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    ExTLA

Describe your system's states, find the invalid ones automatically, and check that your
GenServers behave as described.
Concurrency bugs live in message orderings. An LLM-written GenServer can pass every test,
because its tests try the orderings the model thought of, which are the ones the code already
handles. A fix for one race can leave the same race one call over, and nothing notices.
ExTLA checks every ordering instead. You state what the system may do, and what must never
happen, in a few dozen lines of Elixir that a person can read and agree with. ExTLA explores
every state that description reaches, within the bounds you set, and returns the shortest path
to any broken rule. It then checks the running code against the same description. Each result
says what it covered, so a green run, whether you or an agent reads it, means what it says.
Experimental. The checker agrees with TLC, the reference TLA+ model checker, on every
specification in its differential corpus, but the interface can still change between minor
versions, as it did in v0.4.0.

Installation
Add extla to your dependencies in mix.exs:
def deps do
  [
    {:extla, "~> 0.6.0"}
  ]
end
Add {:jason, "~> 1.4"} too if you want JSON output (--format json, and the saved
counterexamples mix extla.explore and mix extla.replay --trace read).
Example
A specification is an Elixir module: the state, the steps that change it, and the rules
every reachable state must keep.
defmodule Specs.Counter do
  use ExTLA.Spec

  variable :count, type: 0..3
  variable :status, type: [:ready, :busy]

  init do
    count = 0
    status = :ready
  end

  action :start do
    require status == :ready and count < 3
    status = :busy
  end

  action :finish do
    require status == :busy
    count = count + 1
    status = :ready
  end

  invariant :in_bounds do
    count <= 3
  end
end
mix extla.check Specs.Counter

mix extla.check explores every state the spec reaches, checks each invariant and temporal
property, and prints the shortest counterexample when one fails, with a report of what the
run exercised. The other tasks:
mix extla.simulate  MyApp.Counter   # run random traces of an ExTLA.GenServer against its spec
mix extla.replay    MyApp.Counter   # drive it through a counterexample, or check a captured trace
mix extla.explore   Specs.Counter   # evaluate your own expressions over a saved counterexample
mix extla.visualize Specs.Counter   # render the state graph as DOT
mix extla.stamp                     # report or update the spec_version: stamps on refinement mappings
Resources
	Getting started: install, one specification and one
counterexample, in half an hour.
	Tutorial: eleven pages, one lock running through all of
them, ending with how to keep a specification in a project of your own.
	API documentation: every module, starting at ExTLA.
	TLA+ primer: the ideas ExTLA borrows, for readers new to them.
	Specification: the full design,
with its principles and non-goals.
	Design decisions: why it is
shaped the way it is.
	Prior art: what else exists
for Elixir and Erlang, and where ExTLA fits.
	Changelog: what changed in each release.
	Contributing: how changes are
made and checked.
	License: MIT.



  

    Using ExTLA

ExTLA's DSL is written in Elixir syntax and is not Elixir. Inside init, action,
invariant and the other declarations, familiar constructs mean different things, and the
difference is the point: these blocks describe a specification, which a model checker
enumerates, not a program that runs.
Every rule below is enforced at compile time and names a diagnostic you will see if you
break it. The full table, keyed by the diagnostic's kind, is §7 of
the DSL reference, which is also the normative semantics.
The nine things that look like Elixir and are not
1. Assignment is a next-state relation, not a rebinding
action :transfer, params: [amount: 1..10] do
  require balance >= amount
  balance = balance - amount      # the NEXT state's balance
  log = append(log, amount)       # and the next state's log
end
A bare name on the right reads the pre-state; a name on the left names the post-state.
So x = x + 1 is not a mutation, it is a relation between two states, and the order of the
assignments in the block does not matter. Assigning the same variable twice is
:variable_assigned_twice — not last-write-wins, because there is no "last" in a conjunction.
Outside init and action, assignment is :assignment_outside_init_or_action. Assigning a
name that no variable declares is :assignment_to_undeclared_variable.
2. ^name is a constant, not a match pin
constant :accounts
variable :balances, type: [^accounts ~> 0..100]

action :pay, params: [to: ^accounts] do
  require balances[to] < ^max_balance
end
^ marks a constant reference. A bare name that happens to match a constant is
:constant_without_pin — the compiler refuses it rather than guessing, because a bare name
is how a variable is read.
3. require is an enabling condition, not Kernel.SpecialForms.require/2
action :withdraw, params: [n: 1..5] do
  require balance >= n     # this action is DISABLED where this is false
  balance = balance - n
end
A false require does not raise and does not fail the check: the action is simply not
available in that state. An action that is never enabled anywhere is reported by the
coverage report, not by an error — which is why mix extla.check prints one.
4. Guards and lets evaluate in source order
action :consume, params: [c: ^clients] do
  require Map.has_key?(inbox, c)   # guard FIRST
  let msg = inbox[c]               # then the lookup is safe
  inbox = delete(inbox, c)
end
Order decides between a disabled action and a raised ExTLA.Spec.DomainError. f[x]
outside the domain of f raises rather than answering nil, so a let that reads
before its guard has run turns a state the action should skip into a crash. Put the guard
above the read.
5. Reserved names
:state, :old and :new are the DSL's own bindings — state inside a Layer 1
invariant, old and new inside an action_property. Declaring a variable or constant
with one of those names is refused.
:type_ok is reserved: it is the implicit invariant compiled from your type: annotations,
and declaring it yourself is :implicit_invariant_redeclared.
6. Liveness is skipped under symmetry and --workers, and refused by the API
mix extla.check checks every temporal the spec declares, and skips liveness, with a
warning that names the reason, in three cases: --safety-only, a symmetry: in the spec's
configuration, and --workers above one. The safety properties are still checked.
mix extla.check MySpec               # safety and liveness
mix extla.check MySpec --workers 8   # safety in parallel; warns that liveness was skipped
ExTLA.ModelChecker.run/2 infers nothing: check_liveness: defaults to false, and
check_liveness: true together with symmetry: or workers: above one raises, because
neither combination gives a sound answer. Symmetry reduction merges states a temporal
property can tell apart, so the reduced graph can hold cycles the real one does not; and
under workers each process holds only part of the graph, so a cycle spanning two of them
cannot be found.
If you need both, run two checks: one with the reduction or the workers, one without.
ExTLA.Spec.Test.assert_spec/2 passes its config straight to run/2, so a test that should
check a temporal property says check_liveness: true.
7. mode and telemetry are compile-time
config :extla, mode: :disabled       # recompiles every module that uses ExTLA.Invariant
config :extla, telemetry: :verbose
Both are read with Application.compile_env/2, so changing either recompiles your
modules, not just ExTLA's. mode: :disabled emits no wrapper at all — the module compiles
as though the invariants were not there — which is what makes it free rather than cheap.
An invariant :x, enabled: false removes that one declaration at compile time. A module
whose invariants are all removed cannot be asserted about: assert_invariants/2 raises
rather than passing for every state.
8. Choosing a task
	Task	When
	mix extla.check	the usual one: explore the state space, check invariants, report coverage
	mix extla.explore	evaluate your own expressions over a counterexample the checker produced
	mix extla.simulate	drive a real GenServer against the spec and see whether it conforms
	mix extla.replay	replay a counterexample against real code
	mix extla.visualize	the state graph as DOT
	mix extla.stamp	record which spec version a refinement mapping was read against

9. The set vocabulary is in scope, and two operators are renamed
All of TLA+'s set theory is callable unqualified inside a spec block — powerset,
cross, cross_many, distributed_union, for_all?, exists?, range, choose,
for_each, update, except, domain, function_set, record_set, plus union,
intersection, difference, subset?, member?, size and the sequence operators. There
is nothing to import and nothing to qualify: ExTLA.Set and ExTLA.Function hold the one
implementation of each, and ExTLA.Spec.Helpers, which every spec imports, delegates to them.
Two are renamed, and only two. {f(x) : x \in S} is set_map/2 and {x \in S : P(x)}
is set_filter/2, not map/2 and filter/2 — an unqualified map(xs, f) in a spec block
reads as Enum.map/2 to every Elixir programmer, and these return a set, possibly a
smaller one, since a non-injective function collapses elements exactly as in TLA+.
for_each/2 takes a set, not a sequence. [x \in S |-> e] ranges over a set. A list is
a sequence — a function on 1..Len(s) already — and building a function over one would
silently deduplicate it, so it raises ArgumentError by name instead of answering. Pass a
MapSet or a range. For the same reason domain/1 of a sequence is its indices,
MapSet.new(1..Len(s)), not its elements; domain/1 of a set is refused, because a set is
neither a function nor a sequence.
Writing a refinement mapping: a bare term is a call
concrete_message/2 returns the message that causes an action, and a message does not
carry how it arrives. So the mapping says:
	Return	Delivered as	Handled by
	{:call, msg}	{:"$gen_call", from, msg}	handle_call/3
	{:cast, msg}	{:"$gen_cast", msg}	handle_cast/2
	{:info, msg}	msg	handle_info/2
	msg	a call	handle_call/3

A bare term is a call. That is what it has always meant, so no existing mapping changes
— but it is the trap: map an action to :process_next when the server takes it in
handle_cast/2, and the message arrives at handle_call/3, which has no clause for it. The
server dies, and mix extla.replay reports :not_followed — "the spec permits a behaviour
the implementation does not take" — about a server that is correct. Write {:cast, :process_next}.
The one ambiguity has a total escape: to send the literal two-tuple {:cast, 5} as a call,
write {:call, {:cast, 5}}.
A cast completes when a :sys.get_state/2 behind it replies, which both drivers already
make, so this costs no extra round-trip. A cast that never completes is a named finding,
not a silent pass.
Wiring it into a project
	use ExTLA.Invariant goes directly after use GenServer, before the callbacks. The
order is load-bearing: only callbacks defined after it are wrapped, which is what keeps the
defaults use GenServer injects unwrapped.
	use ExTLA.GenServer, spec: Specs.Counter, refinement: __MODULE__.Refinement puts a
server under Layer 3: spec: is the specification it claims to refine, refinement: the
module that maps its state and messages onto the spec's.
	Configuration. config :extla, mode: :enabled | :log_only | :disabled and
telemetry: :quiet | :verbose are compile-time (§7 above). config :extla, workers: n
is what ExTLA.Config.workers/0 answers, and trace_buffer: n bounds the trace a Layer 3
server records. Per spec, config :extla, Specs.Counter, constants: %{max: 3} assigns
constants for mix extla.check, mix extla.simulate and Layer 3, and symmetry: [:procs] there turns on the reduction for mix extla.check.

	jason is optional. Add {:jason, "~> 1.4"} for --format json and for the saved
counterexamples mix extla.explore and mix extla.replay --trace read.

What a verdict does and does not say
mix extla.check exits 2 when the run was bounded — max_states was hit, or a
state_constraint held states back. That is not a pass. A bounded run has verified
nothing about the states it did not reach, and the exit code says so. --allow-incomplete
(allow_incomplete: true for assert_spec/2) turns it into a pass when you have decided a
partial answer is worth having.
Checking a recorded trace is different from model checking. Over a finite trace, a temporal
property can be :inconclusive rather than :holds or :violated: a prefix can refute
always P but cannot prove it. ExTLA.Temporal returns three verdicts for that reason, and
a lasso (a prefix plus a repeating cycle) is what lets every operator answer definitely.
Writing specifications with an agent
The rules above are the ones an agent gets wrong, because each looks like ordinary Elixir
and compiles to something else. Two more that are worth stating outright:
	Do not add @spec annotations to a spec module. They are not checked and they drift; the DSL's type: annotations are the checked ones.
	A specification that verifies is not a specification that is right. The coverage report
is where a spec that checks nothing announces itself — a never-enabled action, a vacuous
~>, an invariant never at risk. Read it.



  

    Changelog

All notable changes to ExTLA are recorded here, following
Keep a Changelog and
Semantic Versioning.
This file is the record of what is built: each release's entry says what changed, and nothing
else restates it. It is written for people who use ExTLA, so work only the repository sees —
CI, test tooling, internal refactors — is left to the commit history. Entries up to 0.5.0 were
condensed to that rule; the full text is
the CHANGELOG at v0.5.0.
0.6.0 — 2026-10-14
A minor line, opened by Layer 1's predicate rule. A Layer 1 invariant,
action_property, precondition or postcondition that returns a non-boolean is now
reported rather than counted as holding (#418). The model checker already refused the same
predicate. Code whose check returned a truthy non-boolean passed under 0.5.0 and is now
reported, which is why this is 0.6.0. To upgrade, change the requirement, then make any such
check return true or false. ExTLA.ModelChecker.run/2 and assert_spec/2 now honour a
constant's default:, as the Mix tasks always did (#417). ExTLA installs from Hex as
{:extla, "~> 0.6.0"}.
The rest is the documentation, made fit for a public reader and checked against the code:
	a short README;
	HexDocs that publish the DSL reference, the examples and a new reference page, and group
the modules by use;
	module docs that list run/2's options and no longer narrate the project's history;
	a changelog written for users;
	guides whose output blocks are compared with what the tool really prints.

Changed
	The repository's public home is GitHub, and everything that ships says so (#402, for
#396). mix.exs declares source_url and homepage_url, so the docs' "View source"
links work and point at the release tag, and the package declares its links (GitHub,
Changelog). The version links at the end of this file point at GitHub.
	The README is a short front door (#403, for #395). It says what ExTLA does in one
line, then why it matters when an LLM writes your concurrent code, then installation, one
example, the task list and links to everything else. The package description and the
ExTLA module docs open with the same line. The TLC agreement tables and benchmarks that
filled half the old README now sit beside the corpus they measure, in
test/differential/README.md.
	The docs publish only what a user needs (#404, for #397). Of spec/, HexDocs now
carries the DSL reference and the examples, and both have lost their history paragraphs.
The rest of the specification is design material, linked on GitHub where a page needs it.
A new guide page, guides/reference.md, holds the user-facing facts that lived only in
the departing files: how mix extla.check and ExTLA.ModelChecker.run/2 differ on
liveness, what state constraints, symmetry and --workers each cost and refuse, how to
read the coverage report, the JSON result schema, what conformance checks, Layer 1's
test helpers, telemetry and overhead, and what ExTLA is not. The ExTLA module docs and
this file now agree that the changelog is the record of what is built.
	The API docs group modules by what you do with them (#405, for #397): specifications,
model checking, Layer 1, Layer 3, and Internals last for the engine modules a user never
calls, such as ExTLA.Invariant.Runtime. ExTLA heads the list.
	The module docs and usage rules say what the code does, and list the options (#407, for
#399). ExTLA.ModelChecker.run/2 and ExTLA.Simulation.run/2 document every option with
its default; before, they were only in typespec comments. usage-rules.md no longer shows
a --check-liveness flag that does not exist. It now says the CLI skips liveness with a
warning under symmetry or --workers, while the API raises. It also names the right
diagnostic for assigning a variable twice, and covers config :extla, use ordering and
the optional jason. assert_spec/2 says liveness is off unless asked for, and
mix extla.check documents per-spec symmetry:. mix extla.simulate says how its
server starts, and mix extla.replay describes its trace file correctly and lists
--format. Stale TLA. names and arities are fixed.
	The module docs are about the library, not its history (#408, for #399). About 40
modules carried how a behaviour was found and fixed: issue numbers, test paths, CI, the
differential corpus, mutation testing, decision-log numbers, and pointers into
specification files the docs no longer publish. Each is rewritten to say what the code
does and why. Where a doc pointed at an unpublished reason, it now states the reason or
links the reference guide.
	The output shown in the guides is the output the tool prints (#409, for #398). Every
block of mix extla.* output in getting-started and the tutorial is now compared with the
command's real output when the guides are tested. A block that shows only part of the
output says so, and its lines must still appear in order. Twenty-five blocks that had
drifted are regenerated. They were missing trace banners, used an old lasso rendering,
had a coverage count one off, and dropped transition counts. Page 10's DOT example now
comes from a spec shown on the page.
	Getting started and the tutorial say what the tool does, and where each option applies
(#410, for #398). The pages now say which options are for ExTLA.ModelChecker.run/2 and
assert_spec/2 only (state_constraint:, check_deadlock:, check_liveness:). They
say that mix extla.check checks liveness on its own, and where the CLI reads constants
and symmetry from. Wrong claims are corrected: an invariant's desc: is not printed in a
counterexample, --strict-coverage never fails on a live terminal, and
mix extla.visualize refuses with "more than N". The pages gain the optional jason and
telemetry dependencies, the sequence operations, mix extla.replay's exit code 3 and
driving flags, the :state_functions limit of Layer 1, and
ExTLA.PropertyTest.action_sequences/3. Passages about how ExTLA itself is tested are
gone.
	Install from Hex (#424, for #423). The README and getting-started install ExTLA as
{:extla, "~> X.Y.0"}. Use the three-part requirement: before 1.0 a new minor version can
change the interface, and ~> X.Y would take it.
	This changelog is written for users (#406, for #397). Entries for CI, test tooling and
other work only the repository sees are gone, and the remaining entries are shorter.

Fixed
	ExTLA.ModelChecker.run/2 honours a constant's default: (#417, for #415). A spec
that declares constant :max, default: 3 checked under mix extla.check but raised from
run/2, check_safety/2, explore/2 and ExTLA.Spec.Test.assert_spec/2: "the type of :n
refers to ^max, which this run did not assign". Declared defaults now fill in what
constants: leaves out, and an explicit constant still wins. Application config is still
read only by the Mix tasks.
	--verify-symmetry's report lists its differences in a fixed order (#410). The
lines naming what differed with and without the reduction came out in an order that
could change from one run to the next. They now always read status, deadlock, refuted,
never enabled.
	Layer 1 refuses a predicate that returns a non-boolean, as Layer 2 does (#418, for
#401). An invariant, action_property, precondition or postcondition returning a
truthy non-boolean used to count as holding. A common way to get one is
n >= 0 and status, which evaluates to status. The model checker already refused the
same predicate. It is now reported through the configured mode, naming the value
("returned :ok, which is not a boolean"): :enabled raises ExTLA.Invariant.Violation
and :log_only logs it. This can surface reports in code that passed before. Add the
missing comparison so the predicate returns true or false.

0.5.0 — 2026-10-13
A minor line, opened by mix extla.replay. It gains --server and --timeout, and
--init-arg, which was accepted and then dropped, now reaches the server (#165). Nothing is
removed or renamed: a 0.4.0 project upgrades by changing the tag. Two fixes reach spec
authors: a function capture (&abs/1) in a spec body compiles (#369), and
ExTLA.Invariant.Test.valid_states/3 says when a base generator is too broad to filter
(#348).
Added
	mix extla.replay passes --init-arg, --server and --timeout through (#165).
--init-arg was accepted and then silently dropped, and ExTLA.Replay's documented
:server and :timeout were unreachable from the command line. Now, with --trace:
	--init-arg is the argument the server starts with, as a literal Elixir term only
([start: 0]; an expression is refused, never run);
	--server drives a running registered process instead of starting one, and leaves it
running;
	--timeout bounds each reply.

Combinations that would otherwise be ignored are refused by name: --init-arg with
--server, an unregistered name or a printed pid, a non-positive timeout, and any of the
three with --captured, which drives nothing.


Fixed
	A function capture in a spec body compiles (#369, for #359). &abs/1, &+/2 or
&member?/2 in any block was refused as "undeclared variable: abs", with advice to declare
variable :abs. A capture now names a function, even where a declared variable shares the
name (variable :size beside &size/1); a capture of a function that doesn't exist is
still refused, by Elixir's compiler, naming it.
	ExTLA.Invariant.Test.valid_states/3 says what a broad base generator costs (#348, for
#344). It filters the base generator through the type invariant, and StreamData raises
FilterTooNarrowError after 25 rejections in a row; at about 30% acceptance a property can
pass locally and fail on a rare seed. The docstring now says the base generator should have
the type's shape and be accepted at least about half the time, with a good and a bad
example. There is no new max_consecutive_failures: option.

0.4.0 — 2026-10-03
Every module moved from TLA to ExTLA, and every Mix task from mix tla.* to
mix extla.* (#337). TLA is a namespace ExTLA doesn't own; the change is breaking and
mechanical, and it is why this is 0.4.0 rather than 0.3.21. The application (:extla),
telemetry, configuration and every spec you have written are unchanged. Several other changes
also move the surface: mix extla.check --format json is schema 3; predicates that return a
non-boolean are refused rather than counted as holding; a temporal formula outside the supported
fragment is refused at compile time; and unknown options, names and flags are refused instead
of being dropped.
Entries written before the rename use the old names (TLA.*, mix tla.*); read them through
the migration below.
Migrating to 0.4.0
0.4.0 moves every module from TLA to ExTLA (#337). It is a breaking change, and it is
mechanical.
	Modules: TLA → ExTLA and TLA.<Name> → ExTLA.<Name>, everywhere a module is
named: use TLA.Spec → use ExTLA.Spec, use TLA.Refinement, use TLA.GenServer,
import TLA.Spec.Test, alias TLA.{ModelChecker, Trace}, %TLA.Trace{}, and
TLA.ModelChecker.run/2-style calls. One rewrite covers it, as long as it leaves TLA+ and
prose alone: for example, replace TLA with ExTLA where it is followed by . and a
letter or {, and is not preceded by a letter, digit, . or :. Then fix any bare TLA
module reference by hand. There are no TLA.* compatibility modules.
	Mix tasks: mix tla.<task> → mix extla.<task> for check, explore, replay,
simulate, stamp and visualize, in scripts, CI files, Makefiles and aliases. A module
that calls a task directly moves from Mix.Tasks.Tla.* to Mix.Tasks.Extla.*. Switches,
arguments, output and exit codes are unchanged.
	Unchanged: the application name :extla (your deps entry), telemetry event names
(already [:extla, …]), configuration keys, and every spec you have written. A spec module
is yours; only the use line names ExTLA.

Added
	mix tla.stamp --check exits 1 on a stamp nothing verifies (#311, closes #173). The
task used to exit 0 whatever it found. With --check it exits 1 on a :stale stamp or an
:unverifiable one whose spec source is not on disk; :fresh, :unstamped, and a spec:
that is not a literal alias (which the compiler verifies at use TLA.GenServer) exit 0. It
is a flag, not the default, so scripts that run the task for its report keep working.
	TLA.StateGraph.delete/1 releases a graph's ETS tables (#316, for #182). The graph
returned by explore/2 is owned by the caller, ETS tables included; delete/1 frees them
and is a no-op on a graph already gone.
	The failure-injection probability is configurable as failure_rate: (#317, closes
#182). It was a fixed ten percent; it defaults to 0.1.
	usage-rules.md ships with the package (#292, for #181). It covers where the DSL looks
like Elixir but is not: assignment is a next-state relation, ^name is a constant rather
than a pin, require is an enabling condition, and guard order decides between a disabled
action and a raised DomainError. It is in files:, so mix usage_rules.sync can pull it
into your project.
	Every compile diagnostic carries a kind (#273). TLA.Spec.CompileError now has a kind
identifier, and the diagnostics table in 02-dsl-semantics.md §7 is keyed by it and lists
every kind the DSL raises, where it was previously twenty-eight kinds short.

Changed
	The Mix tasks are mix extla.* (#339, for #337). The six user tasks move to
Mix.Tasks.Extla.*, so mix tla.check becomes mix extla.check and so on. The guides and
README use the new names.
	Every module lives under ExTLA (#338, for #337). Two libraries that define the same
module name cannot both be used, and TLA is the name any other TLA+ library would reach
for first. There are no TLA.* compatibility modules; see Migrating to 0.4.0.
	The whole TLA.Set / TLA.Function vocabulary is callable unqualified from a spec
body (#319, for #183). powerset, cross, cross_many, distributed_union, set_map,
set_filter, for_all?, exists?, range, function_set, except and record_set now
work without qualification in action, init, invariant, terminal and
action_property blocks. map/2 and filter/2 are exposed as set_map/2 and
set_filter/2, so they do not read as Enum.map/2.
	TLA.Function.construct/2 and domain/1 refuse what they used to get wrong (#319, for
#183). construct/2 now refuses a sequence by name instead of silently deduplicating it.
domain/1 reads a sequence as the function on 1..Len(s) and refuses a set by name; it
used to raise BadMapError on a sequence and return a MapSet's own field names.
	The guides teach set and function operations (#320, closes #183). The tutorial's DSL
page gains §Operations on sets and functions: a TLA+-to-DSL table, a worked Tutorial.Quorum
spec, and the common traps. usage-rules.md gains a rule on the same traps: set_map/2 and
set_filter/2 naming, for_each/2 refusing a sequence, and domain/1 of a sequence being
its indices.
	Every declaration kind reads a non-boolean the same way (#317, closes #182). A
precondition or postcondition returning nil used to kill the server with a
CaseClauseError on a generated function, and :verbose treated a truthy non-boolean as a
violation, so telemetry could change a verdict. All six check paths now use Elixir's
truthiness.
	TLA.Config.max_states/0 and TLA.Profile.calibration_samples/0 are removed (#317,
closes #182). Neither was used; the state limit default lives in TLA.ModelChecker.
	mix tla.stamp scans the project's own elixirc_paths (#308). It used to scan
lib, test and ledger unconditionally, so a consumer got their whole test tree (and a
ledger directory that belongs to this repository) scanned.
	A recorded GenServer trace reports what its buffer dropped (#278, for #177). trace/0
and get_trace/1 now return %{states: [...], dropped: n}, and
check_temporal_properties/2 refuses a bare list. A server past its buffer read the oldest
retained state as the first one, so it could report a bare predicate such as n == 0 as
violated about a behaviour that satisfies it. Only the bare predicate is affected:
always(P) can still be violated, and eventually(P) still hold, from retained states.
	A predicate that returns a non-boolean is refused, not counted as holding (#235, #192).
An invariant, terminal, action_property or temporal state predicate returning a truthy
non-boolean (e.g. n >= 0 and status, which evaluates to status) used to hold. It now raises
TLA.Spec.PredicateError naming the declaration and the value, in the checker, trace replay
and coverage. A spec that relied on a truthy return now fails; add the missing comparison.
	mix tla.check --format json schema 3 adds coverage.terminals (#256, #202). It reports
how many successor-less states each terminal admitted. mix tla.replay --trace refuses a v2
document, naming both versions.

Fixed
	A refinement mapping missing a concrete_message/2 clause is named, not crashed on
(#321, closes #299). TLA.Refinement.validate!/3 raised FunctionClauseError from inside
the validator; it now raises TLA.Refinement.Error naming the actions the mapping does not
cover. The check also runs for actions with params and no constant values, which it used to
skip. Defining no clauses is reported as an undecided rule, and a clause whose first
argument is a variable covers every action.
	A module with only preconditions no longer warns about tla_new_state (#317, closes
#182). The wrapper bound the variable unconditionally, producing an unused-variable warning
about generated code and an extra extraction call per transition.
	TLA.ModelChecker.run/2 no longer leaks ETS tables (#316, for #182). Each run left two
tables per call for the calling process's lifetime, which accumulated in long-lived
processes such as mix tla.check A B C or TLA.Spec.Test. run/2 now searches in its own
process and frees them on exit, including on a raise; the exception is re-raised in the
caller with its stack, after one crash report on stderr.
	TLA.Replay stops the server it started (#316, for #182). It used to leave a live
GenServer per replay; a caller-supplied :server is left alone.
	The refinement totality probe no longer misreports a failing helper (#315, for #182).
A FunctionClauseError from a helper called by the mapping's catch-all was reported as
"abstract_action/1 is not total", advising a clause the mapping already had. Other
failures are now re-raised untouched.
	mix tla.explore refuses an undefined remote call once (#315, for #182). A call such as
Enum.no_such_thing(count) used to fill a cell per state; it is now refused once, like a
CompileError.
	--fingerprint-bits with an unsupported width is refused at the flag (#314, closes #180).
--fingerprint-bits 7 used to start the run and then raise an ArgumentError from inside
TLA.Fingerprint mid-search, with a stack trace, as though the library had failed. It is
now refused up front, like --workers, and the accepted widths come from TLA.Fingerprint.
	mix tla.simulate --against-graph runs one suite under the options it was given (#313,
for #180). It ran the whole simulation and then another --traces simulations, so
--traces 10000 --against-graph ran twenty thousand traces, and the second suite dropped
--unrestricted, --inject-failures and --concurrency, used a different step default
and derived seeds differently, so a reported seed did not reproduce its trace. The graph
is now built once and each trace is checked against it as it finishes. Leaving the graph
is its own outcome, :left_the_graph, not a conformance violation, and --format json
now produces a parseable file that carries it.
	mix tla.visualize --max-states bounds the search, and never draws a partial graph
(#312, for #180). The flag only gated rendering, so the search ran to a million states
and, where that default was reached, drew a truncated graph with no note and exit 0. It
now limits how many states are explored, as in mix tla.check, and a graph that is drawn
is complete. A graph too large to draw exits 2 and says "more than N" states.
	mix tla.stamp --restamp handles two stale mappings in one file, and reports mappings it
cannot read (#310, for #173). Two mappings sharing a stale stamp made the task tell the
user to hand-edit something already fixed and abort before processing other files. It now
rewrites once per stamp and refuses where mappings in a group resolve to different spec
versions. A mapping whose spec: is not a literal alias is reported as :unverifiable
with the reason, instead of being dropped so the task said "no refinement mappings found".
	A bounded run no longer claims that nothing satisfied a predicate, and
--strict-coverage fails only on what it should (#307, closes #167).
:antecedent_never_held, :consequent_always_held and an invariant with zero near
misses now carry the same bounded-run qualifier never_enabled already had. An exhaustive
run whose state_constraint never excluded a state is no longer reported as
:constrained, exit 2, failing assert_spec. --strict-coverage no longer fails on
terminal_but_live or zero near misses, and the footer's warning count matches what
fails.
	A Layer 3 driver can deliver actions the server handles by cast or info (#306, closes
#172). TLA.GenServer.Driver always sent a call, so a mapping to a handle_cast/2 clause
crashed a correct server and replay reported :not_followed. The mapping may now return
{:call, msg}, {:cast, msg} or {:info, msg} (a bare term is still a call), a cast
that never completes is reported as {:timeout, ms}, and compile-time validation no longer
reports a routed action as unmapped.
	TLA.Replay replays liveness counterexamples and simulation traces correctly (#304,
closes #168). Every genuine liveness counterexample replayed as :not_followed because the
cycle was misaligned with its actions. Traces from TLA.Simulation crashed replay with a
FunctionClauseError on :unmapped and :restart steps: :unmapped steps are now
skipped and listed in skipped (human report and --format json), and :restart is
reproduced by killing and restarting the server. With :server, a restart cannot be
reproduced and the replay returns the new :not_replayable status; mix tla.replay exits
3.
	Behaviour traces are well formed wherever they are produced (#303, for #168).
TLA.Trace.well_formed/1 is now public and every trace is checked where it is built.
TLA.Simulation recorded a successful restart without its action, and
TLA.GenServer.Runtime.record_initial!/3 recorded the first state twice, so every recorded
behaviour began with a step that never happened and TLA.Conformance.against_graph/3
classified it as forbidden.
	A GenServer with no author-written init/1 compiles (#300, #301, closes #171). It
failed with cannot make function init/1 overridable because it was not defined, naming
neither the library nor the cause: under Layer 1 for any invariant applying to init, and
under use TLA.GenServer always. The front-page examples of TLA.Invariant and
TLA.GenServer hit it; both compile now.
	use TLA.GenServer reports the refinement rules it could not check (#297, for #169).
TLA.Refinement.validate!/3 returned them but nothing showed them, so a mapping without
concrete_message/2, whose action coverage was never checked, gave no sign. Rules
deferred for that particular mapping are now printed at compile time as a message, not a
warning, so --warnings-as-errors builds are unaffected. Validation also now uses
constants assigned through config :extla, MySpec, constants: %{…} instead of the empty
assignment.
	The compile-time refinement probe draws every binding it can, and only where one exists
(#286, closes #284; #298, closes #169). With unassigned constants, concrete_message/2
was called with %{}, so a mapping for an action with params raised FunctionClauseError
from inside the validator and the conformance examples in the specification did not
compile. Actions it cannot bind are now not probed and are returned among the rules
validate! could not decide. The probe now draws every binding every init block yields,
not three from the first.
	assert_invariants/2 and assert_action_properties/3 no longer pass when nothing is
checked (#295, closes #175). With every invariant compiled out by enabled: false they
passed for every state, so a release test asserted nothing. They now raise and name
enabled: as the usual cause, as refute_invariant/3 already did.
	[:extla, :precondition, :checked] and [:extla, :postcondition, :checked] fire under
telemetry: :verbose (#279, for #177). Two of the four documented success events were
never emitted. They now carry module, name and duration; a declaration whose pattern
does not match the message fires nothing.
	A temporal formula outside the supported fragment is a compile error (#277, for #177).
A nested formula such as always(always(P)) compiled, then raised an ArgumentError with
no module, declaration or line under check_liveness: true, passed as :ok under the
default configuration, and died as a FunctionClauseError under mix tla.simulate and in
coverage. TLA.Spec.Temporal now refuses it at the declaration. A quantifier over a
constant with a boolean body, such as always(Enum.all?(^procs, fn p -> done[p] end)), is
an ordinary state predicate and now compiles and checks.
	Counterexamples show the property's description and the finding's message (#276, for
#176). temporal :x, desc: "…" was accepted and then dropped; a refutation now quotes it.
TLA.Trace.format/1 also dropped every finding's message (invariant and action-property
violation text, the deadlock's pointer at terminal :name do, liveness refutations),
which only reached to_json/1; it now prints it.
	The guides, README and primer route readers correctly (#287, closes #154; #288, #289,
closes #155; #293, closes #181). The install snippet in guides/getting-started.md pinned
tag: "v0.1.0", which lacked features the tutorial teaches; it now names the current
release. The README links the guides and lists all six packaged mix tla.* tasks; the
tutorial's Next: chain runs through all eleven pages; and the TLA+ primer says which
parts of TLA+ ExTLA implements. usage-rules.md is now a published docs page, and the
usage rules no longer link the unshipped DIAGNOSTICS.md.
	The specification's API and examples match the code (#164, closes #153; #280, for
#178; #291, closes #156). spec/01–05 published seventeen signatures and seven type
shapes the code does not have; they are corrected and result() gains :deadlock,
diameter and profile. spec/07's examples declared types the checker was not given
and now carry the real ones. Unresolved references that rendered as plain code instead of
links in the published docs are fixed.
	The published docs describe the library as built and list only what the package ships
(#274, #148). The API reference no longer lists eleven modules a consumer cannot call, such as
TLA.Ledger and mix tla.coverage. TLA's moduledoc, the landing page, no longer says the model
checker does not exist; it now describes the three layers, warns that the DSL looks like
Elixir and is not, and links to the getting-started guide and the normative semantics.
	Every mix tla.* task's flags are documented (#163). mix tla.simulate had no option
list, so --inject-failures and --unrestricted were undiscoverable; mix tla.stamp had no
section, and mix tla.explore, tla.replay and tla.visualize were missing options. mix tla.replay --init-arg is documented as accepted but not currently read (#165).
	Layer 3 process hygiene (#269, #213). A running server whose spec was recompiled kept the
old structure, so a newly added invariant was never checked; the spec cache is now keyed on
the module's md5. TLA.Simulation stops servers as a supervisor would (:shutdown, a bounded
wait, then :kill) so terminate/2 runs, and run/2 now really stops at the first finding.
The constants: option is removed: the server under test resolves constants from application
config, so any other assignment drove it against a different specification.
	Trace rendering and counting edges (#268, #212). Trace.length is now the number of states
everywhere. A lasso's closing state is labelled as the return to the cycle head, not
[VIOLATION]. The explorer shows an all-error row under changed_only and refuses a
non-function expression once instead of once per state. An enabled action's never-drawn
params: bindings are now a warning, and the profile's run bracket no longer includes the
liveness pass.
	Four DSL edges are diagnostics, not crashes or silences (#264, #210). A let may not
shadow a params: name, old or new. A variable in a temporal quantifier's literal list is
the temporal-fragment diagnostic instead of a FunctionClauseError. defmodule __MODULE__.Spec no longer
crashes the consumer's compile; check_stamp! explains that a computed name has no version.
Duplicate values in params: are drawn once, with a warning.
	Three boundaries refuse bad input up front (#265, #211). Trace.from_json!/1 validates the
trace type and alignment before building anything, and mix tla.replay names a missing
violation key instead of raising CaseClauseError. domain/1 on a list answers 1..Len
instead of raising BadMapError. for_each/2 ranges over a set or range and refuses a
sequence or map by name instead of silently deduplicating.
	mix tla.replay --trace and mix tla.explore no longer call a bounded run verified (#261,
#205). A max_states_reached or constrained document now reads as bounded at N states or
held back by the constraint; only ok is reported as verified.
	A raise in one simulation trace no longer orphans every running server (#262, #206). Each
TLA.Simulation trace runs in a process that owns its server, so a raise anywhere in the
trace takes the server with it, and a server crash still arrives as an outcome. init/1
returning :ignore or {:error, _} is an :error outcome naming it, not a MatchError.
	Small regressions from earlier fixes (#263, #209). init takes no options and says so
(init desc: "x" used to compile with the keyword dropped). The liveness-skip warning counts
the selected temporals, not every declared one. TLA.Conformance's @type finding includes
:nothing_observed.
	Trace.validate/3 rejects a stutter or deadlock at a live state (#259, #203). A one-state
cycle with no actions, or a :deadlock trace whose last state has successors, validated
:ok. Both now require no enabled step at that state and name the enabled action otherwise.
	Trace.format/1 refuses a misaligned trace instead of truncating it (#260, #204). A trace
one action short printed too few states with [VIOLATION] on the wrong one, and a JSON file
without bindings rendered as a single state. to_diffs/1 now checks alignment, so
format/1 and other consumers refuse such a trace, naming the three counts.
	A liveness pass skipped by the state budget or a safety counterexample is reported (#257,
#208). check_liveness: true with a max_states bound (or with mix tla.check --allow-incomplete) said nothing about the unchecked temporals. The result now carries an
"N temporal properties were not checked" warning with the reason and what to do.
	A stepped range type honours its step (#258, #196). variable :x, type: 0..10//2 dropped
the step, so x = 1 passed type_ok. The step is honoured (including a ^constant or
negative step), a zero step is a compile error, and §1.5 documents //.
	Replay.counterexample/3 with a registered-name server reports the violation (#252, #207;
#255, #254). With server: <name>, TLA.GenServer.Driver.call/3 waited out its 5-second
timeout and reported :not_followed, and a dead registered name raised invalid destination
where a dead pid reported :stopped. A pid, a name and {name, node} now give the same
outcome.
	Profile floors over too few evaluations are marked unsettled (#249, #248). An entry
evaluated fewer than four times carries settled: false, its row says floor over N evaluations, not settled, and the footer no longer claims every cost is exactly
reproducible.
	The profile's share is correct under --workers (#239, #199). Worker costs were summed
against only the coordinator's reductions, so the same spec read 12% at one worker and 91% at
eight and advice/1's verdict inverted. Each worker's bracket now counts in the denominator.
	Nested temporal quantifiers report vacuity per instance (#240, #200). Probes were keyed by
the innermost binding, so an outer instance whose antecedent never held could report
vacuous == []. Coverage and the liveness checker now share
TLA.Spec.Compiled.temporal_instances/2; vacuity.binding is the full binding path
([:b, :a]), or [] for an unquantified property, instead of a bare value or nil.
	subseq/3 follows TLC's SubSeq (#242, #197). A zero or negative index used to wrap
(subseq([1, 2, 3], 0, 1) returned [3]), an empty result crashed, and a MapSet was
accepted. Now n < m is [], any other out-of-range bound is a DomainError naming the
index and length, matching at/2.
	A non-UTF-8 binary in state no longer crashes --format json (#244, #198). mix tla.check --format json exited with a stack trace and no document, discarding the counterexample. Such
binaries are now encoded as base64 under a "b64" tag (valid UTF-8 keeps "b", so existing
traces decode), and TLA.State.validate!/1 refuses a bitstring that is not whole bytes.
	An assignment inside a temporal or predicate is a compile error at any depth (#150; #235,
#192). temporal :no_starvation do waiting = [] end compiled into a property that always
held. = on a declared variable is now rejected in temporal as in the other predicate forms,
and inside nested expressions too, so always(status = :done) and n >= 0 and (status = :done) no longer compile.
	A constants config key naming no constant is refused (#236, #193). config :extla, Spec, constants: %{maxx: 100} against constant :max silently ran with the default.
Spec.Compiled.resolve_constants/1 now raises, naming the key and the declared constants,
for mix tla.check, mix tla.simulate and Layer 3 conformance alike.
	The spec version changes on every declaration edit (#237, #194). Changing an init value,
a variable's type:, a constant's default:, or weak to strong fairness left spec_version
identical, so a stamp stayed fresh. These now move it, and mix tla.stamp and the
compile-time check compute it the same way.
	A temporal quantifier named after a state variable is a compile error (#238, #195). With
variable :p, Enum.all?(^procs, fn p -> eventually(pc[p] == :b) end) read p as the state
variable in every instance. The quantifier now gets the shadowing diagnostic, naming both the
local and the declaration.
	--verify-symmetry works without symmetry: and no longer accuses a sound declaration
(#170). With no symmetry: configured, mix tla.check reported verified, exit 0; it is now
refused. A comparison where the unreduced run hit max_states is refused with a reason
instead of reported as a verdict difference, and an inconclusive verification exits 2.
	Found violations are no longer discarded, and skipped liveness passes are reported (#167).
A deadlock that suppresses liveness checking now says so and names the flag that checks
anyway. check_liveness: with state_constraint: declines with a reason instead of crashing
after the search. A configured but non-binding constraint no longer discards a found lasso,
and the parallel merge no longer drops a counterexample when another worker hit the bound.
	Names and flags that match nothing are refused (#166). A selection such as
invariants: [:capp] naming no declaration checked nothing and reported success; it is now
refused. A callbacks: value naming a nonexistent callback warns instead of silently
disabling the declaration. All mix tla.* tasks parse argv strictly.
	TLA.Conformance.against_graph/3 checks a one-state behaviour (#168). It used to pass
without examining it. A single state is now checked on its own, and an empty behaviour is
:nothing_observed rather than a success.
	Unknown options on spec DSL declarations are refused (#160). variable :n, type: :nat, bogus: 1 compiled. Each macro now accepts only what it consumes: constant takes default:,
variable type:, action params:, and the predicate forms desc:. temporal now keeps
its desc: instead of dropping it.
	The DSL's option-list error no longer masks other errors (#160). Every failure in the
option helper was reported as "options must be a literal keyword list"; it now reports only
that case and lets other errors surface as themselves.
	Unknown options on Layer 1 declarations are refused (#149). callbaks: [:handle_cast]
compiled and the invariant applied to every callback. The message names the key and what the
declaration takes; callbacks: is refused on precondition and postcondition, which never
read it.
	Layer 1 enabled: evaluates its expression (#149). Any expression, such as enabled: Mix.env() == :test, enabled the declaration; only a literal false worked. It is now
evaluated at the caller's compile time (Mix.env(), module attributes and
Application.compile_env/3 work), a non-boolean is refused, and all four declaration kinds
honour it. Declarations you thought disabled may stop running; check suites that relied on
them. A stock MIX_ENV=prod release was not affected.

0.3.20 — 2026-09-09
A minor line: the public surface moved on five counts, two of them breaking. TLA.Coverage's
observe_action/5 is replaced by observe_enabled/3 and observe_generated/4, and a
schema_version: 1 JSON document from v0.2.0 is now refused. The additions are
TLA.Trace.explore/3, mix tla.explore, and TLA.Profile with mix tla.check --profile; the
patch number counts the fix-level commits that followed (v0.3.0 marks where the line opened).
Added
	TLA.Trace.explore/3 evaluates your own named expressions at every state of a
counterexample (#115, #120). Expressions run down the rows and states across the columns,
in the order given, so "when did quorum form?" is answered by looking. Columns are chunked to
a width budget (width: 68), an expression that raises is reported at the state it raised in,
and lasso cycles are marked.
	mix tla.explore shows the same table from the command line over a saved
counterexample (#115, #121). --expr "name: expr" is repeatable and compiled with the
state's variables in scope; --changed-only narrows the table. It reads what
mix tla.check --format json writes (whole document or a single trace, lassos included); the
<module> argument is required, and a bad --expr is reported with its text, the reason and
which flag it was.
	TLA.Profile and mix tla.check --profile report what each of your declarations
cost (#116, #130, #131). Per invariant, action guard, transition, action property and
terminal, measured in reductions (a per-evaluation floor times the evaluations), so the
ranking does not move with machine load; a predicate whose cost varies with the state is
flagged. Off by default and free when off, and correct under --workers.

Fixed
	Profiles over-counted transitions on refuted and check_liveness: true runs (#133,
#139). Counterexample replay and liveness evaluation were counted as search work. Numbers
change, always downward, so profiles from before this version are not comparable; guards,
invariants and action properties were never affected.
	coverage.bounded_by called the counts partial when a completed search found a
deadlock (#136). A completed search now reports :none whatever it found, so
status: :violation with bounded_by: :none means a problem was found and everything was
searched.
	A run that halted mid-expansion reported the offending action as never enabled (#128).
Enablement is now recorded when the guard admits a binding, via the new
TLA.Coverage.observe_enabled/3 and observe_generated/4 (replacing observe_action/5).
--strict-coverage no longer fails on a never-enabled action in a run bounded by
max_states or a state_constraint; a complete run still does.

Changed
	mix tla.check --format json is now schema_version: 2, with a profile key that is
null unless the run was profiled. TLA.Mix.TraceFile refuses a version-1 document, naming
both versions; re-running mix tla.check --format json regenerates it.

0.2.0 — 2026-09-04
The documentation release: a getting-started guide and a multi-page tutorial whose code blocks
and claimed verdicts are checked by the test suite, so they stay true to the tool. It also adds
TLA.Spec.Deps and makes TLA.Trace.validate/3 stricter for safety traces. Still pre-1.0: the
public surface may still move.
Added
	A getting-started guide and an eleven-page tutorial (#95, #96, #97, #99, #100, #101, #104,
#107, #108, #109, #110, #111). guides/getting-started.md goes from installation to a
deliberate invariant violation; the tutorial under guides/tutorial/, read in order, covers
formal-verification background and the mathematics, the DSL, writing invariants and action
properties (including deadlock and terminal), fairness, symmetry, adopting Layer 1 and
TLA.Invariant.Test, Layer 3 simulation and replay, modelling a real system, what to do when
a run explodes, and using ExTLA in your project and CI. Both ship in the package under a
Guides group in mix docs.
	TLA.Spec.Deps records each action's read and write variable sets, and each invariant's
read set, at compile time (#91). They are carried on the compiled spec; a read set widens to
:all unless every node is recognised.

Fixed
	An action_property counterexample pointed at the wrong step (#112, #113). When the
post-state had been reached by a shorter route, the trace followed that route, omitting the
offending step. It is now the pre-state's path with the offending step appended; invariant and
deadlock traces are unchanged.
	TLA.Trace.validate/3 now requires a safety trace to refute the property it names
(#112, #113). An invariant must be false in the final state, or an action property false over
the final step; previously any legal path passed. Liveness traces are still not checked here.
	Documentation corrections: the near-miss column and the docs home link (#102, #103, #105,
#106). The guide now says the near-miss probe is derived from the invariant's shape (a
top-level or) and nil means not measured; the HexDocs home link and the README's LICENSE
link no longer 404.

