he2)



        
          
        

    

  


  

      

          @spec build_mapping_for_two([term()], [term()], [term()], [term()]) :: map()


      


Builds a merged mapping from two (pattern, hyperedge) pairs.
Kept for backward compatibility.

  



  
    
      
    
    
      match(hyperedges, patterns)



        
          
        

    

  


  

      

          @spec match([Hypergraph.hyperedge()], [Hypergraph.hyperedge()]) :: [match_result()]


      


Finds all ways to match patterns against hyperedges with consistent
variable bindings. Supports patterns of any length (1, 2, or N hyperedges).
Returns a list of %{mapping: map(), matched_hyperedges: [hyperedge()]}.
Each matched_hyperedges list has the same length as patterns and is in the
same order. Each distinct hyperedge in the graph may only be used once per
match (no self-overlap).

  


        

      


  

    
WolframModel.MultiwayGraphSVG 
    



      
SVG rendering of the multiway evolution graph (DAG or tree).
Accepts the DAG structure returned by WolframModel.multiway_explore_dag/2:
%{
  root:  canonical_key,
  nodes: %{canonical_key => %WolframModel{}},
  edges: MapSet.t({from_key, to_key})
}
Nodes are drawn as rounded boxes labelled with vertex count, edge count, and
generation. Each depth level is a horizontal row. Edges are drawn as
curved arrows. The root node is highlighted.
Example
WolframModel.multiway_explore_dag(universe, 3)
|> WolframModel.MultiwayGraphSVG.to_svg()
|> then(&File.write!("multiway.svg", &1))

      


      
        Summary


  
    Functions
  


    
      
        to_svg(dag, opts \\ [])

      


        Returns an SVG string for dag.



    





      


      
        Functions


        


    

  
    
      
    
    
      to_svg(dag, opts \\ [])



        
          
        

    

  


  

      

          @spec to_svg(
  %{root: term(), nodes: map(), edges: MapSet.t()},
  keyword()
) :: String.t()


      


Returns an SVG string for dag.
Options:
	:width — canvas width in pixels. When provided the layout is scaled
horizontally so the graph fills exactly this width. Computed automatically
when omitted.
	:height — canvas height in pixels. Computed automatically when omitted.


  


        

      


  

    
WolframModel.Rule 
    



      
Parser and printer for the canonical Wolfram rule notation.
Rules are written in the format used throughout the Wolfram Physics Project:
{{x,y,z},{x,w}} -> {{y,w,z},{y,z},{x,y,w}}
Vertices are either integers (1, 2, …) or symbolic names (x, y, z).
The notation maps directly to the %{pattern: ..., replacement: ..., name: ...}
maps consumed by WolframModel.
Examples
iex> WolframModel.Rule.parse("{{1,2},{1,3}} -> {{2,3},{1,4}}")
%{pattern: [[1, 2], [1, 3]], replacement: [[2, 3], [1, 4]], name: "parsed"}

iex> rule = %{pattern: [[1,2],[2,3]], replacement: [[1,3]], name: "join"}
iex> WolframModel.Rule.to_string(rule)
"{{1,2},{2,3}} -> {{1,3}}"

      


      
        Summary


  
    Types
  


    
      
        rule()

      


    





  
    Functions
  


    
      
        parse(string, name \\ "parsed")

      


        Parses a rule string in the Wolfram notation "LHS -> RHS" and returns a
rule map with :pattern, :replacement, and :name set to "parsed".



    


    
      
        to_string(rule)

      


        Formats a rule as a Wolfram-notation string.



    





      


      
        Types


        


  
    
      
    
    
      rule()



        
          
        

    

  


  

      

          @type rule() :: WolframModel.rule()


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      parse(string, name \\ "parsed")



        
          
        

    

  


  

      

          @spec parse(String.t(), String.t()) :: rule()


      


Parses a rule string in the Wolfram notation "LHS -> RHS" and returns a
rule map with :pattern, :replacement, and :name set to "parsed".
Vertices can be integers or symbolic names. Symbolic names become atoms.
Raises ArgumentError when the string cannot be parsed.

  



  
    
      
    
    
      to_string(rule)



        
          
        

    

  


  

      

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


      


Formats a rule as a Wolfram-notation string.
%{pattern: [[1,2],[2,3]], replacement: [[1,3]]} |> WolframModel.Rule.to_string()
#=> "{{1,2},{2,3}} -> {{1,3}}"

  


        

      


  

    
WolframModel.RuleAnalysis 
    



      
Rule property analysis for WolframModel rules.
Provides predicates and metrics that characterise the structural properties of
a rule without running a full evolution — useful for classifying rules before
deciding how to use them.

      


      
        Summary


  
    Types
  


    
      
        rule()

      


    





  
    Functions
  


    
      
        arity(rule)

      


        Returns the arity of a rule as {pattern_sizes, replacement_sizes} where
each element is a sorted list of hyperedge sizes.



    


    
      
        canonical_form(rule)

      


        Returns a canonical form of a rule with variables renamed in first-appearance
order (depth-first, pattern first then replacement).



    


    
      
        equivalent?(rule1, rule2)

      


        Returns true if rule1 and rule2 are structurally equivalent — i.e.
they represent the same rewriting rule up to a bijective renaming of
variables.



    


    
      
        hyperedge_delta(rule)

      


        Returns the net hyperedge count change for a single rule application.



    


    
      
        introduces_new_vertices?(rule)

      


        Returns true if the replacement contains at least one atom that does not
appear in the pattern — indicating the rule introduces new vertices when
applied.