0.1.0 — 2026-09-02
The first tagged release, completing four implementation phases. Pre-1.0 deliberately: the
public surface may still move, and this tag is a reference point, not a compatibility promise.
Added
	The DSL and safety checking. Specifications written as Elixir (TLA.Spec), exhaustive
breadth-first model checking (TLA.ModelChecker), the implicit type_ok invariant,
shortest-counterexample traces, TLA.Coverage reporting what a run exercised, and
mix tla.check.
	Liveness. Temporal properties, weak/strong per-binding fairness, lasso counterexamples,
and symmetry reduction with verify_symmetry: to detect an unsound declaration.
	Layer 1 and the conformance bridge. Invariants on running processes (TLA.Invariant),
TLA.GenServer and TLA.Refinement, and checking an implementation against a spec with
mix tla.simulate and mix tla.replay.
	Scale and ecosystem. Parallel exploration (TLA.ModelChecker.Parallel), TLA.PropertyTest,
and mix tla.visualize (DOT).
	Verification aids. TLA.Trace.validate/3, TLA.Conformance.against_graph/3, and a
spec_version: stamp on refinement mappings that makes a stale mapping a compile error.

Verified against
	TLC, on every spec of the differential corpus (die_hard, two_phase_commit,
distributed_lock, raft_election, bounded_buffer, paxos), agreeing on distinct states,
depth, every invariant and temporal property, and the shortest counterexample.

Performance
	raft_election went from 23.4 s to 1.65 s (5.40x from 8 workers on top of a 2.65x gain),
with the corpus agreeing with TLC at 1, 2, 4 and 8 workers.

Not included
	No Hex release. This tag marks a point in history; publishing is a separate decision.
	Mix.Tasks.Tla.Gen.Test, HTML/D3 visualisation, TLA.Supervisor.Spec and view abstraction
are deferred past v1 — see spec/06-architecture.md §Deferred for why each.



  

    Getting started

One sitting, one spec, one green run — and then one red one, because a model checker is an
abstraction until it hands you a concrete sequence of steps that reaches a state you said was
impossible. That moment is the point of this guide, and everything before it is setup.
Every spec on this page compiles, and every verdict and output block is what the tool really
prints. If the page says a spec verifies, it does; if it says a trace is seven states long, it is.
1. Add ExTLA to a project
Add extla to the project's dependencies in mix.exs:
def deps do
  [
    {:extla, "~> 0.6.0"}
  ]
end
Write the requirement with three parts. ~> 0.6.0 takes fixes within the 0.6 line and stops
there: until 1.0, a new minor version can change the interface, and its changelog entry says
how to upgrade.
mix deps.get

ExTLA has no required runtime dependencies, so it goes in as a plain dependency: there is
nothing to keep out of production with only: or runtime: false. Two dependencies are
optional, and ExTLA uses them when your project includes them:
	{:jason, "~> 1.4"} for JSON — --format json (on mix extla.check, extla.simulate and
extla.replay), mix extla.explore --trace, and mix extla.replay --trace / --captured.
	{:telemetry, "~> 1.0"} for the events Layer 1 emits when a running process breaks an
invariant (see "Layer 1 in tests and in production" in the reference).

2. Write a spec
A spec is an ordinary Elixir module that says use ExTLA.Spec. Put this one anywhere Mix compiles,
lib/specs/lock.ex say.
It describes a lock shared by two clients. Each client is idle, or waiting for the lock, or
holding it, and the lock is free or not. That is the whole state.
defmodule Specs.Lock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end
end
Reading it top to bottom:
	constant is something fixed for a whole run — here, who the clients are. Constants are
written with a pin, ^clients, wherever they are used. default: is the value mix extla.check
uses when nothing else supplies one.
	variable is state. free is a boolean; pc is a map from each client to what that
client is doing (TLA+ would call it a function). The type: is checked in every state the
checker reaches, as an invariant named type_ok you get without declaring it.
	init assigns every variable its starting value. for_each builds the map.
	action is one atomic step the system can take. require is its guard: the action is
enabled in a state only when every require holds there. The assignments describe the next
state; a variable that is not assigned keeps its value. params: says the action exists once
per client, and the checker tries every one.
	invariant is what must hold in every reachable state. This one is the lock property: at
most one client is holding.

Two rules that will surprise an Elixir programmer, and are exactly what make this a specification
rather than a program: an action body is a simultaneous assignment, so every right-hand side
reads the state before the step, whatever order the lines are in; and there is no sequencing
inside an action — an action is atomic, all of it or none of it. The grammar and its semantics are
in 02-dsl-semantics.md; this page does not repeat them.
3. Check it, and read the output
mix extla.check Specs.Lock

Specs.Lock — verified
  8 distinct states, 14 transitions, depth 4, 8ms

--- COVERAGE: Specs.Lock -------------------------------------------

Actions                   enabled in      states     distinct
  acquire                            3           4           4
  release                            4           4           0
  request                            5           6           3


Invariants                  evaluated   near-miss
  mutual_exclusion                   8           -
  type_ok                            8           -
--------------------------------------------------------------------
The checker started from the initial state and took every enabled action, in every state it
found, until nothing new appeared. Then it said what it saw. (The time is the one thing that will
differ on your machine.)
verified means every reachable state satisfied every invariant, and the exploration was
complete: no --max-states cap stopped it early. A run that was cut short reports INCOMPLETE
and exits 2 instead of 0, because "we ran out of budget" is not "it holds". (From the
ExTLA.ModelChecker.run/2 API, a state_constraint: can also bound a run, and the result is
reported with status :constrained rather than :ok; mix extla.check has no flag for it. See "State
constraints" in the reference.)
8 distinct states is the size of the whole state space for two clients. Every configuration
of free and pc the system can ever be in is one of those eight. 14 transitions are the
edges between them. depth 4 is how far from the initial state the search had to go: the
longest of the shortest paths, counted in states with the initial state as the first — here, the
initial state, alice requests, alice acquires, bob requests, and there is nowhere further
from the start than that.
Then the coverage table, which is the part worth learning to read, because it is where a spec that
verifies for the wrong reason gives itself away.
For each action: enabled in is the number of states in which its guard held for at least one
params: binding; states is how many successor states firing it produced; distinct is
how many of those had not been seen before. release produced 4 successors and 0 distinct ones,
which is right: releasing always returns the system to a state that was already reached on the
way in. An action with 0 in the first column is flagged <-- NEVER ENABLED, and that is the
warning to take seriously. A spec whose cancel action is never enabled has verified a system
with no cancellation in it — every invariant holds, and none of them was tested against the thing
you wrote the action for. --strict-coverage turns that warning into exit code 3.
For each invariant, evaluated is the number of states it was checked in, and it should equal
the number of distinct states. The near-miss column counts the states in which an invariant
held only just — and whether it can be counted at all is derived from the invariant's shape,
not declared anywhere. An invariant whose final expression is a top-level or gets a probe: the
near misses are the states where the left side was false, so the right side had to carry it. Both
invariants here are plain comparisons, so there is no non-trivial branch to count and the column
reads -, which means not measured rather than measured as zero.
The distinction matters, because zero is a finding and "not measured" is not: an invariant that
is measured and reports 0 was never once pressed against, which makes it indistinguishable
from true. Write a property as an implication — nobody is holding, or the lock is taken — and
the column starts telling you whether it was ever load-bearing.
4. Break it on purpose
The acquire action does two things in one atomic step: it checks that the lock is free, and it
takes the lock. Now suppose the implementation does not. It reads free, sees true, and then,
as a separate step, sets it to false — a check-then-act that every programmer has written at
least once. Say that in the spec by splitting acquire in two. The only difference from
Specs.Lock is that one action became see_free and take, with a new :ready state in
between:
defmodule Specs.SplitLock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :ready, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :see_free, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    pc = update(pc, c, fn _ -> :ready end)
  end

  action :take, params: [c: ^clients] do
    require pc[c] == :ready
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end
end
mix extla.check Specs.SplitLock

Specs.SplitLock — VIOLATION: mutual_exclusion
  16 distinct states, 25 transitions, depth 7, 1ms

═══ VIOLATION: mutual_exclusion ════════════════════════════════════
invariant :mutual_exclusion does not hold in this state

State 1 (Init):
  free = true
  pc   = %{alice: :idle, bob: :idle}

── request(c: :alice) ────────────────────

State 2:
  free = true
  pc   = %{alice: :waiting, bob: :idle}   ← changed

── request(c: :bob) ────────────────────

State 3:
  free = true
  pc   = %{alice: :waiting, bob: :waiting}   ← changed

── see_free(c: :alice) ────────────────────

State 4:
  free = true
  pc   = %{alice: :ready, bob: :waiting}   ← changed

── see_free(c: :bob) ────────────────────

State 5:
  free = true
  pc   = %{alice: :ready, bob: :ready}   ← changed

── take(c: :alice) ────────────────────

State 6:
  free = false   ← changed
  pc   = %{alice: :holding, bob: :ready}   ← changed

── take(c: :bob) ────────────────────

State 7 [VIOLATION]:
  free = false
  pc   = %{alice: :holding, bob: :holding}   ← changed

════════════════════════════════════════════════════════════════════


--- COVERAGE: Specs.SplitLock --------------------------------------

Actions                   enabled in      states     distinct
  release                            4           4           0
  request                            7           8           3
  see_free                           5           6           5
  take                               6           6           6


Invariants                  evaluated   near-miss
  mutual_exclusion                  16           -
  type_ok                           16           -

This run stopped at a counterexample, mid-expansion: the numbers are a lower bound, not a census.
--------------------------------------------------------------------
The exit code is 1, and the checker has printed a counterexample: a sequence of actions,
starting from the initial state, that ends in a state where mutual_exclusion is false. Read it
action by action. Both clients request. Alice looks at the lock and sees it free. Bob looks at
the lock and sees it free too, because Alice has not taken it yet. Alice takes it. Bob takes it.
State 7 has two holders.
Three things about this trace are worth knowing.
It is the shortest one. The checker explores breadth-first, so the first violating state it
meets is the one nearest the start, and there is no five-state trace that reaches this bug. Seven
states is the least it takes.
It is complete evidence. Every state is printed in full, and ← changed marks what the
action altered, so there is no interpretation to do: you can follow the chain by hand from
init and confirm each step is an action the spec allows. mix extla.replay can drive an
implementation through the same sequence.
And the numbers below it are a lower bound. The run stopped when it found the violation, so
the coverage table describes what had been explored by then, and it says so. Do not read 16 distinct states as the size of this system's state space.
The fix is the spec you already wrote. In Specs.Lock, checking the lock and taking it are one
action, and an action is atomic — that spec claims the implementation does both in one
indivisible step, and verified is the reward for a claim that holds. Specs.SplitLock makes the
weaker, more honest claim about a check-then-act implementation, and the checker found the
interleaving that breaks it in milliseconds. Which spec is right is a question about your
code, and it is the question the tool exists to make you answer.
Where to next
	The tutorial — eleven pages, in order. Where this comes from
and what it is for, the mathematics underneath the DSL, then the same lock taken further: the
coverage report, liveness and what fairness does to it, symmetry, and checking a running
GenServer against the spec. The last three leave the lock behind and take up your own code —
getting from a system you have to a specification,
what to do when the state space explodes, and
keeping a specification in a project.
	mix help extla.check — the flags, and the exit codes.
	The DSL reference — the DSL, normatively: the three name
classes, what an action body means, where nondeterminism comes from, types.
	The reference — the checker's options and their costs, the coverage report,
the JSON result, conformance, and what ExTLA is not.
	The examples — whole specs with implementations checked against them.



  

    Reference

The facts a user of ExTLA looks up rather than learns: how mix extla.check differs from calling
the checker yourself, the levers that make a large state space tractable and what each one costs,
how to read a coverage report and a JSON result, what conformance checks, how Layer 1 behaves in
tests and in production, and what ExTLA deliberately does not do.
The tutorial teaches the same ground in order. The DSL itself is
in the DSL reference, and every module's options are on its own
page — start at ExTLA.
The CLI and the API
mix extla.check and ExTLA.ModelChecker.run/2 run the same checker. One default differs.
The CLI infers check_liveness; the API does not. ExTLA.ModelChecker.run/2 defaults it to
false. mix extla.check sets it to true when the spec declares a temporal and none of
--safety-only, a symmetry: declaration or --workers above one applies. The task has the spec
in hand and can tell that liveness is what the author meant; a library caller gets exactly what
they wrote.
So a temporal property mix extla.check checks is not checked by ExTLA.Spec.Test.assert_spec/2
unless its config says check_liveness: true. A suite can be green over a temporal property
nothing evaluated.
A liveness pass that was asked for and did not run is named. Liveness runs over a finished
graph, so four things skip it: a deadlock, a state_constraint: that held states back, the state
budget stopping the search, and a safety counterexample halting it. Each adds one warning to the
result — "N temporal properties were not checked", with the reason and what to do — and the
status is whatever the search produced. That matters most under --allow-incomplete, which turns
a bounded run into exit 0.
Making a large state space tractable
When the state space explodes is the order to reach for these
in. This is what each one does and what it asks of you.
State constraints
state_constraint: is a predicate on states; a state that fails it is not expanded. It bounds an
otherwise unbounded variable — a growing log, an unbounded counter — without changing the spec:
state_constraint: fn s -> length(s.log) <= 5 end
A constrained run is not exhaustive, and the result says so: the status is :constrained,
the coverage report names the bound, and a temporal property is not checked under it.
Symmetry
symmetry: names constants whose elements are interchangeable — process IDs, account names,
replica IDs. States that differ only by a permutation of those elements are treated as one, so a
symmetric set of size n shrinks the reachable space by up to n!.
What it costs. Each state is put in a canonical form by trying every permutation: n!
encodings per state for one symmetric set, and the product for several. At three elements that
is roughly a wash in wall-clock time; at four or five it is a clear win. Measure it on your spec
rather than assuming it.
Soundness is your obligation. The reduction is sound only if no property and no action can
tell the elements apart: no Enum.at(^accounts, 0), no Enum.sort, no < between process
names, nothing that depends on list position. Nothing can check this statically — a constant
flows into arbitrary Elixir, and any conservative check would reject the
Enum.all?(^processes, …) almost every symmetric spec is built from. It is the author's
obligation, exactly as it is in TLC.
What ExTLA does is make a wrong declaration detectable. mix extla.check --verify-symmetry
(verify_symmetry: true) runs the model with and without the reduction and fails if any verdict
differs: the status, what was refuted, whether it deadlocked, which actions were never enabled.
The state counts are not compared, because a sound reduction changes them on purpose. Run it once
per spec on a small constant assignment before trusting the reduction on a large one. It refuses
to compare a run that hit the state budget or a constraint, because a truncation is not a verdict.
Not together with liveness. The reduced graph identifies states, so a path that leaves an
orbit and one that returns to it look alike, and the quotient can hold cycles the real system
does not — which is exactly what a liveness verdict is read off. Asking for both raises. Check
safety under the reduction, and the temporal properties in a run without it.
Parallel exploration
--workers N (workers: N) expands each breadth-first level across N processes and waits for
all of them before starting the next. That barrier is what keeps the counterexample the
shortest one: a parallel run may return a different trace than a single-threaded run, but
never a longer one. Every coverage field except distinct_generated's split across actions comes
out exactly as a single-threaded run's.
The default is 1. A parallel search explores the same space and gives the same answer, so the
cores buy speed and not a better result, and how much of a machine to spend is the caller's
decision. ExTLA.Config.workers/0 returns the machine's answer if you want it.
Liveness is refused under workers, for the same kind of reason it is refused under symmetry: a
cycle spanning two workers' states would not be found. A run that halts at a counterexample
under workers agrees with a single-threaded run on the verdict and the counterexample's length,
not on the counts.
What is not provided
View abstraction (TLC's VIEW) is deferred: it is easy to make unsound, and symmetry covers the
common case. Partial-order reduction is a non-goal — Concuerror already does it at the level
where it pays off.
Reading the coverage report
A run can report success while having verified almost nothing, and the coverage report is how
you tell. It names three things:
	An action that was never enabled. A typo in a guard turns an action off entirely, and the
spec still verifies — a weaker spec passes more easily. This is the most common finding.
	A vacuous property. P ~> Q where P never holds in any reachable state is trivially true
and says nothing about Q. Under a quantifier, each instance is reported on its own.
	An invariant that was never at risk. One whose near-miss count is 0: no reachable state came
close to falsifying it. Such an invariant is indistinguishable from true. A near-miss count is
measured only for an invariant whose top level is an or; anything else reports nil, meaning
"not measured", which is not the same as 0.

--strict-coverage fails the build on a never-enabled action or a vacuous property. It does so
only where the run can support the claim: "no reached state did X" says nothing about the states
a bounded run never reached, so on a bounded run these stay in the report, qualified, and do not
fail anything.
Reading a counterexample is covered in the tutorial; mix extla.explore evaluates your own
expressions over a saved one.
The JSON result schema
mix extla.check --format json emits a versioned envelope, so a reader can refuse a shape it
does not know rather than misread it:
{
  "schema_version": 3,
  "specs": [
    {
      "spec": "Specs.TransferProtocol",
      "status": "ok",
      "message": null,
      "distinct_states": 3612,
      "states_found": 9004,
      "transitions": 12871,
      "diameter": 14,
      "deadlock": false,
      "duration_ms": 812,
      "fingerprint_bits": 64,
      "collision_estimate": 1.0e-9,
      "warnings": [],
      "coverage": {
        "actions": {"begin_transfer": {"enabled_in": 44, "states_generated": 88,
                                       "distinct_generated": 61}},
        "never_enabled": ["cancel_transfer"],
        "invariants": {"type_ok": {"evaluated_in": 3612, "near_misses": null}},
        "vacuous": [],
        "terminal_but_live": [],
        "terminals": {"all_done": {"admitted": 6}},
        "bounded_by": "none"
      },
      "profile": null,
      "violation": null
    }
  ]
}
Four rules the schema keeps:
	schema_version leads the envelope. Refuse a version you do not recognise.
	specs is a list of self-describing entries, sorted, so two runs diff cleanly.
	Every entry carries every key, and absent is null, never 0. A zero near-miss count is a
finding; not having measured near-misses is not.
	A bounded run is marked. coverage.bounded_by is none, state_constraint,
max_states or violation; anything but none means the counts are lower bounds.

duration_ms is wall time and varies between runs, so nothing should gate on it.
profile is null unless the run was asked for one with --profile. When present it carries
run_reductions, otp_version, calibration and declarations, a sorted list of entries:
"profile": {
  "run_reductions": 84117,
  "otp_version": "29",
  "calibration": {"2": 1, "3": 1},
  "declarations": [
    {"kind": "invariant", "name": "conservation_of_money",
     "evaluations": 3612, "reductions": 505680, "per_eval": 140, "observed": 511204}
  ]
}
reductions is per_eval * evaluations, where per_eval is the cheapest evaluation observed
rather than the mean — that is what makes it reproducible under machine load. observed is what
the counter actually accumulated; a large gap between the two marks a predicate whose cost varies
with the state. Unlike duration_ms, the declaration costs are a function of the code, the data
and the OTP release, so two runs of an unchanged spec on one build agree to within two reductions
per evaluation. A reduction count is comparable only within one OTP release, which is why
otp_version is carried. ExTLA.Profile explains the measurement.
What conformance checks
Layer 3 maps a running GenServer's state onto the spec's, and checks every step the
implementation takes:
	Check	Question
	Step legality	Is the abstract post-state what the named spec action produces from the abstract pre-state?
	Stuttering	If the message maps to no action, did the abstract state stay put?
	Invariants	Does the abstract post-state satisfy the spec's invariants?
	Action properties	Does the abstract step satisfy the spec's action properties?
	Temporal	Does the accumulated abstract behaviour satisfy the temporal properties?

Step legality is what makes this refinement checking rather than a projection with some
predicates on it. Without it, an implementation could take a transition no spec action permits,
and as long as the resulting state satisfied the invariants nothing would notice — and the
transition the design never sanctioned is where the interesting bugs are. It is also cheap: an
action body is a pure function of the pre-state and its parameters, so checking it is one
function application and one comparison per callback.
A temporal property over a finite trace has three verdicts. A trace is a prefix of an
infinite behaviour. A prefix can refute always P or satisfy eventually P, but not the other
way round, so ExTLA.Temporal's operators return :holds, :violated or :inconclusive rather
than a boolean. A lasso — a prefix plus a cycle that repeats — describes an infinite behaviour,
and over one every operator answers definitely. Without one, <>[]P, []<>P and P ~> Q are
:inconclusive for every trace.
ExTLA checks refinement on the behaviours it observes. It does not prove it.
The verification pipeline
	Mode	When	What it does
	Exhaustive	mix extla.check	model checks the spec itself
	Runtime	every transition, in dev and test	step legality, stuttering, invariants and action properties
	Simulation	mix extla.simulate, or ExTLA.Simulation in tests	random walks over the real implementation, all property kinds
	Replay	mix extla.replay, or ExTLA.Replay in tests	drives the implementation through a counterexample or a captured trace

Together:
# 1. Model check the spec: design bugs, before the code exists
mix extla.check Specs.TransferProtocol

# 2. Check the implementation conforms, over random traces
mix extla.simulate MyApp.TransferServer --traces 10000

# 3. Replay the counterexample from step 1 against the real code
mix extla.replay MyApp.TransferServer --trace counterexample.json

# 4. Check a captured production trace against the spec
mix extla.replay MyApp.TransferServer --captured incident.json

Step 3 turns a design-level counterexample into an executable reproduction, and step 4 lets a
specification say something about the system that is actually running. ExTLA.PropertyTest
derives StreamData generators from the spec for your own property tests beside these.
Putting a specification in your project covers running all of
it from your suite.
Layer 1 in tests and in production
Testing helpers
use ExTLA.Invariant.Test brings in:
	assert_invariants(module, state) — every invariant of module holds for state. On failure
it names every invariant that failed, not just the first.
	assert_action_properties(module, old, new) — every action property holds for the step.
	refute_invariant(module, name, state) — the named invariant fails for state. This is
the test that proves an invariant can fail at all; one no test has seen return false is
indistinguishable from true.
	valid_states(module, type_invariant, base_generator) — a StreamData generator of states the
named invariant accepts. It filters base_generator rather than constructing states, so the
base generator should already have the type's shape and be accepted at least about half the
time; at much lower acceptance rates a property fails on some seeds with
StreamData.FilterTooNarrowError.

Each helper raises, rather than failing, when the module carries no predicates — it does not
use ExTLA.Invariant, or was compiled under mode: :disabled — and refute_invariant/3 raises
for a name the module does not declare. Otherwise a renamed declaration would turn a test green
by making it check nothing.
defmodule BankAccountTest do
  use ExUnit.Case
  use ExTLA.Invariant.Test

  test "a withdrawal keeps the invariants" do
    state = %{balance: 100, status: :active, transactions: []}
    new_state = %{state | balance: 50, transactions: [{:withdraw, 50}]}

    assert_invariants(BankAccount, new_state)
    assert_action_properties(BankAccount, state, new_state)
  end
end
Telemetry
If :telemetry is loaded, Layer 1 emits:
# Always:
[:extla, :invariant, :violated]        # metadata: %{module: m, name: n, violation: v}
[:extla, :action_property, :violated]
[:extla, :precondition, :violated]
[:extla, :postcondition, :violated]

# Only under `config :extla, telemetry: :verbose`:
[:extla, :invariant, :checked]         # metadata: %{module: m, name: n, duration: d}
[:extla, :action_property, :checked]
[:extla, :precondition, :checked]
[:extla, :postcondition, :checked]
Success events are off by default because they are the hot path: :telemetry.execute/3 costs
around a microsecond even with no handler attached, and one transition can fire four. The setting
is read at compile time, so without :verbose the success events are not emitted at all, rather
than emitted and ignored.
Performance
	Mode	Overhead	Notes
	:disabled	none	no wrapper is emitted; the module compiles as written
	:enabled	about 1–5 µs per transition	dominated by the predicates themselves
	:log_only	about 1–5 µs per transition	the same, without the raise

That is a target for ExTLA's own overhead, not a guarantee: a predicate that walks a
10,000-element list costs what it costs. Three levers when checking is too expensive:
# 1. Compile one check out, per invariant
invariant :expensive_check, enabled: Mix.env() == :test do
  deep_structural_audit(state)
end

# 2. Restrict it to some callbacks
invariant :queue_bounded, callbacks: [:handle_cast] do
  length(state.queue) <= 1000
end

# 3. Turn the layer off for an environment
config :extla, mode: :disabled
An Agent's checks are the exception: an Agent has no callback module to instrument, so
ExTLA.Invariant.Agent dispatches at runtime and :disabled cannot compile them away.
What ExTLA is not
Each of these has a better tool already.
	Not a theorem prover. ExTLA checks bounded models exhaustively and observed behaviours
concretely. It does not prove a spec correct for all parameters, and it does not prove that an
implementation refines a spec — it checks that the behaviours it saw did. TLAPS proves; ExTLA
checks.
	It does not explore process interleavings in running code. It finds design bugs in a state
machine, not scheduling bugs in an implementation. Concuerror does that, on unmodified tests;
the two are complementary.
	It does not extract models from source. Specs are written, not inferred.
	It does not generate implementations from specs. That is Erla+.
	No real-time or probabilistic extensions. No clocks and no distributions.

Supervision trees are not modelled yet: ExTLA.Supervisor.Spec is deferred, because faithful OTP
restart semantics is a research-scale problem.
Further reading
These are the project's own records, on GitHub:
	The specification: the full design,
the normative account behind every page here.
	Design decisions: why ExTLA is
shaped the way it is, decision by decision.
	Prior art: the other
verification tools for Elixir and Erlang, and where ExTLA fits among them.



  

    Introduction: what this is, and where it comes from

The ExTLA tutorial starts here. It assumes you write Elixir and have never written a formal
specification.
Getting started is the shorter path — install, one spec, one
counterexample, half an hour. This page is the other question: what is this, and why would I
reach for it? It is prose, and it is the only page of the tutorial with no code on it.
The pages after it are the long path, and they are meant to be read in order: the mathematics
the DSL is a notation for, the DSL as it is used, what the coverage report tells you about a
verdict, temporal properties and the difference fairness makes to them, symmetry and who is
responsible for it, and then the two layers that connect a specification to running code.
One system runs through all of it — a lock shared by a few clients, two or three depending
on what a page needs to show — and each page adds something to it.
The last three pages are the ones about your own code rather than this tutorial's: how to get
from a system you already have to a specification worth checking, what to do when the state
space explodes, and how to keep a specification in a project so it stays true. They are where
the tutorial stops being a worked example.
Every spec in this tutorial compiles, and every verdict and output it shows is what the tool
really prints: if a page says a spec verifies, it does, and if it says a counterexample is seven
states long, it is. The
DSL reference remains the authority on what a specification
means, and these pages link to it rather than restating it.
Why verify a design at all
Tests sample. You pick inputs, or a generator picks them for you, and each run exercises one path
through the system. That works well when the interesting behaviour is a function of the input —
and badly when it is a function of timing, because you do not choose the interleaving. Two
processes that each work perfectly can deadlock on the one ordering your test suite never
produced, and the test that would have caught it passes ninety-nine times out of a hundred.
Worse, the bug is usually not in the code. It is in the design: the protocol admits a sequence of
steps nobody thought about. You can find that bug by writing the code, deploying it, and waiting
for the ordering to happen in production — or you can describe the design precisely enough that a
machine can enumerate every ordering and tell you whether any of them is bad. That is what
formal verification, in the sense this library means it, is for: finding the design bug before
the code exists.
A short history, because it explains the shape of the tools
The idea that a program could be reasoned about mathematically rather than merely executed is
about sixty years old, and it arrived in recognisable stages.
Assertions and proof (1960s–70s). Robert Floyd's Assigning Meanings to Programs (1967) and
C. A. R. Hoare's An Axiomatic Basis for Computer Programming (1969) established that a program
could be annotated with predicates — preconditions, postconditions, invariants — and that its
correctness could be derived. Edsger Dijkstra's work on guarded commands and predicate
transformers pushed the same idea towards deriving the program from its specification. This is the
ancestry of every assert, every contract library, and of ExTLA's Layer 1.
Temporal logic (1977). Amir Pnueli's The Temporal Logic of Programs introduced reasoning
about how a program's properties evolve over time — not just "the balance is never negative" but
"every request is eventually answered". Concurrency needs this: the interesting properties of a
protocol are about sequences, not states.
Model checking (early 1980s). Edmund Clarke and E. Allen Emerson, and independently
Jean-Pierre Queille and Joseph Sifakis, proposed something different from proof: if the system has
finitely many states, enumerate them all and check the property mechanically. No human
ingenuity, no induction — a decision procedure. Clarke, Emerson and Sifakis received the Turing
Award for it in 2007, and it is the technique ExTLA implements.
Model checking brought its own problem, immediately: state explosion. A system with twenty
boolean variables has a million states; add a process and the space multiplies. Most of the
research since has been about making that tractable — symbolic representations (Randal Bryant's
binary decision diagrams, 1986; Kenneth McMillan's symbolic model checking, early 1990s),
partial-order reduction, symmetry reduction, abstraction, and lately SMT solvers. Every reduction
ExTLA offers, and every one it refuses, is a move in this space.
Proof assistants, in parallel. Where the state space is infinite, enumeration is not
available and mechanised proof is: Coq (now Rocq), Isabelle/HOL, Lean, and for TLA+ specifically
TLAPS. These prove more, and cost far more human effort.
Lightweight methods (1990s–2000s). The turn that made any of this reach working engineers was
the realisation that you do not need to verify the implementation to get most of the value — you
verify a model of the design, small enough to check and abstract enough to write in an
afternoon. Daniel Jackson's Alloy and Leslie Lamport's TLA+ are both of this kind, and the
canonical demonstration is Amazon's: teams applying TLA+ to S3, DynamoDB and other services found
serious bugs in designs that had already been reviewed, and said so in
How Amazon Web Services Uses Formal Methods
(CACM, 2015). That paper is the reason a working engineer has heard of this at all.
TLA and TLA+
TLA is the Temporal Logic of Actions, Leslie Lamport's logic for describing systems: a
state is an assignment to variables, an action is a predicate relating a state to its
successor, and temporal operators say how properties hold along the resulting sequences. TLA+
is the specification language built on it, with the set theory and first-order logic to write the
predicates in. TLC is its model checker, PlusCal an algorithm language that compiles to
TLA+, and TLAPS its proof system. Lamport received the Turing Award in 2013, for this and for
the distributed-systems work — Paxos, logical clocks — that motivated it.
research/tla-plus-primer.md carries the history and philosophy
in full, with the timeline; this page will not restate it. What matters here is the design stance,
because ExTLA inherits it by being modelled on TLA+:
	Mathematics rather than programming constructs. A specification is not a program. It has no
I/O, no threads, no memory model — it is a formula that a set of behaviours either satisfies or
does not.
	No special constructs for concurrency. Sequential, concurrent and distributed systems are
written in the same notation; concurrency is what you get when several actions are enabled at
once, not a feature of the language.
	Composition by conjunction. Components combine with "and". The behaviour of the whole is
the intersection of the constraints of the parts.
	Abstraction is the point. A specification says what a system does, not how, which is what
keeps it short enough to check and to read.

Lamport's own summary of the philosophy: "The best language for writing specifications is
mathematics."
What else exists
Formal-methods tools differ mostly in what they buy their power with. Four families are worth
knowing, because the trade is different in each.
Explicit-state model checkers enumerate reachable states one at a time. TLC (for TLA+) and
Spin (Gerard Holzmann's checker, taking Promela models and LTL properties) are the archetypes.
Exhaustive over the model, fully automatic, and limited by state explosion — the model has to be
small, which is a modelling skill rather than a tooling problem. ExTLA is of this family.
Symbolic and SMT-based checkers represent sets of states as formulas rather than
enumerating them, which can cover enormous spaces — nuXmv in the hardware tradition, and
Apalache for TLA+ specifically, which translates a spec into
SMT constraints. They handle models an explicit checker cannot, at the cost of a translation
layer and its own restrictions on what you may write.
Proof assistants verify unbounded systems, with a human supplying the induction: Coq/Rocq,
Isabelle/HOL, Lean, TLAPS. They prove theorems about all parameter values rather than facts about
one small configuration — for a price in effort measured in weeks rather than hours.
Bounded relational and refinement frameworks. Alloy analyses a relational model exhaustively
up to a scope you choose, using a SAT solver, and is excellent at structural properties. The B
method and Event-B are built around stepwise refinement from an abstract specification down to
code, with the refinement obligations discharged by prover.
Beside these sit the tools that work on the implementation rather than a model: schedule
explorers like Concuerror, which run real code under a controlled scheduler, and runtime
verification, which checks properties as the system executes. ExTLA's Layer 1 is of the second
kind, and Layer 3 drives a real GenServer against the specification — but neither controls the
scheduler, so neither replaces Concuerror. Concuerror is a complement, deliberately: it finds
implementation bugs where ExTLA finds design bugs.
In Elixir and Erlang
The prior-art survey is the
project's survey of this ground — every tool below with its authors, status, and how it relates to
ExTLA, plus the
gap analysis that
defines what ExTLA is for. It is the authority; this is the summary.
Working from a formal spec. Erla+ (Hristov and
Bieniusa, Erlang Workshop 2024) translates PlusCal specifications into executable Erlang —
spec to code, one direction. Verlixir
(Neave, Imperial College) goes the other way, parsing Elixir and generating Promela for Spin —
code to an external checker.
Checking real code. McErlang (Fredlund and Benac
Earle) replaces the BEAM's concurrency layer to explore interleavings of real Erlang programs;
mature, and unmaintained. Concuerror is active, production-ready, and
requires no changes to the code under test: it re-runs your existing tests under every
meaningfully different schedule, with dynamic partial-order reduction to keep that finite.
Contracts. Corsa (Erlang Workshop 2022), with stateful and
message-aware contracts, plus Bond,
Oath and ExContract — pre- and postconditions at the function
boundary, checked at runtime.
Property-based testing. PropCheck (a PropEr wrapper,
including a state-machine DSL), Makina, and StreamData in the
standard library. These generate command sequences against a model — the nearest neighbour to
model checking in everyday Elixir use, and the difference is sampling versus exhaustion.
Types and protocols. Dialyzer and, in recent Elixir versions, the language's own set-theoretic
type system check what values flow where. ElixirST
(Tabone et al., University of Malta) checks message-passing protocols statically with session
types.
Where ExTLA fits
In the grand scheme: ExTLA is an explicit-state model checker for finite models of designs,
written in and driven from Elixir, with a bridge from a checked design down to a running
GenServer. It is not a theorem prover (that is TLAPS), not a schedule explorer (that is
Concuerror), it does not extract models from source (Verlixir) and it does not generate code from
specifications (Erla+). What it does that none of the above does is let an Elixir team write the
specification in Elixir, check it with mix, and then check that the GenServer they wrote
actually refines it.
In the Elixir environment, the useful question is what each tool answers:
	ExUnit — does the code do the right thing on the examples I thought of?
	StreamData / PropCheck — does a property hold over many generated inputs or command
sequences? Sampling, and excellent value; it will not tell you it looked everywhere.
	Dialyzer and the type system — do the values flowing through the code fit together?
	Concuerror — does this code misbehave under some schedule the BEAM could produce?
	ElixirST — do the messages between processes follow the protocol I declared?
	ExTLA — does the design admit a behaviour that violates my invariant, or fail ever to make
progress? Answered exhaustively over a finite model, before or alongside the code, and then
checked against the implementation.

None of these replaces another. The one gap ExTLA fills is the design-level, exhaustive,
temporal-property-bearing one — and
the prior-art survey
was written to establish that the gap is real.
Where to start depends on what you have. A running GenServer and a property you are nervous
about: Layer 1, invariants checked on every callback, no specification needed. A
protocol you are about to build: write the spec and check it — that is
Getting started and the next pages here. Both, and you want them
connected: Layer 3.
Sources
The two documents this page draws on both carry their own references:
the survey's §Sources
for the Elixir and Erlang work,
and the primer's §Resources for TLA+ itself —
Lamport's Specifying Systems, Hillel Wayne's Practical TLA+ and Learn TLA+, Ron Pressler's
series, and the AWS paper.

Next: The mathematics of TLA.


  

    The mathematics of TLA, and what it is good for

ExTLA tutorial. Previous: Introduction.
A verdict is only worth as much as you understand it. verified does not mean "correct", and
knowing exactly what it does mean — and what a counterexample proves, and what a bound takes
away — is the difference between using this tool and believing it. That is what this page is for.
It uses TLA+'s notation beside ExTLA's, because the literature is written in it;
research/tla-plus-primer.md is the reference for the
language itself and this page cites it rather than repeating it.
1. States, behaviours, and actions
Three definitions carry everything else.
A state is an assignment of a value to every variable. If a spec declares free and pc,
then free = true, pc = %{alice: :idle} is one state, and the state space is every combination
the variables' types admit.
A behaviour is an infinite sequence of states: s₁ → s₂ → s₃ → …. This is the object a
specification is about. A specification does not describe a program; it describes a set of
behaviours — the ones the system is allowed to exhibit. Verification asks whether every
behaviour in that set has some property.
A step is a pair of consecutive states, and an action is a predicate on such a pair. It
does not mutate anything: it relates a pre-state to a post-state, and is either true or false of
the pair. TLA+ writes the post-state with a prime — count' = count + 1 is a predicate saying the
post-state's count is one more than the pre-state's.
This is the formal content of the DSL rule that surprises Elixir programmers most. In ExTLA:
action :acquire, params: [c: ^clients] do
  require pc[c] == :waiting
  require free
  free = false
  pc   = update(pc, c, fn _ -> :holding end)
end
is not four statements. It is one predicate — pc[c] was :waiting and free held and
free' is false and pc' is pc with c set to :holding — and the = signs are
equations about the post-state, not assignments. Order cannot matter, because conjunction is
commutative; a variable cannot be assigned twice, because two equations about one value are a
contradiction rather than a sequence; and an unassigned variable is unchanged, because that is
what the conjunction leaves implied. 02-dsl-semantics.md §2
states the rule; this is why it holds.
2. The specification formula
A complete TLA+ specification is one formula:
Spec == Init ∧ □[Next]_vars ∧ Fairness
Three conjuncts, and each does one job.
Init is a predicate on a single state, true of the states a behaviour may start in.
□[Next]_vars — read "always, Next or unchanged" — constrains every step. Next is the
disjunction of all the actions: some action relates each state to the next. □ is the temporal
operator "in every state of the behaviour". The square brackets are the part worth pausing on:
[Next]_vars means Next ∨ (vars' = vars), so a step in which nothing changes is always
allowed. Those are stuttering steps, and permitting them is deliberate:
	a real system can pause, crash, or be descheduled, and a specification that forbade standing
still would be refuted by reality;
	it makes specifications composable — adding a component to a system introduces steps in which
the original component does nothing, and those must not violate the original spec;
	and it is what makes refinement work at all, since an implementation typically takes several
steps where the specification takes one.

The price is that stuttering forever satisfies every safety property. A specification of Init and
Next alone permits the behaviour in which the system starts and then does nothing at all,
forever. Which is what the third conjunct is for.
Fairness rules out that behaviour, by requiring that some actions eventually happen. It is
the only conjunct that is an assumption about the implementation rather than a description of
it — §4 returns to it.
ExTLA writes these as init, action, and fairness declarations rather than as a formula, and
assembles them into the same thing. There is no spec do … end block precisely because the
formula's shape is fixed.
3. Safety and liveness
Properties come in two kinds, and the difference is not stylistic — it determines what a
counterexample can even look like.
A safety property says nothing bad happens. Formally: it is refuted by a finite prefix of a
behaviour. If count is 11 in state 7, no continuation can repair that — the property is already
false. Invariants are the common case (□Inv, a predicate that must hold in every reachable
state), and so are action properties (□[P]_vars, a predicate on every step).
A liveness property says something good eventually happens, and it cannot be refuted by any
finite prefix: whatever has happened so far, the good thing might still happen next. Refuting one
requires exhibiting an infinite behaviour in which it never does — and since the state space is
finite, an infinite behaviour must revisit a state, so it is a lasso: a finite prefix, then a
cycle repeated forever.
That is why the two counterexamples in this tutorial have different shapes. An invariant violation
is a trace ending in a bad state. A refuted temporal property is a prefix plus a cycle, with a
↺ back to state 2 line under it — Temporal properties shows one.
The operators ExTLA supports, in TLA+ notation and in the DSL:
	TLA+	ExTLA	Meaning
	□P	always(P)	in every state
	◇P	eventually(P)	in some state
	P ⇝ Q	P ~> Q	whenever P holds, Q holds then or later
	∀x ∈ C : F(x)	Enum.all?(^C, fn x -> F(x) end)	one property per element

P ⇝ Q is itself shorthand for □(P ⇒ ◇Q). The supported fragment stops there, deliberately and
in writing:
it is what can be decided by analysing the graph's strongly-connected components, and a formula
outside it is a compile error rather than a weaker check performed quietly.
4. Fairness, and why liveness needs it
An action is ENABLED in a state when some binding of its parameters makes its guard true —
when the system could take it. Fairness constrains behaviours in which an action is enabled and
never taken.
		TLA+	Requires the action to be taken if it is
	Weak	WF_vars(A)	continuously enabled from some point on
	Strong	SF_vars(A)	enabled infinitely often, even intermittently

Weak fairness is the weaker assumption and the commoner one: a process that can always proceed
eventually does. Strong fairness is what you need when the opportunity comes and goes — a lock is
free, someone takes it, it is free again — because such an action is never continuously enabled,
and weak fairness therefore promises nothing about it. Temporal properties is
this paragraph made concrete: the same lock, the same property, refuted under weak fairness and
holding under strong.
One subtlety that the DSL takes seriously. WF_vars(A) treats the action as a whole: if some
binding is continuously enabled, some binding is eventually taken. For a per-process property
that is useless — one process starving while others take turns satisfies it. What is needed is
∀p ∈ Procs : WF_vars(A(p)), a separate constraint per binding, which ExTLA writes
fairness :weak, acquire: [:c]
(§5.2).
Fairness is an assumption, not a fact. Writing it down is a claim that the scheduler,
the network, or the runtime will not starve that step forever — and if the claim is false, a
liveness verdict established under it says nothing about the real system.
5. Refinement is implication
An implementation conforms to a specification when every behaviour it can exhibit is a
behaviour the specification allows. With a mapping from concrete states to abstract ones, that is
just implication between formulas:
Impl ⇒ Spec
The mapping — the refinement — is what makes the two comparable: it says what the
implementation's %{holder: :alice, waiting: [:bob]} means as the specification's free and
pc. Given it, conformance is a claim about every step: the abstract pre-state must have enabled
the named action, and the action must relate it to exactly the abstract post-state.
This is why Layer 3 checks steps rather than states. An implementation whose
abstract states all satisfy the invariants has proved something much weaker — it may still take a
step from one legal state to another legal state by a transition the specification does not have,
which is a real bug and invisible to any invariant. Implication is between behaviours, so
conformance has to be checked per step.
6. How this verifies an algorithm
Two routes lead from a specification to a verdict, and it is worth knowing which one you are on.
By induction. To prove □Inv for all parameter values, show two things: Init ⇒ Inv, and
Inv ∧ Next ⇒ Inv'. If the invariant holds initially, and every action preserves it, then it
holds in every reachable state — of any size of system, unboundedly. This is what TLAPS and the
proof assistants do, and it needs a human to find an inductive invariant strong enough to be
preserved, which is genuinely hard.
By exhaustion. Fix the constants — three clients, not n — and the state space becomes
finite. Then enumerate it: start from the initial states, apply every action to every state, and
check the invariants in each new one. No ingenuity required. This is model checking, it is what
mix extla.check does, and the mechanics are visible in the report — breadth-first, so the first
violating state found is the nearest one, which is why a counterexample is the shortest.
Here is the lock this tutorial is built around — the same three actions and the same invariant
the next page develops, with six clients rather than three so that its state space is
large enough for a bound to bite.
defmodule Math.Lock do
  use ExTLA.Spec

  constant :clients, default: set([:a, :b, :c, :d, :e, :f])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end
end
mix extla.check Math.Lock

Math.Lock — verified
  256 distinct states, 1056 transitions, depth 8, 10ms
What that verdict claims, exactly
A counterexample is a proof. When the checker reports a violation it hands you a sequence of
concrete steps from an initial state to a state where a named property is false. You can follow it
by hand and confirm each step is one the specification permits. It is not evidence of a bug; it is
a demonstration of one, and it stays true no matter how the tool is later improved.
A green run is a proof about the model. verified above means: every state reachable from
these initial states, under these constants, satisfies every invariant. It says nothing about
seven clients. It says nothing about the code. It says nothing about a client that can crash, if
the specification has no action for crashing — the model contains exactly what you wrote, and
verifying it proves the design has no bug of the kind expressible in it.
This is why small models are not a limitation to be apologised for. Bugs in concurrent designs
almost always show up at small parameters — two or three processes are enough for nearly every
interleaving bug there is — so a small model that you can actually check exhaustively is worth far
more than a large one you cannot.
And a bounded run is not a verdict at all. If the search stops early the answer is not "no bug
found" but "the question was not answered", and the tool must not blur the two. The same
specification, given a state limit smaller than its state space:
mix extla.check Math.Lock --max-states 100

Math.Lock — INCOMPLETE (state limit)
  101 distinct states, 208 transitions, depth 5, 3ms
Exit code 2, not 0 — a separate code from both success and violation, because "we ran out of
budget" is not "it holds". Nothing was found; nothing was established either. (A run bounded by a
state_constraint: — an option of the ExTLA.ModelChecker.run/2 API, not of mix extla.check —
likewise reports status :constrained, not :ok.)
What the method is useful for
	Concurrent and distributed protocol design — consensus, replication, leader election, cache
coherence, two-phase commit, locking. Anything whose failures are orderings.
	Properties you can state but cannot test — mutual exclusion over all interleavings, "no
message is lost", "every waiter is eventually served".
	Designs, before the code exists. This is the cheapest possible moment to find a protocol bug,
and the reason to write the specification first.
	Small models that generalise. Two or three of everything, exhaustively.
	Finding out what your design actually says. Writing the specification is itself most of the
value; a surprising number of bugs surface while trying to state the invariant precisely.
	Keeping a design and an implementation in step, which is what Layers 1 and 3 add to the
usual TLA+ story.

What it is not useful for
	Performance, latency, or throughput. A specification has no notion of time or cost. It will
tell you a design is correct and nothing about whether it is fast.
	Real-time deadlines and probabilities. Timed and probabilistic model checking are different
disciplines with different tools, and both are
non-goals — no clocks, no distributions.
	Verifying the implementation itself. Layer 3 checks that a GenServer refines the spec on the
behaviours it is driven through — real evidence, but sampled, not exhaustive. A proof about the
code would need a different tool entirely.
	Data-heavy state. A specification whose variables hold realistic payloads has an
astronomical state space. Abstract the data away — most protocol bugs do not depend on the bytes.
	Unbounded parameters. "Correct for all n" is an induction proof, not a model check. If you
need it, TLAPS or a proof assistant is the tool.
	Anything where you will not maintain the specification. A spec that drifts from the system it
describes is worse than none, because it is trusted. This is the defect the whole of this
project's drift-gating exists to prevent, and it applies to your specs as much as to these
guides.
	Replacing tests. It checks a model of the design. The code still has to be tested.

The trade, in one sentence: model checking buys you exhaustiveness over a small abstraction of
your design, and it buys it by giving up on everything the abstraction left out. Knowing what
you left out is the skill.

Next: The DSL in practice.


  

    The DSL in practice

ExTLA tutorial. Previous: The mathematics of TLA.
Here is the lock, for three clients this time. Each client is idle, waiting, or holding; the lock
is free or not; any waiting client may take a free lock.
defmodule Tutorial.Lock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob, :carol])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end

  invariant :holding_means_taken do
    Enum.all?(^clients, fn c -> pc[c] != :holding end) or free == false
  end
end
(The second invariant is there for Invariants, which is about reading what
the checker says of it.)
Three kinds of name
Inside a spec block, a name means one of three things, and the spelling tells you which
(§1). A pinned name, ^clients, is a
constant: fixed for a whole run, supplied by default: or by config. A bare name, free or
pc, is a state variable: on the right of = it is the value before the step, on the left it is
the value after. And let x = … binds a local, which is ordinary Elixir and means nothing to the
checker. The compiler holds you to this — a constant written without its pin is an error rather
than a variable that happens not to exist:
defmodule Tutorial.Unpinned do
  use ExTLA.Spec

  constant :limit, default: 3
  variable :n, type: 0..3

  init do
    n = 0
  end

  action :tick do
    require n < limit
    n = n + 1
  end
end
The message names the rule and the section that states it.
Types
type: is a small language of its own (§1.5):
a list of literals is a choice among them, a..b is a range, [^clients ~> t] is a map whose keys
are exactly the clients and whose values have type t — a TLA+ function — and there are unions
(^clients | :none), tuples, records, set(t) and seq(t). The type is not a restriction on
exploration; it is checked as an invariant, and Invariants says what that
means.
Operations on sets and functions
type: set(t) says a variable is a set. This says what you can do with one.
All of TLA+'s set theory is in scope inside a spec block, unqualified, through
ExTLA.Spec.Helpers, the module every spec imports. The simple set operations — set, put,
delete, member?, size, union, intersection, difference, subset? — are one-line
wrappers over MapSet, there for readability. The rest are delegations to ExTLA.Set and
ExTLA.Function, and the helper module holds no second implementation of them, so a spec block
and code calling those modules directly get the same answers.
	TLA+	In a spec block
	{}, {a, b, c}	set(), set([a, b, c])
	e \in S	member?(s, e)
	S \cup T, S \cap T, S \ T	union(s, t), intersection(s, t), difference(s, t)
	S \cup {e}, S \ {e}	put(s, e), delete(s, e)
	S \subseteq T	subset?(s, t)
	Cardinality(S)	size(s)
	SUBSET S	powerset(s)
	UNION S	distributed_union(s)
	S \X T	cross(s, t)
	S1 \X … \X Sn	cross_many([s1, s2, s3])
	\A x \in S : P(x)	for_all?(s, fn x -> … end)
	\E x \in S : P(x)	exists?(s, fn x -> … end)
	{f(x) : x \in S}	set_map(s, fn x -> … end)
	{x \in S : P(x)}	set_filter(s, fn x -> … end)
	CHOOSE x \in S : P(x)	choose(s, fn x -> … end)
	a..b as a set	range(a, b)
	[x \in S |-> e]	for_each(s, fn x -> … end)
	[f EXCEPT ![k] = v]	update(f, k, fn _ -> v end)
	[f EXCEPT ![a] = v, ![b] = w]	except(f, a: v, b: w)
	DOMAIN f	domain(f)
	[S -> T]	function_set(s, t)
	[a: S, b: T]	record_set(a: s, b: t)

Four of the delegated names differ from the module they come from. set_map/2 and
set_filter/2 are ExTLA.Set.map/2 and ExTLA.Set.filter/2, because an unqualified map(xs, f)
in a spec block reads as Enum.map/2 to every Elixir programmer who opens the file, and these
return a set — possibly a smaller one, since a non-injective function collapses elements,
exactly as in TLA+. for_each/2 is ExTLA.Function.construct/2, and update/3 is
ExTLA.Function.except_with/3.
Here is a spec that uses them. A node acknowledges once; the value commits when some quorum has
acknowledged. The guard says "there exists a subset of the nodes which is a majority and all of
whose members have acknowledged" — \E q \in SUBSET Nodes : Cardinality(q) * 2 > Cardinality(Nodes) /\ q \subseteq acked,
one clause at a time:
defmodule Tutorial.Quorum do
  use ExTLA.Spec

  constant :nodes, default: set([:n1, :n2, :n3])

  variable :acked,     type: set(^nodes)
  variable :votes,     type: [^nodes ~> 0..1]
  variable :committed, type: [true, false]

  init do
    acked     = set()
    votes     = for_each(^nodes, fn _ -> 0 end)
    committed = false
  end

  action :ack, params: [n: ^nodes] do
    require not member?(acked, n)

    acked = union(acked, set([n]))
    votes = update(votes, n, fn _ -> 1 end)
  end

  action :commit do
    require exists?(powerset(^nodes), fn q ->
              size(q) * 2 > size(^nodes) and subset?(q, acked)
            end)

    committed = true
  end

  invariant :committed_needs_quorum do
    not committed or size(acked) * 2 > size(^nodes)
  end

  invariant :votes_match_acks do
    for_all?(^nodes, fn n -> member?(acked, n) == (votes[n] == 1) end)
  end
end
Tutorial.Quorum — verified
  12 distinct states, 23 transitions, depth 5, 1ms
committed_needs_quorum states the same fact as commit's guard the other way — by
cardinality rather than by quantifying over subsets. Writing a property twice in two forms and
letting the checker reconcile them is a good habit: if the two ever disagree, one of them is
what you meant.
Two traps
for_each/2 takes a set, not a sequence. [x \in S |-> e] ranges over a set, and a list is
a sequence — a function on 1..Len(s) already. Building a function over one would silently
deduplicate it, so it is refused by name instead:
ExTLA.Spec.Helpers.for_each([:alice, :alice, :bob], fn c -> c end)
domain/1 of a sequence is 1..Len(s), not its elements. A sequence is a function on
its indices — that is how s[i] applies one — so domain([:a, :b, :c]) is
MapSet.new([1, 2, 3]). A set is neither a function nor a sequence and is refused by name.
Operations on sequences
type: seq(t) says a variable is a sequence: an Elixir list, read the TLA+ way, 1-indexed.
These are thin wrappers over list operations, written as the TLA+ they translate:
	TLA+	In a spec block
	<<>>, <<a, b, c>>	seq(), seq([a, b, c])
	Append(s, e)	append(s, e)
	Head(s), Tail(s)	head(s), tail(s)
	Len(s)	len(s)
	SubSeq(s, m, n)	subseq(s, m, n)
	s[i]	s[i], or at(s, i)

head/1 and tail/1 raise on the empty sequence, where TLA+ leaves them undefined, and s[i]
and subseq/3 raise on an index outside 1..len(s) rather than wrapping or returning nil
(subseq(s, m, n) with n < m is the empty sequence). The
same s[i] applies a function: pc[c] is at(pc, c), and a key outside the domain raises too.
Three more help with arithmetic over a function: values(f) and keys(f) are its values and
keys as lists, and sum(xs) (or sum(xs, fn x -> … end)) adds them up — sum(values(balances))
is the total of a map of balances.
Nondeterminism is params:, and only params:
action :request, params: [c: ^clients] is three actions, one per client, and the checker tries
every one in every state. That is where all the branching in a spec comes from. A params: entry
may draw from a constant, from a literal range or list, or from the state — params: [c: fn s -> s.some_set end] — and a state function that returns nothing disables the action, exactly as a
false guard would (§3).
The body, given its params, is deterministic.
An action is a conjunction
The rule most likely to surprise an Elixir programmer
(§2): the lines of
an action are not executed one after another. Every require is a guard on the state before the
step; every assignment is an equation about the state after it; every right-hand side reads the
pre-state, whatever order the lines are in; and a variable not assigned is unchanged. So a variable
cannot be assigned twice — that is two equations about one value, not a last write winning:
defmodule Tutorial.Twice do
  use ExTLA.Spec

  variable :n, type: 0..3

  init do
    n = 0
  end

  action :tick do
    n = 1
    n = 2
  end
end
And every name on the left of = must be a declared variable — the compiler will not invent one:
defmodule Tutorial.Undeclared do
  use ExTLA.Spec

  variable :n, type: 0..3

  init do
    n = 0
  end

  action :tick do
    m = n + 1
  end
end
The run
mix extla.check Tutorial.Lock

Tutorial.Lock — verified
  20 distinct states, 48 transitions, depth 5, 8ms

--- COVERAGE: Tutorial.Lock ----------------------------------------

Actions                   enabled in      states     distinct
  acquire                            7          12          12
  release                           12          12           0
  request                           16          24           7


Invariants                  evaluated   near-miss
  holding_means_taken               20          12
  mutual_exclusion                  20           -
  type_ok                           20           -
--------------------------------------------------------------------
Twenty states for three clients, and every one of them satisfies both invariants. The rest of
that report is the next page.

Next: Invariants.


  

    Invariants

ExTLA tutorial. Previous: The DSL in practice.
An invariant is a boolean over the variables that must hold in every reachable state. The
checker evaluates each one in each state it discovers, and stops at the first state where one is
false — that is the counterexample Getting started ends with.
This page is about the rest of it: how to decide what to assert, how to read the report when every
invariant holds (which is where a spec that verifies for the wrong reason gives itself away),
how to state a property of a step rather than a state, and the failure you are most likely to
meet first — a specification that finishes its work and is refuted for it.
Choosing what to assert
A specification with no invariants verifies instantly and proves nothing. The question is what to
write, and there is a usable order.
Start with the types, which you have already written. Every variable's type: is checked in
every state as an invariant named type_ok, so the shape of your state is asserted before you
write a line. That is not a formality: a spec whose action drives a variable out of range is
refuted by it, and it is the invariant that most often catches a spec that is simply wrong about
its own state.
Then ask what the system promises its callers, and write each promise as a predicate that must
never be false. Not "the code does X" — a specification is not a paraphrase of an implementation
— but the things you would be embarrassed to be wrong about. For a lock: at most one holder. For a
queue: nothing is delivered twice, nothing is lost. For an allocator: no two clients hold the same
resource. These are usually few, short, and about relationships between variables rather than
about any one of them.
Say what an invariant is for when the name will not carry it. desc: is where that goes. The
checker's counterexample names the invariant (invariant :mutual_exclusion does not hold in this state) and does not print its desc:, so the sentence is for whoever opens the spec to find out
what that name was protecting. (A temporal property's desc: is printed with its refutation,
and so is a Layer 1 invariant's with its violation — see Layer 1.)
invariant :mutual_exclusion,
  desc: "at most one client holds the lock — THE property this design exists to keep" do
  Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
end
Then use the coverage report to check your own work, which the next two sections are about.
The report is the only place that will tell you an invariant you were proud of was never once at
risk.
type_ok is an invariant you did not write
The type: on each variable is checked as an invariant named type_ok, in every state, which is
why the table lists one the spec never declared. A state outside its type is reported as a
violation of it. The type is not used to prune the search: a spec whose action drives a variable
out of range does not get a smaller state space, it gets a counterexample.
The near-miss column
holding_means_taken reads nobody is holding, or the lock is not free — an implication, in the
p or q shape. Such an invariant can hold two ways: trivially, because p was true and q did not
matter, or because p was false and q carried it. The second is a near miss: a state in which
the invariant was actually pressed against. Of twenty states, twelve had a holder, and in each of
them free == false is what kept the invariant true.
mutual_exclusion shows -: it has no top-level or, so there is no non-trivial branch to
count, and the column says not measured rather than pretending. An invariant that IS measured
and reports 0 is flagged <-- never at risk: it held in every state without ever being pressed,
which is indistinguishable from true, and is the first thing to be suspicious of when a spec
verifies too easily.
An action that was never enabled
The other way a spec verifies for the wrong reason. Add a cancel action to the lock — a waiting
client may give up — and make the mistake that is easiest to make:
defmodule Tutorial.CancelLock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob, :carol])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end

  action :cancel, params: [c: ^clients] do
    require pc[c] == :wating
    pc = update(pc, c, fn _ -> :idle end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end

  invariant :holding_means_taken do
    Enum.all?(^clients, fn c -> pc[c] != :holding end) or free == false
  end
end
mix extla.check Tutorial.CancelLock

Tutorial.CancelLock — verified
  20 distinct states, 48 transitions, depth 5, 1ms

--- COVERAGE: Tutorial.CancelLock ----------------------------------

Actions                   enabled in      states     distinct
  acquire                            7          12          12
  cancel                             0           0           0   <-- NEVER ENABLED
  release                           12          12           0
  request                           16          24           7


Invariants                  evaluated   near-miss
  holding_means_taken               20          12
  mutual_exclusion                  20           -
  type_ok                           20           -

1 warning. Re-run with --strict-coverage to fail on these.
--------------------------------------------------------------------

warning: action :cancel was never enabled
:wating is not :waiting, and pc[c] is never equal to it, so cancel is never enabled — and
the spec verifies, with the same twenty states as before. Every invariant holds in a system that
has no cancellation in it. Nothing about the verdict is wrong; what is wrong is what it is a
verdict about. The coverage table is the only place that shows, and --strict-coverage is how you
make a never-enabled action exit 3 rather than print a warning.
action_property — a property of a step
An invariant is a claim about each state on its own. Some properties are not of that kind: money
is never created, the audit log only ever grows, the lock is never stolen from its holder. Each
compares a state with the one before it, and no predicate over a single state can express any of
them — every state involved is perfectly legal, and it is the transition between two of them that
is wrong.
action_property is that claim. old and new are bound to the pre- and post-state, and the
property is evaluated on every step the checker takes:
defmodule Tutorial.AuditedLock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob])

  variable :holder, type: ^clients | :none
  variable :log,    type: seq(^clients)

  init do
    holder = :none
    log    = seq()
  end

  action :acquire, params: [c: ^clients] do
    require holder == :none
    holder = c
    log    = append(log, c)
  end

  action :release do
    require holder != :none
    holder = :none
  end

  # Housekeeping, and the bug: it throws away everything but the first entry.
  action :compact do
    require len(log) > 1
    log = seq([head(log)])
  end

  invariant :holder_is_logged do
    holder == :none or len(log) > 0
  end

  action_property :log_only_grows do
    len(new.log) >= len(old.log)
  end
end
Note what an invariant could not have caught. Every state this spec reaches is fine: a holder or
none, a log of some length, and holder_is_logged holds throughout. There is no bad state to find
— only a bad step, from a log of two entries to a log of one.
Tutorial.AuditedLock — VIOLATION: log_only_grows
  10 distinct states, 10 transitions, depth 5, 1ms

═══ VIOLATION: log_only_grows ══════════════════════════════════════
action property :log_only_grows does not hold over the last step

State 1 (Init):
  holder = :none
  log    = []

── acquire(c: :alice) ────────────────────

State 2:
  holder = :alice   ← changed
  log    = [:alice]   ← changed

── release ────────────────────

State 3:
  holder = :none   ← changed
  log    = [:alice]

── acquire(c: :alice) ────────────────────

State 4:
  holder = :alice   ← changed
  log    = [:alice, :alice]   ← changed

── compact ────────────────────

State 5 [VIOLATION]:
  holder = :alice
  log    = [:alice]   ← changed

════════════════════════════════════════════════════════════════════


--- COVERAGE: Tutorial.AuditedLock ---------------------------------

Actions                   enabled in      states     distinct
  acquire                            3           6           6
  compact                            1           0           0
  release                            3           3           3


Invariants                  evaluated   near-miss
  holder_is_logged                  10           6
  type_ok                           10           -

This run stopped at a counterexample, mid-expansion: the numbers are a lower bound, not a census.
--------------------------------------------------------------------
Read the last step, because that is where the whole finding is: the log holds two entries, and
compact replaces it with one. len(new.log) >= len(old.log) is 1 >= 2, and false.
Every state in that trace is legal. State 4 is a perfectly good state — a client holding the lock,
two entries logged — and so is State 5. The counterexample is the arrow between them, which is
why the trace for an action property is read differently from the trace for an invariant: for an
invariant you look at where it ended, and for an action property you look at the last thing that
happened.
Delete the compact action and the spec verifies.
02-dsl-semantics.md §4 is
normative on old and new — in particular that a bare variable name inside an
action_property is a compile error, because there it would be ambiguous which of the two you
meant.
When the trace is too big to read
That trace was five states of two variables and you read it by eye. Real ones are not like
that. A Raft election counterexample is nineteen states of five variables, several of them
maps over three servers, and the question you actually have — when did the quorum first
form, how many acceptors had promised by state 12 — is a function of the state.
Answering it from the dumps means reading nineteen blocks and doing arithmetic by hand.
So ask the function instead. ExTLA.Trace.explore/3 takes your own expressions, one row each,
and evaluates them at every state:
result = ExTLA.ModelChecker.run(Tutorial.AuditedLock, %{constants: %{clients: MapSet.new([:alice, :bob])}})
trace = result.violation

ExTLA.Trace.explore(trace,
  holder: & &1.holder,
  logged: &length(&1.log),
  held?: &(&1.holder != :none)
)
═══ EXPLORE: log_only_grows ════════════════════════════════════════

              1        2        3        4        5
           init  acquire  release  acquire  compact
  ─────────────────────────────────────────────────
  holder  :none   :alice    :none   :alice   :alice
  logged      0        1        1        2        1
  held?   false     true    false     true     true

  Bindings:
    2  acquire(c: :alice)
    4  acquire(c: :alice)
════════════════════════════════════════════════════════════════════
logged going 2 → 1 at the last step is the whole finding, on one line.
TLA+ has the same tool — the Toolbox's Trace Explorer — and there it needs a generated
specification, a second TLC run and a GUI panel, because a TLA+ state is not a value your
program can hold. Here a state is a plain map and an expression over one is an anonymous
function, so the whole apparatus is Enum.map/2.
Three things worth knowing:
	changed_only: true hides the rows that never move. On a wide trace most rows never
move, and the one that does is the one you are looking for.
	A lasso works too. The repeating states are marked ↺, so a liveness counterexample
does not read as though it ended.
	An expression that raises is reported at the state it raised in, and the rest of the
table still renders. You are exploring this trace because something in it is wrong, so an
expression that assumes an invariant this trace violates is the normal case, not an error.

Without re-running the checker
A counterexample from a CI run or an incident months ago can be explored from the file:
mix extla.check Tutorial.AuditedLock --format json > ce.json

mix extla.explore Tutorial.AuditedLock --trace ce.json \
  --expr "logged: length(log)" \
  --expr "held?: holder != :none"

--expr is repeatable, and inside one the state is in scope as each variable by its own name
and as state, the whole map. It compiles and evaluates what you typed, which is what the
Toolbox does with the expressions typed into its panel — there is no way to put an anonymous
function on a command line.
Nothing is searched: the states are read off disk. The module argument is there because the
trace's atoms are resolved against the ones the system already has, so the spec must be
loaded before its counterexample can be decoded.
Deadlock, and the terminal you will need
This is the first thing that will go wrong for you, so it is worth meeting deliberately.
A reachable state with no enabled action is a deadlock, and the checker reports it as a
violation. That is the right default — for a lock, a queue, a protocol, a state nothing can leave
is a bug. But it means that any specification which finishes its work is refuted, because
finishing looks exactly like being stuck.
Here is the same lock, made one-shot: each client may take it once and is then :done.
defmodule Tutorial.OneShotLock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding, :done]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :finish, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :done end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end
end
Nothing about it is wrong. Every client gets the lock, uses it, and is done. And:
mix extla.check Tutorial.OneShotLock

Tutorial.OneShotLock — DEADLOCK
  15 distinct states, 20 transitions, depth 7, 0ms

═══ DEADLOCK ═══════════════════════════════════════════════════════
this state has no successors and no `terminal` predicate admits it. If it is a legitimate end state, declare it: `terminal :name do … end` (02-dsl-semantics.md §5.3).

State 1 (Init):
  free = true
  pc   = %{alice: :idle, bob: :idle}

── request(c: :alice) ────────────────────

State 2:
  free = true
  pc   = %{alice: :waiting, bob: :idle}   ← changed

── request(c: :bob) ────────────────────

State 3:
  free = true
  pc   = %{alice: :waiting, bob: :waiting}   ← changed

── acquire(c: :alice) ────────────────────

State 4:
  free = false   ← changed
  pc   = %{alice: :holding, bob: :waiting}   ← changed

── finish(c: :alice) ────────────────────

State 5:
  free = true   ← changed
  pc   = %{alice: :done, bob: :waiting}   ← changed

── acquire(c: :bob) ────────────────────

State 6:
  free = false   ← changed
  pc   = %{alice: :done, bob: :holding}   ← changed

── finish(c: :bob) ────────────────────

State 7 [VIOLATION]:
  free = true   ← changed
  pc   = %{alice: :done, bob: :done}   ← changed

════════════════════════════════════════════════════════════════════


--- COVERAGE: Tutorial.OneShotLock ---------------------------------

Actions                   enabled in      states     distinct
  acquire                            5           6           6
  finish                             6           6           5
  request                            7           8           3


Invariants                  evaluated   near-miss
  mutual_exclusion                  15           -
  type_ok                           15           -
--------------------------------------------------------------------
Read the last state: both clients are done, the lock is free, and no action is enabled
— request needs :idle, acquire needs :waiting, finish needs :holding. The system has
finished, and the checker cannot tell that from being wedged. Exit code 1.
The counterexample is still worth reading even here, because the state it ends in is the answer:
if that state is what success looks like, you have found a missing declaration rather than a bug.
Declaring the end state
terminal names the states that are final on purpose:
defmodule Tutorial.OneShotLockDone do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding, :done]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :finish, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :done end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end

  terminal :all_done do
    Enum.all?(^clients, fn c -> pc[c] == :done end)
  end
end
Tutorial.OneShotLockDone — verified
  15 distinct states, 20 transitions, depth 7, 0ms
The same fifteen states, the same twenty transitions — the search did not change at all. What
changed is that one of those states is now declared to be an ending. That is the whole mechanism,
and it is worth being clear about what it does not do
(§5.3):
	Invariants are still checked in a terminal state. Declaring an ending does not exempt it.
	No action is disabled by it. A terminal is a claim about a state, not a stop instruction.
	For liveness it stutters forever, so a p ~> q whose q has not happened by then is
violated there — which is the correct verdict, because it never will happen.

There is also check_deadlock: false, which turns the whole check off. It is a key in the
config you pass to ExTLA.ModelChecker.run/2 or assert_spec/2, not a mix extla.check
flag: from the command line, the way to accept an end state is to declare it. Prefer the
declaration anyway: it says which states are meant to be final and leaves deadlock detection on
for every other state, which is where you want it.
A terminal that is too generous
The declaration is a claim, and like any claim it can be wider than you meant. Suppose
someone_done instead of all_done — one client finishing admits the state:
defmodule Tutorial.OneShotLockLoose do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding, :done]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :finish, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :done end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end

  # `any?`, not `all?` — one client finishing admits the state.
  terminal :someone_done do
    Enum.any?(^clients, fn c -> pc[c] == :done end)
  end
end
It still verifies, and the coverage report is where it shows up — not in the tables, which are
the same fifteen states as before, but in the warning under them:
Tutorial.OneShotLockLoose — verified
  15 distinct states, 20 transitions, depth 7, 0ms

--- COVERAGE: Tutorial.OneShotLockLoose ----------------------------

Actions                   enabled in      states     distinct
  acquire                            5           6           6
  finish                             6           6           5
  request                            7           8           3


Invariants                  evaluated   near-miss
  mutual_exclusion                  15           -
  type_ok                           15           -
--------------------------------------------------------------------

warning: terminal :someone_done admitted a live state
terminal_but_live: a state the predicate called final still had an enabled action. It is not
an error — a system may legitimately be allowed to stop early — but it almost always means the
predicate is broader than the end state it was written for, and a broad terminal is how a real
deadlock gets admitted as an ending. It stays a warning even under --strict-coverage, which fails
the build only on a never-enabled action or a vacuous property: an early stop can be legitimate,
so the checker reports it and leaves the judgement to you.

Next: Temporal properties, and the difference fairness makes.


  

    Temporal properties, and the difference fairness makes

ExTLA tutorial. Previous: Invariants.
Nothing so far says the lock ever does anything. A spec in which every client waits forever
satisfies mutual_exclusion perfectly. Liveness is the other half: what must eventually happen.
temporal :no_starvation do
  Enum.all?(^clients, fn c -> (pc[c] == :waiting) ~> (pc[c] == :holding) end)
end
p ~> q is leads-to: whenever p holds, q holds at that point or later. The Enum.all? over
a constant is TLA+'s \A c \in Clients, one property per client. always, eventually and ~>
are the operators, and the fragment they may form is bounded and stated
(§5.1); a
formula outside it is a compile error, never a silently weaker check.
mix extla.check checks a temporal property whenever the spec declares one; --safety-only
turns it off, and under symmetry or --workers above 1 it is skipped with a warning. From code it
is the other way round: ExTLA.ModelChecker.run/2 and assert_spec/2 check liveness only when
the config says check_liveness: true. And the first thing you learn on checking one is that a
leads-to is refuted by a system that is merely allowed to stop — so a spec with a temporal
property needs to say which actions the system can be relied on to take. That is fairness, and there are two strengths of it.
Weak fairness, refuted
Weak fairness on an action says: if the action stays enabled from some point on, it is
eventually taken. Declared per client — acquire: [:c] is one constraint for each value of c,
and 02-dsl-semantics.md §5.2 says why the whole-action form would not do:
defmodule Tutorial.WeakLock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob, :carol])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end

  invariant :holding_means_taken do
    Enum.all?(^clients, fn c -> pc[c] != :holding end) or free == false
  end

  temporal :no_starvation do
    Enum.all?(^clients, fn c -> (pc[c] == :waiting) ~> (pc[c] == :holding) end)
  end

  fairness :weak, acquire: [:c], release: [:c]
end
mix extla.check Tutorial.WeakLock

Tutorial.WeakLock — LIVENESS: no_starvation
  20 distinct states, 48 transitions, depth 5, 1ms

═══ LIVENESS: no_starvation ════════════════════════════════════════
temporal property :no_starvation, at :alice, is refuted by this behaviour

State 1 (Init):
  free = true
  pc   = %{alice: :idle, bob: :idle, carol: :idle}

── request(c: :alice) ────────────────────

State 2:
  free = true
  pc   = %{alice: :waiting, bob: :idle, carol: :idle}   ← changed

── request(c: :bob) ────────────────────

State 3:
  free = true
  pc   = %{alice: :waiting, bob: :waiting, carol: :idle}   ← changed

── acquire(c: :bob) ────────────────────

State 4:
  free = false   ← changed
  pc   = %{alice: :waiting, bob: :holding, carol: :idle}   ← changed

── release(c: :bob) ────────────────────

State 5 (= state 2, the cycle head):
  free = true   ← changed
  pc   = %{alice: :waiting, bob: :idle, carol: :idle}   ← changed

════════════════════════════════════════════════════════════════════

↺ back to state 2 — states 2-4 repeat forever.


--- COVERAGE: Tutorial.WeakLock ------------------------------------

Actions                   enabled in      states     distinct
  acquire                            7          12          12
  release                           12          12           0
  request                           16          24           7


Invariants                  evaluated   near-miss
  holding_means_taken               20          12
  mutual_exclusion                  20           -
  type_ok                           20           -
--------------------------------------------------------------------
A liveness counterexample is not a trace that ends in a bad state; it is a lasso — a prefix,
then a cycle the system can repeat forever, along which the property never comes true. The
header says which instance of the Enum.all? it refutes — at :alice. Then read the end: state 5
is marked (= state 2, the cycle head), so the system is back where the cycle began, and the line
under the trace says states 2 to 4 repeat forever. Alice asks for the lock in state 2 and is still
waiting when the cycle closes. Bob requests, acquires and releases, forever, and every step of
that is one the fairness constraints permit — because acquire(c: :alice) is not continuously
enabled. It is disabled every time Bob holds the lock.
Weak fairness obliges nothing about an action that keeps being switched off, and this is exactly
the behaviour it does not rule out.
Strong fairness, holding
Strong fairness says: if the action is enabled infinitely often — even intermittently — it
is eventually taken. That is the guarantee a lock needs, since a lock is by nature free only now
and then:
defmodule Tutorial.StrongLock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob, :carol])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end

  invariant :holding_means_taken do
    Enum.all?(^clients, fn c -> pc[c] != :holding end) or free == false
  end

  temporal :no_starvation do
    Enum.all?(^clients, fn c -> (pc[c] == :waiting) ~> (pc[c] == :holding) end)
  end

  fairness :strong, acquire: [:c]
  fairness :weak, release: [:c]
end
mix extla.check Tutorial.StrongLock

Tutorial.StrongLock — verified
  20 distinct states, 48 transitions, depth 5, 2ms
The same twenty states, the same transitions, the same property — and it holds. Nothing changed
but the assumption about how the system is scheduled, which is what fairness is: a claim about the
implementation, that it will not starve an intermittently-enabled step. release keeps weak
fairness, because a holder's release stays enabled until it is taken, and weak is enough.
Per client, not per action
One more version, because it is the mistake 02-dsl-semantics.md §5.2 exists to name. fairness :strong, [:acquire]
without the [:c] is strong fairness on the action as a whole: if some client's acquire is
enabled infinitely often, some client eventually acquires. Bob acquiring satisfies that. Alice
waits forever anyway:
defmodule Tutorial.WholeActionLock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob, :carol])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end

  invariant :mutual_exclusion do
    Enum.count(^clients, fn c -> pc[c] == :holding end) <= 1
  end

  invariant :holding_means_taken do
    Enum.all?(^clients, fn c -> pc[c] != :holding end) or free == false
  end

  temporal :no_starvation do
    Enum.all?(^clients, fn c -> (pc[c] == :waiting) ~> (pc[c] == :holding) end)
  end

  fairness :strong, [:acquire]
  fairness :weak, release: [:c]
end
Tutorial.WholeActionLock — LIVENESS: no_starvation
  20 distinct states, 48 transitions, depth 5, 1ms

═══ LIVENESS: no_starvation ════════════════════════════════════════
temporal property :no_starvation, at :alice, is refuted by this behaviour

State 1 (Init):
  free = true
  pc   = %{alice: :idle, bob: :idle, carol: :idle}

── request(c: :alice) ────────────────────

State 2:
  free = true
  pc   = %{alice: :waiting, bob: :idle, carol: :idle}   ← changed

── request(c: :bob) ────────────────────

State 3:
  free = true
  pc   = %{alice: :waiting, bob: :waiting, carol: :idle}   ← changed

── acquire(c: :bob) ────────────────────

State 4:
  free = false   ← changed
  pc   = %{alice: :waiting, bob: :holding, carol: :idle}   ← changed

── release(c: :bob) ────────────────────

State 5 (= state 2, the cycle head):
  free = true   ← changed
  pc   = %{alice: :waiting, bob: :idle, carol: :idle}   ← changed

════════════════════════════════════════════════════════════════════

↺ back to state 2 — states 2-4 repeat forever.


--- COVERAGE: Tutorial.WholeActionLock -----------------------------

Actions                   enabled in      states     distinct
  acquire                            7          12          12
  release                           12          12           0
  request                           16          24           7


Invariants                  evaluated   near-miss
  holding_means_taken               20          12
  mutual_exclusion                  20           -
  type_ok                           20           -
--------------------------------------------------------------------
Same lasso as the weak one. TLA+ writes \A c \in Clients : SF_vars(Acquire(c)), and so does
ExTLA — acquire: [:c]. The named params must draw from a constant, for the reason the compiler
gives if you try otherwise: a state-drawn param has no fixed set of bindings to attach a
constraint to (§5.2).

Next: Symmetry, and who is responsible for it.


  

    Symmetry, and who is responsible for it

ExTLA tutorial. Previous: Temporal properties, and the difference fairness makes.
Alice, Bob and Carol are interchangeable. A state in which Alice holds the lock and Bob waits is,
for every property in the spec, the same state as one in which Bob holds it and Alice waits — and
the checker explores both. Symmetry reduction declares a constant whose elements cannot be told
apart, and the checker then keeps one representative of each set of states that differ only by a
permutation of them. For n interchangeable elements the state space shrinks by up to n!, and
that is the difference between tractable and not for exactly the systems this tool is for
(§Symmetry).
Declaring it
The declaration sits beside the constants, in config:
config :extla, Tutorial.StrongLock, symmetry: [:clients]
mix extla.check Tutorial.StrongLock --verify-symmetry

Tutorial.StrongLock — verified
  7 distinct states, 18 transitions, depth 5, 1ms

--- COVERAGE: Tutorial.StrongLock ----------------------------------

Actions                   enabled in      states     distinct
  acquire                            3           6           3
  release                            3           3           0
  request                            5           9           3


Invariants                  evaluated   near-miss
  holding_means_taken                7           3
  mutual_exclusion                   7           -
  type_ok                            7           -
--------------------------------------------------------------------

warning: 1 temporal property was declared and not checked: pass `check_liveness: true`.
warning: liveness was not checked: symmetry reduction and liveness are not sound together — the quotient graph can have cycles the real state space does not. Check the temporal properties in a run without `symmetry:`.
Seven states instead of twenty, and the same verdict on every invariant. Two things in that output
deserve a closer look: the warnings, and the flag on the command line.
The first warning is the checker's general one for any run that declares a temporal and does
not check it. The check_liveness: true it suggests is a key in the config you pass to
ExTLA.ModelChecker.run/2 or assert_spec/2; mix extla.check has no such flag, because it
checks liveness by itself whenever it can. The second warning is the one that says why it could
not here.
Why liveness is refused alongside it
The second warning is that symmetry and liveness are refused together. The reduced graph
identifies states, so a path that leaves an orbit and one that returns to it look alike, and the
quotient can contain cycles the real system does not have — and a cycle is exactly what a liveness
verdict is read off. Rather than answer with something it cannot stand
behind, the checker checks safety under the reduction and tells you to check the temporal
properties in a run without it. (--workers is refused alongside liveness for a neighbouring
reason, §Parallel exploration.)
Soundness is yours, and the flag is what makes a mistake visible
The other thing is the flag on the command line. Nothing can establish that a symmetry:
declaration is sound. A constant flows into arbitrary Elixir, and whether some invariant or
guard treats Alice differently from Carol is not a question a compiler can answer
(§Symmetry). Soundness is the author's obligation, exactly as it is in
TLC.
What --verify-symmetry does is make a wrong declaration detectable: it runs the model both
ways and fails if any verdict differs — the status, what was refuted, which actions never fired.
Not the counts; a sound reduction changes those on purpose.
A declaration that is wrong
Here is a declaration that is wrong, on a spec whose one invariant can tell the clients apart:
defmodule Tutorial.NamedLock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob, :carol])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :waiting, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :request, params: [c: ^clients] do
    require pc[c] == :idle
    pc = update(pc, c, fn _ -> :waiting end)
  end

  action :acquire, params: [c: ^clients] do
    require pc[c] == :waiting
    require free
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end

  invariant :carol_never_holds do
    pc[:carol] != :holding
  end
end
Without any reduction, that invariant is simply false — Carol requests, Carol acquires, two steps:
Tutorial.NamedLock — VIOLATION: carol_never_holds
  10 distinct states, 12 transitions, depth 3, 0ms
Declare symmetry: [:clients] for it and the reduction collapses the state in which Carol holds
the lock into the one in which Alice does. The invariant does not mention Alice. It holds under
the reduction — a real violation, hidden by a declaration the spec did not deserve. With
--verify-symmetry:
Tutorial.NamedLock — UNSOUND SYMMETRY

symmetry: [:clients] is not sound for this spec. The same model gives different
answers with and without the reduction:

  status: :ok with the reduction, :violation without
  refuted: nil with the reduction, :carol_never_holds without
  never_enabled: [] with the reduction, [:release] without

Something in the spec can tell the elements of [:clients] apart — an
`Enum.at`, a sort, a comparison on names, a dependence on list position — so
collapsing them dropped a state whose verdict mattered. Nothing can check this
statically (08-decisions.md D-17); this is the check that catches it.
Exit code 1, the same as a violation, because the answer the reduced run gave cannot be trusted.
The check is cheap on a small constant assignment; run it once per spec before trusting the
reduction on the large one.

Next: Layer 1 — invariants on a running GenServer.


  

    Layer 1 — invariants on a running GenServer

ExTLA tutorial. Previous: Symmetry, and who is responsible for it.
Everything so far has been about the specification. The implementation has not existed. Layer 1 is
the smallest step towards it, and the only part of ExTLA that needs no specification at all:
state a property of a GenServer's state in the GenServer, and have it checked after every
callback.
That makes it the easiest thing here to adopt, so start there.
The smallest useful step
Take a server you already have — here the lock this tutorial has been specifying, written as an
ordinary GenServer. Add use ExTLA.Invariant and one property you believe about its state: the one
you would be embarrassed to be wrong about.
Where the use goes matters. Put it directly after use GenServer and before your callbacks:
only callbacks defined after it are wrapped, which is how it tells the ones you wrote from the
defaults use GenServer injects. A callback written above it is not checked
(ExTLA.Invariant explains the mechanism).
defmodule Tutorial.FirstTry do
  use GenServer
  use ExTLA.Invariant

  invariant :holder_is_not_waiting,
    desc: "the client holding the lock is not also queued for it" do
    state.holder == nil or state.holder not in state.waiting
  end

  def start_link(opts \\ []), do: GenServer.start_link(__MODULE__, opts)

  @impl true
  def init(_opts), do: {:ok, %{holder: nil, waiting: []}}

  @impl true
  def handle_call({:request, c}, _from, s), do: {:reply, :ok, %{s | waiting: s.waiting ++ [c]}}

  def handle_call({:acquire, c}, _from, %{holder: nil} = s), do: {:reply, :ok, %{s | holder: c}}
end
Nothing else changes: no specification, no refinement mapping, no mix extla.check. Run your suite,
and if the property holds the server behaves exactly as it did before. This one does not hold —
acquire grants the lock and forgets to take the client off the waiting list:
{:ok, pid} = Tutorial.FirstTry.start_link()
:ok = GenServer.call(pid, {:request, :alice})
GenServer.call(pid, {:acquire, :alice})
** (ExTLA.Invariant.Violation) ═══ INVARIANT VIOLATED: holder_is_not_waiting ══════════════════════

  the client holding the lock is not also queued for it

  module: Tutorial.FirstTry

  state:
    holder  = :alice
    waiting = [:alice]
The desc: is printed with the report, which is why it is worth writing: the reader of a failing
build is not always the author of the invariant.
That is the whole on-ramp — one property, checked after every callback, in a server that already
existed. Everything below is detail you will want once it is in.
The four kinds of declaration
invariant is one of four, and the fuller version of the same server uses three of them —
Tutorial.LockServer below is the one the rest of this page runs against:
defmodule Tutorial.LockServer do
  use GenServer
  use ExTLA.Invariant

  invariant :holder_is_not_waiting do
    state.holder == nil or state.holder not in state.waiting
  end

  precondition {:release, c}, desc: "only the holder releases" do
    state.holder == c
  end

  postcondition {:acquire, c} do
    new.holder == c and c not in new.waiting
  end

  def start_link(opts \\ []), do: GenServer.start_link(__MODULE__, opts)

  @impl true
  def init(_opts), do: {:ok, %{holder: nil, waiting: []}}

  @impl true
  def handle_call({:request, c}, _from, s), do: {:reply, :ok, %{s | waiting: s.waiting ++ [c]}}

  def handle_call({:acquire, c}, _from, %{holder: nil} = s),
    do: {:reply, :ok, %{s | holder: c, waiting: List.delete(s.waiting, c)}}

  def handle_call({:release, c}, _from, s),
    do: {:reply, :ok, %{s | holder: nil, waiting: List.delete(s.waiting, c)}}
end
What they mean
The blocks are boolean expressions — they must evaluate to true or false — the same shape as a
spec's, with one difference: state is written explicitly. A spec has variable declarations to
resolve a bare name against, and an arbitrary GenServer has none, so Layer 1 does not guess. An
invariant is checked after every callback; a precondition is matched against the incoming
message — its pattern binds c — and checked before the callback runs; a postcondition sees
old, new and the pattern's bindings after it returns. action_property is there too, with old and new.
Used correctly, nothing changes
Used correctly, nothing is different:
{:ok, pid} = Tutorial.LockServer.start_link()
:ok = GenServer.call(pid, {:request, :alice})
:ok = GenServer.call(pid, {:acquire, :alice})
:ok = GenServer.call(pid, {:release, :alice})
Used wrongly, the callback never runs
Bob releasing a lock Alice holds:
{:ok, pid} = Tutorial.LockServer.start_link()
:ok = GenServer.call(pid, {:request, :alice})
:ok = GenServer.call(pid, {:acquire, :alice})
GenServer.call(pid, {:release, :bob})
** (ExTLA.Invariant.Violation) ═══ PRECONDITION VIOLATED: handle_call ═════════════════════════════

  only the holder releases

  module: Tutorial.LockServer

  message: {:release, :bob}

  state:
    holder  = :alice
    waiting = []
The three modes, as configuration
The report above ends in a raised exception, which in a supervised system means the server
restarts and the caller's call exits with the violation as its reason. That is one of three
behaviours, and which you get is decided when the module compiles:
# config/dev.exs and config/test.exs — checks on, violations raise.
config :extla, mode: :enabled

# config/prod.exs — no code is emitted for any declaration.
config :extla, mode: :disabled
	:enabled — the check runs and a violation raises. Right for dev and test: a violated
invariant is a bug, and a bug should stop the thing that has it.
	:log_only — the same report goes to the log and the callback proceeds. This is the mode
for turning checks on in production against a system you are not willing to crash, and the
trade is explicit: you find out, and you keep serving a state you have just declared impossible.
	:disabled — @before_compile emits nothing. Not a cheap check, not a branch that
returns early: a module compiled :disabled is the module its author wrote. That is what "zero
production cost" means here, and it is why the mode is read at compile time rather than looked
up per call.

:disabled is the default under MIX_ENV=prod, so the safe configuration is also the one you get
by not writing any. And because the mode is compile-time, changing it recompiles the instrumented
modules — Mix knows which those are, so editing config :extla, mode: … rebuilds exactly them.
One consequence worth stating: a module compiled :disabled cannot be asserted about. Every
helper in the next section says so by name rather than reporting the declaration as false, because
"there is no predicate here" and "the predicate returned false" are different facts.
Testing the declarations themselves
An invariant no test has ever seen return false is indistinguishable from true — and a true
invariant is checked on every transition forever while proving nothing. It is the same vacuity
mix extla.check reports at Layer 2, one layer down, and it is not detectable from the passing
side.
ExTLA.Invariant.Test checks a declaration against a state value rather than a running process,
which is what makes the negative case writable: a state a server can only reach through a
sequence of calls is just a map here.
import ExTLA.Invariant.Test

# It holds where it should.
assert_invariants(Tutorial.LockServer, %{holder: :alice, waiting: [:bob]})

# And — the test that earns its place — it can actually fail.
refute_invariant(Tutorial.LockServer, :holder_is_not_waiting, %{holder: :alice, waiting: [:alice]})
In a suite that is use ExTLA.Invariant.Test after use ExUnit.Case. assert_action_properties/3
is there too, taking the old and new state.
Telemetry
A violation emits [:extla, :invariant, :violated] — and one per kind, so :action_property,
:precondition and :postcondition have their own — with the module, the declaration's name and
the violation struct in the metadata:
:telemetry.attach(
  "queue-violations",
  [:extla, :invariant, :violated],
  fn _event, _measurements, metadata, _config ->
    # metadata: %{module: …, name: …, violation: %ExTLA.Invariant.Violation{}}
    :ok = Enum.each([:module, :name, :violation], &Map.fetch!(metadata, &1))
  end,
  nil
)
Success events — [:extla, :invariant, :checked], with timing — are opt-in and not emitted
otherwise: they are absent from the compiled module rather than filtered at runtime, because
:telemetry.execute/3 costs about a microsecond even with nothing attached and this runs on every
transition. Turn them on with config :extla, telemetry: :verbose, which recompiles the
instrumented modules.
What it costs, and how to pay less
Two knobs, both evaluated at compile time, so what you switch off is not in the module at all:
# Dropped entirely unless the environment opts in — for a check too costly to run everywhere.
invariant :expensive_audit, enabled: Mix.env() != :prod do
  audit(state)
end

# Checked after these callbacks only, rather than all of them.
invariant :within_capacity, callbacks: [:handle_call] do
  length(state.items) <= state.capacity
end
§Performance in the reference is the fuller treatment; the short
version is that an invariant over a large collection on a hot handle_info is the shape to
watch, and callbacks: is usually the answer before enabled: is.
Beyond GenServer
The same declarations work for the other OTP shapes, with two exceptions worth knowing:
	GenServer, :gen_statem and GenStateMachine are wrapped the same way. For a state
machine state is the {state_name, data} pair, and the message a precondition matches is
the event content — not {event_type, content} — so the same declaration reads the same
whichever behaviour carries it.
	:gen_statem in :state_functions callback mode is not instrumented. What is wrapped is
handle_event/4, the :handle_event_function mode. In :state_functions mode the transitions
live in functions named after the states, which the wrapper cannot recognise as callbacks, so
the module's transitions are not checked (only init/1, if it defines one). Use
:handle_event_function for a state machine you want Layer 1 to check.
	Agent cannot be wrapped, and the reason is structural: Agent.start_link/2 takes a
function, not a behaviour module, so there is no callback module for @before_compile to
instrument and nothing to carry the declarations. ExTLA.Invariant.Agent handles it by taking the
declaring module as an argument on every call — Checked.update(Counter, pid, &…) — which also
means an Agent's checks cannot be compiled away.
	Supervision trees are not modelled at Layer 1 at all; ExTLA.Supervisor.Spec is deferred past
v1 (§What ExTLA is not).

What Layer 1 cannot tell you
Layer 1 knows nothing about Tutorial.Lock. It checks the properties you wrote about the
implementation, in the implementation's own terms, which is useful and is also the limit of it:
holder_is_not_waiting could hold forever in a server that never lets anyone acquire. Relating the
code to the specification is Layer 3.

Next: Layer 3 — does the implementation conform?.


  

    Layer 3 — does the implementation conform?

ExTLA tutorial. Previous: Layer 1 — invariants on a running GenServer.
A specification describes abstract states and the steps between them. An implementation has
concrete state — a map with holder and waiting in it — and messages. Conformance means that
every step the implementation takes, seen through a mapping to the abstract state, is a step the
specification allows. The mapping is a refinement:
defmodule Tutorial.Refinement do
  use ExTLA.Refinement

  def abstract(%{holder: holder, waiting: waiting}) do
    pc =
      Map.new([:alice, :bob, :carol], fn c ->
        {c,
         cond do
           holder == c -> :holding
           c in waiting -> :waiting
           true -> :idle
         end}
      end)

    %{free: holder == nil, pc: pc}
  end

  def abstract_action({:request, c}), do: {:request, %{c: c}}
  def abstract_action({:acquire, c}), do: {:acquire, %{c: c}}
  def abstract_action({:release, c}), do: {:release, %{c: c}}
  def abstract_action(_), do: :unmapped

  def concrete_message(:request, %{c: c}), do: {:request, c}
  def concrete_message(:acquire, %{c: c}), do: {:acquire, c}
  def concrete_message(:release, %{c: c}), do: {:release, c}
end
abstract/1 maps a concrete state to the spec's variables — exactly the spec's variables, same
keys, same shapes. abstract_action/1 maps a message to the spec action it performs, with its
params; :unmapped is not a shrug but a claim, that the message does not move the abstract state,
and it is checked as one. concrete_message/2 is the inverse, and it is what lets the spec drive
the implementation. The mapping is validated when the server compiles: one that forgets a variable
or an action fails the build.
Now the server, with the mapping attached:
defmodule Tutorial.CheckedLockServer do
  use GenServer
  use ExTLA.GenServer, spec: Tutorial.Lock, refinement: Tutorial.Refinement

  def start_link(opts \\ []), do: GenServer.start_link(__MODULE__, opts)

  @impl true
  def init(_opts), do: {:ok, %{holder: nil, waiting: []}}

  @impl true
  def handle_call({:request, c}, _from, s), do: {:reply, :ok, %{s | waiting: s.waiting ++ [c]}}

  def handle_call({:acquire, c}, _from, %{holder: nil} = s),
    do: {:reply, :ok, %{s | holder: c, waiting: List.delete(s.waiting, c)}}

  def handle_call({:release, c}, _from, %{holder: c} = s), do: {:reply, :ok, %{s | holder: nil}}
end
use ExTLA.GenServer wraps every callback (Layer 1 is built in). After each one, the pre- and
post-states go through abstract/1, the message through abstract_action/1, and the step is
checked for legality: the named action's guard must have held in the abstract pre-state, and
the spec's transition from that state must produce exactly the abstract post-state. That second
half is the refinement check, and it is what makes this conformance rather than a projection with
some predicates on it (§What conformance checks).
Acquire without having requested, which the code is perfectly willing to do and the spec is not:
{:ok, pid} = Tutorial.CheckedLockServer.start_link()
GenServer.call(pid, {:acquire, :alice})
** (ExTLA.GenServer.Violation) ═══ CONFORMANCE: NOT ENABLED ═════════════════════════════════════════════════

  The implementation took :acquire, which the spec does not permit here.