    


    
      
        reversible?(rule)

      


        Returns true if the rule is structurally reversible: the multiset of
hyperedge sizes in the pattern equals the multiset in the replacement.



    


    
      
        self_complementary?(rule)

      


        Returns true if the rule is self-complementary: it has the same number of
hyperedges in the pattern and replacement, and the same multiset of hyperedge
sizes (i.e., the rule maps one configuration to a structurally identical one).



    





      


      
        Types


        


  
    
      
    
    
      rule()



        
          
        

    

  


  

      

          @type rule() :: WolframModel.rule()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      arity(rule)



        
          
        

    

  


  

      

          @spec arity(rule()) :: {[non_neg_integer()], [non_neg_integer()]}


      


Returns the arity of a rule as {pattern_sizes, replacement_sizes} where
each element is a sorted list of hyperedge sizes.
Useful for quickly comparing the "shape" of different rules.

  



  
    
      
    
    
      canonical_form(rule)



        
          
        

    

  


  

      

          @spec canonical_form(rule()) :: %{pattern: [[term()]], replacement: [[term()]]}


      


Returns a canonical form of a rule with variables renamed in first-appearance
order (depth-first, pattern first then replacement).
Two rules are structurally equivalent if and only if their canonical forms
are equal. Variables that appear only in the replacement (new-vertex generators)
are canonicalized separately after all shared variables.
iex> r1 = %{pattern: [[1,2],[2,3]], replacement: [[1,3]], name: "a"}
iex> r2 = %{pattern: [[10,20],[20,30]], replacement: [[10,30]], name: "b"}
iex> WolframModel.RuleAnalysis.canonical_form(r1) == WolframModel.RuleAnalysis.canonical_form(r2)
true

  



  
    
      
    
    
      equivalent?(rule1, rule2)



        
          
        

    

  


  

      

          @spec equivalent?(rule(), rule()) :: boolean()


      


Returns true if rule1 and rule2 are structurally equivalent — i.e.
they represent the same rewriting rule up to a bijective renaming of
variables.
Note: this checks syntactic isomorphism based on first-appearance variable
order. It does not test semantic equivalence under all possible hypergraph
evolutions.

  



  
    
      
    
    
      hyperedge_delta(rule)



        
          
        

    

  


  

      

          @spec hyperedge_delta(rule()) :: integer()


      


Returns the net hyperedge count change for a single rule application.
A positive value means the rule grows the hypergraph, zero means it
restructures without changing edge count, and negative means it shrinks it.

  



  
    
      
    
    
      introduces_new_vertices?(rule)



        
          
        

    

  


  

      

          @spec introduces_new_vertices?(rule()) :: boolean()


      


Returns true if the replacement contains at least one atom that does not
appear in the pattern — indicating the rule introduces new vertices when
applied.

  



  
    
      
    
    
      reversible?(rule)



        
          
        

    

  


  

      

          @spec reversible?(rule()) :: boolean()


      


Returns true if the rule is structurally reversible: the multiset of
hyperedge sizes in the pattern equals the multiset in the replacement.
A reversible rule can (at least in principle) be run "backwards" by swapping
pattern and replacement.

  



  
    
      
    
    
      self_complementary?(rule)



        
          
        

    

  


  

      

          @spec self_complementary?(rule()) :: boolean()


      


Returns true if the rule is self-complementary: it has the same number of
hyperedges in the pattern and replacement, and the same multiset of hyperedge
sizes (i.e., the rule maps one configuration to a structurally identical one).
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Rule sets responsible for the evolution of the Wolfram Model.
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        basic_rules()

      


        Defines a set of basic evolution rules for experimentation.



    


    
      
        rule_set(atom)

      


        Creates some interesting specialized rule sets.



    


    
      
        rule_set(atom, key)

      


        Classic benchmark rules from the Wolfram Physics Project.



    


    
      
        wolfram_rules()

      


        Returns the full map of named Wolfram benchmark rules.
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          @type rule() :: %{pattern: [[term()]], replacement: [[term()]], name: String.t()}


      



  


        

      

      
        Functions
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          @spec basic_rules() :: [rule()]


      


Defines a set of basic evolution rules for experimentation.

  



  
    
      
    
    
      rule_set(atom)



        
          
        

    

  


  

      

          @spec rule_set(atom()) :: [rule()]


      


Creates some interesting specialized rule sets.

  



  
    
      
    
    
      rule_set(atom, key)



        
          
        

    

  


  

      

          @spec rule_set(:wolfram, atom()) :: [rule()]


      


Classic benchmark rules from the Wolfram Physics Project.
All rules use the canonical integer variable notation and are expressed
as N-pattern rules (requiring the general N-pattern matcher).
Available rule sets:
	:rule_1 — binary split: {{1,2},{1,3}} -> {{2,3},{1,4}}
	:rule_2 — triangle rewrite: {{1,2},{1,3},{2,3}} -> {{1,4},{2,4},{3,4},{1,2,3}}
	:rule_3 — three-edge rewrite: {{1,2},{3,4},{2,3}} -> {{1,2},{2,3},{3,4},{4,1}}
	:rule_4 — growth rule (spatial): {{1,2,3},{1,4,5}} -> {{1,2,3},{1,4,5},{2,4,6}}
	:rule_5 — self-referential: {{1,1},{1,2}} -> {{1,2},{1,3},{2,3}}


  



  
    
      
    
    
      wolfram_rules()



        
          
        

    

  


  

      

          @spec wolfram_rules() :: %{required(atom()) => [rule()]}


      


Returns the full map of named Wolfram benchmark rules.
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