  The guard is false in this state for every binding the mapping admits.

  abstract pre-state:
        free = true
        pc = %{alice: :idle, bob: :idle, carol: :idle}


  spec:   Tutorial.Lock
Simulation: random traces, every step checked
Driving the server by hand finds what you thought to try. mix extla.simulate generates messages
from the spec — those whose action is enabled in the current abstract state, via
concrete_message/2 — and runs them against the live server, checking every step as above:
mix extla.simulate Tutorial.CheckedLockServer --seed 1

Tutorial.CheckedLockServer — NO FINDING
  100 traces, 2500 steps, 0 restarts, 179ms, seed 1
  covered 100% of the spec's actions: acquire x800, release x738, request x962
  20 distinct abstract states
A run like this has checked the traces it drew and nothing else, and the report says which actions
those were: all three, and all twenty of the abstract states the DSL page counted.
The seed is always
printed so that a finding can be run again.
Here is a server with a bug in it. On release it puts the client back on the waiting list — an
off-by-one in somebody's idea of a queue:
defmodule Tutorial.LeakyLockServer do
  use GenServer
  use ExTLA.GenServer, spec: Tutorial.Lock, refinement: Tutorial.Refinement

  def start_link(opts \\ []), do: GenServer.start_link(__MODULE__, opts)

  @impl true
  def init(_opts), do: {:ok, %{holder: nil, waiting: []}}

  @impl true
  def handle_call({:request, c}, _from, s), do: {:reply, :ok, %{s | waiting: s.waiting ++ [c]}}

  def handle_call({:acquire, c}, _from, %{holder: nil} = s),
    do: {:reply, :ok, %{s | holder: c, waiting: List.delete(s.waiting, c)}}

  def handle_call({:release, c}, _from, %{holder: c} = s),
    do: {:reply, :ok, %{s | holder: nil, waiting: s.waiting ++ [c]}}
end
mix extla.simulate Tutorial.LeakyLockServer --seed 1

Tutorial.LeakyLockServer — CONFORMANCE VIOLATION: diverged
  1 traces, 5 steps, 0 restarts, 0ms, seed 1
  covered 100% of the spec's actions: acquire x1, release x1, request x3
  6 distinct abstract states

═══ CONFORMANCE: DIVERGED ════════════════════════════════════════════════════

  :release is enabled, but the spec's transition does not produce what the
  implementation produced. Closest candidate binding: %{c: :alice}

  variables that differ:
        pc:
          spec:           %{alice: :idle, bob: :waiting, carol: :waiting}
          implementation: %{alice: :waiting, bob: :waiting, carol: :waiting}

  abstract pre-state:
        free = false
        pc = %{alice: :holding, bob: :waiting, carol: :waiting}


  spec:   Tutorial.Lock

═══ VIOLATION: diverged ════════════════════════════════════════════
═══ CONFORMANCE: DIVERGED ════════════════════════════════════════════════════

  :release is enabled, but the spec's transition does not produce what the
  implementation produced. Closest candidate binding: %{c: :alice}

  variables that differ:
        pc:
          spec:           %{alice: :idle, bob: :waiting, carol: :waiting}
          implementation: %{alice: :waiting, bob: :waiting, carol: :waiting}

  abstract pre-state:
        free = false
        pc = %{alice: :holding, bob: :waiting, carol: :waiting}


  spec:   Tutorial.Lock

State 1 (Init):
  free = true
  pc   = %{alice: :idle, bob: :idle, carol: :idle}

── request(c: :alice) ────────────────────

State 2:
  free = true
  pc   = %{alice: :waiting, bob: :idle, carol: :idle}   ← changed

── request(c: :bob) ────────────────────

State 3:
  free = true
  pc   = %{alice: :waiting, bob: :waiting, carol: :idle}   ← changed

── acquire(c: :alice) ────────────────────

State 4:
  free = false   ← changed
  pc   = %{alice: :holding, bob: :waiting, carol: :idle}   ← changed

── request(c: :carol) ────────────────────

State 5:
  free = false
  pc   = %{alice: :holding, bob: :waiting, carol: :waiting}   ← changed

── release(c: :alice) ────────────────────

State 6 [VIOLATION]:
  free = true   ← changed
  pc   = %{alice: :waiting, bob: :waiting, carol: :waiting}   ← changed

════════════════════════════════════════════════════════════════════
Every invariant of Tutorial.Lock holds in that post-state. Alice is waiting, nobody holds, the
lock is free — a state the spec has. What the spec does not have is a release step that lands
there, and that is why the step is what gets checked. The finding is a ExTLA.Trace, the same
shape the model checker produces, and the report shows the whole behaviour that led to it.
Replay: the counterexample, run against the code
The loop that makes the three layers one tool. Symmetry's Tutorial.NamedLock
has a counterexample —
Carol requests, Carol acquires — found by the checker before any code existed. ExTLA.Replay drives
a server through that exact sequence, via concrete_message/2, and checks each state it reaches
against the trace's:
result = ExTLA.ModelChecker.run(Tutorial.NamedLock, %{constants: %{clients: MapSet.new([:alice, :bob, :carol])}})
%{status: :violation} = result

report = ExTLA.Replay.counterexample(Tutorial.CheckedLockServer, result.violation)
%{status: :ok, steps_checked: 2} = report
:ok here means reproduced: the running server performed both steps and arrived, state for
state, where the checker said it would. The abstract finding is a fact about the code. And a
Layer 3 finding replays the same way — the leaky server's trace, run against the leaky server,
diverges at the same step:
simulation = ExTLA.Simulation.run(Tutorial.LeakyLockServer, %{traces: 100, max_steps: 25, seed: 1})
%{status: :violation} = simulation

report = ExTLA.Replay.counterexample(Tutorial.LeakyLockServer, simulation.violation)
%{status: :violation, violation: %{kind: :diverged}} = report
From the shell the counterexample travels as JSON — mix extla.check --format json writes it, and
mix extla.replay reads it:
mix extla.check Tutorial.NamedLock --format json > counterexample.json
mix extla.replay Tutorial.CheckedLockServer --trace counterexample.json

With --trace the task starts the server itself, with [] as its init argument. --init-arg
passes a different one (a literal term such as [start: 0]; an expression is refused, never run),
--server drives a process that is already running and registered (MyApp.Server or :name)
instead of starting one, and --timeout sets how many milliseconds to wait for each reply (default
5000). They are ExTLA.Replay.counterexample/3's :init_arg, :server and :timeout. All three
are refused with --captured, which checks a recorded trace and drives nothing.
mix extla.replay exits 0 when the behaviour was reproduced, 1 on a conformance violation, and 2
when the implementation could not follow the trace — which is not a conformance failure: the spec
permits a behaviour the code does not take, and which of the two is wrong is not something the tool
can decide. It says so, rather than guessing. It exits 3 when the trace names a step it cannot
reproduce: a :restart (a crash injected by mix extla.simulate --inject-failures) against a
server it was handed with --server, which it does not own and will not kill. That is a limit of
the replay, not a claim about the implementation.
That is the whole pipeline
(§The verification pipeline): model
check the spec, so design bugs are found before the code exists; simulate the implementation against
it, so the code is held to the design; replay any counterexample against the code, so a finding at
either level is a fact about both. Running all of that from your own suite, and keeping it running,
is Putting a specification in your project.
Where to next
	The DSL reference — the DSL, normatively. Every rule this
page leaned on is stated there with its reason.
	The reference — the checker's options and what each costs, the JSON result
schema, state constraints, symmetry, parallel exploration, and what conformance checks.
	ExTLA.GenServer, ExTLA.Refinement, ExTLA.Simulation and ExTLA.Replay — the conformance
layer, module by module, and mix help extla.simulate for --against-graph, which checks
Layers 2 and 3 against each other.
	The examples — whole specifications with implementations, including
the distributed lock this tutorial's is a small cousin of.
	Design decisions — why the tool
is shaped the way it is, decision by decision.


The pages above are where to go when this tutorial has stopped answering a question. The tutorial itself continues: the next three
pages are the ones about using this on a system you did not write for it.
Next: From a system you have to a specification you can check.


  

    From a system you have to a specification you can check

ExTLA tutorial. Previous: Layer 3 — does the implementation conform?.
Every page so far has handed you a specification. This one derives one, because deciding what to
model is the part nobody can do for you and the part that decides whether the exercise is worth
anything. A model that includes too much cannot be checked; one that includes too little verifies
and proves nothing about your system.
There is no algorithm for it. There are recurring decisions, and this page works through them on
one system, showing what was rejected as well as what was kept.
The system
A background job runner, of the kind most Elixir applications grow:
	Jobs arrive and are queued. Each has a payload and an id.
	A worker picks up a queued job and runs it. Success marks it done.
	A crash puts it back in the queue to be retried, and after a bounded number of attempts it is
marked failed rather than retried forever.
	Workers are interchangeable, and there may be several.

The property worth checking is the one that makes the retry bound mean something: no job is
attempted more times than the bound allows, and a job that ends up failed really did exhaust its
attempts. A test can sample that. It cannot tell you it is true under every interleaving of
crashes and restarts, which is exactly where a retry bound goes wrong.
Which fields are state, and which are derivable
The obvious first model transcribes the runner's own struct: statuses, a payload per job, a
worker per job, a count of what is queued. Take the count first, because it is the clearest case
of something that looks like state and is not.
defmodule Modelling.WithCount do
  use ExTLA.Spec

  constant :jobs, default: set([:j1, :j2])

  variable :status,       type: [^jobs ~> [:queued, :running, :done]]
  variable :queued_count, type: 0..2

  init do
    status       = for_each(^jobs, fn _ -> :queued end)
    queued_count = 2
  end

  action :start, params: [j: ^jobs] do
    require status[j] == :queued
    status       = update(status, j, fn _ -> :running end)
    queued_count = queued_count - 1
  end

  action :succeed, params: [j: ^jobs] do
    require status[j] == :running
    status = update(status, j, fn _ -> :done end)
  end

  invariant :count_agrees do
    queued_count == Enum.count(^jobs, fn j -> status[j] == :queued end)
  end

  terminal :all_done do
    Enum.all?(^jobs, fn j -> status[j] == :done end)
  end
end
Modelling.WithCount — verified
  9 distinct states, 12 transitions, depth 5, 0ms
Now the same model with queued_count deleted, and nothing else changed:
defmodule Modelling.Lean do
  use ExTLA.Spec

  constant :jobs, default: set([:j1, :j2])

  variable :status, type: [^jobs ~> [:queued, :running, :done]]

  init do
    status = for_each(^jobs, fn _ -> :queued end)
  end

  action :start, params: [j: ^jobs] do
    require status[j] == :queued
    status = update(status, j, fn _ -> :running end)
  end

  action :succeed, params: [j: ^jobs] do
    require status[j] == :running
    status = update(status, j, fn _ -> :done end)
  end

  terminal :all_done do
    Enum.all?(^jobs, fn j -> status[j] == :done end)
  end
end
Modelling.Lean — verified
  9 distinct states, 12 transitions, depth 5, 1ms
The same nine states, the same depth. This is worth being precise about, because the usual
claim — that a redundant variable blows up the state space — is not what happens: queued_count
is a function of status, so it takes exactly one value per status configuration and adds no
reachable states at all.
What it adds is an obligation. Every action that changes status must also update the count,
and count_agrees exists only to check that you did. Forget it in one action:
defmodule Modelling.ForgotToCount do
  use ExTLA.Spec

  constant :jobs, default: set([:j1, :j2])

  variable :status,       type: [^jobs ~> [:queued, :running, :done]]
  variable :queued_count, type: 0..2

  init do
    status       = for_each(^jobs, fn _ -> :queued end)
    queued_count = 2
  end

  action :start, params: [j: ^jobs] do
    require status[j] == :queued
    status = update(status, j, fn _ -> :running end)
  end

  action :succeed, params: [j: ^jobs] do
    require status[j] == :running
    status = update(status, j, fn _ -> :done end)
  end

  invariant :count_agrees do
    queued_count == Enum.count(^jobs, fn j -> status[j] == :queued end)
  end

  terminal :all_done do
    Enum.all?(^jobs, fn j -> status[j] == :done end)
  end
end
Modelling.ForgotToCount — VIOLATION: count_agrees
  2 distinct states, 1 transitions, depth 2, 0ms

═══ VIOLATION: count_agrees ════════════════════════════════════════
invariant :count_agrees does not hold in this state

State 1 (Init):
  queued_count = 2
…
State 2 [VIOLATION]:
  queued_count = 2
…
════════════════════════════════════════════════════════════════════
The elided lines show one job started and both still counted as queued. Which job, :j1 or
:j2, can differ between runs: the two are interchangeable, and either one gives a shortest
counterexample.
That counterexample is about the model's bookkeeping, not about the job runner. It is time
spent debugging a specification for a defect the system does not have — and the specification is
supposed to be the cheap place to work. So: if a field is a function of other state, leave it
out. The implementation may well cache it, and Layer 3's refinement mapping is where that
difference belongs — abstract/1 computes the abstract value from the concrete one, and the cache
never enters the model.
Which things are constants, and which are bounds
Two of the runner's parameters look alike and behave completely differently.
jobs is a set, and its elements are interchangeable. Nothing in the design treats :j1
differently from :j2. That makes it a constant holding a set, it makes the actions take
params: [j: ^jobs], and — as Symmetry showed — it makes the model a candidate
for symmetry reduction, because the interchangeability is exactly what that declaration claims.
max_attempts is a number. It bounds behaviour rather than naming participants. It could have
been modelled as a set of attempt tokens, and that would have been a mistake twice over: it would
have implied the attempts are distinguishable, and it would have multiplied the state space by
permutations that mean nothing.
The test is what the design does with it. If the elements are compared, ordered, or indexed, they
are not interchangeable and a set is the wrong shape. If it only ever appears in arithmetic, it is
a bound.
What is abstracted away, and what that costs
The runner's real jobs carry a payload, a queue timestamp, an attempt history and a worker pid.
The model has none of them, and the argument is the same in each case: the property under check
does not read them. Whether a payload is a 2-byte map or a 2-megabyte blob cannot change whether
a retry bound is respected, so distinguishing the two adds states without changing any verdict —
and there are effectively infinitely many payloads, so a model that included them could not be
checked at all.
State the price out loud, because it is real: a bug that depends on the payload is now outside
the model. If a particular payload makes the worker crash in a way that skips the attempt
counter, this specification will not find it — not because the checker is weak, but because the
model you gave it does not contain the notion. That is the trade the whole method makes, and
the mathematics page is where it is stated in general.
Two abstractions here are worth naming individually:
	Workers vanish entirely. The design says workers are interchangeable and any of them may
pick up any queued job, so "which worker" is unobservable to the property. What survives is the
nondeterminism — that a queued job may start at any time — and that is params:.
	Time becomes ordering. There is no clock. A retry does not happen "after 30 seconds", it
happens at some later step, and every interleaving is explored. If a property genuinely depends
on a deadline, this is the point at which you find out the method cannot express it.

How big to make it
Here is the model those decisions produce, with the retry bound the property is about:
defmodule Modelling.Runner do
  use ExTLA.Spec

  constant :jobs,         default: set([:j1, :j2])
  constant :max_attempts, default: 2

  variable :status,   type: [^jobs ~> [:queued, :running, :done, :failed]]
  variable :attempts, type: [^jobs ~> 0..^max_attempts]

  init do
    status   = for_each(^jobs, fn _ -> :queued end)
    attempts = for_each(^jobs, fn _ -> 0 end)
  end

  action :start, params: [j: ^jobs] do
    require status[j] == :queued
    require attempts[j] < ^max_attempts
    status   = update(status, j, fn _ -> :running end)
    attempts = update(attempts, j, &(&1 + 1))
  end

  action :succeed, params: [j: ^jobs] do
    require status[j] == :running
    status = update(status, j, fn _ -> :done end)
  end

  action :crash, params: [j: ^jobs] do
    require status[j] == :running
    status = update(status, j, fn _ -> :queued end)
  end

  action :give_up, params: [j: ^jobs] do
    require status[j] == :queued
    require attempts[j] == ^max_attempts
    status = update(status, j, fn _ -> :failed end)
  end

  invariant :attempts_bounded do
    Enum.all?(^jobs, fn j -> attempts[j] <= ^max_attempts end)
  end

  invariant :done_means_attempted do
    Enum.all?(^jobs, fn j -> status[j] != :done or attempts[j] > 0 end)
  end

  terminal :settled do
    Enum.all?(^jobs, fn j -> status[j] == :done or status[j] == :failed end)
  end
end
Modelling.Runner — verified
  64 distinct states, 112 transitions, depth 11, 2ms
Two jobs and two attempts: sixty-four states, and every interleaving of starting, crashing,
retrying and giving up is in there. Now the growth, measured on the same specification:
	Jobs	max_attempts	Distinct states	Depth
	2	2	64	11
	3	2	512	16
	2	3	121	15

One more job costs a factor of eight — each job contributes its own eight reachable
combinations of status and attempts, and the model is their product. That is state explosion, on a
specification small enough to read on one screen, and it is why the answer to "how big" is
two or three of everything.
The reason that is not a cop-out: interleaving bugs show up at small parameters. A retry bound
that can be exceeded can be exceeded with two jobs; a lock that can be held twice can be held
twice by two clients. If you cannot construct the bug at three, adding a fourth rarely helps —
and if you genuinely need more, the levers are a state constraint, a smaller constant set, and
the symmetry reduction Symmetry covered.
What was left out entirely
Worth writing down, because the verdict is only about what is in the model:
	A crash between updating status and updating attempts. The model's actions are atomic,
so this cannot happen in it. A real runner writing two fields non-atomically can, and if that
matters the model needs to say so — by splitting the action, which is precisely what
Getting started does to break the lock.
	The queue's own durability. Nothing here models the store losing a job.
	Partial failure: a worker that dies without reporting, a job that runs twice because a
restart lost the fact it had started.
	Deadlines and throughput. No clock, no cost.

Each of those is a real property of a real system, and a model with no action for a thing proves
nothing about that thing. None of them is a flaw in the method; they are the boundary of this
particular model, and the boundary is a decision you make deliberately and record — not something
you discover later when the verdict turns out to have been about less than you thought.

That is the derivation. The specification it produced is a model of a design, and its verdict is
about the model.
Next: When it explodes.


  

    When it explodes

ExTLA tutorial. Previous: From a system you have to a specification you can check.
Sooner or later a run does not come back. The mathematics explains why —
the state space is a product, so each participant multiplies it — and modelling
measured it: one more job took that specification from 64 states to 512. This page is what to do
about it, with every number measured on one specification that genuinely hurts.
It is the same job runner, at three jobs and three attempts:
defmodule Boom.Runner do
  use ExTLA.Spec

  constant :jobs,         default: set([:j1, :j2, :j3])
  constant :max_attempts, default: 3

  variable :status,   type: [^jobs ~> [:queued, :running, :done, :failed]]
  variable :attempts, type: [^jobs ~> 0..^max_attempts]

  init do
    status   = for_each(^jobs, fn _ -> :queued end)
    attempts = for_each(^jobs, fn _ -> 0 end)
  end

  action :start, params: [j: ^jobs] do
    require status[j] == :queued
    require attempts[j] < ^max_attempts
    status   = update(status, j, fn _ -> :running end)
    attempts = update(attempts, j, &(&1 + 1))
  end

  action :succeed, params: [j: ^jobs] do
    require status[j] == :running
    status = update(status, j, fn _ -> :done end)
  end

  action :crash, params: [j: ^jobs] do
    require status[j] == :running
    status = update(status, j, fn _ -> :queued end)
  end

  action :give_up, params: [j: ^jobs] do
    require status[j] == :queued
    require attempts[j] == ^max_attempts
    status = update(status, j, fn _ -> :failed end)
  end

  invariant :attempts_bounded do
    Enum.all?(^jobs, fn j -> attempts[j] <= ^max_attempts end)
  end

  terminal :settled do
    Enum.all?(^jobs, fn j -> status[j] == :done or status[j] == :failed end)
  end
end
Boom.Runner — verified
  1331 distinct states, 3630 transitions, depth 22, 46ms
Eleven reachable combinations per job, three jobs, 11^3. Each job you add multiplies the space
by eleven, so this is 1,331; four jobs is 14,641 and five is 161,051, which takes nine seconds.
Eight jobs would not finish at all. That is the arithmetic the rest of this page is about.
First, know which kind of "did not finish" you have
Three outcomes look similar in a terminal and are not the same fact.
A state limit. --max-states stops the search:
Boom.Runner — INCOMPLETE (state limit)
  502 distinct states, 1199 transitions, depth 11, 16ms
Exit code 2, and the coverage footer records bounded_by: :max_states. Nothing was
established. This is the flag to reach for when you want to know whether a spec starts correctly
before committing an hour to it — a bounded run that finds a violation has still found a real one.
A state constraint, an option of ExTLA.ModelChecker.run/2, is not exhaustive for the same
reason: the result's status is :constrained, with bounded_by: :state_constraint — §Constrain
the space below.
Still running is the third, and the only one with no output to read. --max-states is how you
convert it into one of the first two.
The levers, cheapest first
Shrink the constants
Almost always the right answer, and the one people resist because it feels like giving up. The
same specification at two jobs and two attempts:
Modelling.Runner — verified
  64 distinct states, 112 transitions, depth 11, 2ms
1,331 states become 64. What is lost is nothing you were relying on: an interleaving bug that
needs three jobs and three attempts to appear is rare to the point of being worth doubting, and
modelling makes the argument in full. Try this before anything else on this
page.
Symmetry, when the participants really are interchangeable
The largest single win available here, because jobs is exactly the kind of constant the
reduction is for:
Boom.Runner — verified
  286 distinct states, 780 transitions, depth 22, 22ms
1,331 to 286 — a factor of nearly five, with the same depth and the same verdict, and
--verify-symmetry confirming the declaration was sound. Symmetry is the page
for what that flag does and why it is your obligation; the point here is that when it applies it
beats every other lever combined.
Use more cores
mix extla.check Boom.Runner --workers 4

On a model this size that is usually slower than one worker, and the reason is worth knowing:
each breadth-first level waits for every worker before the next begins, and that coordination costs
more than the work saved when there is barely any work. --workers pays on a model large enough
to need it — tens of thousands of states and up, where each level has real work to divide.
What it never buys is tractability. It explores the identical space, so a run that would never
finish still never finishes — reach for it after the levers above, not instead of them. It also
refuses to check liveness (§Parallel exploration), so a spec with a temporal has
its safety checked in parallel and says so.
Skip liveness while you are iterating
--safety-only turns off the temporal checking, and with it the liveness graph the check needs.
Useful when the question you are currently asking is about an invariant; not a reduction, since
the state space is the same.
Constrain the space
state_constraint restricts the search to states worth exploring. It is the sharpest tool here
and the only one that can quietly invalidate your result, so both halves matter.
# In a test, or wherever you call the checker directly.
ExTLA.ModelChecker.run(Boom.Runner, %{
  constants: %{jobs: MapSet.new([:j1, :j2, :j3, :j4, :j5]), max_attempts: 3},
  state_constraint: fn state ->
    Enum.count(state.status, fn {_job, s} -> s == :running end) <= 2
  end
})
Measured on this specification, three constraints and what each bought:
	Constraint	States	Time
	none	1,331	55 ms
	at most 2 jobs running	1,331	45 ms
	at most 2 jobs not queued	1,304	46 ms
	no job past its first retry	112	5 ms

Those four rows were measured with ExTLA.ModelChecker.run/2, since state_constraint: is a
function and can only be passed there — mix extla.check has no flag for it. The times are one
machine's; the state counts are the specification's.
The first constraint is the lesson people do not expect: a constraint can buy nothing at all.
Limiting concurrency to two removed not one state — with three jobs there is no reachable state
with three running, so the constraint excludes nothing that existed. The second removed 2%. Both
are guesses about where the states are, and this model's states differ in their attempt counts
rather than in how many jobs run at once. Measure rather than assume.
And the last row is the trap. It is a twelvefold reduction, it runs in 5 ms, and it is
exactly the wrong constraint for this specification: the property being checked is
attempts_bounded, and the constraint excludes every state where a job has attempted more than
once — which is where a violation of that property could possibly live. The run comes back with
status :constrained and bounded_by: :state_constraint, and that is the tool telling you it
answered a smaller question than you asked. It is not a verdict, and the danger is reading it as
one.
The rule that follows: a state constraint must not restrict the variables your property is
about. Constrain the parts of the state the question does not depend on.
Fingerprint width, and what a verdict rests on
The checker identifies states by a hash rather than by keeping them, so two distinct states could
in principle collide and one of them go unexplored. Every run reports its own collision
probability:
	--fingerprint-bits	Collision estimate at 1,331 states
	64 (default)	4.8 × 10⁻¹⁴
	128	2.6 × 10⁻³³

At this size the default is already far below any other risk in the exercise — you are more likely
to have mis-modelled the system. It is worth knowing the number exists, and worth raising the width
for a run whose result you intend to rely on at a much larger state count, where the estimate grows
with the square of the number of states.

Next: Putting a specification in your project.


  

    Putting a specification in your project

ExTLA tutorial. Previous: When it explodes.
A specification is only worth having while it stays true. A spec that drifts from the system it
describes is worse than none, because it is trusted: people read it as a description of the
system long after it has stopped being one.
So this page is about the boring part, which is the part that decides whether any of the rest
survives contact with a real codebase.
Where specifications live
lib/specs/, alongside the code, compiled with it. They are ordinary modules, so nothing else is
required — and being compiled with the application is the point: a spec in a directory Mix does
not build is a spec that stops compiling without anyone noticing.
Name them for the thing they describe rather than for what they are: Specs.Lock,
Specs.JobRunner. mix extla.check with no arguments finds every module in the project that
uses ExTLA.Spec, so a consistent home is enough to make "check everything" work.
The CLI takes nothing but flags, so a spec's constants and symmetry come from your application
config — the constants from config :extla, Specs.X, constants: %{…}, or failing that from the
default: beside the constant declaration, and symmetry from config :extla, Specs.X, symmetry: [:name]:
# config/config.exs
config :extla, Specs.Lock,
  constants: %{clients: MapSet.new([:alice, :bob, :carol])},
  symmetry: [:clients]
A constant with neither a config entry nor a default: is an error that names both places. The
checker's other options — check_deadlock:, state_constraint:, invariants: and the rest — are
options of ExTLA.ModelChecker.run/2 and assert_spec/2, and cannot be set from mix extla.check.
Checking them from the suite
assert_spec runs the checker and turns its verdict into a test result:
import ExTLA.Spec.Test

assert_spec Tutorial.StrongLock, %{
  constants: %{clients: MapSet.new([:alice, :bob, :carol])},
  symmetry: [:clients],
  verify_symmetry: true
}
In a suite that is a test like any other:
defmodule Specs.LockTest do
  use ExUnit.Case, async: true
  import ExTLA.Spec.Test

  @tag :spec
  test "the lock keeps mutual exclusion, and nobody starves" do
    assert_spec Specs.Lock, %{
      constants: %{clients: MapSet.new([:alice, :bob, :carol])},
      check_liveness: true,
      strict_coverage: true
    }
  end
end
Two options in there are worth choosing deliberately:
	strict_coverage: true fails the test on a never-enabled action or a vacuously satisfied
property. Turn it on: those are the findings that make a green run mean something, and a warning
nobody reads is not a gate. Invariants is the page for what it catches.
	An incomplete run fails the test. assert_spec treats a state limit as a failure rather
than a pass, deliberately, because "we ran out of budget" is not "it holds". Pass
allow_incomplete: true to accept a bounded run on purpose, and only then.

And one that is easy to miss: from the API, liveness is checked only when you ask.
ExTLA.ModelChecker.run/2 and assert_spec/2 check a spec's temporal properties only with
check_liveness: true; without it, a test of a spec whose whole point is "nobody starves" passes
on safety alone. mix extla.check is the other way round — it checks liveness whenever the spec
declares a temporal (skipping it, with a warning, under symmetry or --workers above 1). So a
suite should pass check_liveness: true for every spec with temporal properties, as the test above
does. Not together with symmetry:, though: the two are not sound together, and asking the API
for both raises. Check safety under the reduction, and liveness in a test without it.
What to run in CI, and what it costs
A specification is not a unit test and should not pretend to be. The lock above checks in
milliseconds and belongs in the fast suite; the job runner from
when it explodes takes most of a second at four jobs, and a real
protocol can take minutes.
Tag them and exclude them by default:
# test/test_helper.exs
ExUnit.start(exclude: [:spec])
mix test                    # the fast suite
mix test --include spec     # and the specifications, in CI

A slow check inside the suite everyone runs on every save is a check people start skipping. The
rule is that the slow check runs on every pipeline and not on every save.
Looking at the graph
mix extla.visualize renders the state space as DOT, which is the fastest way to see whether a
design goes where you thought:
mix extla.visualize Specs.Lock --output lock.dot && dot -Tsvg lock.dot -o lock.svg

For a two-client lock with no waiting state, the whole graph is small enough to read:
defmodule Viz.Lock do
  use ExTLA.Spec

  constant :clients, default: set([:alice, :bob])

  variable :free, type: [true, false]
  variable :pc,   type: [^clients ~> [:idle, :holding]]

  init do
    free = true
    pc   = for_each(^clients, fn _ -> :idle end)
  end

  action :acquire, params: [c: ^clients] do
    require free and pc[c] == :idle
    free = false
    pc   = update(pc, c, fn _ -> :holding end)
  end

  action :release, params: [c: ^clients] do
    require pc[c] == :holding
    free = true
    pc   = update(pc, c, fn _ -> :idle end)
  end
end
mix extla.visualize Viz.Lock

digraph "Viz.Lock" {
  rankdir=LR;
  node [shape=box, fontname="monospace", fontsize=10];
  edge [fontname="monospace", fontsize=9];

  0 [label="0\nfree = true\npc = %{alice: :idle, bob: :idle}", peripheries=2];
  1 [label="1\nfree = false\npc = %{alice: :holding, bob: :idle}"];
  2 [label="2\nfree = false\npc = %{alice: :idle, bob: :holding}"];

  0 -> 1 [label="acquire(c=:alice)"];
  0 -> 2 [label="acquire(c=:bob)"];
  1 -> 0 [label="release(c=:alice)"];
  2 -> 0 [label="release(c=:bob)"];
}
Initial states get a double border, declared terminal states a doubled octagon, deadlocked states
a fill, and a refuted run draws its counterexample emphasised. It refuses past 500 states
(--max-states changes the limit) rather than producing a hairball — a picture of the first 500
of 58,000 states would look complete and be a lie. The search stops at the same limit, since
exploring states it will not draw is wasted work, so the refusal says the specification has
more than 500 states rather than how many: a bounded search does not know. It exits 2, and
the remedy is the same either way — raise the flag, or shrink the model.
DOT only, deliberately: Graphviz renders it to SVG, PNG or PDF, and a bespoke viewer would be one
more thing to maintain. --format html is refused with a message saying so rather than silently
ignored.
Generators from the specification
ExTLA.PropertyTest hands the spec's own state space to a check all of your own, for the property
tests that keep an implementation honest between conformance runs:
property "the server survives any initial state the spec admits" do
  check all state <- ExTLA.PropertyTest.init_states(Specs.Lock, %{clients: MapSet.new([:a, :b])}) do
    # drive your implementation from `state` and assert what you like about it
    assert is_map(state)
  end
end
ExTLA.PropertyTest.action_sequences/3 goes further and generates whole behaviours: lists of
{action, params} steps, each enabled in the state the previous one produced, starting from an
initial state and at most max_length long (default 20). Map each step to a message with your
refinement's concrete_message/2, send it, and assert about the result. Every sequence is one the
spec admits, and shrinking keeps it that way — a shorter prefix is still a real behaviour.
property "the server follows any behaviour the spec admits" do
  check all steps <- ExTLA.PropertyTest.action_sequences(Specs.Lock, %{clients: MapSet.new([:a, :b])}, 10) do
    {:ok, pid} = MyApp.LockServer.start_link()

    for {action, params} <- steps do
      GenServer.call(pid, MyApp.LockRefinement.concrete_message(action, params))
    end
  end
end
stream_data is not a dependency of ExTLA — it is only: [:dev, :test] — so these functions are
compiled behind a check for it and tell you by name when it is absent rather than failing as an
undefined function. Declare it yourself if you want them.
After an incident
The one that is worth knowing before you need it. mix extla.replay --captured takes a trace
recorded from a running system and checks it against the specification:
mix extla.replay MyApp.LockServer --captured incident.json

The file is an array of {"message": …, "state": …} entries, oldest first, where state is the
concrete state the implementation was in after that message — the same ExTLA.State.Json
encoding the checker writes, so there is no second format to learn. Reading it needs the optional
{:jason, "~> 1.4"} dependency in your project, as do --format json and mix extla.replay --trace. Exit 0 means the captured behaviour is one the specification permits; exit 1 means it is
not, and names the step.
That turns "something went wrong in production last night" into a question the specification can
answer: not did the code have a bug but was that sequence of events one the design allows at
all. It needs only abstract/1 and abstract_action/1 from the refinement mapping —
concrete_message/2 is for driving, and a capture is not driven.
The honest close
None of this makes a specification true. It makes it checked, which is the only property that
survives a year of other people editing the code — and the difference between a specification you
can rely on and a document that once described the system.

That is the tutorial. The reference holds what you will look up from here on,
the specification is the full design,
and the decision log is why the
tool is shaped the way it is.


  

    Layer 2a: DSL Semantics (Normative)

The ExTLA.Spec DSL reinterprets Elixir syntax. This document is the normative
definition of that reinterpretation: exactly how a name in a spec block resolves,
what an action block means, and where nondeterminism comes from.
04-layer2-model-checker.md specifies the checker. This file specifies the
language it checks. Where the two disagree, this file wins.
Every rule here is enforced at compile time (§7). A spec that violates one does not
compile — it never reaches the checker.

1. The three name classes
Inside a spec block, a bare identifier is one of exactly three things. The class is
determined syntactically, never by inference:
	Syntax	Class	Resolves to
	^name	Constant	The value bound to constant :name at model-check time
	name	Variable	The value of variable :name in the relevant state
	let name = …	Local	An ordinary Elixir binding, scoped to the block

Anything else — a function call, an atom literal, a number — is ordinary Elixir and
is left untouched by the macro.
That includes a function capture. In &abs/1, &+/2 or &member?/2 the name is a
function's, never a state variable's, even where a declared variable shares it: with
variable :size, a bare size reads the state and &size/1 is ExTLA.Spec.Helpers.size/1,
because that is what Elixir means by the capture. &Mod.name/arity is the same. A capture
of a function that does not exist is refused by Elixir's own compiler, naming it. The
shorthand &(&1 + n) is an expression like any other, so n inside it is a variable.
1.1 Constants use the pin operator
An earlier draft of this DSL wrote constants as bare atoms (:accounts), which made
length(:accounts) mean "the size of the accounts constant" while status = :idle
meant "the literal atom :idle". Those two readings of the same syntax cannot be
separated in general, so the DSL now marks constants with ^:
constant :accounts
constant :max_balance

require balances[from] >= amount               # `balances` is a variable
require MapSet.member?(^accounts, from)        # `^accounts` is a constant
let total = ^max_balance * MapSet.size(^accounts)
status = :idle                                 # `:idle` is a literal atom
The pin operator already means "the value from outside this scope" everywhere else in
Elixir, so it carries the right connotation, and ^ is unambiguous to the macro:
constants are the pinned names, atoms are always literals.
Referencing an undeclared constant is a compile error (§7).
1.2 Variables are bare, and their meaning depends on the block
A bare identifier matching a declared variable resolves against a state. Which
state depends on the block:
	Block	Bare variable reads	Assignment name = expr
	init	— (nothing to read)	Defines the initial value
	action	The pre-state	Defines the post-state (§2)
	invariant	The state being checked	Not permitted
	temporal	The state at each point in the behavior	Not permitted
	terminal	The state being classified (§5.3)	Not permitted
	action_property	Not permitted — use old. / new. (§4)	Not permitted

1.3 Locals use let
Because = on a declared variable name means "assign the post-state" (§2), an
intermediate value needs its own form:
action :complete_transfer, params: [t: fn s -> s.pending end] do
  require status == :transferring

  let {to, amount} = t                        # a local binding
  balances = update(balances, to, &(&1 + amount))   # a post-state assignment
  pending  = delete(pending, t)
end
let accepts any Elixir pattern. Locals may shadow nothing: let binding a name that
is a declared variable, a declared constant, one of the action's params:, or an action
property's old/new is a compile error. The rule is about what a bare name
means, not about let, so it applies to every binder a spec block has — the fn x ->
of a temporal quantifier (§5.1) included. Without it the quantifier body's x resolved to
the state variable of that name in every instance, and the bound value was never read.
1.4 Reserved names
state, old and new are implicitly bound in some blocks (§4, and Layer 1's blocks
in 03-layer1-invariants.md). Declaring a variable or constant with one of those names
is a compile error rather than a subtle capture — the Raft example renames Raft's
state to srv_state for exactly this reason.
1.5 Type annotations
variable :name, type: t takes a type expression — a small language of its own,
distinct from the block DSL. It is stored quoted and resolved at model-check time
against the constant assignments, because nearly every useful type mentions a
constant (0..^max_val, [^servers ~> :set]) that has no value when the module
compiles.
	Form	Meaning
	:atom, 0, "s"	Exactly that literal
	[:a, :b]	One of the listed literals
	a..b	An integer in the range; either bound may be ^const
	a..b//step	Every stepth integer from a up to b — 0..10//2 is 0, 2, …, 10; a step may be ^const and may not be 0
	^name	Any element of the constant (which must be a set)
	t1 | t2	Union — a value of either type
	{t1, t2, …}	A tuple of that arity, element-wise
	[dom ~> rng]	A map (TLA+ function) whose keys are exactly dom and whose values are in rng
	%{k: t, …}	A record: a map with exactly these keys, each value of its type — TLA+'s [k : T, …]
	:set, :seq	Any MapSet / any list; element types unconstrained
	set(t), seq(t)	A MapSet / list whose every element is of type t — TLA+'s SUBSET T and Seq(T)
	:int, :nat	Any integer / any non-negative integer — TLA+'s Int and Nat

A range bound may be an integer, a ^constant, or arithmetic over them
(0..(^max_items - 1)), and it may be negative: Paxos's maxBal is -1 until the
acceptor promises something. A stepped range means what the same literal means in
params: — params: always honoured the step, and type: once dropped it, so x = 1
passed type: 0..10//2; the two consumers of one syntax now agree.
Two operators are overloaded and a reader should know it: inside type:, ~> is the
function arrow and | is union; inside a temporal block ~> is leads-to. The two
never occur in the same position, so the macro is never in doubt.
:set, :seq, :int and :nat likewise shadow the literal atoms of the same names
at the top level of a type. Inside a list there is nothing to be ambiguous with, so
[:set] means the literal atom :set.
set(t) and seq(t) are call forms rather than {:set, t} because the tuple form
collides: {:set, :nat} is already a legal tuple type of the literal atom :set and a
natural. A bare :set or :seq says only that a variable is a collection; set(t) and
seq(t) say what it holds, which is what lets the implicit type_ok invariant catch a
message of the wrong shape. The record form exists for the same reason: a set of records
is what a message set is.
:int and :nat are there for a value with no useful upper bound — a balance that starts
at its maximum and is pushed above it by a transfer, as §8's worked example is.
Types are checked as an implicit invariant named :type_ok in every reachable state
— which is why the coverage report lists one without the spec declaring it — and
they are the domain ExTLA.Simulation.Generator draws from. They do not restrict
exploration: a state outside its type is a reported violation, not a pruned branch.
1.6 f[x] is function application, and it is strict
Inside a spec block, f[x] means TLA+ function application, not Access.get/2.
It compiles to ExTLA.Spec.Helpers.at/3, which raises ExTLA.Spec.DomainError when x
is outside the domain of f:
	f	f[x]	Outside the domain
	A map	The value at x	Raises
	A list (a TLA+ sequence, 1-indexed)	The xth element	Raises
	Anything else	—	Raises

Ordinary Elixir returns nil there, and nil is not an error: Erlang's term order
makes every comparison total, and an atom sorts above every integer, so
balances[:carol] >= amount is true for an account that does not exist. The
guard succeeds, the action fires from a state it was never enabled in, and the checker
explores a state space the spec does not describe — reporting success over it. That is
the same failure 01-foundation.md rules out for reading a variable that is not there,
and it is ruled out here for the same reason (D-20).
The rule has no exceptions inside a block. It holds for a variable (pc[p]), a local
(let q = …; q[k]), an action_property's old./new. (old.owner[r]), and a
params: generator's own state argument (st.current_term[s]). A rule with exceptions
is one an author has to remember the shape of, and the exceptions would be exactly the
places a spec reaches into a collection it did not build.
One consequence worth stating: a keyword list indexed by its key — opts[:mode] — is a
list applied to a non-integer, so it raises. Inside a spec block that is the right
answer; state is maps and sequences, and a keyword list in a spec is either a mistake or
a map written the wrong way.

2. An action block is a conjunction, not a sequence
This is the rule most likely to surprise an Elixir programmer, and it is the one that
makes the DSL mean what TLA+ means.
An action body is a simultaneous assignment — the conjunction of a guard and a
set of next-state equations — not a sequence of statements. Concretely:
	Every right-hand side reads the pre-state. Assignment order is irrelevant.
	Every left-hand side writes the post-state. Nothing is visible to another
right-hand side in the same block.
	A variable not assigned is implicitly UNCHANGED.
	A variable may be assigned at most once. Two assignments to one variable is a
compile error, not a last-write-wins.

So this action:
action :swap do
  x = y
  y = x
end
swaps x and y. It does not set both to the old y. And this:
action :broken do
  x = 1
  x = 2         # compile error: `x` assigned twice in action :broken
end
does not compile.
let bindings are sequential — they are ordinary Elixir — and a let may read
earlier lets. Only state-variable assignment is simultaneous.
2.1 Guards
require expr is an enabling condition. All requires in a block are conjoined, and
they are evaluated against the pre-state with the action's params bound. An action
whose guard is false in a state is not enabled there and contributes no successor.
require may appear anywhere in the block, and it is positional with respect to
let: guards and bindings are evaluated in source order, so a require protects the
lets that follow it and not the ones above it. Assignments are separate — they build
the post-state and are evaluated only once the whole guard holds, so no require can be
ordered after an assignment in any way that matters.
The order is load-bearing rather than incidental, and §1.6 is why. Function application
is strict, so f[x] outside f's domain raises ExTLA.Spec.DomainError rather than
returning nil. That makes this legal and necessary:
action :consume do
  require Map.has_key?(inbox, ^client)
  let msg = inbox[^client]
  require msg.seq == expected
  ...
end
The first require is what stops inbox[^client] raising, and it only stops it because
the conjunction short-circuits over the binding. Hoisting the guards would evaluate the
let first and raise on exactly the states the guard exists to exclude. So the choice is
between a guard that can protect a binding and one that cannot, and the DSL takes the
first (ExTLA.Spec.Block.guard_body/2).
A require placed after the let it should have guarded is therefore a real error and
not a style question: the action raises where it should have been disabled.
One qualification, because it decides when the mistake is visible. The guard is built from
the statements up to and including the last require, and lets that no guard reads
are pruned out of it. So a badly-ordered let that only the assignments use never
evaluates during the guard at all, and the misplacement costs nothing. It bites when the
binding is consumed by a later require — which is exactly when the guard needed
protecting.

3. Nondeterminism comes from params:, and only from params:
An earlier draft had two nondeterminism mechanisms: params: for constant-drawn
values, and choose/1,2 inside the block for state-drawn values. That second one was
both redundant and misnamed — CHOOSE in TLA+ is deterministic Hilbert choice, so a
choose that forks the search contradicts the notation ExTLA is modeled on. Worse, it
cannot work: a plain function returning one element cannot produce several successors.
There is now one mechanism. A params: entry may draw from:
	Form	Meaning	Example
	A constant	Each element of the constant set	from: ^accounts
	A literal range or list	Each distinct element — a repeated literal warns at compile time, and coinciding ^constants are drawn once	amount: 1..10, mode: [:a, :b]
	A state function	Each element of the set the function returns for the pre-state	t: fn s -> s.pending end

Params bind left to right, and a state function may take a second argument
receiving the params bound before it. This keeps the combinatorial explosion down where
one param constrains another — filter in the generator rather than generating every
combination and rejecting most of them in the guard:
# Generates |servers| x |messages| combinations, most rejected by the guard
params: [s: ^servers, msg: fn st -> st.messages end]

# Generates only the messages actually addressed to `s`
params: [s: ^servers, msg: fn st, %{s: s} -> Enum.filter(st.messages, &(&1.to == s)) end]
Both are correct; the second is the one to write.
The state-function form is what replaces choose. It is evaluated on the pre-state
before the guard, and the checker generates one successor per element of the returned
enumerable — the direct encoding of TLA+'s \E t \in pending : …:
# Before (did not work — `choose` cannot fork)
action :complete_transfer do
  require status == :transferring
  {to, amount} = choose(pending)
  …
end

# After — the branching is in `params:`, the body is deterministic
action :complete_transfer, params: [t: fn s -> s.pending end] do
  require status == :transferring
  let {to, amount} = t
  …
end
The payoff is that an action body is now a pure deterministic function of
(pre_state, params). That single property is what makes successor generation,
enabling checks, symmetry canonicalization (§Symmetry) and
Layer 3's refinement check (05-layer3-conformance.md §1) all straightforward. Any
construct that reintroduces in-body branching must be rejected for the same reason.
A state function returning an empty enumerable disables the action in that state,
exactly as a false guard would.
3.1 choose/2 keeps its TLA+ meaning
ExTLA.Spec.Helpers.choose/2 and ExTLA.Set.choose/2 are deterministic: they return
the same element for the same set and predicate, and raise if none satisfies it. That
is TLA+'s CHOOSE. They do not branch, and they are not a nondeterminism mechanism.

4. action_property uses old and new
An action property constrains a transition, so bare variable names would be ambiguous.
The block binds two maps and requires explicit qualification:
action_property :money_is_conserved do
  sum(values(old.balances)) + pending_total(old) ==
    sum(values(new.balances)) + pending_total(new)
end
A bare declared-variable name inside action_property is a compile error with a
message naming old./new.. Constants are still written ^name and mean the same
thing in both states.
This replaces the earlier fn old, new -> … end form. invariant and
action_property now have one shape between Layer 1 and Layer 2 — a bare boolean
expression — rather than the two shapes the earlier drafts had (fn state -> … end in
Layer 1, a bare expression in Layer 2).

5. invariant and temporal
Both take a bare boolean expression over variables and ^constants.
invariant :no_negative_balance do
  Enum.all?(values(balances), &(&1 >= 0))
end

temporal :eventually_done do
  eventually(always(status == :done))
end
Inside temporal, the operators always/1, eventually/1 and ~>/2 (leads-to) are
available and compose. Everything else in the block is an ordinary state predicate.
A predicate is true or false, and nothing else is accepted. Elixir's and/or
return their last operand, so n >= 0 and status evaluates to status; a checker that
tested the result for truthiness would count that as holding whenever status was
anything but nil or false. Every predicate — invariant, terminal,
action_property, and each state predicate inside a temporal — is compiled with a
result check, and a non-boolean raises ExTLA.Spec.PredicateError naming the declaration
and the value. It raises rather than reporting a violation because a predicate that
returned :idle was not violated; it was broken, and a "violation" would send the
author looking for the wrong bug. The check is on the compiled function, so every
consumer — the checker, trace replay, coverage, the ledger — gets the same refusal.
Layer 1 holds invariant, action_property, precondition and postcondition to the same
rule: true holds, false is a violation, and anything else is refused. In a running
process, the refusal is reported the way a violation is, through the configured mode, with
the value named ("returned :idle, which is not a boolean"). So :log_only logs it and
:enabled raises ExTLA.Invariant.Violation, rather than raising into a server outside the
response its author chose.
5.1 The supported temporal fragment is bounded — say so
ExTLA does not implement full LTL. The supported fragment is:
formula  ::= temporal | Enum.all?(^constant, fn x -> formula end)
temporal ::= pred | always(pred) | eventually(pred)
           | always(eventually(pred)) | eventually(always(pred))
           | pred ~> pred | always(pred ~> pred)
pred     ::= any boolean expression over variables and constants
The nesting is bounded. The grammar is not recursive: the checker evaluates the seven
shapes above and no others, and a temporal written in any other shape is refused when
the spec compiles, naming the declaration and the shape.
always(always(P)) is always(P) and eventually(eventually(P)) is eventually(P), so
nothing expressible is lost by refusing them; what is gained is that the reader is told so
at the declaration rather than left with a formula that means less than it says.
There is no negation, conjunction or disjunction of formulas (a pred may of course
contain not/and/or). The one exception is the quantifier on the first line:
Enum.all? over a constant with a formula body is \A x \in C : F(x), a
conjunction of instantiated formulas that the checker checks one at a time — each
instance is itself in the fragment, so nothing new is needed to check it. Every
per-process property in 07-examples.md is written this way. The set must be a
constant or a literal; a state-dependent set would make the formula's shape depend on
the state.
A quantifier under a temporal operator is a predicate, not that form.
always(Enum.all?(^procs, fn p -> done[p] end)) is always(pred): an Enum.all? over a
constant with a boolean body is an ordinary state predicate, and an invariant has
accepted one all along. Only at the
formula position is Enum.all? the quantifier; everywhere else it is part of the
predicate, and a temporal operator inside its body is temporal_operator_in_state_predicate.
This is deliberate: the fragment above covers the properties people actually write,
and it is checkable by SCC analysis without constructing a Büchi automaton. A formula
outside the fragment is a compile error — naming the unsupported operator, or the
nesting that goes deeper than the fragment evaluates — never a silently weaker check.
P ~> Q already means always(P implies eventually(Q)), so always(P ~> Q) is
accepted and means the same thing as P ~> Q; the compiler collapses it rather than
rejecting a form TLA+ users write out of habit.
If the fragment is ever widened, it is widened here first, in this section, and the
checker follows.
5.2 Fairness is declared per action, or per parameter binding
fairness :weak, [:done] attaches WF to the whole action: if some binding of
done is continuously enabled, some binding is eventually taken. That is
WF_vars(Done) and it is too weak for any per-process property — it is consistent
with one process requesting forever while the others take turns. TLA+ writes
\A p \in Procs : WF_vars(Acquire(p)), and so does ExTLA:
fairness :strong, acquire_lock: [:p]                   # SF for each value of p, separately
fairness :weak, release_lock: [:p], return_to_idle: [:p]
fairness :weak, [:done, :reset]                        # whole-action form, unchanged
The named params must be a prefix of the action's params and must draw from a
constant or a literal (§3) — a state-drawn param cannot be quantified over, because
the set it ranges over changes from state to state. Both are compile errors (§7).
The checker expands acquire_lock: [:p] into |^processes| separate constraints
once the constants are known, each with its own ENABLED computed over the
remaining params (01-foundation.md §ExTLA.Temporal.enabled?/4).
Without this form, no_starvation in 07-examples.md Example 1 is unprovable.
5.3 Terminal states are declared, not inferred
A reachable state with no enabled action is a deadlock, and the checker reports
it as a violation by default. Some specs terminate on purpose — a bounded producer
that has produced ^max_items, an election whose term bound is exhausted. Those
states are declared:
terminal :all_items_consumed do
  produced_count == ^max_items and len(buffer) == 0
end
A successor-less state that satisfies a terminal predicate is not a deadlock.
Nothing else changes: invariants are still checked there, no action is disabled by
it, and for liveness it is a state that stutters forever — so a leads-to whose
consequent has not held by then is violated there, which is the correct verdict. A
terminal that admits a state which still has an enabled action is reported by
coverage as terminal_but_live; it is not an error, but it almost always means the
predicate is broader than the end state it was written for.
check_deadlock: false remains available as the blunt instrument. Prefer the
declaration: it says which states are meant to be final, and keeps deadlock
detection on for all the others.

6. Terms permitted in state
A spec variable's value MUST be deterministically serializable, because state identity
is a hash of that value (01-foundation.md §ExTLA.Fingerprint). Permitted: atoms,
integers, binaries, tuples, lists, maps, MapSets, and structs built from those.
Forbidden in spec state: pids, references, ports, funs, floats, and bitstrings that
are not a whole number of bytes. The first four have no stable identity across runs;
floats introduce -0.0/NaN comparison hazards that make two "equal" states hash
differently; a bitstring such as <<1::3>> has no JSON form (ExTLA.State.Json carries
bytes), so admitting it would let a violation the search found be lost when the report
is written. A binary need not be valid UTF-8 — <<255, 0>> is a permitted term, and the
wire format carries it as base64 under its own tag. Assigning a forbidden term is a
runtime error from the checker naming the variable, not a silent mis-fingerprint.
When the check runs: once per distinct state, as the state enters the state graph,
and before anything else in the checker looks at it. Not once per transition into it —
a state reached five ways is checked once. The guarantee is unaffected, and for a reason
worth stating: a forbidden term is exactly a term whose encoding does not recur, so a
state carrying one can never be mistaken for a state already seen, and is always checked
on the path that reaches it first (D-26).

7. Compile-time validation
Every rule above is checked when the spec module compiles, because the DSL already
accumulates every declaration it needs. A spec either means something precise or does
not compile.
The first column is the diagnostic's kind, the identifier ExTLA.Spec.CompileError
carries, so a test can match on it.
Names and declarations
	Kind	Trigger
	undeclared_variable	= assigns, or an expression reads, a name that is not a variable
	undeclared_constant	^name where no constant :name exists
	constant_without_pin	A bare name matching a declared constant — the likeliest typo in the DSL, so it gets its own message rather than falling through to undeclared_variable (§1.1)
	variable_not_readable_here	A variable read where there is no state to read it from: init, which defines the first state, and the old/new positions that name one explicitly
	reserved_name	A variable/constant named state, old or new (§1.4)
	implicit_invariant_redeclared	An invariant :type_ok, which §1.5 derives from the declared types and checks implicitly
	already_declared	Two variable/constant declarations of one name
	duplicate_declaration	Two action/invariant/terminal/temporal/action_property declarations of one name — a second cannot shadow the first, and a name that identifies two things is a name a trace cannot report
	declaration_name_not_an_atom	A declaration whose name is computed rather than a literal atom; the name reaches traces and coverage, so it is fixed at compile time

Blocks and statements
	Kind	Trigger
	unexpected_statement	A statement in an init/action body that is not require, let, or an assignment (§2)
	declaration_without_a_block	A declaration with options and no do block
	variable_assigned_twice	Two assignments to one variable in one action (§2)
	assignment_outside_init_or_action	= on a declared variable anywhere outside init/action — nested under always, and, a call, or at the top level; the walk is the whole expression, since §1.2 leaves no legitimate nested case
	assignment_to_undeclared_variable	= assigns a name no variable declares
	destructuring_without_let	A pattern assignment ({a, b} = …) without let: in a spec block = is a next-state relation on one variable, so a destructuring form means a local and must say so
	let_without_binding	A let whose body is not a binding
	require_in_init	An init block is unconditional; several possible starting states are several init blocks
	init_does_not_assign	An init block that leaves a declared variable out. The partial state would surface much later, as a KeyError from whichever action first read it
	no_init_block	A spec with variables and no init. Its state space is empty, and checking it would report success over a search of nothing
	binder_shadows_variable	A let or a quantifier binder named after a declared variable (§1.3)
	binder_shadows_constant	The same, for a declared constant
	binder_shadows_binding	The same, for a name this declaration already binds — a params: name, or old/new

Options
	Kind	Trigger
	options_not_a_keyword_list	A declaration's options are not a keyword list
	options_not_literal	Options built at compile time from something other than a literal keyword list, so the set of keys cannot be read
	unknown_option	An option no declaration of that kind consumes. An option nobody reads and an option nobody wrote are the same thing to a Keyword.pop/2 with a default (D-18)

Parameters
	Kind	Trigger
	params_not_a_keyword_list	params: is not a keyword list
	malformed_params_entry	A params: entry that is not name: source
	param_draws_from_a_non_set	A params: entry that is not a constant, range, list, or 1- or 2-arity function
	param_generator_arity	A params: generator function of an arity the search cannot call (§3)
	param_generator_clauses	A params: generator with several clauses: which one applies would depend on the state, and the binding set has to be a function of the declaration
	param_shadows_a_variable	A params: entry named after a declared variable, which would make a bare use of that name inside the block ambiguous
	param_is_a_reserved_name	A params: entry named state, old or new (§1.4)
	duplicate_param	Two params: entries of one name

Types (§1.5)
	Kind	Trigger
	ill_formed_type	A type: expression outside the §1.5 grammar
	type_names_undeclared_constant	^name in a type where no constant :name exists
	type_range_bound	A range bound that is neither an integer nor a ^constant
	type_range_step_zero	A stepped range whose step is 0, which describes no values
	collection_type_arity	set(…)/seq(…) with other than one element type (D-21)
	record_type_key_not_literal	A record type whose keys are computed rather than literal
	list_type_element_not_literal	A list type listing something other than literals — [:a, :b] means "one of these"; a map type is [dom ~> rng] and a union of richer types is t1 | t2

Fairness (§5.2)
	Kind	Trigger
	fairness_kind	A fairness kind other than :weak or :strong
	fairness_not_a_list	fairness given something other than a list
	malformed_fairness_entry	A fairness entry that is neither an action name nor action: [params]
	unknown_action_in_fairness	fairness :weak, [:typo]
	fairness_over_a_state_drawn_param	fairness :weak, complete_transfer: [:t] where t draws from a state function
	fairness_params_not_a_prefix	The per-binding params are not a leading prefix of the action's params

Temporal formulas (§5.1)
	Kind	Trigger
	unsupported_temporal_operator	A formula built with an operator the fragment has no place for — and/or/not OF FORMULAS
	temporal_nesting_outside_fragment	Supported operators nested deeper than §5.1 evaluates: always(always(P)), eventually(P ~> Q), a third operator under the first two
	temporal_operator_in_state_predicate	A temporal operator where a state predicate is required — inside always(…)'s argument, or under a quantifier
	temporal_quantifier_domain	A temporal quantifier ranging over something that is not a constant or a literal list
	temporal_block_not_one_formula	A temporal block with more than one statement. Unlike invariant, there is no single state in which to compute an intermediate value: the formula is evaluated over a behavior

Diagnostics carry the spec module, the declaration name, and the offending line. The
quality of these messages is most of the difference between a DSL people adopt and one
they bounce off; they are a deliverable, not a nicety.
Not here, and deliberately: the §6 term check. A pid, reference, port, fun, float or
non-byte-aligned bitstring assigned to a variable is a runtime error from the checker, as
§6 says — the value is not known until a state is computed.

8. Worked example
The transfer protocol from 04-layer2-model-checker.md, in the settled syntax:
defmodule Specs.TransferProtocol do
  use ExTLA.Spec

  constant :accounts
  constant :max_balance

  variable :balances, type: [^accounts ~> :nat]
  variable :status,   type: [:idle, :transferring, :done, :error]
  variable :pending,  type: :set
  variable :log,      type: :seq

  init do
    balances = for_each(^accounts, fn _ -> ^max_balance end)
    status   = :idle
    pending  = set()
    log      = seq()
  end

  action :begin_transfer,
    params: [from: ^accounts, to: ^accounts, amount: 1..^max_balance] do
    require from != to
    require status == :idle
    require balances[from] >= amount

    balances = update(balances, from, &(&1 - amount))
    pending  = put(pending, {to, amount})
    status   = :transferring
  end

  # `params:` draws from the pre-state — this is `\E t \in pending`
  action :complete_transfer, params: [t: fn s -> s.pending end] do
    require status == :transferring

    let {to, amount} = t
    balances = update(balances, to, &(&1 + amount))
    pending  = delete(pending, t)
    status   = if size(delete(pending, t)) == 0, do: :done, else: :transferring
    log      = append(log, %{to: to, amount: amount})
  end

  action :fail_transfer do
    require status == :transferring
    status  = :error
    pending = set()
  end

  action :reset do
    require status in [:done, :error]
    status = :idle
  end

  invariant :conservation_of_money do
    let total = sum(values(balances)) + sum(pending, fn {_to, amt} -> amt end)
    total == ^max_balance * MapSet.size(^accounts)
  end

  action_property :no_phantom_credit do
    Enum.all?(^accounts, fn a ->
      new.balances[a] <= old.balances[a] or
        Enum.any?(old.pending, fn {to, _} -> to == a end)
    end)
  end

  temporal :no_stuck_pending do
    (status == :transferring) ~> (status in [:done, :error])
  end

  fairness :weak, [:complete_transfer, :reset]
  fairness :strong, [:fail_transfer]
end
This example is deliberately refutable, and that is the one thing about it a reader
must not have to guess. fail_transfer discards pending without refunding it, so
conservation_of_money is violated — at depth 3, by begin_transfer then
fail_transfer.
So do not copy this spec expecting it to verify: it is a worked example of a checker
finding a bug, and the bug is the point. The action blocks, the params: and the
invariant syntax above are what to copy.
Note also that this spec's state space is infinite: complete_transfer appends to
log and reset returns to :idle, so the log grows without bound. Checking it
exhaustively is impossible, and checking it at all needs a state_constraint bounding
len(log) (§State constraints) — for which the result
reports :constrained rather than :ok. A worked example that cannot be run as
written would be a poor advertisement for the tool, so it is said here rather than
discovered.


  

    ExTLA Examples

End-to-end examples using the settled DSL of
02-dsl-semantics.md: constants are pinned (^name),
variables are bare, action bodies are simultaneous assignments, and all nondeterminism
lives in params:.
These are not illustrations. They are the acceptance corpus: each one must compile,
model-check, and — for those with implementations — pass conformance, before the DSL is
considered settled. A construct no example needs is a construct the DSL does not get.

Example 1: Distributed Lock
Specification (Layer 2)
defmodule Specs.DistributedLock do
  use ExTLA.Spec

  constant :processes
  constant :resources

  variable :owner, type: [^resources ~> (^processes | :none)]
  variable :waiting, type: [^resources ~> set(^processes)]

  variable :pc,
    type: [^processes ~> (:idle | :requesting | {:holding, ^resources} | :releasing)]

  init do
    owner = for_each(^resources, fn _ -> :none end)
    waiting = for_each(^resources, fn _ -> set() end)
    pc = for_each(^processes, fn _ -> :idle end)
  end

  action :request_lock, params: [p: ^processes, r: ^resources] do
    require pc[p] == :idle

    waiting = update(waiting, r, &put(&1, p))
    pc = update(pc, p, fn _ -> :requesting end)
  end

  action :acquire_lock, params: [p: ^processes, r: ^resources] do
    require pc[p] == :requesting
    require owner[r] == :none
    require member?(waiting[r], p)

    owner = update(owner, r, fn _ -> p end)
    waiting = update(waiting, r, &delete(&1, p))
    pc = update(pc, p, fn _ -> {:holding, r} end)
  end

  action :release_lock, params: [p: ^processes, r: ^resources] do
    require pc[p] == {:holding, r}
    require owner[r] == p

    owner = update(owner, r, fn _ -> :none end)
    pc = update(pc, p, fn _ -> :releasing end)
  end

  action :return_to_idle, params: [p: ^processes] do
    require pc[p] == :releasing

    pc = update(pc, p, fn _ -> :idle end)
  end

  # ── Safety ──

  # Stated over `pc`, which is per PROCESS, so two processes can in principle
  # both be `{:holding, r}` — that is what gives this invariant content.
  invariant :mutual_exclusion,
    desc: "at most one process holds any given resource — THE lock property" do
    Enum.all?(^resources, fn r ->
      Enum.count(^processes, fn p -> pc[p] == {:holding, r} end) <= 1
    end)
  end

  invariant :owner_is_valid do
    Enum.all?(^resources, fn r ->
      owner[r] == :none or MapSet.member?(^processes, owner[r])
    end)
  end

  invariant :holding_means_owner do
    Enum.all?(^processes, fn p ->
      case pc[p] do
        {:holding, r} -> owner[r] == p
        _ -> true
      end
    end)
  end

  action_property :lock_not_stolen do
    Enum.all?(^resources, fn r ->
      old.owner[r] == new.owner[r] or
        old.owner[r] == :none or new.owner[r] == :none
    end)
  end

  # ── Liveness (Phase 2) ──

  temporal :no_starvation,
    desc: "every requesting process eventually acquires; needs SF per process" do
    Enum.all?(^processes, fn p ->
      (pc[p] == :requesting) ~> match?({:holding, _}, pc[p])
    end)
  end

  temporal :lock_eventually_released do
    Enum.all?(^processes, fn p ->
      match?({:holding, _}, pc[p]) ~> (pc[p] == :idle)
    end)
  end

  fairness(:strong, acquire_lock: [:p])
  fairness(:weak, release_lock: [:p], return_to_idle: [:p])
end
Implementation with Conformance (Layers 1 + 3)
defmodule MyApp.LockServer do
  use GenServer
  use ExTLA.GenServer,
    spec: Specs.DistributedLock,
    refinement: __MODULE__.Refinement

  defmodule Refinement do
    use ExTLA.Refinement

    def abstract(state) do
      %{
        owner:   Map.new(state.locks, fn {r, info} -> {r, info.holder || :none} end),
        waiting: Map.new(state.locks, fn {r, info} -> {r, MapSet.new(:queue.to_list(info.queue))} end),
        pc:      Map.new(state.process_states, fn {p, ps} -> {p, map_process_state(ps)} end)
      }
    end

    defp map_process_state(:idle), do: :idle
    defp map_process_state(:waiting), do: :requesting
    defp map_process_state({:locked, r}), do: {:holding, r}
    defp map_process_state(:unlocking), do: :releasing

    # The params matter: `check_step!/5` applies the named action WITH these
    # params and compares its post-state to the implementation's. They are fully
    # bound here because the message carries them; a mapping may leave a param
    # unbound when the implementation resolves the choice itself, and the check
    # then searches for a binding (05-layer3-conformance.md §ExTLA.GenServer.Runtime).
    def abstract_action({:lock, pid, resource}),
      do: {:request_lock, %{p: pid, r: resource}}
    def abstract_action({:unlock, pid, resource}),
      do: {:release_lock, %{p: pid, r: resource}}
    def abstract_action(_), do: :unmapped

    # No `concrete_message/2`, and the note below the implementation says why: two of
    # the spec's four actions have no message in this server, so the mapping cannot
    # drive it from the spec. The callback is optional for exactly this, and defining
    # it for the two that DO have a message would be the one shape `validate!/3`
    # refuses (08-decisions.md D-39). `05-layer3-conformance.md`'s own mapping, whose
    # implementation takes a message per action, is where the callback is shown.
  end

  def init(resources) do
    locks = Map.new(resources, fn r -> {r, %{holder: nil, queue: :queue.new()}} end)
    {:ok, %{locks: locks, process_states: %{}}}
  end

  def handle_call({:lock, pid, resource}, _from, state) do
    lock_info = state.locks[resource]

    if lock_info.holder == nil do
      new_locks = Map.put(state.locks, resource, %{lock_info | holder: pid})
      new_ps = Map.put(state.process_states, pid, {:locked, resource})
      {:reply, :acquired, %{state | locks: new_locks, process_states: new_ps}}
    else
      new_queue = :queue.in(pid, lock_info.queue)
      new_locks = Map.put(state.locks, resource, %{lock_info | queue: new_queue})
      new_ps = Map.put(state.process_states, pid, :waiting)
      {:reply, :queued, %{state | locks: new_locks, process_states: new_ps}}
    end
  end

  def handle_call({:unlock, pid, resource}, _from, state) do
    lock_info = state.locks[resource]

    if lock_info.holder == pid do
      case :queue.out(lock_info.queue) do
        {{:value, next_pid}, rest} ->
          new_locks = Map.put(state.locks, resource, %{holder: next_pid, queue: rest})
          new_ps = state.process_states
            |> Map.put(pid, :idle)
            |> Map.put(next_pid, {:locked, resource})
          {:reply, :released, %{state | locks: new_locks, process_states: new_ps}}

        {:empty, _} ->
          new_locks = Map.put(state.locks, resource, %{holder: nil, queue: :queue.new()})
          new_ps = Map.put(state.process_states, pid, :idle)
          {:reply, :released, %{state | locks: new_locks, process_states: new_ps}}
      end
    else
      {:reply, {:error, :not_holder}, state}
    end
  end
end
This implementation does not refine the spec, and Layer 3 now says so.
handle_call({:lock, …}) on a free lock goes straight to {:locked, resource} —
abstractly, pc[p] = {:holding, r} — in one step. The spec's request_lock produces
pc[p] = :requesting and requires a separate acquire_lock. So check_step!/5
reports :diverged on the very first acquisition, with a diff on pc and owner.
Both readings are defensible: either the spec should model the fast path, or the
implementation should not collapse two abstract steps into one callback. Which to
change is a design decision. The point is that the earlier design could not see the
question — the invariants all hold in the implementation's post-state, so the old
Layer 3 reported conformance.
The same collapse is why the mapping defines no concrete_message/2. acquire_lock
and return_to_idle are steps this server takes inside a {:lock, …} or {:unlock, …}
callback, so no message causes them and no honest clause can name one. A mapping that
named the other two and stopped is the one shape validate!/3 refuses — an action it
can never produce is dead in this implementation, which is a finding rather than a gap
(08-decisions.md D-39). Declining the optional callback is the honest position while
the design decision above is open: this server can be checked as it runs, which is
what the :diverged above is, and it cannot be driven from the spec.

Tests (All Layers)
defmodule MyApp.LockServerTest do
  use ExUnit.Case
  import ExTLA.Spec.Test

  # Layer 2: model check the spec
  test "lock spec satisfies mutual exclusion" do
    assert_spec Specs.DistributedLock, %{
      constants: %{
        processes: MapSet.new([:p1, :p2, :p3]),
        resources: MapSet.new([:r1, :r2])
      },
      symmetry: [:processes, :resources],   # 3! * 2! fewer states...
      verify_symmetry: true,                # ...and prove the declaration sound on this model
      check_liveness: false,
      strict_coverage: true
    }
  end

  test "lock spec satisfies no-starvation with fairness" do
    assert_spec Specs.DistributedLock, %{
      constants: %{processes: MapSet.new([:p1, :p2]), resources: MapSet.new([:r1])},
      check_liveness: true
    }
  end

  # Layer 3: simulation against the real server
  test "lock server conforms to spec under random workload" do
    result = ExTLA.Simulation.run(MyApp.LockServer, %{
      traces: 1000,
      max_steps: 50,
      constants: %{processes: MapSet.new([:p1, :p2, :p3]), resources: MapSet.new([:r1])},
      inject_failures: false,
      seed: 12345
    })

    assert result.status == :ok
    assert result.traces_run == 1000
  end

  # Layer 3: replay a counterexample from the checker against the real server
  test "counterexample reproduces against the implementation" do
    {result, _graph} = ExTLA.ModelChecker.explore(Specs.DistributedLock, %{
      constants: %{processes: MapSet.new([:p1, :p2]), resources: MapSet.new([:r1])}
    })

    if result.violation do
      replay = ExTLA.Replay.counterexample(MyApp.LockServer, result.violation)
      assert replay.status == :violation,
             "the spec permits a behavior the implementation does not — one is wrong"
    end
  end
end

Example 2: Raft Leader Election (Simplified)
Modeling a distributed consensus protocol. This is the example that most exercises
state-dependent params:, because nearly every action begins "pick a message from the
network".
Specification
defmodule Specs.RaftElection do
  use ExTLA.Spec

  constant :servers
  constant :max_term

  variable :current_term, type: [^servers ~> 0..^max_term]
  variable :voted_for, type: [^servers ~> (^servers | :none)]
  variable :srv_state, type: [^servers ~> [:follower, :candidate, :leader]]
  variable :votes_granted, type: [^servers ~> set(^servers)]

  # TLA+'s `Message`, element for element.
  variable :messages,
    type:
      set(
        %{type: :request_vote, term: 0..^max_term, from: ^servers, to: ^servers}
        | %{
            type: :vote_response,
            term: 0..^max_term,
            from: ^servers,
            to: ^servers,
            granted: [true, false]
          }
      )

  init do
    current_term = for_each(^servers, fn _ -> 0 end)
    voted_for = for_each(^servers, fn _ -> :none end)
    srv_state = for_each(^servers, fn _ -> :follower end)
    votes_granted = for_each(^servers, fn _ -> set() end)
    messages = set()
  end

  # ── Actions ──

  # `^max_term` is a model bound, not part of Raft: the real protocol times out
  # again. The bound is what makes the state space finite.
  action :timeout, params: [s: ^servers] do
    require srv_state[s] in [:follower, :candidate]
    require current_term[s] < ^max_term

    let new_term = current_term[s] + 1

    let vote_requests =
          set(
            for t <- ^servers, t != s do
              %{type: :request_vote, term: new_term, from: s, to: t}
            end
          )

    current_term = update(current_term, s, fn _ -> new_term end)
    srv_state = update(srv_state, s, fn _ -> :candidate end)
    voted_for = update(voted_for, s, fn _ -> s end)
    votes_granted = update(votes_granted, s, fn _ -> set([s]) end)
    messages = union(messages, vote_requests)
  end

  # `msg` draws from the PRE-state. Params bind left to right, so `msg`'s
  # function receives `s` and can filter on it — one successor per matching
  # message, which is exactly `\\E msg \\in messages`.
  action :handle_request_vote,
    params: [
      s: ^servers,
      msg: fn st, %{s: s} ->
        Enum.filter(st.messages, &(&1.type == :request_vote and &1.to == s))
      end
    ] do
    let grant =
          msg.term >= current_term[s] and
            (voted_for[s] == :none or voted_for[s] == msg.from)

    let response = %{
          type: :vote_response,
          term: msg.term,
          from: s,
          to: msg.from,
          granted: grant
        }

    # Every RHS reads the PRE-state, so `current_term[s]` below is the old term
    # even though `current_term` is assigned in this same block (§2).
    current_term =
      if msg.term > current_term[s],
        do: update(current_term, s, fn _ -> msg.term end),
        else: current_term

    voted_for =
      if grant, do: update(voted_for, s, fn _ -> msg.from end), else: voted_for

    srv_state =
      if msg.term > current_term[s],
        do: update(srv_state, s, fn _ -> :follower end),
        else: srv_state

    messages = messages |> delete(msg) |> put(response)
  end

  # The term check is what makes `election_safety` hold. Without it a candidate
  # that timed out twice counts a vote granted in the EARLIER term towards its
  # current candidacy, and two servers reach `:leader` in the same term — an
  # 8-state counterexample TLC hands back in under a second.
  action :handle_vote_response,
    params: [
      s: ^servers,
      msg: fn st, %{s: s} ->
        Enum.filter(
          st.messages,
          &(&1.type == :vote_response and &1.to == s and &1.granted)
        )
      end
    ] do
    require msg.term == current_term[s]
    require srv_state[s] == :candidate

    let quorum = div(MapSet.size(^servers), 2) + 1
    let new_votes = put(votes_granted[s], msg.from)

    votes_granted = update(votes_granted, s, fn _ -> new_votes end)
    messages = delete(messages, msg)

    srv_state =
      if size(new_votes) >= quorum,
        do: update(srv_state, s, fn _ -> :leader end),
        else: srv_state
  end

  # Seeing a higher term is not consuming the message: `messages` is unchanged.
  action :step_down,
    params: [
      s: ^servers,
      msg: fn st, %{s: s} ->
        Enum.filter(st.messages, &(&1.to == s and &1.term > st.current_term[s]))
      end
    ] do
    current_term = update(current_term, s, fn _ -> msg.term end)
    srv_state = update(srv_state, s, fn _ -> :follower end)
    voted_for = update(voted_for, s, fn _ -> :none end)
  end

  # A split vote at `^max_term` leaves every server at the bound with nothing
  # deliverable left: the vote responses still in the network are refusals, or
  # grants to a server that is no longer a candidate, or grants for a term it
  # has moved past. That is the model bound, not a Raft deadlock
  # (`02-dsl-semantics.md` §5.3).
  terminal :term_bound_exhausted do
    Enum.all?(^servers, fn s -> current_term[s] == ^max_term end) and
      Enum.all?(messages, fn m ->
        m.type == :vote_response and
          not (m.granted and srv_state[m.to] == :candidate and
                 m.term == current_term[m.to])
      end)
  end

  # ── Safety ──

  invariant :election_safety,
    desc: "at most one leader per term — Raft's fundamental property" do
    Enum.all?(0..^max_term, fn term ->
      Enum.count(^servers, fn s ->
        srv_state[s] == :leader and current_term[s] == term
      end) <= 1
    end)
  end

  invariant :vote_integrity do
    Enum.all?(^servers, fn s ->
      voted_for[s] == :none or MapSet.member?(^servers, voted_for[s])
    end)
  end

  invariant :leader_has_quorum do
    let quorum = div(MapSet.size(^servers), 2) + 1

    Enum.all?(^servers, fn s ->
      srv_state[s] != :leader or size(votes_granted[s]) >= quorum
    end)
  end

  # ── Liveness (Phase 2) ──

  # Refuted by the term bound, by design: the split vote above ends in
  # `term_bound_exhausted` with no leader. The counterexample is the bound, not
  # Raft.
  temporal :eventually_elect_leader do
    eventually(Enum.any?(^servers, fn s -> srv_state[s] == :leader end))
  end

  fairness(:weak, [:handle_request_vote, :handle_vote_response])
  fairness(:strong, [:timeout])
end
Notes on this spec:
	state was renamed to srv_state. state is bound implicitly in Layer 1 blocks
(03-layer1-invariants.md), and a spec variable that shadows a reserved binding is a
compile-time error rather than a subtle capture.
	^max_term is a model bound, not part of Raft. The coverage report will show
timeout becoming disabled once every server reaches it; that is the bound working,
not a bug, and it is why bounded_by appears in ExTLA.Coverage.
	eventually_elect_leader is violated in this bounded model: a split vote at
^max_term ends in the term_bound_exhausted terminal state with no leader. The
counterexample is the bound, not Raft — the real protocol times out again. TLC's Raft
spec has the same property only under a constraint. The test below checks safety
exhaustively and asserts that the liveness counterexample ends in that terminal state,
which is more useful than deleting a property the model refutes.
	At servers = {s1, s2, s3}, max_term = 2 this model has 58,359 reachable states and a
diameter of 19, and TLC agrees on both.

Tests
defmodule Specs.RaftElectionTest do
  use ExUnit.Case
  import ExTLA.Spec.Test

  @constants %{servers: MapSet.new([:s1, :s2, :s3]), max_term: 2}

  test "election safety holds" do
    assert_spec Specs.RaftElection, %{
      constants: @constants,
      symmetry: [:servers],
      verify_symmetry: true,
      check_liveness: false,
      strict_coverage: true
    }
  end

  test "leader election is refuted by the term bound, and only by it" do
    result =
      ExTLA.ModelChecker.run(Specs.RaftElection, %{constants: @constants, check_liveness: true})

    assert result.status == :violation
    assert result.violation.type == :liveness
    assert result.violation.property == :eventually_elect_leader

    # The trace ends where the model bound stops it: every server at `max_term`
    # and no leader. What is left in `messages` is the undeliverable residue the
    # `term_bound_exhausted` terminal describes, not an empty network.
    last = List.last(result.violation.states)
    assert Enum.all?(last.current_term, fn {_s, t} -> t == 2 end)
    refute Enum.any?(last.srv_state, fn {_s, st} -> st == :leader end)
  end
end

Example 3: Producer-Consumer with Bounded Buffer
A classic concurrency problem exercising every property type.
Specification
defmodule Specs.BoundedBuffer do
  use ExTLA.Spec

  constant :producers
  constant :consumers
  constant :buffer_size
  constant :max_items

  # TLA+'s `Item`, element for element; the bound is one short of `^max_items`
  # because the first item produced is numbered 0.
  variable :buffer, type: seq(%{producer: ^producers, seq: 0..(^max_items - 1)})
  variable :produced_count, type: 0..^max_items
  variable :consumed_count, type: 0..^max_items
  variable :producer_pc, type: [^producers ~> [:ready, :waiting, :producing]]
  variable :consumer_pc, type: [^consumers ~> [:ready, :waiting, :consuming]]

  init do
    buffer = seq()
    produced_count = 0
    consumed_count = 0
    producer_pc = for_each(^producers, fn _ -> :ready end)
    consumer_pc = for_each(^consumers, fn _ -> :ready end)
  end

  action :produce, params: [p: ^producers] do
    require producer_pc[p] == :ready
    require len(buffer) < ^buffer_size
    require produced_count < ^max_items

    buffer = append(buffer, %{producer: p, seq: produced_count})
    produced_count = produced_count + 1
    producer_pc = update(producer_pc, p, fn _ -> :producing end)
  end

  action :producer_done, params: [p: ^producers] do
    require producer_pc[p] == :producing
    producer_pc = update(producer_pc, p, fn _ -> :ready end)
  end

  action :producer_wait, params: [p: ^producers] do
    require producer_pc[p] == :ready
    require len(buffer) >= ^buffer_size
    producer_pc = update(producer_pc, p, fn _ -> :waiting end)
  end

  action :producer_wake, params: [p: ^producers] do
    require producer_pc[p] == :waiting
    require len(buffer) < ^buffer_size
    producer_pc = update(producer_pc, p, fn _ -> :ready end)
  end

  action :consume, params: [c: ^consumers] do
    require consumer_pc[c] == :ready
    require len(buffer) > 0

    buffer = tail(buffer)
    consumed_count = consumed_count + 1
    consumer_pc = update(consumer_pc, c, fn _ -> :consuming end)
  end

  action :consumer_done, params: [c: ^consumers] do
    require consumer_pc[c] == :consuming
    consumer_pc = update(consumer_pc, c, fn _ -> :ready end)
  end

  action :consumer_wait, params: [c: ^consumers] do
    require consumer_pc[c] == :ready
    require len(buffer) == 0
    consumer_pc = update(consumer_pc, c, fn _ -> :waiting end)
  end

  action :consumer_wake, params: [c: ^consumers] do
    require consumer_pc[c] == :waiting
    require len(buffer) > 0
    consumer_pc = update(consumer_pc, c, fn _ -> :ready end)
  end

  # ── Safety ──

  invariant :buffer_bounded do
    len(buffer) >= 0 and len(buffer) <= ^buffer_size
  end

  invariant :counts_consistent do
    consumed_count <= produced_count and
      produced_count - consumed_count == len(buffer)
  end

  invariant :no_over_consumption do
    consumed_count <= ^max_items
  end

  # Legitimate end state (`02-dsl-semantics.md` §5.3): everything produced and
  # consumed, producers idle, consumers parked. Without this the checker reports
  # a deadlock — and it would be right to, since the spec had not said this
  # state was intended.
  terminal :all_items_consumed do
    produced_count == ^max_items and consumed_count == ^max_items and
      Enum.all?(^producers, fn p -> producer_pc[p] == :ready end) and
      Enum.all?(^consumers, fn c -> consumer_pc[c] == :waiting end)
  end

  # ── Liveness (Phase 2) ──

  temporal :producers_make_progress do
    always(eventually(produced_count > 0))
  end

  temporal :consumers_make_progress do
    (len(buffer) > 0) ~> (consumed_count > 0)
  end

  temporal :no_producer_starvation do
    Enum.all?(^producers, fn p ->
      (producer_pc[p] == :waiting) ~> (producer_pc[p] == :ready)
    end)
  end

  # The bound shows through here. Once `^max_items` have been produced the
  # buffer drains and every consumer parks in :waiting for good — correctly, in
  # the spec's own terms. A starvation-freedom property has to except that end
  # state, or it is refuted by the model bound rather than by the design.
  temporal :no_consumer_starvation do
    Enum.all?(^consumers, fn c ->
      (consumer_pc[c] == :waiting)
      ~> (consumer_pc[c] == :ready or produced_count == ^max_items)
    end)
  end

  fairness(:weak, [:produce, :consume, :producer_done, :consumer_done])
  fairness(:weak, producer_wake: [:p])
  fairness(:strong, consumer_wake: [:c])
end
Test Suite
defmodule Specs.BoundedBufferTest do
  use ExUnit.Case
  import ExTLA.Spec.Test

  describe "safety properties" do
    test "2 producers, 2 consumers, buffer size 3" do
      assert_spec Specs.BoundedBuffer, %{
        constants: %{
          producers: MapSet.new([:p1, :p2]),
          consumers: MapSet.new([:c1, :c2]),
          buffer_size: 3,
          max_items: 6
        },
        symmetry: [:producers, :consumers],
        check_liveness: false,
        strict_coverage: true
      }
    end

    @tag timeout: 120_000
    test "3 producers, 3 consumers, buffer size 2" do
      assert_spec Specs.BoundedBuffer, %{
        constants: %{
          producers: MapSet.new([:p1, :p2, :p3]),
          consumers: MapSet.new([:c1, :c2, :c3]),
          buffer_size: 2,
          max_items: 4
        },
        symmetry: [:producers, :consumers],   # 3! * 3! = 36x fewer states
        check_liveness: false
      }
    end
  end

  describe "liveness properties" do
    @tag timeout: 300_000
    test "no starvation with small model" do
      assert_spec Specs.BoundedBuffer, %{
        constants: %{
          producers: MapSet.new([:p1, :p2]),
          consumers: MapSet.new([:c1]),
          buffer_size: 2,
          max_items: 3
        },
        check_liveness: true
      }
    end
  end
end

Example 4: All three layers, and a conformance bug
The minimal boilerplate for full verification on a counter — and a demonstration of
exactly what Layer 3's step check buys.
# ── Layer 2: Specification ──
defmodule Specs.Counter do
  use ExTLA.Spec

  constant :max_val

  variable :count,  type: 0..^max_val
  variable :status, type: [:ready, :incrementing]

  init do
    count  = 0
    status = :ready
  end

  action :increment do
    require status == :ready
    require count < ^max_val

    count  = count + 1
    status = :incrementing
  end

  action :done do
    require status == :incrementing
    status = :ready
  end

  action :reset do
    require status == :ready
    count = 0
  end

  invariant :in_bounds do
    count >= 0 and count <= ^max_val
  end

  temporal :always_returns_to_ready do
    (status == :incrementing) ~> (status == :ready)
  end

  fairness :weak, [:done]
end

# ── Layers 1 + 3: Implementation with conformance ──
defmodule MyApp.Counter do
  use GenServer
  use ExTLA.GenServer,
    spec: Specs.Counter,
    refinement: __MODULE__.Refinement

  defmodule Refinement do
    use ExTLA.Refinement

    def abstract(%{value: v, status: s}), do: %{count: v, status: s}

    def abstract_action(:increment), do: {:increment, %{}}
    def abstract_action(:done),      do: {:done, %{}}
    def abstract_action(:reset),     do: {:reset, %{}}
    def abstract_action(_),          do: :unmapped

    def concrete_message(:increment, _), do: :increment
    def concrete_message(:done, _),      do: :done
    def concrete_message(:reset, _),     do: :reset
  end

  def init(max), do: {:ok, %{value: 0, status: :ready, max: max}}

  def handle_call(:increment, _from, %{status: :ready, value: v, max: m} = state)
      when v < m do
    # BUG: the spec's `increment` moves status to :incrementing. This stays
    # :ready, collapsing `increment` and `done` into one step.
    {:reply, v + 1, %{state | value: v + 1, status: :ready}}
  end

  def handle_call(:increment, _from, state) do
    {:reply, {:error, :cannot_increment}, state}
  end

  def handle_call(:done, _from, state) do
    {:reply, :ok, %{state | status: :ready}}
  end

  def handle_call(:reset, _from, state) do
    {:reply, :ok, %{state | value: 0}}
  end

  # `:get` maps to no action, so it must not move the abstract state.
  # `check_stuttering!/3` enforces that.
  def handle_call(:get, _from, state) do
    {:reply, state.value, state}
  end
end
The first handle_call(:increment, …) clause produces the abstract post-state
%{count: 1, status: :ready}. The spec's increment produces
%{count: 1, status: :incrementing}. So:
** (ExTLA.Conformance.Error) step diverged from spec

  module:  MyApp.Counter
  action:  increment  (params: %{})
  message: :increment

  pre:     %{count: 0, status: :ready}

              spec expected        implementation produced
  count       1                    1
  status      :incrementing        :ready                   <-- differs

  The action's guard held, so `increment` was enabled — but applying it to the
  pre-state does not yield the state the implementation reached.
Every invariant in this spec holds in the implementation's post-state — in_bounds
is satisfied by count: 1 — so a Layer 3 that checked only invariants and action
properties would report conformance here. This is the bug class that step legality
exists to catch, and it is the ordinary case, not a corner one: an implementation that
takes a shortcut the design did not sanction.
# ── Tests ──
defmodule MyApp.CounterTest do
  use ExUnit.Case
  import ExTLA.Spec.Test

  test "spec is correct" do
    assert_spec Specs.Counter, %{constants: %{max_val: 5}, check_liveness: true}
  end

  test "implementation conforms to spec" do
    result = ExTLA.Simulation.run(MyApp.Counter, %{
      traces: 500,
      max_steps: 20,
      constants: %{max_val: 10},
      seed: 42
    })

    # Fails until either the spec models the fast path or the implementation
    # stops collapsing two abstract steps into one callback.
    assert result.status == :ok
  end
end


  

    TLA+ — Temporal Logic of Actions

A comprehensive guide to TLA+, a formal specification language for designing, modeling, and verifying systems — especially concurrent and distributed systems.
This page is about TLA+ the language, not about ExTLA. It ships with ExTLA as
background reading and names the library nowhere else, so it is worth saying once, here,
which parts of what follows this tool implements.
ExTLA implements the specification and model-checking parts — state, actions, the
temporal operators of the bounded fragment, fairness, invariants, and exhaustive checking
— in Elixir syntax rather than in TLA+'s. Where this page writes []P or <>P, an
ExTLA specification writes always(p) and eventually(p); where it writes a module with
VARIABLES and Next, ExTLA writes variable and action declarations. The mapping is
the tutorial, and the rules are
usage-rules.md.
It does not implement PlusCal or TLAPS, both of which have chapters below. PlusCal is
TLA+'s algorithm language, compiled down to TLA+; ExTLA's DSL fills that role in Elixir, so
those chapters describe a notation this library does not use. TLAPS is a theorem prover,
and ExTLA is not one — it checks bounded models exhaustively and observed behaviours
concretely, which is the first entry in
§What ExTLA is not. The distributed-TLC material is
likewise about a tool this project does not build.
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What is TLA+?
TLA+ is a formal specification language created by Leslie Lamport (Turing Award winner, 2013). It allows engineers to describe system designs as mathematical formulas and then mechanically verify that those designs satisfy desired properties.
TLA+ is not a programming language — it does not produce executable code. Instead, it provides a rigorous way to:
	Model a system's behavior as a state machine
	Specify correctness properties (invariants, safety, liveness)
	Verify the design via model checking (exhaustive state exploration) or formal proof
	Find bugs before writing a single line of implementation code

TLA+ stands for Temporal Logic of Actions, reflecting its two mathematical foundations:
	Temporal logic — reasoning about how properties hold over time
	Actions — describing state transitions as boolean predicates relating current and next states


History and Philosophy
Timeline
	Year	Event
	1977	Lamport begins work on temporal logic for concurrent systems
	1990	Lamport begins publishing papers on TLA
	1994	"The Temporal Logic of Actions" formally published
	1999	TLA+ specification language introduced
	2002	Specifying Systems book published
	2009	PlusCal algorithm language created
	2011	Amazon Web Services begins using TLA+
	2012	TLAPS proof system released
	2014	AWS publishes landmark paper on formal methods
	2024+	VS Code extension, continued development by TLA+ Foundation

Philosophy
Lamport's core insight: "The best language for writing specifications is mathematics."
Key design principles:
	Mathematics over programming — TLA+ uses set theory and first-order logic rather than programming language constructs. No built-in I/O, threads, memory models, or type systems.

	Processes, not functions — Unlike functional programming theory which identifies computation with functions, TLA+ treats computation as processes evolving through states.

	No special concurrency constructs — Concurrent systems emerge naturally from the mathematical formalism. Sequential, parallel, and distributed systems use the same notation.

	Composition through conjunction — System components compose via logical AND (/\), not function composition. Combined behavior is the intersection of all constraints.

	Abstraction through mathematics — Specifications remain concise because they describe what a system does, not how it does it.



Core Concepts
State Machines
Every TLA+ specification describes a state machine:
	A state is an assignment of values to all variables
	A behavior is an infinite sequence of states
	A step is a pair of successive states
	A specification defines the set of all valid behaviors

The Specification Formula
A complete TLA+ specification takes this canonical form:
Spec == Init /\ [][Next]_vars /\ Fairness
Where:
	Init — A predicate describing valid initial states
	[][Next]_vars — In every step, either Next happens or all variables remain unchanged (stuttering)
	Fairness — Optional constraints preventing the system from stopping forever

Stuttering
TLA+ allows stuttering steps — steps where no variables change. This is essential because:
	It models real-world system crashes and pauses
	It enables compositional reasoning (adding more components doesn't break existing specs)
	The notation [Next]_vars means Next \/ UNCHANGED vars


Module Structure
Every TLA+ specification lives inside a module:
---- MODULE MySystem ----
\* This is a comment

EXTENDS Naturals, Sequences, FiniteSets

CONSTANTS NumNodes, MaxVal

VARIABLES state, messages, clock

vars == <<state, messages, clock>>

\* Operator definitions go here

Init == ...
Next == ...
Spec == Init /\ [][Next]_vars

====
Key Structural Elements
	Element	Purpose
	---- MODULE Name ----	Module header (four or more dashes)
	====	Module footer (four or more equals)
	EXTENDS Module1, Module2	Import operators from other modules
	INSTANCE M WITH x <- expr	Import with substitution
	CONSTANTS C1, C2	Declare constant parameters
	VARIABLES v1, v2	Declare state variables
	ASSUME P	State assumptions about constants
	THEOREM P	Declare a theorem to be proved
	\* comment	Line comment
	(* block comment *)	Block comment


Types and Values
TLA+ is untyped — variables can hold any value. The "types" are mathematical sets:
	Value Type	Example	Notes
	Boolean	TRUE, FALSE	
	Integer	0, -3, 42	
	String	"hello"	Limited operations
	Set	{1, 2, 3}	Fundamental data structure
	Function	[x \in S |-> expr]	Maps domain to range
	Record	[name |-> "Alice", age |-> 30]	Special case of function
	Tuple	<<1, "a", TRUE>>	Special case of function (domain 1..n)
	Sequence	<<3, 1, 4, 1, 5>>	Same as tuple, with sequence operators
	Model Value	Uninterpreted constants	Used during model checking


Operators
Defining Operators
Operators are the TLA+ equivalent of functions/macros:
\* Zero-argument operator (named constant)
MaxRetries == 3

\* Parameterized operator
Max(a, b) == IF a > b THEN a ELSE b

\* Higher-order operator (takes operator as argument)
Apply(Op(_), x) == Op(x)

\* Recursive operator
Factorial[n \in Nat] == IF n = 0 THEN 1 ELSE n * Factorial[n - 1]

\* LET-IN for local definitions
ThreeMax(a, b, c) ==
  LET
    TwoMax(x, y) == IF x > y THEN x ELSE y
  IN
    TwoMax(TwoMax(a, b), c)
Conditionals
\* IF-THEN-ELSE (always requires ELSE)
Abs(x) == IF x < 0 THEN -x ELSE x

\* CASE (pattern matching)
TypeName(v) ==
  CASE v \in BOOLEAN -> "boolean"
    [] v \in Int      -> "integer"
    [] v \in STRING   -> "string"
    [] OTHER          -> "unknown"
CHOOSE
The CHOOSE operator deterministically selects an element satisfying a predicate:
\* Pick the minimum element of a set
Min(S) == CHOOSE x \in S : \A y \in S : x <= y

\* Pick any element (useful for non-empty sets)
Pick(S) == CHOOSE x \in S : TRUE
Warning: CHOOSE is deterministic — it always returns the same value for the same inputs. It raises an error if no matching element exists.

Sets
Sets are the fundamental data structure in TLA+.
Construction
\* Enumeration
{1, 2, 3}

\* Range (integers)
1..10                          \* {1, 2, 3, ..., 10}

\* Set mapping (transform)
{x * x : x \in 1..4}          \* {1, 4, 9, 16}

\* Set filtering
{x \in 1..10 : x % 2 = 0}    \* {2, 4, 6, 8, 10}

\* Power set (all subsets)
SUBSET {1, 2}                  \* {{}, {1}, {2}, {1, 2}}

\* Cartesian product
{"a", "b"} \X {1, 2}          \* {<<"a",1>>, <<"a",2>>, <<"b",1>>, <<"b",2>>}

\* UNION (flatten set of sets)
UNION {{1,2}, {2,3}, {3,4}}   \* {1, 2, 3, 4}
Operations
	Operator	ASCII	Meaning
	x \in S		Membership
	x \notin S		Non-membership
	S \subseteq T		Subset or equal
	S \union T	S \cup T	Union
	S \intersect T	S \cap T	Intersection
	S \ T		Set difference
	SUBSET S		Power set
	UNION S		Distributed union
	Cardinality(S)		Size (requires FiniteSets)
	IsFiniteSet(S)		Finiteness test (requires FiniteSets)


Functions
In TLA+, a function maps every element of its domain to a value.
\* Function construction
square == [x \in 1..5 |-> x * x]

\* Function application
square[3]                      \* 9

\* Function domain
DOMAIN square                  \* {1, 2, 3, 4, 5}

\* Set of all functions from S to T
[S -> T]

\* Function update with EXCEPT
square2 == [square EXCEPT ![3] = 0]    \* square but with 3 |-> 0

\* Multiple updates
f2 == [f EXCEPT ![1] = 10, ![2] = 20]

\* Self-referencing update (@ = old value)
f3 == [f EXCEPT ![1] = @ + 1]         \* increment f[1]

\* Nested update (for functions of functions)
f4 == [f EXCEPT ![1][2] = @ + 1]
Function Set
[S -> T] is the set of all functions mapping elements of S to elements of T:
\* All functions from {1,2} to {TRUE, FALSE}
[{1, 2} -> BOOLEAN]
\* Contains: [1 |-> TRUE, 2 |-> TRUE], [1 |-> TRUE, 2 |-> FALSE], etc.

Records, Tuples, and Sequences
Records
Records are functions whose domain is a set of strings:
\* Construction
person == [name |-> "Alice", age |-> 30]

\* Access (dot notation)
person.name                    \* "Alice"
person["name"]                 \* equivalent

\* Update
older == [person EXCEPT !.age = @ + 1]

\* Record set (all possible records)
PersonType == [name: STRING, age: Nat]
Tuples
Tuples are functions with domain 1..n:
\* Construction
point == <<3, 7>>

\* Access (1-indexed)
point[1]                       \* 3
point[2]                       \* 7
Sequences
Sequences are tuples with additional operators from the Sequences module:
EXTENDS Sequences

\* Construction
seq == <<3, 1, 4, 1, 5>>

\* Core operators
Len(seq)                       \* 5
Head(seq)                      \* 3
Tail(seq)                      \* <<1, 4, 1, 5>>
Append(seq, 9)                 \* <<3, 1, 4, 1, 5, 9>>
seq1 \o seq2                   \* Concatenation
SubSeq(seq, 2, 4)              \* <<1, 4, 1>>
SelectSeq(seq, LAMBDA x: x > 2) \* <<3, 4, 5>>

\* The set of all sequences over S
Seq(S)                         \* Warning: infinite, not enumerable by TLC

Logic and Quantifiers
Boolean Operators
	Operator	ASCII	Meaning
	/\	\land	Conjunction (AND)
	\/	\lor	Disjunction (OR)
	~	\lnot, \neg	Negation (NOT)
	=>		Implication
	<=>	\equiv	Equivalence (iff)
	TRUE		Boolean true
	FALSE		Boolean false
	BOOLEAN		The set {TRUE, FALSE}

Bullet Notation
For readability, TLA+ supports vertically aligned conjunction and disjunction lists:
\* These are equivalent:
A /\ B /\ C

/\ A
/\ B
/\ C
Important: Whitespace matters here. The bullets must be vertically aligned.
Quantifiers
\* Universal: "for all x in S, P(x) holds"
\A x \in S : P(x)

\* Existential: "there exists x in S such that P(x)"
\E x \in S : P(x)

\* Unbounded (rarely used, not checkable by TLC)
\A x : P(x)
\E x : P(x)

Actions and State
An action is a boolean expression that relates the current state to the next state using primed variables.
Primed Variables
\* x  = value of x in the current state
\* x' = value of x in the NEXT state

\* A simple clock action
Tick ==
  IF hr = 12
  THEN hr' = 1
  ELSE hr' = hr + 1
Defining State Transitions
VARIABLES counter, lock

vars == <<counter, lock>>

Init ==
  /\ counter = 0
  /\ lock = NULL

Increment ==
  /\ lock = NULL          \* precondition
  /\ lock' = "held"       \* acquire lock
  /\ counter' = counter + 1

Release ==
  /\ lock = "held"
  /\ lock' = NULL
  /\ UNCHANGED counter    \* counter stays the same

Next ==
  \/ Increment
  \/ Release
UNCHANGED
When an action doesn't modify certain variables, you must explicitly say so:
\* Single variable
UNCHANGED counter

\* Multiple variables (tuple notation)
UNCHANGED <<x, y, z>>
ENABLED
ENABLED A is true if action A can occur in the current state (there exists a next state satisfying A):
\* "It is possible to increment"
ENABLED Increment

Temporal Logic
Temporal logic reasons about properties that hold across entire behaviors (infinite sequences of states), not just individual states.
Temporal Operators
	Operator	Name	Meaning
	[]P	Always (Box)	P is true in every state of every behavior
	<>P	Eventually (Diamond)	P is true in at least one state of every behavior
	<>[]P	Eventually Always	P eventually becomes true and stays true forever
	[]<>P	Always Eventually	P is true infinitely often
	P ~> Q	Leads-To	Whenever P is true, Q is eventually true later

Examples
\* "The system never deadlocks"
[]~Deadlocked

\* "Every request eventually gets a response"
\A r \in Requests : (r.sent) ~> (r.responded)

\* "The counter eventually reaches 10 and stays there"
<>[](counter = 10)

\* "The lock is always eventually released"
[]<>(lock = NULL)
Combining Temporal Operators
\* "Every behavior satisfies at least one invariant"
[]P \/ []Q

\* "If P is always true, then Q is always true"
[]P => []Q

\* "If we can always eventually make progress, we will"
[]<>(ENABLED Next) => []<>(counter' > counter)

Safety and Liveness Properties
Safety Properties
"Bad things don't happen."
Safety properties assert that every reachable state (or transition) satisfies some condition.
Invariants
An invariant is a predicate that must be true in every reachable state:
\* Type invariant — variables stay within expected types
TypeInvariant ==
  /\ counter \in Nat
  /\ lock \in {NULL, "held"}
  /\ messages \subseteq [sender: Nodes, body: STRING]

\* Application invariant
NoOverdraft == balance >= 0

\* Mutual exclusion
MutualExclusion == Cardinality({p \in Processes : pc[p] = "critical"}) <= 1
Action Properties
Action properties constrain transitions rather than individual states:
\* Counter never decreases
CounterOnlyIncreases == [][counter' >= counter]_counter

\* Lock cannot be stolen
LockIntegrity == [][lock # NULL => lock' = NULL \/ lock' = lock]_lock
The [][P]_x notation means: in every step, either P holds or x is unchanged.
Liveness Properties
"Good things eventually happen."
Liveness properties assert that something desirable eventually occurs:
\* All threads eventually terminate
Termination == <>(counter = NumThreads)

\* System eventually stabilizes
Stabilization == <>[](stable = TRUE)

\* Every request gets a response
RequestResponse == \A r \in Requests : (r.pending) ~> (r.done)

\* No starvation
NoStarvation == \A p \in Processes : []<>(pc[p] = "critical")
Key Distinction
	Property	Type	Checks	Speed
	Invariant	Safety	Individual states	Fast
	Action Property	Safety	State transitions	Fast
	Temporal Property	Liveness	Entire behaviors	Slow


Fairness
Without fairness constraints, TLA+ permits infinite stuttering (the system halts forever). Fairness prevents trivially passing liveness checks by requiring that enabled actions eventually execute.
Weak Fairness (WF)
"If an action is continuously enabled, it must eventually happen."
\* Notation
WF_vars(Action)

\* Meaning: if Action is EVENTUALLY ALWAYS enabled, it WILL happen
\* Formally: []<>~(ENABLED <Action>_vars) \/ []<><Action>_vars
In PlusCal: fair process
Use for actions where once enabled, they stay enabled until they execute (e.g., a process ready to run without contention).
Strong Fairness (SF)
"If an action is repeatedly enabled (even intermittently), it must eventually happen."
\* Notation
SF_vars(Action)

\* Meaning: if Action is ALWAYS EVENTUALLY enabled, it WILL happen
\* Formally: <>[]~(ENABLED <Action>_vars) \/ []<><Action>_vars
In PlusCal: fair+ process
Use for actions that face intermittent obstacles (e.g., acquiring a contested lock, where the lock may repeatedly become available and unavailable).
Example
\* Specification with weak fairness on Next
Spec == Init /\ [][Next]_vars /\ WF_vars(Next)

\* Per-process fairness
Fairness ==
  /\ \A self \in Producers : WF_vars(Produce(self))
  /\ \A self \in Consumers : SF_vars(Consume(self))

Spec == Init /\ [][Next]_vars /\ Fairness

PlusCal
PlusCal is a pseudocode-like language that compiles (transpiles) to TLA+. It was created by Lamport in 2009 to make specification more accessible to programmers.
When to Use PlusCal vs. Raw TLA+
	PlusCal	Raw TLA+
	Algorithms with clear sequential flow	Complex temporal properties
	Multi-process concurrent systems	Specifications requiring full TLA+ power
	Familiar imperative style	Declarative mathematical style
	Quick prototyping	Fine-grained control

Basic Structure
PlusCal is embedded inside a TLA+ module comment:
---- MODULE Counter ----
EXTENDS Naturals, TLC

(*--algorithm Counter
variables
  counter = 0;

begin
  Increment:
    counter := counter + 1;
  Check:
    assert counter = 1;
end algorithm; *)

\* BEGIN TRANSLATION  (auto-generated TLA+ appears here)
\* END TRANSLATION

====
Variables
variables
  x = 0;                      \* Fixed initial value
  y \in {1, 2, 3};            \* Nondeterministic: TLC checks ALL values
  seq = <<1, 2, 3>>;
  mapping = [a |-> 1, b |-> 2];
Labels (Atomicity Boundaries)
Labels define atomic steps — everything within a label executes as one state transition:
\* Everything inside a label is atomic
Step1:
  x := x + 1;
  y := y * 2;    \* this happens simultaneously with x update

Step2:
  z := x + y;    \* sees the updated x and y from Step1
Rules:
	Every statement must be inside a label
	Each variable can only be assigned once per label
	while and goto targets need labels

Simultaneous Assignment
\* Swap x and y atomically
Swap:
  x := y || y := x;
Control Structures
\* If-elsif-else
if condition then
  skip;
elsif condition2 then
  skip;
else
  skip;
end if;

\* While loop
Loop:
  while counter < 10 do
    counter := counter + 1;
  end while;

\* Nondeterministic choice (TLC explores ALL branches)
either
  x := 1;
or
  x := 2;
or
  x := 3;
end either;

\* Nondeterministic selection from a set
with val \in {1, 2, 3} do
  x := val;
end with;

\* Goto
  goto Loop;
Processes (Concurrency)
(*--algorithm ConcurrentCounter
variables counter = 0;

fair process thread \in 1..3
variables local = 0;
begin
  Read:
    local := counter;
  Write:
    counter := local + 1;
end process;

end algorithm; *)
Each process gets its own pc (program counter). TLC explores all interleavings.
Macros and Procedures
\* Macros (textual substitution, no labels allowed inside)
macro increment(var) begin
  var := var + 1;
end macro;

\* Procedures (can contain labels, have their own stack frame)
procedure Reset(target)
begin
  DoReset:
    target := 0;
    return;
end procedure;
Key Statements
	Statement	Meaning
	skip	No operation
	assert expr	Fail model check if false
	print expr	Debug output
	await expr	Block until condition is true
	goto Label	Jump to label
	return	Return from procedure
	call Proc(args)	Call procedure


Standard Modules Reference
Naturals
EXTENDS Naturals

Nat                  \* The set {0, 1, 2, ...} (not enumerable by TLC)
a..b                 \* Integer range set {a, a+1, ..., b}
+  -  *  ^           \* Arithmetic
a \div b             \* Floor division (10 \div 3 = 3)
a % b                \* Modulo
<  >  <=  >=         \* Comparison
Integers
EXTENDS Integers

Int                  \* All integers (not enumerable by TLC)
-a                   \* Negation
\* Inherits all Naturals operators
Sequences
EXTENDS Sequences

<<a, b, c>>          \* Sequence literal
Seq(S)               \* Set of all sequences over S (infinite)
Len(seq)             \* Length
Head(seq)            \* First element
Tail(seq)            \* All but first
Append(seq, e)       \* Add to end
seq1 \o seq2         \* Concatenation
SubSeq(seq, m, n)    \* Subsequence from index m to n
SelectSeq(seq, Test) \* Filter by predicate
FiniteSets
EXTENDS FiniteSets

IsFiniteSet(S)       \* TRUE if S is finite
Cardinality(S)       \* Number of elements
Bags (Multisets)
EXTENDS Bags

IsABag(f)            \* Test bag validity
BagToSet(bag)        \* Domain of bag
SetToBag(set)        \* Convert (each count = 1)
BagIn(e, bag)        \* Membership
EmptyBag             \* Empty bag (== <<>>)
bag1 (+) bag2        \* Bag addition
bag1 (-) bag2        \* Bag difference
BagUnion(set)        \* Union of bags
B1 \sqsubseteq B2    \* Subbag relation
SubBag(bag)          \* All subbags
BagOfAll(Op, bag)    \* Transform
BagCardinality(bag)  \* Total count
CopiesIn(e, bag)     \* Count of element
TLC (Model Checker Utilities)
EXTENDS TLC

a :> b               \* Single-element function (a |-> b)
f1 @@ f2             \* Function merge (f1 takes priority)
Permutations(set)    \* All permutations
SortSeq(seq, Op)     \* Sort with comparator
ToString(val)        \* String conversion
Print(val, out)      \* Print and return `out`
PrintT(val)          \* Print and return TRUE
Assert(bool, msg)    \* Halt with msg if false
RandomElement(set)   \* Random selection
TLCEval(v)           \* Force TLC to evaluate and cache
TLCGet(key)          \* Retrieve TLC statistics/cache
TLCSet(key, val)     \* Store in TLC cache
JavaTime             \* Current epoch time (ms)
Any                  \* A value that equals any value
Community Modules (tlaplus/CommunityModules)
Additional modules contributed by the community:
	Json — ToJson, JsonSerialize, JsonDeserialize
	TLCExt — AssertEq, Trace
	Randomization — RandomSubset, RandomSetOfSubsets
	IOUtils — File I/O operations
	SequencesExt — Additional sequence operators
	Functions — Additional function operators


TLC Model Checker
TLC is the primary verification tool for TLA+. It performs exhaustive state-space exploration (model checking).
How It Works
	TLC starts from all states satisfying Init
	For each reachable state, it applies Next to find all successor states
	It checks invariants and properties at each state
	If a violation is found, it produces a counterexample trace — the shortest path from an initial state to the violating state
	If all states are explored without violation, the property is verified (for the given model)

Running TLC
# Command line
java -jar tla2tools.jar -config MySpec.cfg MySpec.tla

# With multiple worker threads
java -jar tla2tools.jar -workers 8 MySpec.tla

# Distributed mode (for large state spaces)
java -jar tla2tools.jar -workers 8 -cloud MySpec.tla

Model Configuration
A .cfg file (or Toolbox model) specifies:
SPECIFICATION Spec

\* Assign values to constants
CONSTANTS
  NumNodes = 3
  MaxVal = 5
  NULL = NULL   \* Model value

\* Properties to check
INVARIANTS
  TypeInvariant
  NoOverdraft

PROPERTIES
  Liveness
  NoStarvation

\* State constraint (limit state space)
CONSTRAINT
  counter < 100

\* Symmetry optimization
SYMMETRY
  Permutations(Nodes)
State Space Explosion
The number of reachable states grows exponentially with:
	Number of variables
	Size of variable domains
	Number of concurrent processes

Mitigation strategies:
	Use small constant values for initial exploration
	Apply state constraints to bound exploration
	Use symmetry sets to reduce equivalent states
	Separate safety and liveness checking (liveness is much slower)

Interpreting Results
When TLC finds a violation:
	It displays the error trace: a sequence of states leading to the violation
	Each state shows the values of all variables
	For liveness violations, it shows a lasso-shaped trace (a prefix + a cycle)


TLAPS Proof System
The TLA+ Proof System (TLAPS) mechanically checks formal proofs written in TLA+. Unlike TLC (which checks finite models), TLAPS can verify properties for all possible parameter values.
Proof Structure
THEOREM Spec => []Safety
  <1>1. Init => Safety
    BY DEF Init, Safety
  <1>2. Safety /\ [Next]_vars => Safety'
    <2>1. CASE Action1
      BY <2>1 DEF Safety, Action1
    <2>2. CASE Action2
      BY <2>2 DEF Safety, Action2
    <2>3. CASE UNCHANGED vars
      BY <2>3 DEF Safety, vars
    <2>4. QED
      BY <2>1, <2>2, <2>3 DEF Next
  <1>3. QED
    BY <1>1, <1>2, PTL DEF Spec
Back-End Provers
TLAPS delegates proof obligations to:
	Isabelle/TLA+ — General-purpose proof assistant
	Zenon — First-order logic automated prover
	SMT solvers — CVC3, Yices, Z3
	TLAPS built-in — Simple propositional and arithmetic

TLC vs. TLAPS
	Feature	TLC	TLAPS
	Verification type	Model checking (finite)	Theorem proving (general)
	Automation	Fully automatic	Requires human-written proofs
	Scope	Specific parameter values	All parameter values
	Speed	Fast for small models	Depends on proof complexity
	Counterexamples	Yes (error traces)	No


Tooling and IDE Support
TLA+ Toolbox (Eclipse-based)
The original IDE for TLA+. Currently unmaintained but still functional:
	Spec editor with syntax highlighting
	Model configuration GUI
	TLC integration with trace explorer
	PlusCal translator
	TLAPS integration

VS Code Extension (Recommended)
The actively maintained IDE option:
	Syntax highlighting and snippets
	PlusCal translation
	TLC model checker integration
	Error highlighting and navigation
	Available in VS Code marketplace

Command-Line Tools
# Requirements: Java 11+

# Download tla2tools.jar from GitHub releases
# https://github.com/tlaplus/tlaplus/releases

# Translate PlusCal to TLA+
java -cp tla2tools.jar pcal.trans MySpec.tla

# Run TLC model checker
java -jar tla2tools.jar MySpec.tla

# Run SANY (syntax checker)
java -cp tla2tools.jar tla2sany.SANY MySpec.tla

Apalache (Alternative Model Checker)
An alternative to TLC that uses symbolic model checking via SMT solvers. Better for some types of specifications where TLC's explicit state enumeration is too expensive.

Real-World Usage
Amazon Web Services
Since 2011, AWS engineers have used TLA+ to verify critical distributed systems:
	System	Finding
	DynamoDB	Found subtle replication bugs requiring 35-step traces
	S3	Verified consistency protocols
	EBS	Found bugs in volume replication
	Internal lock manager	Verified distributed locking correctness
	Aurora	Optimized commit protocol from 2 to 1.5 network round-trips

From the landmark 2014 paper: "Formal methods have been a big success at AWS. They have helped prevent subtle, serious bugs from reaching production — bugs that would not have been found via any other technique."
Other Industry Adopters
	Company	Use Case
	Microsoft	Xbox 360 memory system, Azure Cosmos DB
	CrowdStrike	Security infrastructure verification
	Intel	Hardware verification
	Elastic	Elasticsearch data replication
	MongoDB	Replication protocol verification
	CockroachDB	Distributed transaction protocol

What TLA+ Catches
TLA+ excels at finding bugs in:
	Race conditions — subtle interleavings of concurrent operations
	Distributed consensus — edge cases in Paxos, Raft, etc.
	Data loss scenarios — specific failure + recovery sequences
	Protocol violations — cases where invariants are broken under specific conditions
	Performance optimization validation — proving that optimized protocols maintain safety


Complete Example: Two-Phase Commit
A realistic example showing a transaction coordinator and multiple resource managers:
---- MODULE TwoPhaseCommit ----
EXTENDS Naturals, FiniteSets

CONSTANTS RM              \* Set of resource managers

VARIABLES
  rmState,                \* rmState[r] = state of resource manager r
  tmState,                \* State of the transaction manager
  tmPrepared,             \* Set of RMs the TM has heard "Prepared" from
  msgs                    \* Set of messages in transit

vars == <<rmState, tmState, tmPrepared, msgs>>

Messages ==
  [type: {"Prepared"}, rm: RM]
  \union
  [type: {"Commit", "Abort"}]

\* --- Type Invariant ---
TypeOK ==
  /\ rmState \in [RM -> {"working", "prepared", "committed", "aborted"}]
  /\ tmState \in {"init", "committed", "aborted"}
  /\ tmPrepared \subseteq RM
  /\ msgs \subseteq Messages

\* --- Initial State ---
Init ==
  /\ rmState = [r \in RM |-> "working"]
  /\ tmState = "init"
  /\ tmPrepared = {}
  /\ msgs = {}

\* --- TM Actions ---

TMRcvPrepared(r) ==
  /\ tmState = "init"
  /\ [type |-> "Prepared", rm |-> r] \in msgs
  /\ tmPrepared' = tmPrepared \union {r}
  /\ UNCHANGED <<rmState, tmState, msgs>>

TMCommit ==
  /\ tmState = "init"
  /\ tmPrepared = RM               \* All RMs prepared
  /\ tmState' = "committed"
  /\ msgs' = msgs \union {[type |-> "Commit"]}
  /\ UNCHANGED <<rmState, tmPrepared>>

TMAbort ==
  /\ tmState = "init"
  /\ tmState' = "aborted"
  /\ msgs' = msgs \union {[type |-> "Abort"]}
  /\ UNCHANGED <<rmState, tmPrepared>>

\* --- RM Actions ---

RMPrepare(r) ==
  /\ rmState[r] = "working"
  /\ rmState' = [rmState EXCEPT ![r] = "prepared"]
  /\ msgs' = msgs \union {[type |-> "Prepared", rm |-> r]}
  /\ UNCHANGED <<tmState, tmPrepared>>

RMChooseToAbort(r) ==
  /\ rmState[r] = "working"
  /\ rmState' = [rmState EXCEPT ![r] = "aborted"]
  /\ UNCHANGED <<tmState, tmPrepared, msgs>>

RMRcvCommitMsg(r) ==
  /\ [type |-> "Commit"] \in msgs
  /\ rmState' = [rmState EXCEPT ![r] = "committed"]
  /\ UNCHANGED <<tmState, tmPrepared, msgs>>

RMRcvAbortMsg(r) ==
  /\ [type |-> "Abort"] \in msgs
  /\ rmState' = [rmState EXCEPT ![r] = "aborted"]
  /\ UNCHANGED <<tmState, tmPrepared, msgs>>

\* --- Next-State Relation ---
Next ==
  \/ TMCommit
  \/ TMAbort
  \/ \E r \in RM :
       \/ TMRcvPrepared(r)
       \/ RMPrepare(r)
       \/ RMChooseToAbort(r)
       \/ RMRcvCommitMsg(r)
       \/ RMRcvAbortMsg(r)

\* --- Safety Property ---
\* No RM commits while another aborts
Consistency ==
  \A r1, r2 \in RM :
    ~ /\ rmState[r1] = "committed"
      /\ rmState[r2] = "aborted"

\* --- Specification ---
Spec == Init /\ [][Next]_vars

THEOREM Spec => []TypeOK
THEOREM Spec => []Consistency

====
Model Configuration for This Example
SPECIFICATION Spec

CONSTANTS
  RM = {r1, r2, r3}

INVARIANTS
  TypeOK
  Consistency

Best Practices
When to Use TLA+
	Do use for: distributed protocols, consensus algorithms, concurrent data structures, lock-free algorithms, database transaction logic, cache coherence protocols, workflow engines
	Don't use for: simple CRUD applications, UI logic, single-threaded algorithms with obvious correctness, performance optimization

Specification Tips
	Start with the type invariant — Define TypeOK first. It catches most trivial bugs immediately and documents your data model.

	Keep constants small — Start with 2-3 processes, values up to 5. Only increase when small models pass.

	Separate safety and liveness models — Use larger constants for safety (fast), smaller for liveness (slow).

	Use PlusCal for algorithms, raw TLA+ for protocols — PlusCal is faster to write for sequential/concurrent algorithms. Raw TLA+ gives more control for abstract protocol specs.

	Model the environment — Specify what failures can occur (message loss, crashes, reordering). Your spec is only as good as your failure model.

	Write action properties — [][P]_vars catches transition-level bugs that state invariants miss.

	Iterate — Start with a simple model, verify it, then add complexity. Don't try to model everything at once.


Common Pitfalls
	Forgetting UNCHANGED — Every action must specify the next value of every variable (or explicitly mark it unchanged)
	Non-determinism confusion — \in in PlusCal variables means TLC checks ALL values, not a random one
	State space explosion — Adding one boolean variable doubles the state space; be conscious of model size
	Symmetry with liveness — Symmetry optimizations cannot be used when checking liveness properties
	CHOOSE is deterministic — It always returns the same element; it is not random selection


Resources
Official
	TLA+ Home Page — Leslie Lamport's official site
	TLA+ GitHub — Source code and releases
	TLA+ Examples — Collection of specifications
	TLA+ Video Course — Lamport's video lectures

Learning
	Learn TLA+ — Interactive tutorial site by Hillel Wayne
	TLA+ in Practice and Theory — Excellent multi-part series by Ron Pressler
	A Primer on Formal Verification and TLA+ — Practical introduction

Books
	Specifying Systems by Leslie Lamport (2002) — The definitive reference (free PDF available)
	Practical TLA+ by Hillel Wayne (2018) — Hands-on guide for software engineers

Papers
	How Amazon Web Services Uses Formal Methods — The landmark AWS paper
	The Temporal Logic of Actions — Lamport's foundational paper
	TLA+ Proofs — TLAPS proof system paper

Community
	TLA+ Community Modules
	Awesome TLA+ — Curated resource list
	TLA+ Google Group


TLA+ enables you to find bugs in system designs before writing implementation code — saving potentially enormous debugging costs. As Lamport says: "If you're thinking without writing, you only think you're thinking."


  

    License


MIT License

Copyright (c) 2026 Doug ClymerOlson

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

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

THE SOFTWARE IS PROVIDED "AS IS", WITHOUT WARRANTY OF ANY KIND, EXPRESS OR
IMPLIED, INCLUDING BUT NOT LIMITED TO THE WARRANTIES OF MERCHANTABILITY,
FITNESS FOR A PARTICULAR PURPOSE AND NONINFRINGEMENT. IN NO EVENT SHALL THE
AUTHORS OR COPYRIGHT HOLDERS BE LIABLE FOR ANY CLAIM, DAMAGES OR OTHER
LIABILITY, WHETHER IN AN ACTION OF CONTRACT, TORT OR OTHERWISE, ARISING FROM,
OUT OF OR IN CONNECTION WITH THE SOFTWARE OR THE USE OR OTHER DEALINGS IN THE
SOFTWARE.
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Describe your system's states, find the invalid ones automatically, and check that your
GenServers behave as described.
A specification is Elixir code. The model checker explores every state it reaches, and the
conformance layer checks a running GenServer against it. Start with
Getting started; the tutorial that follows it builds one
system across eleven pages.
Three layers, each useful on its own
	Layer 1 — invariants on a running process. ExTLA.Invariant checks properties
after every transition of a live GenServer, :gen_statem or Agent. Needs no
specification and no model checker. Under MIX_ENV=prod it emits no code at all.

	Layer 2 — the model checker. ExTLA.Spec compiles a specification module;
ExTLA.ModelChecker explores its state space breadth-first, checks invariants and
temporal properties, and reports the shortest counterexample — or the lasso — when
it finds one. mix extla.check is the command-line form.

	Layer 3 — conformance. ExTLA.GenServer and ExTLA.Refinement map an
implementation's state onto a specification's, so mix extla.simulate can ask whether
the code does what the specification says, and mix extla.replay can drive a
counterexample through the real process.


A specification is ordinary Elixir that looks like this:
defmodule Specs.Counter do
  use ExTLA.Spec

  constant :max_val
  variable :count, type: 0..^max_val

  init do
    count = 0
  end

  action :increment do
    require count < ^max_val
    count = count + 1
  end

  invariant :in_bounds do
    count >= 0 and count <= ^max_val
  end
end
It looks like Elixir and is not: = inside init or action is a next-state equation
rather than a rebinding, ^name is a constant rather than a match pin, and require is
an enabling condition rather than Kernel.SpecialForms.require/2.
02-dsl-semantics.md is the normative account.
Where things are written down
The reference holds what a user looks up: the checker's options and
their costs, the coverage report, the JSON result, conformance, and what ExTLA is not. The
full design is the specification.
What is built is in the changelog and nowhere else, this moduledoc
included.
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TLA+ function operations. In TLA+, a function maps every element
of its domain to a value. Elixir maps serve as the implementation.
"Total over its domain" is the property that matters, and it is why except/2
and except_with/3 raise on a point outside the domain rather than adding it:
[f EXCEPT ![a] = v] where a ∉ DOMAIN f is undefined in TLA+, and quietly
extending the domain would produce a state that no reachable spec behavior can
produce — while still being fingerprinted as if it were one.
This module holds the only implementation of each of these operators.
ExTLA.Spec.Helpers, which a spec body imports, delegates to it and defines
nothing of its own, so a spec body and direct callers always get the same
answer.

      


      
        Summary


  
    Functions
  


    
      
        construct(domain, mapping)

      


        Construct a function: [x ∈ S ↦ expr(x)].



    


    
      
        domain(f)

      


        DOMAIN f — the domain of a function, as a set.



    


    
      
        except(f, updates)

      


        EXCEPT — update a function at specific points:
[f EXCEPT ![a] = v, ![b] = w].



    


    
      
        except_with(f, key, update_fn)

      


        EXCEPT with self-reference — update using the old value:
[f EXCEPT ![a] = @ + 1].



    


    
      
        function_set(domain, range)

      


        Function set: [S → T] — all total functions from S to T.



    


    
      
        record_set(field_specs)

      


        Record set: [field1: S1, field2: S2] — all records with fields drawn from the
respective sets.



    





      


      
        Functions


        


  
    
      
    
    
      construct(domain, mapping)



        
          
        

    

  


  

Construct a function: [x ∈ S ↦ expr(x)].
iex> ExTLA.Function.construct(MapSet.new([1, 2]), &(&1 * 10))
%{1 => 10, 2 => 20}
S is a set — a MapSet or a range. A list is a sequence, which is a
function on 1..Len(s) already, and building a function over one would
silently deduplicate it; a map is a function already. Both are refused by name,
the way ExTLA.Spec.Helpers.at/2 refuses a term that is neither. A spec body
spells this operator for_each/2, which is the name the message uses.

  



  
    
      
    
    
      domain(f)



        
          
        

    

  


  

DOMAIN f — the domain of a function, as a set.
iex> ExTLA.Function.domain(%{a: 1, b: 2})
MapSet.new([:a, :b])
A sequence is a function on 1..Len(s) — that is what ExTLA.Spec.Helpers.at/2
applies it as — so its domain is that range:
iex> ExTLA.Function.domain([:x, :y, :z])
MapSet.new([1, 2, 3])
Anything else is refused by name rather than answered. A MapSet is a struct
and therefore a map, so taking its keys would answer a set with the struct's
own field names — a wrong answer that looks like an answer.

  



  
    
      
    
    
      except(f, updates)



        
          
        

    

  


  

EXCEPT — update a function at specific points:
[f EXCEPT ![a] = v, ![b] = w].
Raises KeyError on a point outside the domain — see the module documentation.
iex> ExTLA.Function.except(%{a: 1, b: 2}, a: 9)
%{a: 9, b: 2}

  



  
    
      
    
    
      except_with(f, key, update_fn)



        
          
        

    

  


  

EXCEPT with self-reference — update using the old value:
[f EXCEPT ![a] = @ + 1].
iex> ExTLA.Function.except_with(%{a: 1}, :a, &(&1 + 1))
%{a: 2}

  



  
    
      
    
    
      function_set(domain, range)



        
          
        

    

  


  

Function set: [S → T] — all total functions from S to T.
Warning: |T|^|S| elements. Use with small sets: three processes over four
states is 64 functions, but five over four is already 1024.
iex> ExTLA.Function.function_set(MapSet.new([:a]), MapSet.new([0, 1]))
MapSet.new([%{a: 0}, %{a: 1}])

iex> ExTLA.Function.function_set(MapSet.new([]), MapSet.new([0, 1]))
MapSet.new([%{}])

  



  
    
      
    
    
      record_set(field_specs)



        
          
        

    

  


  

Record set: [field1: S1, field2: S2] — all records with fields drawn from the
respective sets.
iex> ExTLA.Function.record_set(pc: MapSet.new([:idle, :busy]), n: MapSet.new([0]))
MapSet.new([%{pc: :idle, n: 0}, %{pc: :busy, n: 0}])

  


        

      


  

    
ExTLA.Set 
    



      
Set operations corresponding to TLA+ set theory operators.
Builds on Elixir's MapSet with additional TLA+ operations.

      


      
        Summary


  
    Functions
  


    
      
        choose(set, predicate \\ fn _ -> true end)

      


        CHOOSE x ∈ S : P(x) — deterministic selection.



    


    
      
        cross(s1, s2)

      


        S1 \X S2 — Cartesian product. The set of all tuples {a, b} where
a ∈ S1 and b ∈ S2.



    


    
      
        cross_many(sets)

      


        N-ary Cartesian product: S1 \X S2 \X ... \X Sn.



    


    
      
        distributed_union(set_of_sets)

      


        UNION S — distributed union. Flattens a set of sets.



    


    
      
        exists?(set, predicate)

      


        \E x \in S : P(x) — check if the predicate holds for at least one element.



    


    
      
        filter(set, predicate)

      


        Set filtering: {x ∈ S : P(x)}.



    


    
      
        for_all?(set, predicate)

      


        \A x \in S : P(x) — check if the predicate holds for all elements.



    


    
      
        map(set, fun)

      


        Set mapping: {f(x) : x ∈ S}.



    


    
      
        powerset(set)

      


        SUBSET S — the power set (set of all subsets).



    


    
      
        range(a, b)

      


        Integer range as a MapSet: a..b.



    





      


      
        Functions


        


    

  
    
      
    
    
      choose(set, predicate \\ fn _ -> true end)



        
          
        

    

  


  

CHOOSE x ∈ S : P(x) — deterministic selection.
Returns the least satisfying element in Erlang term order. TLA+ requires only
that CHOOSE be a function of its arguments, not that it pick any particular
element, so any total order will do — but it must be an order that does not
depend on how the set was built or which OTP release is running. Enumeration
order is not such an order, and a CHOOSE that varied between runs would make
the reachable state graph, and every result read from it, vary between runs.
Raises ArgumentError if no element satisfies the predicate; CHOOSE over an
empty set is undefined in TLA+ and silently returning nil would put an
unspecified value into a state variable.
iex> ExTLA.Set.choose(MapSet.new([3, 1, 2]))
1

iex> ExTLA.Set.choose(MapSet.new([3, 1, 2]), &(&1 > 1))
2

  



  
    
      
    
    
      cross(s1, s2)



        
          
        

    

  


  

S1 \X S2 — Cartesian product. The set of all tuples {a, b} where
a ∈ S1 and b ∈ S2.
iex> ExTLA.Set.cross(MapSet.new([1, 2]), MapSet.new([:a]))
MapSet.new([{1, :a}, {2, :a}])

  



  
    
      
    
    
      cross_many(sets)



        
          
        

    

  


  

N-ary Cartesian product: S1 \X S2 \X ... \X Sn.
The product of no sets is the set containing the empty tuple, not the empty
set. The empty tuple is the identity of the product: appending the factors one
at a time has to start from one empty combination, or nothing is ever built.
The empty set is what any empty factor gives.
This is the independent product, a fixed list of sets.
ExTLA.ModelChecker.bindings/3 is a different operation: each parameter's
values may depend on the state and on the parameters bound before it.
iex> ExTLA.Set.cross_many([MapSet.new([1, 2]), MapSet.new([:a, :b])]) |> MapSet.size()
4

iex> ExTLA.Set.cross_many([])
MapSet.new([{}])

  



  
    
      
    
    
      distributed_union(set_of_sets)



        
          
        

    

  


  

UNION S — distributed union. Flattens a set of sets.
iex> ExTLA.Set.distributed_union(MapSet.new([MapSet.new([1, 2]), MapSet.new([2, 3])]))
MapSet.new([1, 2, 3])

  



  
    
      
    
    
      exists?(set, predicate)



        
          
        

    

  


  

\E x \in S : P(x) — check if the predicate holds for at least one element.
False for the empty set.
iex> ExTLA.Set.exists?(MapSet.new([1, 2]), &(&1 > 1))
true

  



  
    
      
    
    
      filter(set, predicate)



        
          
        

    

  


  

Set filtering: {x ∈ S : P(x)}.
iex> ExTLA.Set.filter(MapSet.new([1, 2, 3, 4]), &(rem(&1, 2) == 0))
MapSet.new([2, 4])

  



  
    
      
    
    
      for_all?(set, predicate)



        
          
        

    

  


  

\A x \in S : P(x) — check if the predicate holds for all elements.
Vacuously true for the empty set.
iex> ExTLA.Set.for_all?(MapSet.new([2, 4]), &(rem(&1, 2) == 0))
true

  



  
    
      
    
    
      map(set, fun)



        
          
        

    

  


  

Set mapping: {f(x) : x ∈ S}.
The result may be smaller than the input — a non-injective f collapses
elements, exactly as in TLA+.
iex> ExTLA.Set.map(MapSet.new([1, 2, 3]), &rem(&1, 2))
MapSet.new([0, 1])

  



  
    
      
    
    
      powerset(set)



        
          
        

    

  


  

SUBSET S — the power set (set of all subsets).
Warning: exponential in |S|. Use with small sets only — a 20-element set has
a million subsets, and each one is a MapSet.
iex> ExTLA.Set.powerset(MapSet.new([1, 2])) |> Enum.sort_by(&MapSet.size/1)
[MapSet.new([]), MapSet.new([1]), MapSet.new([2]), MapSet.new([1, 2])]

  



  
    
      
    
    
      range(a, b)



        
          
        

    

  


  

Integer range as a MapSet: a..b.
Empty when a > b, as in TLA+.
iex> ExTLA.Set.range(1, 3)
MapSet.new([1, 2, 3])

iex> ExTLA.Set.range(3, 1)
MapSet.new([])

  


        

      


  

    
ExTLA.Spec 
    



      
use ExTLA.Spec turns a module into a specification.
defmodule Specs.Counter do
  use ExTLA.Spec

  constant :max
  variable :n, type: 0..^max

  init do
    n = 0
  end

  action :increment do
    require n < ^max
    n = n + 1
  end

  invariant :within_bounds do
    n >= 0 and n <= ^max
  end
end
The declarations accumulate into module attributes and compile to ordinary
functions on the module; @before_compile assembles them into a
ExTLA.Spec.Compiled struct, reachable as Specs.Counter.__tla_spec__/0 or
ExTLA.Spec.Compiled.from_module/1.
The DSL's semantics are normative in 02-dsl-semantics.md, and every rule
there is enforced when this module compiles — a spec either means something
precise or does not compile.

      




  

    
ExTLA.Spec.CompileError exception
    



      
Raised when a spec module violates one of the rules in 02-dsl-semantics.md.
Every rule in that document is enforced when the spec module compiles, so a
spec either means something precise or does not compile. The message quality
is a deliverable rather than a nicety (02-dsl-semantics.md §7): a diagnostic
carries the spec module, the declaration it came from, the offending line, and
— where there is one — the form the author probably meant to write.
kind — the name the diagnostic is known by
Every diagnostic carries a kind, a stable identifier: the first column of the
diagnostics table in 02-dsl-semantics.md §7 is the kind. It is required, so a
diagnostic without one cannot be raised, and the set of kinds stays closed.

      


      
        Summary


  
    Functions
  


    
      
        raise!(opts)

      


        Raise a diagnostic.



    





      


      
        Functions


        


  
    
      
    
    
      raise!(opts)



        
          
        

    

  


  

Raise a diagnostic.
kind names it — the identifier in the first column of 02-dsl-semantics.md §7's
table. hint is a second paragraph naming the fix; omit it only when there is nothing
more useful to say than the problem itself.

  


        

      


  

    
ExTLA.Spec.DSL 
    



      
The macros that form the specification DSL.
Each one accumulates a declaration into a module attribute and defines the
functions that declaration compiles to; the generated __before_compile__/1
assembles them into a ExTLA.Spec.Compiled struct.
Every rule in 02-dsl-semantics.md is checked here, when the spec module
compiles, because the DSL already accumulates every declaration it needs. A
spec either means something precise or does not compile — it never reaches the
checker in a state where a diagnostic would have to be a runtime surprise.

      


      
        Summary


  
    Functions
  


    
      
        action(name, opts \\ [], block)

      


        Define a named action (state transition).



    


    
      
        action_property(name, opts \\ [], block)

      


        Define an action property (transition constraint).



    


    
      
        constant(name, opts \\ [])

      


        Declare a constant parameter. Its value is assigned at model-check time.
Referenced in blocks as ^name.



    


    
      
        fairness(kind, entries)

      


        Declare fairness constraints (02-dsl-semantics.md §5.2).



    


    
      
        init(opts)

      


    


    
      
        init(opts, block)

      


        Define an initial state. Variables are assigned with =; every declared
variable must be assigned exactly once.



    


    
      
        invariant(name, opts \\ [], block)

      


        Define a state invariant (safety property), checked in every reachable state.



    


    
      
        temporal(name, opts \\ [], block)

      


        Define a temporal property (liveness), within the bounded fragment of
02-dsl-semantics.md §5.1. A formula outside the fragment is a compile error
naming the unsupported operator — never a silently weaker check.



    


    
      
        terminal(name, opts \\ [], block)

      


        Declare a legitimate end state (02-dsl-semantics.md §5.3). A successor-less
state satisfying any terminal predicate is not reported as a deadlock.



    


    
      
        variable(name, opts \\ [])

      


        Declare a state variable with an optional type: annotation.
Referenced in blocks as a bare name.



    





      


      
        Functions


        


    

  
    
      
    
    
      action(name, opts \\ [], block)


        (macro)


        
          
        

    

  


  

Define a named action (state transition).
params: is the action's only source of nondeterminism. Inside the block,
require expr is an enabling condition, let pat = expr is an ordinary local
binding, and variable = expr is a next-state equation whose right-hand side
reads the pre-state. Variables not assigned are implicitly UNCHANGED.
See 02-dsl-semantics.md §2-3 for the full semantics.

  



    

  
    
      
    
    
      action_property(name, opts \\ [], block)


        (macro)


        
          
        

    

  


  

Define an action property (transition constraint).
The block is a bare boolean expression; old and new are implicitly bound.
A bare variable name is a compile error here — see 02-dsl-semantics.md §4.

  



    

  
    
      
    
    
      constant(name, opts \\ [])


        (macro)


        
          
        

    

  


  

Declare a constant parameter. Its value is assigned at model-check time.
Referenced in blocks as ^name.
Options
	default: — the assignment mix extla.check uses when nothing else supplies
one. A checker cannot start without a value for every constant, and a default
beside the declaration supplies one without a second file. Application config
still overrides it, and ExTLA.ModelChecker.run/2 ignores it entirely.


  



  
    
      
    
    
      fairness(kind, entries)


        (macro)


        
          
        

    

  


  

Declare fairness constraints (02-dsl-semantics.md §5.2).
fairness :weak, [:done, :reset]        # WF(Done), WF(Reset)
fairness :strong, acquire_lock: [:p]   # \A p : SF(AcquireLock(p))
Whole-action fairness guarantees only that some binding fires, which is
consistent with one process starving while the others take turns — so any
per-process property needs the second form.
Naming an action that does not exist, params that are not a leading prefix of
the action's params, or a state-drawn param, is a compile error. Those checks
run in @before_compile, where every action is known regardless of
declaration order.

  



  
    
      
    
    
      init(opts)


        (macro)


        
          
        

    

  


  


  



  
    
      
    
    
      init(opts, block)


        (macro)


        
          
        

    

  


  

Define an initial state. Variables are assigned with =; every declared
variable must be assigned exactly once.
Multiple init blocks are disjuncted — a nondeterministic choice of starting
state.

  



    

  
    
      
    
    
      invariant(name, opts \\ [], block)


        (macro)


        
          
        

    

  


  

Define a state invariant (safety property), checked in every reachable state.
The block is a bare boolean expression over variables and ^constants.
desc: carries a description; it is an option rather than a positional string
because two trailing optional positionals cannot be told apart.

  



    

  
    
      
    
    
      temporal(name, opts \\ [], block)


        (macro)


        
          
        

    

  


  

Define a temporal property (liveness), within the bounded fragment of
02-dsl-semantics.md §5.1. A formula outside the fragment is a compile error
naming the unsupported operator — never a silently weaker check.

  



    

  
    
      
    
    
      terminal(name, opts \\ [], block)


        (macro)


        
          
        

    

  


  

Declare a legitimate end state (02-dsl-semantics.md §5.3). A successor-less
state satisfying any terminal predicate is not reported as a deadlock.
Nothing else changes: invariants are still checked there, no action is
disabled by it, and for liveness it stutters forever.

  



    

  
    
      
    
    
      variable(name, opts \\ [])


        (macro)


        
          
        

    

  


  

Declare a state variable with an optional type: annotation.
Referenced in blocks as a bare name.
The type is stored quoted and resolved at model-check time, because nearly
every useful type mentions a constant (02-dsl-semantics.md §1.5). It
is checked as the implicit invariant :type_ok in every reachable state; it
does NOT restrict exploration, so a state outside its type is a reported
violation rather than a pruned branch.

  


        

      


  

    
ExTLA.Spec.DomainError exception
    



      
Raised by f[x] where x is outside the domain of f
(02-dsl-semantics.md §1.6).
TLA+ leaves f[x] undefined there, and ExTLA.Spec.Helpers.at/3 — what f[x]
compiles to inside a spec block — raises rather than returning nil. A nil
compares unequal to whatever a guard expected, so the action would look
disabled and the checker would explore a smaller state space and report
success.

      




  

    
ExTLA.Spec.Helpers 
    



      
Functions available inside action, init, invariant, terminal and
action_property blocks. use ExTLA.Spec imports this module whole, so this list
is a spec body's vocabulary.
Two kinds of name live here, and the difference is the point.
Thin wrappers over a standard Elixir function. set/1, put/2, union/2,
len/1, sum/1 and the rest are one-line covers over MapSet and Enum.
They exist for readability rather than capability — len(buffer) and
sum(values(balances)) read as the TLA+ they translate, and a spec author
writing MapSet.size/1 directly gets the same result.
Delegations to the foundation. Every set-theoretic and function operator
ExTLA provides is reachable from a spec body unqualified, and every one of
them is a defdelegate to ExTLA.Set or ExTLA.Function. This module holds no
second implementation of any of them, so a spec body and code calling those
modules directly cannot get different answers.
Every one of these is total and deterministic, which is the whole design: an
action body must be a pure deterministic function of (pre_state, params)
(02-dsl-semantics.md §3), so nothing here may branch the search, read the
clock, or depend on anything but its arguments.
Where a name would silently produce a wrong answer on a missing key, it
raises instead: update/3, head/1 and tail/1 all fail loudly. A nil
standing in for a value that is not there would flow into guards and states
and let the checker explore states the spec does not describe.

      


      
        Summary


  
    Functions
  


    
      
        append(seq, elem)

      


        TLA+: Append(s, e).



    


    
      
        at(collection, key)

      


        TLA+: f[x] — function application, which is what f[x] compiles to inside
every spec block (02-dsl-semantics.md §1.6).



    


    
      
        at(f, key, where)

      


        at/2, plus the source text of the collection expression for the message. The
rewriter has that text; a spec author calling at/2 by hand does not.



    


    
      
        choose(set, predicate \\ fn _ -> true end)

      


        CHOOSE x \\in S : P(x) — deterministically select an element satisfying the
predicate. Returns the same element for the same set and predicate; raises if
none satisfies it.



    


    
      
        cross(s1, s2)

      


        TLA+: S1 \\X S2 — the Cartesian product.



    


    
      
        cross_many(sets)

      


        TLA+: S1 \\X S2 \\X ... \\X Sn, over a list of sets.



    


    
      
        delete(set, elem)

      


        TLA+: S \\ {e}.



    


    
      
        difference(a, b)

      


        TLA+: S \\ T.



    


    
      
        distributed_union(set_of_sets)

      


        TLA+: UNION S — the distributed union of a set of sets.



    


    
      
        domain(f)

      


        TLA+: DOMAIN f, as a set.



    


    
      
        except(f, updates)

      


        TLA+: [f EXCEPT ![a] = v, ![b] = w] — several points at once.



    


    
      
        exists?(set, predicate)

      


        TLA+: \\E x \\in S : P(x). False for the empty set.



    


    
      
        for_all?(set, predicate)

      


        TLA+: \\A x \\in S : P(x). Vacuously true for the empty set.



    


    
      
        for_each(domain, f)

      


        TLA+: [x \\in S |-> f(x)] — ExTLA.Function.construct/2 under the name a spec
body uses.



    


    
      
        function_set(domain, range)

      


        TLA+: [S -> T] — the set of all total functions from S to T.
|T|^|S| elements; see ExTLA.Function.function_set/2.



    


    
      
        head(seq)

      


        TLA+: Head(s). Raises on the empty sequence, where Head is undefined.



    


    
      
        intersection(a, b)

      


        TLA+: S \\cap T.



    


    
      
        is_set(term)

      


        TLA+: IsFiniteSet(S) — here, whether the term is a set at all.



    


    
      
        keys(map)

      


        The keys of a function, as a list.



    


    
      
        len(seq)

      


        TLA+: Len(s).



    


    
      
        member?(set, elem)

      


        TLA+: e \\in S.



    


    
      
        powerset(set)

      


        TLA+: SUBSET S — the power set. Exponential in |S|; see ExTLA.Set.powerset/1.



    


    
      
        put(set, elem)

      


        TLA+: S \\cup {e}.



    


    
      
        range(a, b)

      


        TLA+: a..b as a set. Empty when a > b.



    


    
      
        record_set(field_specs)

      


        TLA+: [field1: S1, field2: S2] — the set of all such records.



    


    
      
        seq()

      


        The empty sequence. TLA+: <<>>.



    


    
      
        seq(elements)

      


        A sequence from a list. TLA+: <<a, b, c>>.



    


    
      
        set()

      


        The empty set. TLA+: {}.



    


    
      
        set(elements)

      


        A set from an enumerable. TLA+: {a, b, c}.



    


    
      
        set_filter(set, predicate)

      


        TLA+: {x \\in S : P(x)} — set filtering.



    


    
      
        set_map(set, fun)

      


        TLA+: {f(x) : x \\in S} — set mapping. The result may be smaller than the
input, exactly as in TLA+: a non-injective f collapses elements.



    


    
      
        size(set)

      


        TLA+: Cardinality(S).



    


    
      
        subseq(seq, m, n)

      


        TLA+: SubSeq(s, m, n) — elements m through n inclusive, 1-indexed.



    


    
      
        subset?(a, b)

      


        TLA+: S \\subseteq T.



    


    
      
        sum(enum)

      


        The sum of an enumerable of numbers; 0 when empty.



    


    
      
        sum(enum, f)

      


        The sum of f over an enumerable.



    


    
      
        tail(seq)

      


        TLA+: Tail(s). Raises on the empty sequence, where Tail is undefined.



    


    
      
        union(a, b)

      


        TLA+: S \\cup T.



    


    
      
        update(map, key, f)

      


        TLA+: [f EXCEPT ![k] = g(@)] — ExTLA.Function.except_with/3 under the name a
spec body uses.



    


    
      
        values(map)

      


        The values of a function, as a list.



    





      


      
        Functions


        


  
    
      
    
    
      append(seq, elem)



        
          
        

    

  


  

TLA+: Append(s, e).

  



  
    
      
    
    
      at(collection, key)



        
          
        

    

  


  

TLA+: f[x] — function application, which is what f[x] compiles to inside
every spec block (02-dsl-semantics.md §1.6).
A TLA+ function is undefined outside its domain, and a sequence is a function
on 1..Len(s), so both raise here rather than returning nil:
iex> ExTLA.Spec.Helpers.at(%{alice: 3, bob: 0}, :alice)
3

iex> ExTLA.Spec.Helpers.at([:a, :b, :c], 2)
:b
Access.get/2, which f[x] compiles to in ordinary Elixir, returns nil
outside the domain instead — and nil >= amount is true under Erlang term
order, so a guard reading a key it does not have would silently enable its
action and the checker would explore a state space the spec does not describe.

  



  
    
      
    
    
      at(f, key, where)



        
          
        

    

  


  

at/2, plus the source text of the collection expression for the message. The
rewriter has that text; a spec author calling at/2 by hand does not.

  



    

  
    
      
    
    
      choose(set, predicate \\ fn _ -> true end)



        
          
        

    

  


  

CHOOSE x \\in S : P(x) — deterministically select an element satisfying the
predicate. Returns the same element for the same set and predicate; raises if
none satisfies it.
It does NOT branch. Nondeterminism comes from params: only
(02-dsl-semantics.md §3): CHOOSE in TLA+ is a function of its arguments,
and a function returning one element cannot produce several successors.
Delegates to ExTLA.Set.choose/2, which fixes the choice as the least satisfying
element in Erlang term order.
iex> ExTLA.Spec.Helpers.choose(MapSet.new([3, 1, 2]), &(&1 > 1))
2

  



  
    
      
    
    
      cross(s1, s2)



        
          
        

    

  


  

TLA+: S1 \\X S2 — the Cartesian product.

  



  
    
      
    
    
      cross_many(sets)



        
          
        

    

  


  

TLA+: S1 \\X S2 \\X ... \\X Sn, over a list of sets.

  



  
    
      
    
    
      delete(set, elem)



        
          
        

    

  


  

TLA+: S \\ {e}.

  



  
    
      
    
    
      difference(a, b)



        
          
        

    

  


  

TLA+: S \\ T.

  



  
    
      
    
    
      distributed_union(set_of_sets)



        
          
        

    

  


  

TLA+: UNION S — the distributed union of a set of sets.

  



  
    
      
    
    
      domain(f)



        
          
        

    

  


  

TLA+: DOMAIN f, as a set.
A sequence is a function on 1..Len(s) — that is what at/2 applies it as — so its
domain is that range.
iex> ExTLA.Spec.Helpers.domain(%{a: 1, b: 2})
MapSet.new([:a, :b])

iex> ExTLA.Spec.Helpers.domain([:x, :y, :z])
MapSet.new([1, 2, 3])

  



  
    
      
    
    
      except(f, updates)



        
          
        

    

  


  

TLA+: [f EXCEPT ![a] = v, ![b] = w] — several points at once.

  



  
    
      
    
    
      exists?(set, predicate)



        
          
        

    

  


  

TLA+: \\E x \\in S : P(x). False for the empty set.

  



  
    
      
    
    
      for_all?(set, predicate)



        
          
        

    

  


  

TLA+: \\A x \\in S : P(x). Vacuously true for the empty set.

  



  
    
      
    
    
      for_each(domain, f)



        
          
        

    

  


  

TLA+: [x \\in S |-> f(x)] — ExTLA.Function.construct/2 under the name a spec
body uses.
iex> ExTLA.Spec.Helpers.for_each(MapSet.new([:a, :b]), fn _ -> 0 end)
%{a: 0, b: 0}
S is a set: a list is a sequence, and building a function over one would
silently deduplicate it, so it is refused by name.

  



  
    
      
    
    
      function_set(domain, range)



        
          
        

    

  


  

TLA+: [S -> T] — the set of all total functions from S to T.
|T|^|S| elements; see ExTLA.Function.function_set/2.

  



  
    
      
    
    
      head(seq)



        
          
        

    

  


  

TLA+: Head(s). Raises on the empty sequence, where Head is undefined.

  



  
    
      
    
    
      intersection(a, b)



        
          
        

    

  


  

TLA+: S \\cap T.

  



  
    
      
    
    
      is_set(term)



        
          
        

    

  


  

TLA+: IsFiniteSet(S) — here, whether the term is a set at all.

  



  
    
      
    
    
      keys(map)



        
          
        

    

  


  

The keys of a function, as a list.

  



  
    
      
    
    
      len(seq)



        
          
        

    

  


  

TLA+: Len(s).

  



  
    
      
    
    
      member?(set, elem)



        
          
        

    

  


  

TLA+: e \\in S.

  



  
    
      
    
    
      powerset(set)



        
          
        

    

  


  

TLA+: SUBSET S — the power set. Exponential in |S|; see ExTLA.Set.powerset/1.

  



  
    
      
    
    
      put(set, elem)



        
          
        

    

  


  

TLA+: S \\cup {e}.

  



  
    
      
    
    
      range(a, b)



        
          
        

    

  


  

TLA+: a..b as a set. Empty when a > b.

  



  
    
      
    
    
      record_set(field_specs)



        
          
        

    

  


  

TLA+: [field1: S1, field2: S2] — the set of all such records.

  



  
    
      
    
    
      seq()



        
          
        

    

  


  

The empty sequence. TLA+: <<>>.

  



  
    
      
    
    
      seq(elements)



        
          
        

    

  


  

A sequence from a list. TLA+: <<a, b, c>>.

  



  
    
      
    
    
      set()



        
          
        

    

  


  

The empty set. TLA+: {}.

  



  
    
      
    
    
      set(elements)



        
          
        

    

  


  

A set from an enumerable. TLA+: {a, b, c}.

  



  
    
      
    
    
      set_filter(set, predicate)



        
          
        

    

  


  

TLA+: {x \\in S : P(x)} — set filtering.

  



  
    
      
    
    
      set_map(set, fun)



        
          
        

    

  


  

TLA+: {f(x) : x \\in S} — set mapping. The result may be smaller than the
input, exactly as in TLA+: a non-injective f collapses elements.

  



  
    
      
    
    
      size(set)



        
          
        

    

  


  

TLA+: Cardinality(S).

  



  
    
      
    
    
      subseq(seq, m, n)



        
          
        

    

  


  

TLA+: SubSeq(s, m, n) — elements m through n inclusive, 1-indexed.
iex> ExTLA.Spec.Helpers.subseq([:a, :b, :c, :d], 2, 3)
[:b, :c]
n < m is the empty sequence, whatever m and n are — TLC's SubSeq(s, 2, 0) is <<>>
even for an empty s. Otherwise both bounds must lie in 1..Len(s), and one outside raises
ExTLA.Spec.DomainError the way at/2 does for the same off-by-one.
The indices are TLA+'s, not Elixir's: a zero or negative m does not wrap or count from the
end. Elixir's slice semantics would turn an off-by-one in a spec into a valid sequence that
is not the one the author wrote, silently — the exact shape at/2 refuses.
iex> ExTLA.Spec.Helpers.subseq([:a, :b, :c], 3, 2)
[]

  



  
    
      
    
    
      subset?(a, b)



        
          
        

    

  


  

TLA+: S \\subseteq T.

  



  
    
      
    
    
      sum(enum)



        
          
        

    

  


  

The sum of an enumerable of numbers; 0 when empty.

  



  
    
      
    
    
      sum(enum, f)



        
          
        

    

  


  

The sum of f over an enumerable.
iex> ExTLA.Spec.Helpers.sum([{:a, 1}, {:b, 2}], fn {_, n} -> n end)
3

  



  
    
      
    
    
      tail(seq)



        
          
        

    

  


  

TLA+: Tail(s). Raises on the empty sequence, where Tail is undefined.

  



  
    
      
    
    
      union(a, b)



        
          
        

    

  


  

TLA+: S \\cup T.

  



  
    
      
    
    
      update(map, key, f)



        
          
        

    

  


  

TLA+: [f EXCEPT ![k] = g(@)] — ExTLA.Function.except_with/3 under the name a
spec body uses.
Raises on a key outside the domain — see ExTLA.Function for why extending it
instead would be worse than failing.

  



  
    
      
    
    
      values(map)



        
          
        

    

  


  

The values of a function, as a list.

  


        

      


  

    
ExTLA.Spec.PredicateError exception
    



      
Raised when a predicate — invariant, terminal, action_property, or a
state predicate inside a temporal — evaluates to something other than
true or false.
Elixir's and/or return their last operand, so n >= 0 and status
evaluates to status, and a checker that tests the result for truthiness
counts every non-nil, non-false value as "holds". A predicate that checks
nothing would then report green — the shape Design Principle 6 forbids. The
compiled predicate passes its result through boolean!/3 instead, so every
consumer (the checker, trace replay, coverage, the ledger) gets the same
refusal, naming the declaration and the value it returned.

      


      
        Summary


  
    Functions
  


    
      
        boolean!(result, module, declaration)

      


        The predicate's result, if it is a boolean; otherwise raise naming the
declaration it came from.



    





      


      
        Functions


        


  
    
      
    
    
      boolean!(result, module, declaration)



        
          
        

    

  


  

The predicate's result, if it is a boolean; otherwise raise naming the
declaration it came from.

  


        

      


  

    
ExTLA.Spec.Test 
    



      
ExUnit helpers for model checking in tests.

      


      
        Summary


  
    Functions
  


    
      
        assert_spec(spec_module, config \\ Macro.escape(%{}))

      


        Assert that a spec passes model checking with the given configuration.



    





      


      
        Functions


        


    

  
    
      
    
    
      assert_spec(spec_module, config \\ Macro.escape(%{}))


        (macro)


        
          
        

    

  


  

Assert that a spec passes model checking with the given configuration.
The config is passed to ExTLA.ModelChecker.run/2, whose options it takes. One of them
matters here more than anywhere: liveness is off by default. run/2 defaults
check_liveness: to false, and so does this, so a temporal property mix extla.check
checks is not checked by assert_spec/2 unless the config says check_liveness: true.
Options, beyond ExTLA.ModelChecker.config/0
	allow_incomplete: true — pass even if the state limit was reached or a
state constraint bounded the run. Default false.
	strict_coverage: true — fail on a never-enabled action or a vacuous
property. Default false: they are reported, not fatal.


  


        

      


  

    
ExTLA.Spec.Type 
    



      
The type: annotation grammar of 02-dsl-semantics.md §1.5.
Type expressions are a small language of their own, distinct from the block
DSL, and they are stored quoted: nearly every useful type mentions a
constant (0..^max_val, [^servers ~> :set]) that has no value when the
module compiles. This module checks the shape at compile time so an
ill-formed type is a diagnostic rather than a crash halfway through a
model-checking run; resolution against the constant assignments happens later,
in the checker, where the implicit :type_ok invariant is evaluated.
	Form	Meaning
	:atom, 0, "s"	Exactly that literal
	[:a, :b]	One of the listed literals
	a..b	An integer in the range; either bound may be ^const, and either may be negative
	a..b//step	Every stepth integer from a up to b — 0..10//2 is 0, 2, …, 10
	^name	Any element of the constant (which must be a set)
	t1 | t2	Union — a value of either type
	{t1, t2, …}	A tuple of that arity, element-wise
	[dom ~> rng]	A map whose keys are exactly dom and whose values are in rng
	%{k: t, …}	A record: a map with exactly these keys, each value of its type
	:set, :seq	Any MapSet / any list, elements unconstrained
	set(t), seq(t)	A MapSet / list whose every element is of type t
	:int, :nat	Any integer / any non-negative integer


      


      
        Summary


  
    Types
  


    
      
        resolved()

      


        A type expression with its constants substituted, ready to test values against.



    





  
    Functions
  


    
      
        check_state(resolved, state)

      


        Check a state against the resolved variable types.



    


    
      
        describe(arg1)

      


        Render a resolved type for a violation message.



    


    
      
        explain(spec, constants, state)

      


        Explain a :type_ok violation: which variable, what it holds, what it declared.



    


    
      
        invariant(spec, constants)

      


        The implicit :type_ok invariant for a run, or nil when no variable is typed.



    


    
      
        member?(arg1, value)

      


        Whether a value inhabits a resolved type.



    


    
      
        resolve!(type, constants, where)

      


        Resolve a stored type expression against the constant assignments.



    


    
      
        resolved_variables(spec, constants)

      


        The typed variables of a spec, resolved against this run's constants.



    


    
      
        validate!(type, constants, opts)

      


        Check that type is in the §1.5 grammar. Returns the expression unchanged —
it is stored quoted — or raises ExTLA.Spec.CompileError.



    





      


      
        Types


        


  
    
      
    
    
      resolved()



        
          
        

    

  


  

      

          @type resolved() ::
  {:literal, term()}
  | {:one_of, [term()]}
  | {:range, integer(), integer()}
  | {:range, integer(), integer(), integer()}
  | {:element_of, MapSet.t()}
  | {:union, [resolved()]}
  | {:tuple, [resolved()]}
  | {:function, MapSet.t(), resolved()}
  | {:record, %{required(term()) => resolved()}}
  | {:set_of, resolved()}
  | {:seq_of, resolved()}
  | :set
  | :seq
  | :int
  | :nat


      


A type expression with its constants substituted, ready to test values against.

  


        

      

      
        Functions


        


  
    
      
    
    
      check_state(resolved, state)



        
          
        

    

  


  

Check a state against the resolved variable types.
Types are checked as an invariant rather than used to prune, so a state outside
its type is a reported violation and not a silently narrower search.

  



  
    
      
    
    
      describe(arg1)



        
          
        

    

  


  

Render a resolved type for a violation message.

  



  
    
      
    
    
      explain(spec, constants, state)



        
          
        

    

  


  

Explain a :type_ok violation: which variable, what it holds, what it declared.

  



  
    
      
    
    
      invariant(spec, constants)



        
          
        

    

  


  

The implicit :type_ok invariant for a run, or nil when no variable is typed.
It is checked in every reachable state, which is why a coverage report lists a
type_ok the spec never declared.

  



  
    
      
    
    
      member?(arg1, value)



        
          
        

    

  


  

Whether a value inhabits a resolved type.

  



  
    
      
    
    
      resolve!(type, constants, where)



        
          
        

    

  


  

Resolve a stored type expression against the constant assignments.
This happens at model-check time, not at compile time, because nearly every
useful type mentions a constant that has no value until a run assigns
one. where names the variable, for the error message.

  



  
    
      
    
    
      resolved_variables(spec, constants)



        
          
        

    

  


  

The typed variables of a spec, resolved against this run's constants.
Resolution happens once per run rather than once per state: the constants do
not change, and the state space is where the work is.

  



  
    
      
    
    
      validate!(type, constants, opts)



        
          
        

    

  


  

Check that type is in the §1.5 grammar. Returns the expression unchanged —
it is stored quoted — or raises ExTLA.Spec.CompileError.
constants is the set of declared constant names; a ^name naming something
else is reported here rather than at check time.

  


        

      


  

    
ExTLA.Temporal 
    



      
ENABLED, as the liveness graph records it.
Two ways to evaluate a temporal formula
ExTLA.ModelChecker.Liveness evaluates the §5.1 fragment over the state graph, by
looking for a strongly connected component a fair behaviour could cycle in forever.
That answers a question about every behaviour of the spec at once, which is what model
checking is for.
The operators here answer the other question: does this one behaviour satisfy the
formula? That is what Layer 3 needs — an implementation produces a trace, and the trace
is checked against the properties the spec claims. It is also a cross-check on the
first: a lasso the model checker hands back as a counterexample must come back
:violated when evaluated here, and its cycle must satisfy every fairness constraint
the spec declares. Two independent implementations of the same semantics that disagree
mean one of them is wrong.
Three verdicts, because a finite trace is not a behaviour
A behaviour is infinite; a trace is a prefix of one. A prefix can refute always(P)
— one state where P is false settles it — and can satisfy eventually(P), but it can
do neither the other way round: P might fail after the trace ends, or hold after it.
So every operator here returns :holds, :violated or :inconclusive, and never
collapses the third into the first. That is the same rule as :max_states_reached in
Layer 2, applied one level down.
A lasso removes the doubt. When the trace is a prefix followed by a cycle that
repeats forever — which is what a model-checker counterexample is, and what a
simulation that reaches a terminal state produces — the behaviour is fully described
by finitely many states, and every operator gives a definite answer. Pass the index the
cycle returns to as lasso_start; ExTLA.Trace.to_behavior/1 computes it.
Why this calls into the checker
Enabledness is a function of an action's params and guard alone (02-dsl-semantics.md
§2.1, §3). It does not consult the state graph — an earlier draft took a state_graph
argument, but the graph records reachable successors, not enabledness, and a
parent-pointer graph records no successors at all.
It is computed here by the same ExTLA.ModelChecker.enabled_bindings/3 that generates
the edges, and deliberately so. The bit and the edges sit next to each other in the
liveness graph and are read together by the fairness rules — "enabled in every state of
this component, and taken in none of them" is a comparison between them. Two
implementations of "which bindings are enabled here" would eventually disagree, and a
fairness constraint reading a bit that disagrees with the edge beside it is unsound in
the direction that reports a violated property as holding.

      


      
        Summary


  
    Types
  


    
      
        action_predicate()

      


        An action, as TLA+ means it: a relation on a pair of consecutive states.



    


    
      
        behavior()

      


    


    
      
        lasso_start()

      


        The index the cycle returns to, or nil when the trace is a prefix of something longer
and the operators cannot settle a question the states do not answer.



    


    
      
        predicate()

      


        A state predicate, as a temporal block compiles to.



    


    
      
        verdict()

      


        What a finite trace establishes about a formula. :inconclusive is not a failure — it
is the trace saying it does not reach far enough to know.



    





  
    Functions
  


    
      
        always(behavior, predicate, lasso_start \\ nil)

      


        []P — P holds in every state.



    


    
      
        always_eventually(behavior, predicate, lasso_start \\ nil)

      


        []<>P — P is true infinitely often.



    


    
      
        box_action(behavior, action, vars, lasso_start \\ nil)

      


        [][A]_v — every step either satisfies A or leaves every variable in vars alone.



    


    
      
        cycle(behavior, lasso_start)

      


        The states that recur forever: the cycle of a lasso, or nil without one.



    


    
      
        diamond_action(behavior, action, vars, lasso_start \\ nil)

      


        <><A>_v — some step satisfies A and changes at least one variable in vars.



    


    
      
        enabled?(state, action, constants, binding \\ %{})

      


        ENABLED A: whether the action has a legal successor from this state — some binding of
its params for which every generator is non-empty and the guard holds.



    


    
      
        enabled_among?(enabled_bindings, binding)

      


        The same question against bindings already computed.



    


    
      
        eventually(behavior, predicate, lasso_start \\ nil)

      


        <>P — P holds in at least one state.



    


    
      
        eventually_always(behavior, predicate, lasso_start \\ nil)

      


        <>[]P — P becomes true and stays true forever.



    


    
      
        extends?(full, partial)

      


        Whether a full binding agrees with a partial one everywhere the partial one speaks.



    


    
      
        leads_to(behavior, p, q, lasso_start \\ nil)

      


        P ~> Q — whenever P holds, Q holds then or later.



    


    
      
        steps(behavior, lasso_start \\ nil)

      


        The steps of a behaviour, as {pre, post} pairs.



    





      


      
        Types


        


  
    
      
    
    
      action_predicate()



        
          
        

    

  


  

      

          @type action_predicate() :: (ExTLA.State.t(), ExTLA.State.t() -> boolean())


      


An action, as TLA+ means it: a relation on a pair of consecutive states.

  



  
    
      
    
    
      behavior()



        
          
        

    

  


  

      

          @type behavior() :: ExTLA.State.behavior()


      



  



  
    
      
    
    
      lasso_start()



        
          
        

    

  


  

      

          @type lasso_start() :: non_neg_integer() | nil


      


The index the cycle returns to, or nil when the trace is a prefix of something longer
and the operators cannot settle a question the states do not answer.

  



  
    
      
    
    
      predicate()



        
          
        

    

  


  

      

          @type predicate() :: (ExTLA.State.t() -> boolean())


      


A state predicate, as a temporal block compiles to.

  



  
    
      
    
    
      verdict()



        
          
        

    

  


  

      

          @type verdict() :: :holds | :violated | :inconclusive


      


What a finite trace establishes about a formula. :inconclusive is not a failure — it
is the trace saying it does not reach far enough to know.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      always(behavior, predicate, lasso_start \\ nil)



        
          
        

    

  


  

[]P — P holds in every state.
Refutable by any trace: one state where P is false settles it. Establishable only when
the trace is a lasso, because otherwise P may fail after it ends.

  



    

  
    
      
    
    
      always_eventually(behavior, predicate, lasso_start \\ nil)



        
          
        

    

  


  

[]<>P — P is true infinitely often.
With a lasso, exactly "P occurs somewhere in the cycle": the cycle's states are the
ones that recur, and nothing else does.

  



    

  
    
      
    
    
      box_action(behavior, action, vars, lasso_start \\ nil)



        
          
        

    

  


  

[][A]_v — every step either satisfies A or leaves every variable in vars alone.
The stuttering allowance is what makes a TLA formula about a system rather than about a
transcript: a step that changes nothing the spec models is always permitted.

  



  
    
      
    
    
      cycle(behavior, lasso_start)



        
          
        

    

  


  

The states that recur forever: the cycle of a lasso, or nil without one.

  



    

  
    
      
    
    
      diamond_action(behavior, action, vars, lasso_start \\ nil)



        
          
        

    

  


  

<><A>_v — some step satisfies A and changes at least one variable in vars.
The <A>_v form excludes stuttering deliberately: "A happened" has to mean something
moved, or every behaviour satisfies it by standing still.

  



    

  
    
      
    
    
      enabled?(state, action, constants, binding \\ %{})



        
          
        

    

  


  

ENABLED A: whether the action has a legal successor from this state — some binding of
its params for which every generator is non-empty and the guard holds.
binding restricts the question to one binding of the leading params, which is what
per-binding fairness asks (02-dsl-semantics.md §5.2): ENABLED AcquireLock(p1) is
enabled?(state, acquire_lock, constants, %{p: :p1}). The default %{} restricts
nothing and asks ENABLED \E p : AcquireLock(p), which is the whole-action form and a
strictly weaker question — the distinction §5.2 exists for.

  



  
    
      
    
    
      enabled_among?(enabled_bindings, binding)



        
          
        

    

  


  

The same question against bindings already computed.
The checker has the enabled bindings of every action in hand while it expands a state —
they are what it turns into edges — so the bits cost no guard evaluations of their own.

  



    

  
    
      
    
    
      eventually(behavior, predicate, lasso_start \\ nil)



        
          
        

    

  


  

<>P — P holds in at least one state.
The mirror of always/3: satisfiable by any trace, refutable only by a lasso.

  



    

  
    
      
    
    
      eventually_always(behavior, predicate, lasso_start \\ nil)



        
          
        

    

  


  

<>[]P — P becomes true and stays true forever.
Neither satisfiable nor refutable without a lasso: any prefix extends to a behaviour
where P holds forever after it, and to one where it does not. With a lasso it is
decided by the cycle alone — the states outside it occur finitely often and cannot
settle what happens "forever after".

  



  
    
      
    
    
      extends?(full, partial)



        
          
        

    

  


  

Whether a full binding agrees with a partial one everywhere the partial one speaks.
Per-binding fairness, the ENABLED bits and ExTLA.ModelChecker.Liveness's "was this
action taken inside the component" all ask it, so it has one definition rather than
three.

  



    

  
    
      
    
    
      leads_to(behavior, p, q, lasso_start \\ nil)



        
          
        

    

  


  

P ~> Q — whenever P holds, Q holds then or later.
:inconclusive for any trace without a lasso, and that is not a weakness of the
implementation: a P with no Q after it may still get its Q in the next state, and a
trace where every P was answered may fail at the first state past the end. Neither
direction is settled by a prefix.

  



    

  
    
      
    
    
      steps(behavior, lasso_start \\ nil)



        
          
        

    

  


  

The steps of a behaviour, as {pre, post} pairs.
Under a lasso the last step is the one that closes it — from the final state back to
lasso_start. Leaving it out would lose the step a fairness constraint is most often
satisfied by, and would let a cycle of one state have no steps at all.

  


        

      


  

    
ExTLA.Config 
    



      
Global configuration for ExTLA behavior.

      


      
        Summary


  
    Types
  


    
      
        mode()

      


    





  
    Functions
  


    
      
        mode()

      


        Checking mode, resolved at COMPILE time.



    


    
      
        workers()

      


        Number of workers for parallel state exploration.



    





      


      
        Types


        


  
    
      
    
    
      mode()



        
          
        

    

  


  

      

          @type mode() :: :enabled | :log_only | :disabled


      



  


        

      

      
        Functions


        


  
    
      
    
    
      mode()


        (macro)


        
          
        

    

  


  

Checking mode, resolved at COMPILE time.
	:enabled   — raise on violation (default in dev/test)
	:log_only  — log violation but continue (useful for staging)
	:disabled  — emit no checking code at all (default in prod)

This is compile_env, not get_env, for two reasons:
	:disabled must be genuinely free. The @before_compile hooks in Layers 1
and 3 read this value and, when it is :disabled, emit no wrapper at all. A
runtime get_env lookup could not do that — it would leave an
Application.get_env/2 call on every callback, which alone consumes most of the
Layer 1 per-check budget.
	Mix does not exist in a release. An earlier draft defaulted via
Mix.env() evaluated at runtime, which raises UndefinedFunctionError in any
assembled release. Compile-time resolution removes the dependency entirely.

Changing the mode changes what the instrumented modules compile to, and Mix knows
it: compile_env registers a compile-time dependency on the config key in the
CALLING module, so a config :extla, mode: ... edit recompiles exactly those
modules. That is the intended trade: the production default is zero code, not
cheap code.
The compile_env call is inside the quote, not in the macro body. In the body
it would run once, while ExTLA itself compiles — baking the value into the
dependency's build and attaching the config dependency to ExTLA.Config instead of
to the user's module. Inside the quote it expands in the caller, which is where
both the value and the dependency belong.

  



  
    
      
    
    
      workers()



        
          
        

    

  


  

Number of workers for parallel state exploration.
Derived rather than asked for: the number of schedulers is a property of the machine, so
the system holds the knowledge and this answers it.
ExTLA.ModelChecker.Parallel honours workers:, and ExTLA.ModelChecker's own default is
nonetheless 1. A parallel search is exhaustive exactly as a single-threaded one is,
so the cores buy speed and not a better answer — and how much of the machine to spend on
a run is a decision about the machine, held by whoever is running the checker. Pass
workers: ExTLA.Config.workers() to take this answer; nothing takes it for a caller who
did not ask.
Set higher than the machine has schedulers, a run is slower rather than wrong — the
degradation is visible, which is the property a derived default should keep.

  


        

      


  

    
ExTLA.Coverage 
    



      
What a model-checking run exercised.
A green check mark is only as good as what was behind it. Three ways a run can
report success while having verified almost nothing:
	An action that was never enabled. A typo in a guard (status == :Idle)
turns an action off entirely. The spec still model-checks — it is simply a
weaker spec now, and a weaker spec passes more easily.
	A property satisfied vacuously. P ~> Q where P never holds in any
reachable state is trivially true and says nothing about Q.
	An invariant that was never at risk. An invariant no reachable state ever
came close to falsifying is indistinguishable from true.

None of these are exotic; they are the routine failure mode of specification
work. Reporting them is not a nice-to-have — it is the difference between a
verdict and a claim.
Collected during the run, not computed after it
Coverage costs no additional exploration, but it is not computed from the
finished state graph: the graph deliberately retains neither states nor
per-action counts (ExTLA.StateGraph), so there is nothing in it to compute
these from. They are accumulated while the search runs, which is the only way
to have them at all.
See "Reading the coverage report" in guides/reference.md for what each line
of the report means.

      


      
        Summary


  
    Types
  


    
      
        action_coverage()

      


    


    
      
        invariant_coverage()

      


    


    
      
        t()

      


    


    
      
        vacuity()

      


    





  
    Functions
  


    
      
        clean?(coverage)

      


        Whether this run found anything worth a warning.



    


    
      
        finalize(coverage, bounded_by)

      


        Finish the accumulator into the report.



    


    
      
        format(coverage, opts \\ [])

      


        Render for terminal output.



    


    
      
        init(spec, constants, invariants)

      


        A fresh accumulator for a run.



    


    
      
        merge(into, from)

      


        Combine one worker's accumulator into the coordinator's.



    


    
      
        observe_enabled(coverage, name, bindings)

      


        Record that this action was enabled in a state, and with which bindings.



    


    
      
        observe_generated(coverage, name, generated, distinct)

      


        Record what expanding one state through one action produced.



    


    
      
        observe_held_back(coverage)

      


        One more state the state_constraint: held back.



    


    
      
        observe_live_terminal(coverage, spec, constants, state)

      


        Record a state that a terminal predicate admits but that still has an
enabled action. Not an error — nothing is cut — but almost always a predicate
broader than the end state it was written for.



    


    
      
        observe_state(coverage, invariants, constants, state)

      


        Record a newly discovered state: which invariants were evaluated on it, which
were pressed against, and which temporal probes it satisfied.



    


    
      
        observe_stuck(coverage, admitting)

      


        Record a successor-less state and which terminal predicates admitted it.



    


    
      
        observe_universe(coverage, action, constants, state)

      


        Note the universe of parameter combinations for an action, so the unexercised
ones can be named. Only actions whose every param draws from a constant or a
literal have one: the set a state function returns changes from state to state,
so there is no fixed universe to subtract from.



    


    
      
        strict_failures(coverage)

      


        What --strict-coverage may fail a build on: a never-enabled action or a vacuous
property, and only where this run is in a position to accuse.



    


    
      
        warn_unless_clean(coverage, opts \\ [])

      


        Print the warnings unless the run was clean, or fail under strict_coverage.



    


    
      
        warnings(coverage)

      


        The warnings, one line each.



    





      


      
        Types


        


  
    
      
    
    
      action_coverage()



        
          
        

    

  


  

      

          @type action_coverage() :: %{
  enabled_in: non_neg_integer(),
  states_generated: non_neg_integer(),
  distinct_generated: non_neg_integer()
}


      



  



  
    
      
    
    
      invariant_coverage()



        
          
        

    

  


  

      

          @type invariant_coverage() :: %{
  evaluated_in: non_neg_integer(),
  near_misses: non_neg_integer() | nil
}


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %ExTLA.Coverage{
  actions: %{required(atom()) => action_coverage()},
  bounded_by: :none | :state_constraint | :max_states | :violation,
  held_back: non_neg_integer(),
  invariants: %{required(atom()) => invariant_coverage()},
  live_terminals: term(),
  never_enabled: [atom()],
  param_universe: term(),
  probes: term(),
  seen_bindings: term(),
  terminal_but_live: [atom()],
  terminals: %{required(atom()) => %{admitted: non_neg_integer()}},
  unreached_params: %{required(atom()) => [map()]},
  vacuous: [vacuity()]
}


      



  



  
    
      
    
    
      vacuity()



        
          
        

    

  


  

      

          @type vacuity() :: %{
  property: atom(),
  binding: [term()],
  reason: :antecedent_never_held | :consequent_always_held
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      clean?(coverage)



        
          
        

    

  


  

Whether this run found anything worth a warning.
Everything a run can say about itself, including the two that are not failures — a
terminal that admitted a live state and an invariant never at risk. This is what decides
whether the report is printed, and a report that stayed silent about them would hide the
thing it exists to surface.
--strict-coverage asks a different question, and strict_failures/1 is where it is
asked: a report can be worth printing without being worth failing a build over.

  



  
    
      
    
    
      finalize(coverage, bounded_by)



        
          
        

    

  


  

Finish the accumulator into the report.

  



    

  
    
      
    
    
      format(coverage, opts \\ [])



        
          
        

    

  


  

Render for terminal output.

  



  
    
      
    
    
      init(spec, constants, invariants)



        
          
        

    

  


  

A fresh accumulator for a run.

  



  
    
      
    
    
      merge(into, from)



        
          
        

    

  


  

Combine one worker's accumulator into the coordinator's.
ExTLA.ModelChecker.Parallel gives each worker a fresh accumulator from init/3 and
merges what comes back, so from describes only that worker's share of the level. The
three initial probe values — ever: false, always: true, evaluated: false — are the
identities of the operations below, which is what makes a worker that observed nothing
contribute nothing.
Three different rules, and using the wrong one produces a report that looks right:
	Counts add. Each state is observed by exactly one worker — the one that won its
fingerprint — and each {state, action} pair is expanded by exactly one worker, so
nothing is observed twice and summing is exact rather than approximate.
One of them is exact only in total: distinct_generated attributes a state to the
action that reached it first, and which action that is depends on the order the
search took. Its sum over all actions is invariant — every distinct state is
credited exactly once — and its split across them is not. That is a property of the
quantity, not of this merge; a single-threaded run redistributes it too if the
actions are declared in a different order.
And none of them is exact when the run halted. A search that stops at a
counterexample stops mid-expansion, so every count is a lower bound rather than a
census — which is what bounded_by: :violation records. Under workers the bound is
looser and varies between runs: the coordinator starts a whole level at once and
halts on the first violation it receives, so how much of that level was already
merged depends on which worker finished when. Two runs of the same violating spec at
different worker counts agree on the verdict and on the counterexample's length, and
need not agree on the counts.

	Sets union, and predicates fold. ever is a disjunction over reachable states,
always a conjunction; splitting the states across workers and combining with or
and and is the same computation in a different order.

	param_universe does neither. It is a property of the CONSTANTS, not of any
state: observe_universe/4 enumerates it once, on the first initial state, before
any worker exists. Every worker's copy is therefore either the coordinator's own or
:unknown, and merging it could only replace a computed universe with an unknown
one. The coordinator's is kept, deliberately.



  



  
    
      
    
    
      observe_enabled(coverage, name, bindings)



        
          
        

    

  


  

Record that this action was enabled in a state, and with which bindings.
Called before the successors are generated, and that is the whole point. Enablement is
established the moment the guard admits a binding: it is true before any successor exists, and
it stays true whether or not the expansion finishes. Recorded at the end instead, a violation
that halted the expansion would lose the enablement of the action that caused it — and an
action enabled in exactly one state would then be reported never_enabled while being named in
the counterexample, warning the user that the offending action had a broken guard.
seen_bindings belongs here too: it is a fact about the bindings the guard admitted, not about
what expanding them produced.

  



  
    
      
    
    
      observe_generated(coverage, name, generated, distinct)



        
          
        

    

  


  

Record what expanding one state through one action produced.
The other half of observe_enabled/3, and deliberately not the same call: was this action
enabled here and how many states did it generate are different facts, known at different
moments. This one stays where the numbers are known — after the expansion — because a halt
there legitimately means the count is not known, which is what bounded_by already says.

  



  
    
      
    
    
      observe_held_back(coverage)



        
          
        

    

  


  

One more state the state_constraint: held back.
Counted where the constraint is applied rather than inferred from the config, because
"a constraint was configured" and "a constraint bound this run" are different facts and
only the second is a reason to call the result partial.

  



  
    
      
    
    
      observe_live_terminal(coverage, spec, constants, state)



        
          
        

    

  


  

Record a state that a terminal predicate admits but that still has an
enabled action. Not an error — nothing is cut — but almost always a predicate
broader than the end state it was written for.

  



  
    
      
    
    
      observe_state(coverage, invariants, constants, state)



        
          
        

    

  


  

Record a newly discovered state: which invariants were evaluated on it, which
were pressed against, and which temporal probes it satisfied.

  



  
    
      
    
    
      observe_stuck(coverage, admitting)



        
          
        

    

  


  

Record a successor-less state and which terminal predicates admitted it.
admitting is the list of terminal names whose predicate held there — the same evaluation
ExTLA.ModelChecker.Safety.classify_stuck/3 made to call the state terminal rather than
deadlocked, handed over so it is counted once and not evaluated twice. An empty list is a
deadlock, and counts against nothing.

  



  
    
      
    
    
      observe_universe(coverage, action, constants, state)



        
          
        

    

  


  

Note the universe of parameter combinations for an action, so the unexercised
ones can be named. Only actions whose every param draws from a constant or a
literal have one: the set a state function returns changes from state to state,
so there is no fixed universe to subtract from.

  



  
    
      
    
    
      strict_failures(coverage)



        
          
        

    

  


  

What --strict-coverage may fail a build on: a never-enabled action or a vacuous
property, and only where this run is in a position to accuse.
The other two warnings are not failures. A terminal that admitted a live state is not an
error — nothing is cut — and an invariant never at risk says the run did not press on it,
not that the spec is wrong. Both are still printed (clean?/1); neither fails the build.
Returns a list of {kind, name}, so a caller can say which.

  



    

  
    
      
    
    
      warn_unless_clean(coverage, opts \\ [])



        
          
        

    

  


  

Print the warnings unless the run was clean, or fail under strict_coverage.
Warnings by default, errors on request: a never-enabled action is a bug often
enough to be worth a build failure, but not always, and a tool that refuses to
proceed on a judgement call gets its check turned off entirely.

  



  
    
      
    
    
      warnings(coverage)



        
          
        

    

  


  

The warnings, one line each.

  


        

      


  

    
ExTLA.ModelChecker 
    



      
Exhaustive state-space model checker for ExTLA.Spec modules. Analogous to TLC
for TLA+.
The search is breadth-first, and that is not an implementation detail: an invariant is
evaluated when a state is first discovered, so the first violation found is at minimal
distance from init and the trace is the shortest counterexample. A depth-first search
would report a counterexample, which is a much less useful thing to hand someone.
check_liveness: true adds temporal checking: the search also builds the liveness graph,
and ExTLA.ModelChecker.Liveness looks for the fair cycle that refutes a temporal
property. It is off by default, because the graph costs memory and time and a spec that
declares no temporal has nothing to gain from it. mix extla.check turns it on for a
spec that declares one.
symmetry: [:processes] collapses states that differ only by a permutation of an
interchangeable constant, and verify_symmetry: true checks the declaration was sound by
running the model both ways (ExTLA.Symmetry). workers: n explores each level across
n processes (ExTLA.ModelChecker.Parallel). Either one together with
check_liveness: true raises, because neither combination gives a sound liveness answer.
run/2 lists every option.

      


      
        Summary


  
    Types
  


    
      
        config()

      


    


    
      
        result()

      


    





  
    Functions
  


    
      
        bindings(action, constants, state)

      


        Every parameter binding of an action in a state, guard or no guard.



    


    
      
        check_safety(spec, config \\ %{})

      


        Run only safety checking: run/2 with check_liveness: false, whatever the config says.



    


    
      
        checked_invariants(module, constants)

      


        Every invariant a run will check: the spec's own, preceded by the implicit
:type_ok of 02-dsl-semantics.md §1.5 when any variable is typed.



    


    
      
        enabled_bindings(action, constants, state)

      


        Every parameter binding of an action whose guard holds in a state.



    


    
      
        enabled_steps(spec, constants, state)

      


        Every {action, binding} a state admits — the choices available from it, without
applying any of them.



    


    
      
        explore(spec, config \\ %{})

      


        Run the model checker and return the full state graph, for inspection.



    


    
      
        run(spec, config \\ %{})

      


        Run the model checker on a spec module.



    


    
      
        steps(spec, constants, state)

      


        Every {action, binding} in a state, guard or no guard.



    


    
      
        successors(spec, constants, state)

      


        Every successor of a state: one per action, per binding of that action's
params, whose guard holds.



    





      


      
        Types


        


  
    
      
    
    
      config()



        
          
        

    

  


  

      

          @type config() :: %{
  optional(:constants) => map(),
  optional(:max_states) => pos_integer(),
  optional(:workers) => pos_integer(),
  optional(:check_deadlock) => boolean(),
  optional(:check_liveness) => boolean(),
  optional(:liveness_graph) => boolean(),
  optional(:symmetry) => [atom()] | nil,
  optional(:verify_symmetry) => boolean(),
  optional(:state_constraint) => (ExTLA.State.t() -> boolean()) | nil,
  optional(:fingerprint_bits) => 64 | 128,
  optional(:profile) => boolean(),
  optional(:invariants) => :all | [atom()],
  optional(:action_properties) => :all | [atom()],
  optional(:temporals) => :all | [atom()]
}


      



  



  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() :: %{
  status: :ok | :violation | :max_states_reached | :constrained | :deadlock,
  states_found: non_neg_integer(),
  distinct_states: non_neg_integer(),
  transitions: non_neg_integer(),
  diameter: non_neg_integer(),
  deadlock: boolean(),
  duration_ms: non_neg_integer(),
  violation: ExTLA.Trace.t() | ExTLA.Trace.lasso() | nil,
  coverage: ExTLA.Coverage.t(),
  profile: ExTLA.Profile.t() | nil,
  warnings: [String.t()],
  fingerprint_bits: pos_integer(),
  collision_estimate: float()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      bindings(action, constants, state)



        
          
        

    

  


  

Every parameter binding of an action in a state, guard or no guard.

  



    

  
    
      
    
    
      check_safety(spec, config \\ %{})



        
          
        

    

  


  

Run only safety checking: run/2 with check_liveness: false, whatever the config says.

  



  
    
      
    
    
      checked_invariants(module, constants)



        
          
        

    

  


  

Every invariant a run will check: the spec's own, preceded by the implicit
:type_ok of 02-dsl-semantics.md §1.5 when any variable is typed.
type_ok goes first deliberately. A state outside its declared type makes
every other invariant's verdict on that state uninteresting — the useful thing
to report is that a variable holds something the spec says it cannot.

  



  
    
      
    
    
      enabled_bindings(action, constants, state)



        
          
        

    

  


  

Every parameter binding of an action whose guard holds in a state.
Params bind left to right and each generator receives the bindings made before
it, so a later param can be constrained by an earlier one. A generator that
returns nothing disables the action here, exactly as a false guard would.

  



  
    
      
    
    
      enabled_steps(spec, constants, state)



        
          
        

    

  


  

Every {action, binding} a state admits — the choices available from it, without
applying any of them.
successors/3 answers the same question and applies the transitions, which is what the
search needs and what a caller choosing ONE of them does not: ExTLA.Simulation.Generator
picks a candidate and asks the refinement for a message, and
ExTLA.PropertyTest.action_sequences/3 picks one and walks. Both use this, so a
simulation, a property test and the checker agree on what may happen next.
Actions are taken in declaration order and bindings in generator order, so the list is
the same on every run.

  



    

  
    
      
    
    
      explore(spec, config \\ %{})



        
          
        

    

  


  

Run the model checker and return the full state graph, for inspection.
The caller owns the returned graph. It is backed by two ETS tables created in the
calling process, and they live until that process exits — which is the point: the graph
is the return value, and releasing it here would hand back a term whose contents are
gone. run/2, which discards the graph, is where the release belongs, and it does it by
searching in a process of its own.
A caller that keeps a graph beyond one short-lived process should say when it is done
with it: ExTLA.StateGraph.delete/1.

  



    

  
    
      
    
    
      run(spec, config \\ %{})



        
          
        

    

  


  

Run the model checker on a spec module.
ExTLA.ModelChecker.run(Specs.Counter, %{constants: %{max: 3}})
Options
	constants: — a map assigning the spec's constants. Default %{}. Each constant's
default: fills in what this leaves out, and an explicit value wins. run/2 reads no
application config: mix extla.check adds config :extla, Spec, constants: %{…} with
ExTLA.Spec.Compiled.resolve_constants/1 and passes the result here.
	max_states: — the state budget. Default 1_000_000. The search stops once the graph
has passed it, so the count reported with :max_states_reached exceeds the limit.
	workers: — processes exploring each breadth-first level. Default 1;
ExTLA.Config.workers/0 returns the machine's answer if you want it. Raises together
with check_liveness: true.
	check_deadlock: — report a reachable state with no enabled action and no terminal
admitting it. Default true.
	check_liveness: — check the spec's temporal properties. Default false. Raises
together with symmetry: or workers: above one.
	liveness_graph: — build the liveness graph without checking anything with it, for
measuring it. Default false; check_liveness: true implies it.
	symmetry: — constants whose elements are interchangeable. Default nil.
	verify_symmetry: — run the model with and without symmetry: and raise
ExTLA.Symmetry.UnsoundError if any verdict differs. Default false.
	state_constraint: — a predicate on states; a state that fails it is not expanded,
and the run's status is :constrained. Default nil.
	fingerprint_bits: — 64 or 128. Default 64.
	profile: — measure what each declaration costs, in reductions (ExTLA.Profile).
Default false, and free when off.
	invariants:, action_properties:, temporals: — :all (the default) or a list of
declaration names to check. A name the spec does not declare is refused.

Returns the verdict and keeps nothing: the search runs in a process of its own, so the
graph's ETS tables are freed when it ends, and an exception is re-raised in the caller
with its original stack. explore/2 returns the graph instead.

  



  
    
      
    
    
      steps(spec, constants, state)



        
          
        

    

  


  

Every {action, binding} in a state, guard or no guard.
The counterpart of bindings/3 to enabled_steps/3's enabled_bindings/3. A simulation
that sends only enabled messages can never find an implementation that accepts one the
spec forbids, which is why the unfiltered form is offered rather than assumed away.

  



  
    
      
    
    
      successors(spec, constants, state)



        
          
        

    

  


  

Every successor of a state: one per action, per binding of that action's
params, whose guard holds.
Nondeterminism comes from params: and only from params:
(02-dsl-semantics.md §3), so this is the whole of it. Actions are taken in
declaration order and bindings in generator order, which makes the search
deterministic — a checker whose state graph varied between runs could not be
compared to TLC.

  


        

      


  

    
ExTLA.Profile 
    



      
What each of your declarations cost, measured in reductions.
ExTLA.Coverage answers how often the checker asked a declaration. This answers how expensive
the answer was — the other half of the question a spec author has when a run is slow, and the
only half they can act on. "Invariant checking is 3.2%" is a fact about the checker;
"quorum_agrees cost 2,400 reductions each of 58,359 times" is a fact about the spec in front
of them.
Why reductions and not milliseconds
A wall-clock number means nothing without the CPU model and the load average it was taken
under: the same model-checking run can swing by a quarter or more on machine load alone.
A reduction is the BEAM's own unit of work. The counter is incremented on function calls and
BIF work and consults neither the clock nor the CPU, so the count is a function of
(OTP version, code, data) and of nothing else. The same fixed workload under 32 competing
processes:
wall       2,512 -> 5,032 µs, a 100.3% spread
reductions 225,017 -> 225,017
The floor is the measurement, and the total is not
Accumulating the deltas does not give a reproducible number. Eight runs of one spec under 32
competing processes, totals:
invariant  19 reds/eval     3,819 -  4,839    26.7% spread
invariant  34 reds/eval     6,834 -  7,249     6.1%
guard       2 reds/eval       402 -    594    47.8%
The excursions are absolute — a reduction or five on some evaluations — so they are negligible
against an expensive declaration and total against a cheap one. Ranking on those totals gave
five different orders in ten runs.
The per-evaluation minimum has no such problem. Across the same eight loaded runs every
declaration's floor came back a single value — 3, 11, 20, 35, 80, 155, 305 — with zero
variance. That is the honest reading of what is happening: the floor is what the predicate
costs, and anything above it in a given evaluation is the scheduler getting in the way of the
measurement rather than the predicate doing more work.
So the reported cost is floor x evaluations. That is reproducible to within a small
absolute margin — two reductions per evaluation — and the margin does not grow with load.
A floor can only be pushed up, by an evaluation that never ran uninterrupted, so a short run on
a busy machine may miss the true minimum and land a reduction or two high; it cannot land low.
On a 304 reds/eval declaration that is 0.7%, and it is still two reductions at load 32, where
the same workload's wall time spread 100.3%. Evaluation counts are exact under any conditions —
they are a function of the search, not of the measurement.
What the floor cannot see is a predicate whose cost genuinely varies with the state — one
that short-circuits on most states and does the work on a few. Its floor is the cheap case, so
the reported cost understates it. That is why observed is kept beside it and why the report
flags a row whose observed total runs well above its attributed one: the gap is a finding, not
a defect, and averaging it away would hide the most interesting predicate in the spec.
What this deliberately does not measure
Garbage collection. Reductions do not charge for it, so a predicate that allocates heavily
is slightly undercharged — measured at ~2% of wall on an allocation-heavy loop, against the 30%
the wall clock swings on load. The trade is worth it and is stated rather than hidden.
The checker's own machinery. Its phases are ETS and NIF work rather than user code, and
whether reductions describe those well is a question nobody has measured. This module wraps
the closures ExTLA.Spec.Compiled holds and nothing else.
Where the window opens and closes, and why there is no bounded_by here
The window is the search, and only the search. The checker instruments a copy of the spec
for the search and stops counting when that copy stops being called; the state graph keeps the
uninstrumented spec, because everything that consults it runs after the search has stopped —
replay, which turns an ExTLA.StateGraph.path_to/2 result back into states by applying
transitions. Regenerating a counterexample, or materializing every state so a liveness
predicate can be evaluated over it, is not work the spec's transitions did while exploring.
Counting it would charge a refuted run each trace step twice, and a check_liveness: true run
roughly a whole second search.
That boundary is what lets this module say something ExTLA.Coverage cannot. Coverage's
bounded_by exists because a halted search leaves the state space incompletely described:
its counts are a floor on a question about the spec. This module's counts are not a claim about
the state space at all — they are a census of work performed, and a search that halted
performed exactly the work it performed, its partial last expansion included. That number is
complete under every halt condition, so there is deliberately no bounded_by on a profile: it
would qualify a count that is not uncertain.
A reader who needs to know the run stopped early has status and coverage.bounded_by on the
same result struct, which is the honest place for it.
Why the process dictionary
The closures are called from deep inside the checker's hot path — invariant checking, guard
evaluation, action application — and they return only their value. There is nothing to thread
an accumulator back through, short of changing the signature of every call site in the hot
path to carry one.
The dictionary is not merely the convenient answer, it is the correct boundary: it is
per-process, which is exactly what a worker's contribution is under workers: (each worker's
ExTLA.Coverage starts from zero for the same reason). A worker reads its own dictionary at
the end of its slice and hands back a struct, so merge/2 composes the way
ExTLA.Coverage.merge/2 does and no shared mutable state touches the expansion path.
Writes are confined to bump/2 and reads to collect/1. Nothing else in the project reads
these keys.

      


      
        Summary


  
    Types
  


    
      
        entry()

      


    


    
      
        key()

      


    


    
      
        kind()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        clear(profile)

      


        Remove this process's counters from its dictionary. zero/1 does this on a worker's way
in; the coordinator calls it on its way out, so the keys do not outlive the run in
a long-lived process.



    


    
      
        collect(profile)

      


        This process's contribution, read out of its dictionary.



    


    
      
        finalize(profile, run_reductions)

      


        Subtract the instrumentation, turn the per-evaluation floor into a cost, and record what the
whole run spent.



    


    
      
        format(profile, opts \\ [])

      


        Render for terminal output, in the shape ExTLA.Coverage.format/2 uses.



    


    
      
        init(spec)

      


        A zeroed accumulator for spec, with the instrumentation constant calibrated for this machine
and OTP release.



    


    
      
        instrument(spec)

      


        spec with every declaration's closure wrapped in a counter.



    


    
      
        merge(into, from)

      


        Sum two contributions. Both come from one init/1, so their key sets are identical and a key in
one and not the other would be a bug rather than a case to handle, as in
ExTLA.Coverage.merge/2.



    


    
      
        reductions()

      


        Every reduction this process has spent. The run brackets itself with two of these.



    


    
      
        zero(profile)

      


        The same accumulator with every count back at zero, and this process's dictionary cleared.



    





      


      
        Types


        


  
    
      
    
    
      entry()



        
          
        

    

  


  

      

          @type entry() :: %{
  evaluations: non_neg_integer(),
  reductions: non_neg_integer(),
  per_eval: non_neg_integer(),
  observed: non_neg_integer(),
  settled: boolean()
}


      



  



  
    
      
    
    
      key()



        
          
        

    

  


  

      

          @type key() :: {kind(), atom()}


      



  



  
    
      
    
    
      kind()



        
          
        

    

  


  

      

          @type kind() :: :invariant | :terminal | :action_property | :guard | :transition


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %ExTLA.Profile{
  calibration: %{
    required(2) => non_neg_integer(),
    required(3) => non_neg_integer()
  },
  declarations: %{required(key()) => entry()},
  otp_version: String.t() | nil,
  run_reductions: non_neg_integer()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      clear(profile)



        
          
        

    

  


  

Remove this process's counters from its dictionary. zero/1 does this on a worker's way
in; the coordinator calls it on its way out, so the keys do not outlive the run in
a long-lived process.

  



  
    
      
    
    
      collect(profile)



        
          
        

    

  


  

This process's contribution, read out of its dictionary.
Raw: the calibration is subtracted by finalize/2, after any merging, so the constant is
applied exactly once however many workers contributed.

  



  
    
      
    
    
      finalize(profile, run_reductions)



        
          
        

    

  


  

Subtract the instrumentation, turn the per-evaluation floor into a cost, and record what the
whole run spent.
run_reductions is the CALLER's bracket — the coordinator's — and is ADDED to whatever the
merged contributions already carry, which is every worker's own bracket. Overwriting it would
make the denominator the coordinator alone: on a single worker that is the whole run, but on
eight it is only the scheduling and the seed, and the same spec's shares would change with the
worker count.
Called once, after any merging. It is not idempotent — a second call would subtract the
calibration a second time — and that is why collect/1 and merge/2 leave the raw floor
alone. A worker collects, the coordinator merges, and this runs at the end.
Clamped at zero: a declaration cheaper than the two counter reads can measure below the
calibration floor by a reduction or two, and a negative cost is not a thing to report. It also
reads correctly — "too cheap to measure" is the honest answer for invariant :always do true end.

  



    

  
    
      
    
    
      format(profile, opts \\ [])



        
          
        

    

  


  

Render for terminal output, in the shape ExTLA.Coverage.format/2 uses.

  



  
    
      
    
    
      init(spec)



        
          
        

    

  


  

A zeroed accumulator for spec, with the instrumentation constant calibrated for this machine
and OTP release.

  



  
    
      
    
    
      instrument(spec)



        
          
        

    

  


  

spec with every declaration's closure wrapped in a counter.
Returns the spec unchanged in shape — same keys, same arities, same return values — so nothing
downstream can tell the difference except by counting. Also clears this process's accumulator,
which matters in a test suite where several runs share one process.

  



  
    
      
    
    
      merge(into, from)



        
          
        

    

  


  

Sum two contributions. Both come from one init/1, so their key sets are identical and a key in
one and not the other would be a bug rather than a case to handle, as in
ExTLA.Coverage.merge/2.

  



  
    
      
    
    
      reductions()



        
          
        

    

  


  

Every reduction this process has spent. The run brackets itself with two of these.

  



  
    
      
    
    
      zero(profile)



        
          
        

    

  


  

The same accumulator with every count back at zero, and this process's dictionary cleared.
What ExTLA.ModelChecker.Parallel hands a worker, for the reason it hands one a zeroed
ExTLA.Coverage: a worker given the coordinator's totals would return them plus its own, and
merging that counts the seed twice. Keeps the calibration and the OTP release, which are facts
about the machine rather than about the work, so a worker does not pay to recalibrate.

  


        

      


  

    
ExTLA.Spec.Compiled 
    



      
The compiled representation of a ExTLA.Spec module.
This is what the model checker operates on.
Every function in here is closed over nothing but its arguments, and every one
takes the constant assignments as its first argument. An action's guard and
transition are pure functions of (constants, pre_state, params), and each
param generator is a pure function of (constants, pre_state, params bound so far) — the property that makes successor generation, symmetry canonicalization
and Layer 3's refinement check all straightforward (02-dsl-semantics.md §3).
Why constants are an argument
Every block may reference ^constants (02-dsl-semantics.md §1.1) — the worked
example's conservation_of_money compares against ^max_balance — so guards,
transitions and predicates need them as much as init_fn and the param
generators do. Passing constants uniformly keeps them out of the state, where
they would be fingerprinted and would inflate the state space by a value that
never changes.

      


      
        Summary


  
    Types
  


    
      
        action_def()

      


    


    
      
        action_property_def()

      


    


    
      
        constant_def()

      


    


    
      
        constants()

      


    


    
      
        fairness_def()

      


    


    
      
        init_fn()

      


    


    
      
        invariant_def()

      


    


    
      
        param_source()

      


    


    
      
        predicate()

      


    


    
      
        state_predicate()

      


    


    
      
        t()

      


    


    
      
        temporal_def()

      


    


    
      
        temporal_formula()

      


    


    
      
        terminal_def()

      


    


    
      
        type_expr()

      


    


    
      
        variable_def()

      


    





  
    Functions
  


    
      
        action(compiled, name)

      


        The action with the given name, or nil.



    


    
      
        constant_names(compiled)

      


        The declared constant names, in declaration order.



    


    
      
        default_constants(compiled)

      


        The constant assignments declared with default:, for a run that was given
none of its own.



    


    
      
        from_module(module)

      


        Extract the compiled spec from a module.



    


    
      
        resolve_constants(spec)

      


        The constant assignments for a run, from application config over the declared defaults.



    


    
      
        temporal_instances(temporal, constants)

      


        The instances of a temporal property: \A x \in C : F(x) expanded into one unquantified
formula per element, with the bound values riding along so a finding can say which.



    


    
      
        variable_names(compiled)

      


        The declared variable names, in declaration order.



    





      


      
        Types


        


  
    
      
    
    
      action_def()



        
          
        

    

  


  

      

          @type action_def() :: %{
  name: atom(),
  params: [{atom(), (constants(), ExTLA.State.t(), map() -> Enumerable.t())}],
  param_sources: [{atom(), param_source()}],
  guard: (constants(), ExTLA.State.t(), params :: map() -> boolean()),
  transition: (constants(), ExTLA.State.t(), params :: map() -> ExTLA.State.t())
}


      



  



  
    
      
    
    
      action_property_def()



        
          
        

    

  


  

      

          @type action_property_def() :: %{
  name: atom(),
  description: String.t(),
  predicate: (constants(), old :: ExTLA.State.t(), new :: ExTLA.State.t() ->
                boolean())
}


      



  



  
    
      
    
    
      constant_def()



        
          
        

    

  


  

      

          @type constant_def() :: %{name: atom(), opts: keyword()}


      



  



  
    
      
    
    
      constants()



        
          
        

    

  


  

      

          @type constants() :: map()


      



  



  
    
      
    
    
      fairness_def()



        
          
        

    

  


  

      

          @type fairness_def() :: %{kind: :weak | :strong, action: atom(), per: [atom()]}


      



  



  
    
      
    
    
      init_fn()



        
          
        

    

  


  

      

          @type init_fn() :: (constants() -> ExTLA.State.t())


      



  



  
    
      
    
    
      invariant_def()



        
          
        

    

  


  

      

          @type invariant_def() :: %{
  name: atom(),
  description: String.t(),
  predicate: predicate(),
  near_miss: predicate() | nil
}


      



  



  
    
      
    
    
      param_source()



        
          
        

    

  


  

      

          @type param_source() :: :constant | :literal | :state


      



  



  
    
      
    
    
      predicate()



        
          
        

    

  


  

      

          @type predicate() :: (constants(), ExTLA.State.t() -> boolean())


      



  



  
    
      
    
    
      state_predicate()



        
          
        

    

  


  

      

          @type state_predicate() :: (ExTLA.State.t() -> boolean())


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %ExTLA.Spec.Compiled{
  action_properties: [action_property_def()],
  actions: [action_def()],
  constants: [constant_def()],
  fairness: [fairness_def()],
  init: [init_fn()],
  invariants: [invariant_def()],
  module: module(),
  temporals: [temporal_def()],
  terminals: [terminal_def()],
  variables: [variable_def()]
}


      



  



  
    
      
    
    
      temporal_def()



        
          
        

    

  


  

      

          @type temporal_def() :: %{
  name: atom(),
  description: String.t(),
  formula: (constants() -> temporal_formula()),
  opts: keyword()
}


      



  



  
    
      
    
    
      temporal_formula()



        
          
        

    

  


  

      

          @type temporal_formula() ::
  {:always, temporal_formula()}
  | {:eventually, temporal_formula()}
  | {:leads_to, state_predicate(), state_predicate()}
  | {:predicate, state_predicate()}
  | {:for_all, (constants() -> Enumerable.t()), (term() -> temporal_formula())}


      



  



  
    
      
    
    
      terminal_def()



        
          
        

    

  


  

      

          @type terminal_def() :: %{name: atom(), predicate: predicate()}


      



  



  
    
      
    
    
      type_expr()



        
          
        

    

  


  

      

          @type type_expr() :: Macro.t()


      



  



  
    
      
    
    
      variable_def()



        
          
        

    

  


  

      

          @type variable_def() :: %{name: atom(), type: type_expr(), opts: keyword()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      action(compiled, name)



        
          
        

    

  


  

The action with the given name, or nil.

  



  
    
      
    
    
      constant_names(compiled)



        
          
        

    

  


  

The declared constant names, in declaration order.

  



  
    
      
    
    
      default_constants(compiled)



        
          
        

    

  


  

The constant assignments declared with default:, for a run that was given
none of its own.

  



  
    
      
    
    
      from_module(module)



        
          
        

    

  


  

Extract the compiled spec from a module.
Raises ArgumentError for a module that is not a spec, rather than letting an
UndefinedFunctionError surface from three frames down.

  



  
    
      
    
    
      resolve_constants(spec)



        
          
        

    

  


  

The constant assignments for a run, from application config over the declared defaults.
{:error, missing} names the constants nothing assigned, rather than letting a run
proceed on a spec with holes in it. Both mix extla.check and Layer 3's conformance
checking resolve constants HERE rather than each their own way: a specification model
checked with one assignment and an implementation checked against another are two
different specifications, and a verdict from each is not a verdict about the same thing.
A configured key the spec does not declare raises rather than being merged and
ignored. Merged, constants: %{maxx: 100} against constant :max, default: 3 would
resolve to %{max: 3, maxx: 100}: the override the author wrote would be dropped, the
run would use the default, and nothing would say so. It is a raise and not a second
{:error, _} shape because a missing assignment is a legitimate state of a spec (one
meant to be configured per run), while a key naming nothing is a defect in the
configuration, and every caller should refuse it the same way.

  



  
    
      
    
    
      temporal_instances(temporal, constants)



        
          
        

    

  


  

      

          @spec temporal_instances(map(), constants()) :: [
  %{name: atom(), bound: [term()], formula: temporal_formula()}
]


      


The instances of a temporal property: \A x \in C : F(x) expanded into one unquantified
formula per element, with the bound values riding along so a finding can say which.
bound is outermost-first — [x, y] for Enum.all?(^xs, fn x -> Enum.all?(^ys, fn y -> …
— and [] for a property with no quantifier.
The one expansion, for both consumers. The liveness checker and ExTLA.Coverage's vacuity
probes both take the instance set from here, so they always agree on what an instance is. A
separate derivation that, say, kept only the innermost binding would land a nested
quantifier's outer instances on one key, and an outer instance whose antecedent never held
would be reported by nothing while the checker checked it.

  



  
    
      
    
    
      variable_names(compiled)



        
          
        

    

  


  

The declared variable names, in declaration order.

  


        

      


  

    
ExTLA.State 
    



      
A state is an immutable snapshot of all specification variables.
A step is a pair of consecutive states (pre-state and post-state).
A behavior is a (possibly infinite) sequence of states.
A state is a plain map, deliberately: it is the value the DSL's transitions
build and the value ExTLA.Fingerprint hashes, and wrapping it in a struct would
buy nothing but an extra field in every fingerprint.
Missing variables raise
get/2, unchanged?/2 and prime/3 all fail loudly on a variable the state
does not have. This is not defensiveness; it is the difference between a bug
and a wrong answer. A misspelled variable read through Map.get/2 returns
nil, nil compares unequal to whatever the guard expected, the action looks
disabled, and the checker explores a smaller state space and reports success.
Nothing in the output distinguishes that run from a sound one — the same
failure mode, a success reported over states never visited, that
ExTLA.Fingerprint prevents at the level below.

      


      
        Summary


  
    Types
  


    
      
        behavior()

      


    


    
      
        step()

      


    


    
      
        t()

      


    


    
      
        value()

      


    


    
      
        variable_name()

      


    





  
    Functions
  


    
      
        changed_vars(arg)

      


        Return the set of variables that changed between states.



    


    
      
        get(state, var)

      


        Return the value of a variable in the given state.



    


    
      
        new(assignments)

      


        Create a new state from a keyword list or map of variable assignments.



    


    
      
        prime(state, var, value)

      


        Return a new state with the given variable updated.
Analogous to TLA+ primed variable assignment: x' = value.



    


    
      
        prime_many(state, assignments)

      


        Return a new state with multiple variables updated.



    


    
      
        stuttering?(arg)

      


        Check if two states are identical (stuttering step).



    


    
      
        unchanged?(arg, vars)

      


        Assert that specified variables did NOT change between states.
Analogous to TLA+ UNCHANGED <<x, y, z>>.



    


    
      
        validate!(state)

      


        Assert that every value in the state is deterministically serializable,
per 02-dsl-semantics.md §6.



    





      


      
        Types


        


  
    
      
    
    
      behavior()



        
          
        

    

  


  

      

          @type behavior() :: [t(), ...]


      



  



  
    
      
    
    
      step()



        
          
        

    

  


  

      

          @type step() :: {pre :: t(), post :: t()}


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %{required(variable_name()) => value()}


      



  



  
    
      
    
    
      value()



        
          
        

    

  


  

      

          @type value() :: term()


      



  



  
    
      
    
    
      variable_name()



        
          
        

    

  


  

      

          @type variable_name() :: atom()


      



  


        

      

      
        Functions


        


  
    
      
    
    
      changed_vars(arg)



        
          
        

    

  


  

Return the set of variables that changed between states.
iex> ExTLA.State.changed_vars({%{x: 0, y: 1}, %{x: 2, y: 1}})
MapSet.new([:x])

  



  
    
      
    
    
      get(state, var)



        
          
        

    

  


  

Return the value of a variable in the given state.
Raises KeyError if the variable is not in the state — see the note on
missing variables in the module documentation.
iex> ExTLA.State.get(%{x: 0}, :x)
0

  



  
    
      
    
    
      new(assignments)



        
          
        

    

  


  

Create a new state from a keyword list or map of variable assignments.
iex> ExTLA.State.new(x: 0, y: 1)
%{x: 0, y: 1}

  



  
    
      
    
    
      prime(state, var, value)



        
          
        

    

  


  

Return a new state with the given variable updated.
Analogous to TLA+ primed variable assignment: x' = value.
Raises KeyError if the variable is not already in the state. A TLA+ spec's
variable set is fixed by its Init, so priming a variable that is not in the
state is a typo, and a typo that silently widens the state is one the
fingerprint would then faithfully preserve.
iex> ExTLA.State.prime(%{x: 0, y: 1}, :x, 2)
%{x: 2, y: 1}

  



  
    
      
    
    
      prime_many(state, assignments)



        
          
        

    

  


  

Return a new state with multiple variables updated.
iex> ExTLA.State.prime_many(%{x: 0, y: 1}, %{x: 2, y: 3})
%{x: 2, y: 3}

  



  
    
      
    
    
      stuttering?(arg)



        
          
        

    

  


  

Check if two states are identical (stuttering step).
iex> ExTLA.State.stuttering?({%{x: 0}, %{x: 0}})
true

  



  
    
      
    
    
      unchanged?(arg, vars)



        
          
        

    

  


  

Assert that specified variables did NOT change between states.
Analogous to TLA+ UNCHANGED <<x, y, z>>.
iex> ExTLA.State.unchanged?({%{x: 0, y: 1}, %{x: 2, y: 1}}, [:y])
true

  



  
    
      
    
    
      validate!(state)



        
          
        

    

  


  

Assert that every value in the state is deterministically serializable,
per 02-dsl-semantics.md §6.
Returns the state, so it can be threaded into a pipeline. Raises
ExTLA.State.InvalidTermError naming the variable and the position inside it.
Pids, references and ports have no stable identity across runs, and funs
serialize their defining module's version. Floats are excluded for a subtler
reason: 0.0 and -0.0 compare equal under == but encode differently, so
two states that a spec author would call equal would be explored twice — and
:nan never equals itself, so a state containing one is not even equal to
itself.
iex> ExTLA.State.validate!(%{x: 0, q: [:a, {1, "b"}]})
%{x: 0, q: [:a, {1, "b"}]}

  


        

      


  

    
ExTLA.State.InvalidTermError exception
    



      
Raised when a spec variable holds a term that cannot be deterministically
serialized (02-dsl-semantics.md §6).

      




  

    
ExTLA.StateGraph 
    



      
The state graph built during model checking. Nodes are states, edges are
labeled transitions.
Memory model: fingerprints and parent pointers, not states
The graph does NOT retain the states it has explored. Each visited state
contributes one fixed-size record:
fingerprint => {state_id, parent_id, action_name, params}
A state is materialized only while its successors are being computed, and then
discarded. When a trace is needed — once, on violation — the path is walked
back to an initial state through the parent pointers and the states are
regenerated by replaying the recorded actions forward from init.
Storing every state for the whole run would, at 10M states of roughly 1KB each,
need about 10GB of RAM, which puts the checker out of reach of the machines
people actually have. The record above is on the order of 64 bytes regardless
of how large a state is, so memory becomes a function of the state count
rather than of state size — and trace generation, which happens at most once
per run, pays the replay cost instead. This is the same trade TLC makes.
The consequence to be aware of: a spec whose actions are expensive to apply
pays that cost twice on the failing path. That is the right place for it to
fall.
Why the graph carries the spec and the constants
Replay needs them. path_to/2 recovers a list of {action, params}, and
turning that back into states means running init and then each action —
which cannot be done from the identifiers alone. ExTLA.Trace.generate/3 takes
only the graph and a state id, so the graph is where they have to live.
Why an initial state records which init produced it
Several init blocks are disjuncted (02-dsl-semantics.md), so replay has to
know which one to run for the root of the path. node_record.init_index
carries it; it is nil for every non-initial state, where action and
params say what happened instead.
The liveness graph is a separate, opt-in structure
Parent pointers are a spanning tree: every node has one in-edge, the tree is
acyclic by construction, and no cycle of the real graph is visible in it.
Liveness checking is cycle detection, so this record cannot support it — which
is why successors/2 reads an edge table and raises when there is none, rather
than deriving something wrong from parent pointers.
So a run that asks for it records, additionally, per expanded state:
state_id => [{action, params, successor_id}]   # every out-edge
state_id => enabled_bits                       # one bit per fairness constraint
The edge table is what an SCC search runs over. The bits are what fairness needs: WF
and SF are conditions on ENABLED A at each state of a cycle, which is a function of
the state — and the state is discarded as soon as it has been expanded, so the bit has
to be taken while it is still in hand. They are indexed by fairness_index, the
expansion (02-dsl-semantics.md §5.2) of the spec's fairness declarations (ExTLA.Temporal.Fairness).
Cost is a function of the branching factor and of how large a binding is — an action
whose param is a message record carries that record in every edge — but not of how
large a state is, which is the property the record above exists to keep. It is opt-in for that
reason and paid for only when asked for, which is TLC's split too.
Only an expanded state has edges. A run that stopped early — max_states, a state
constraint holding states back, a safety violation halting the search — leaves a
partial edge table, and a liveness verdict read off a partial graph would be a claim
about behaviours that were never explored. Checking one is a completed run's privilege.
ETS
nodes and fingerprints are ETS tables, owned by the process that called
new/3 and deleted when it exits. The struct itself carries only the table
identifiers and the counters, so add_state/5 returning an updated struct is
about the counters; the tables are mutated in place. That is the shape the
parallel checker (workers:) needs, and it costs nothing in a single process.

      


      
        Summary


  
    Types
  


    
      
        edge()

      


    


    
      
        node_record()

      


    


    
      
        state_id()

      


    


    
      
        t()

      


    





  
    Functions
  


    
      
        add_edges(graph, id, edges, enabled)

      


        Record a state's out-edges and its enabled bits. Called once per expanded state; a
no-op on a safety-only graph, so the caller does not branch.



    


    
      
        add_state(graph, state, parent, action, params)

      


        Register a state by fingerprint, returning its id and whether it is new. The
state itself is not retained.



    


    
      
        count_transition(graph)

      


        Count one transition, whether or not it discovered a new state.



    


    
      
        delete(graph)

      


        Release the graph's two ETS tables.



    


    
      
        depth(graph, id)

      


        The BFS level of a state: 1 for an initial state, one more than its parent
otherwise. Equal to the number of states on the shortest path to it, which is
the number TLC reports as a counterexample's length.



    


    
      
        enabled?(graph, id, index)

      


        Whether the indexth fairness constraint was enabled in a state.



    


    
      
        enabled_bits(state_graph, id)

      


        The ENABLED bits of a state, in fairness_index order.



    


    
      
        id_of(graph, state)

      


        The id this graph knows a state by, or nil if it never registered one.



    


    
      
        live_state_count(state_graph)

      


        How many distinct states are registered right now, read from the shared fingerprint
table rather than from this struct's state_count.



    


    
      
        liveness?(state_graph)

      


        Whether this graph carries the liveness structure.



    


    
      
        mark_deadlocked(graph, id)

      


        Mark an expanded state that has no successors and that no terminal predicate
admits.



    


    
      
        mark_terminal(graph, id)

      


        Mark an expanded state that has no successors.



    


    
      
        new(spec, constants, opts \\ [])

      


        A new, empty graph for spec under constants.



    


    
      
        node_record(graph, id)

      


        The node record for a state id.



    


    
      
        path_to(graph, target)

      


        The action path from an initial state to the target, walked through parent
pointers. ExTLA.Trace replays this to regenerate the states themselves.



    


    
      
        sccs(graph)

      


        Every strongly connected component of the edge table, as sets of state ids.



    


    
      
        sccs(graph, region)

      


        The same, over a subset of the states — the edges to anything outside it are ignored.



    


    
      
        state_at(graph, id)

      


        The state an id names, regenerated by replaying the path to it.



    


    
      
        successors(state_graph, id)

      


        Successors of a state, from the edge table.



    


    
      
        to_dot(graph, opts \\ [])

      


        Export as DOT for Graphviz.



    


    
      
        to_json(graph)

      


        Export as JSON for tooling and editor integration.



    


    
      
        with_liveness(graph, fairness_index)

      


        Turn on the liveness graph, with the fairness constraints its enabled bits are indexed
by — ExTLA.Temporal.Fairness.expand/3, which needs the constants and so cannot run
until a state exists.



    





      


      
        Types


        


  
    
      
    
    
      edge()



        
          
        

    

  


  

      

          @type edge() :: {action :: atom(), params :: map(), successor :: state_id()}


      



  



  
    
      
    
    
      node_record()



        
          
        

    

  


  

      

          @type node_record() :: %{
  parent: state_id() | nil,
  action: atom() | nil,
  params: map() | nil,
  init_index: non_neg_integer() | nil,
  depth: pos_integer()
}


      



  



  
    
      
    
    
      state_id()



        
          
        

    

  


  

      

          @type state_id() :: non_neg_integer()


      



  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %ExTLA.StateGraph{
  constants: map(),
  deadlocked: MapSet.t(state_id()),
  diameter: non_neg_integer(),
  edges: %{required(state_id()) => [edge()]} | nil,
  enabled: %{required(state_id()) => bitstring()} | nil,
  fairness_index: [{ExTLA.Spec.Compiled.fairness_def(), map()}] | nil,
  fingerprint_bits: 64 | 128,
  fingerprints: :ets.table(),
  ids: :atomics.atomics_ref(),
  initial_states: MapSet.t(state_id()),
  nodes: :ets.table(),
  spec: ExTLA.Spec.Compiled.t(),
  state_count: non_neg_integer(),
  symmetry: [ExTLA.Symmetry.mapping()] | nil,
  terminal: MapSet.t(state_id()),
  transition_count: non_neg_integer()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      add_edges(graph, id, edges, enabled)



        
          
        

    

  


  

Record a state's out-edges and its enabled bits. Called once per expanded state; a
no-op on a safety-only graph, so the caller does not branch.
Every out-edge, including the ones that led to a state already seen — those are exactly
the edges that close a cycle, and a cycle is what liveness checking is looking for.

  



  
    
      
    
    
      add_state(graph, state, parent, action, params)



        
          
        

    

  


  

Register a state by fingerprint, returning its id and whether it is new. The
state itself is not retained.
parent is nil for an initial state, in which case action is the index of
the init block that produced it.
A newly discovered state is validated here (ExTLA.State.validate!/1, the
02-dsl-semantics.md §6 restriction on pids, references, ports, funs and floats), and a state already seen is
not — it was validated when it was first found. This is the graph's job rather than the
caller's because §6 exists for fingerprinting: the terms it rejects are exactly those
whose encoding does not identify a state. Callers may assume that a state which has
entered the graph is one the checker has vetted.

  



  
    
      
    
    
      count_transition(graph)



        
          
        

    

  


  

Count one transition, whether or not it discovered a new state.

  



  
    
      
    
    
      delete(graph)



        
          
        

    

  


  

Release the graph's two ETS tables.
For a caller that holds a graph longer than the process that built it: an ETS table is
owned by a process, not reachable from a term, so dropping the last reference to a graph
frees nothing. ExTLA.ModelChecker.explore/2 hands the graph — and this obligation — to
its caller; run/2 discards the graph and searches in a process of its own so that the
process's exit does this.
Returns :ok, and is a no-op on a graph whose tables are already gone, so a caller that
releases twice, or that releases a graph its owner has already taken down with it, is
not punished for being careful.

  



  
    
      
    
    
      depth(graph, id)



        
          
        

    

  


  

The BFS level of a state: 1 for an initial state, one more than its parent
otherwise. Equal to the number of states on the shortest path to it, which is
the number TLC reports as a counterexample's length.

  



  
    
      
    
    
      enabled?(graph, id, index)



        
          
        

    

  


  

Whether the indexth fairness constraint was enabled in a state.

  



  
    
      
    
    
      enabled_bits(state_graph, id)



        
          
        

    

  


  

The ENABLED bits of a state, in fairness_index order.

  



  
    
      
    
    
      id_of(graph, state)



        
          
        

    

  


  

The id this graph knows a state by, or nil if it never registered one.
Fingerprinted the same way add_state/5 fingerprints — under the run's symmetry
mapping, if it has one — so a state and its symmetric twin give the same id, which is
what makes the answer meaningful under a reduction rather than merely defined.
ExTLA.Trace carries states rather than ids, because a behaviour is meaningful without
the graph that found it. This is how a caller holding one asks the graph which node it
is looking at.

  



  
    
      
    
    
      live_state_count(state_graph)



        
          
        

    

  


  

How many distinct states are registered right now, read from the shared fingerprint
table rather than from this struct's state_count.
The two agree on a single-threaded search. They do not agree inside a worker: under
workers: each process accumulates its own state_count so that the coordinator can
sum the contributions, and that field therefore holds a fragment while the level
is in flight. A worker asking whether the run has passed max_states is asking about
the whole graph, which is what this answers.
:ets.info/2 with :size is O(1) — it reads a counter the table maintains, not the
table — so this is affordable per expanded state, which is where the limit is checked.

  



  
    
      
    
    
      liveness?(state_graph)



        
          
        

    

  


  

Whether this graph carries the liveness structure.

  



  
    
      
    
    
      mark_deadlocked(graph, id)



        
          
        

    

  


  

Mark an expanded state that has no successors and that no terminal predicate
admits.

  



  
    
      
    
    
      mark_terminal(graph, id)



        
          
        

    

  


  

Mark an expanded state that has no successors.

  



    

  
    
      
    
    
      new(spec, constants, opts \\ [])



        
          
        

    

  


  

A new, empty graph for spec under constants.

  



  
    
      
    
    
      node_record(graph, id)



        
          
        

    

  


  

The node record for a state id.

  



  
    
      
    
    
      path_to(graph, target)



        
          
        

    

  


  

The action path from an initial state to the target, walked through parent
pointers. ExTLA.Trace replays this to regenerate the states themselves.
The first element is the init block that produced the root.

  



  
    
      
    
    
      sccs(graph)



        
          
        

    

  


  

Every strongly connected component of the edge table, as sets of state ids.
Tarjan's algorithm, in ids order so a run's components — and therefore any
counterexample read off them — are the same every time.
A component is maximal: it is every state mutually reachable from every other. That
says nothing on its own about whether a behaviour can cycle in it, which is a question
about the spec's fairness and belongs to ExTLA.ModelChecker.Liveness. A state with no
out-edges comes back as a component of one, and whether stuttering there forever counts
as a cycle is the same kind of question (02-dsl-semantics.md §5.3).

  



  
    
      
    
    
      sccs(graph, region)



        
          
        

    

  


  

The same, over a subset of the states — the edges to anything outside it are ignored.
Liveness checking asks this of the subgraph where a property is false, and again of
smaller subgraphs as strong fairness rules components out (ExTLA.ModelChecker.Liveness).

  



  
    
      
    
    
      state_at(graph, id)



        
          
        

    

  


  

The state an id names, regenerated by replaying the path to it.
The graph retains no states, so this costs a walk back through the parent pointers
and one action application per step. That is the trade the memory model makes, paid here
rather than carried through the whole search — and it is why every caller of this is
either bounded (to_dot/2) or a test.

  



  
    
      
    
    
      successors(state_graph, id)



        
          
        

    

  


  

Successors of a state, from the edge table.
Raises when the graph was built without check_liveness: true: there is no
cheaper source, and guessing from parent pointers would be wrong — they form a
spanning tree, which has no cycles at all.

  



    

  
    
      
    
    
      to_dot(graph, opts \\ [])



        
          
        

    

  


  

Export as DOT for Graphviz.
Node labels are regenerated by replay, since the graph retains no states, so this is
bounded: past :max_states (default 500) it
raises and names the true count rather than rendering a prefix that looks complete.
Requires a graph built with the edge table (liveness_graph: true, which
check_liveness: true implies) — parent pointers are a spanning tree, and drawing one
as though it were the transition relation is the failure this refuses.
Options
	:max_states — refuse past this many states.
	:highlight — a ExTLA.Trace.t() whose states and steps are drawn emphasised. This
is how a counterexample is shown on the graph it was found in. Note that a run which
halted at a violation left a partial graph — the state that refuted the invariant
was registered, but the expansion of its predecessor stopped there — so the last
highlighted state may have no drawn in-edge. That is the graph being honest about
where the search stopped, not the export losing an edge.

Initial states carry a double border, declared terminals a doubled octagon, and
deadlocked states a fill.

  



  
    
      
    
    
      to_json(graph)



        
          
        

    

  


  

Export as JSON for tooling and editor integration.
Every state, with its depth, its flags and its variables; every edge, with the action
and the parameter binding that produced it. The states are regenerated by replay, so
this costs one action application per step per state — the trade the memory model makes, paid here
rather than carried through the whole search.
Requires the edge table, for the reason to_dot/2 does.

  



  
    
      
    
    
      with_liveness(graph, fairness_index)



        
          
        

    

  


  

Turn on the liveness graph, with the fairness constraints its enabled bits are indexed
by — ExTLA.Temporal.Fairness.expand/3, which needs the constants and so cannot run
until a state exists.
A spec with no fairness declarations still gets a liveness graph, with zero-width
bits: the edge table alone answers always, eventually and ~>; fairness is what
the bits are for.

  


        

      


  

    
ExTLA.Symmetry.UnsoundError exception
    



      
Raised by verify_symmetry: true when the reduced and unreduced runs disagree.
The declaration is wrong: something in the spec can tell the symmetric elements apart,
so collapsing them dropped a state whose verdict mattered.

      




  

    
ExTLA.Trace 
    



      
Counterexample traces.
When the model checker finds a violation it produces a trace: the shortest
sequence of states from an initial state to the violating one. The search is
breadth-first and an invariant is evaluated when a state is first discovered,
so "the first violation found" and "the shortest counterexample" are the same
thing.
The states are not stored during the run (ExTLA.StateGraph), so a trace is
regenerated: the path of {action, params} is walked back through parent
pointers and replayed forward from the init block that produced the root.

      


      
        Summary


  
    Types
  


    
      
        lasso()

      


        A liveness counterexample: a finite prefix, then a cycle repeated forever.



    


    
      
        t()

      


    





  
    Functions
  


    
      
        explore(trace_or_lasso, expressions, opts \\ [])

      


        Evaluate your own named expressions at every state of a counterexample, as a table.



    


    
      
        format(lasso)

      


        Pretty-print a trace or a lasso, marking the variables each step changed.



    


    
      
        from(graph, initial, steps, opts \\ [])

      


        A trace beginning at a state already in hand, applying steps in order.



    


    
      
        from_json!(data)

      


        The trace a to_json/1 result came from.



    


    
      
        generate(graph, target, opts \\ [])

      


        Generate the shortest trace from an initial state to the target.



    


    
      
        replay(graph, init_index, steps, opts \\ [])

      


        A trace for an arbitrary path: the state init_index produces, then steps applied in
order.



    


    
      
        to_behavior(arg1)

      


        A trace or a lasso as the behaviour it describes, with the index its cycle returns to.



    


    
      
        to_diffs(trace)

      


        Export a trace as a sequence of state diffs, for programmatic consumption.



    


    
      
        to_json(trace)

      


        The trace as data Jason.encode!/1 accepts, and from_json!/1 reads back.



    


    
      
        validate(trace_or_lasso, spec, constants)

      


        Check that a counterexample is a behaviour the spec actually admits.



    


    
      
        validate!(trace_or_lasso, spec, constants)

      


        validate/3, raising instead of returning an error. For a test that wants the message
rather than a boolean.



    


    
      
        well_formed(trace)

      


        The behaviour-trace invariant, stated once.



    


    
      
        well_formed!(trace, produced_by)

      


        well_formed/1, raising and naming the producer that broke it.



    





      


      
        Types


        


  
    
      
    
    
      lasso()



        
          
        

    

  


  

      

          @type lasso() :: %{prefix: t(), cycle: t() | nil}


      


A liveness counterexample: a finite prefix, then a cycle repeated forever.
cycle is nil where a single state refutes the property — pred and always(pred)
are settled by one state, and printing an invented cycle after it would suggest the
reason lay somewhere it does not. A cycle whose actions are empty is a state that
stutters forever: a terminal (02-dsl-semantics.md §5.3), which is a legal end of a
behaviour and refutes anything that was still waiting for something to happen.

  



  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %ExTLA.Trace{
  actions: [atom()],
  bindings: [map()],
  length: non_neg_integer(),
  message: String.t(),
  property: atom() | nil,
  states: [ExTLA.State.t()],
  type: :safety | :liveness | :deadlock
}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      explore(trace_or_lasso, expressions, opts \\ [])



        
          
        

    

  


  

Evaluate your own named expressions at every state of a counterexample, as a table.
ExTLA.Trace.explore(trace,
  waiting: &length(&1.waiting),
  holder:  & &1.holder,
  quorum?: &(map_size(&1.votes) * 2 > 3)
)
format/1 prints every variable of every state, which is the right default and is what
nineteen states of five variables makes unreadable. The question a reader actually has —
when did the quorum first form, how many acceptors had promised by state 12 — is a
function of the state, and this evaluates it at each one and prints a row.
TLA+ answers the same question with the Toolbox's Trace Explorer, which needs a generated
spec, a TLC re-run and a GUI panel. Here a ExTLA.State.t() is a plain map and an arbitrary
expression over one is an anonymous function, so the apparatus is Enum.map/2.
expressions is a keyword list, rendered in the order given: the caller's order is
information, and sorting it would throw that away. Accepts a lasso/0 as readily as a
t/0, marking the states that repeat.
Options
	:changed_only — hide rows whose value is the same at every state. A wide trace is
mostly repetition and the interesting row is the one that moved. Defaults to false.
	:width — the column budget, defaulting to 68, the width format/1 rules its banners
at. States are chunked into groups that fit it, each group repeating the name column.
This is a promise about the number of states, not about a single value: a value wider
than the budget is printed in full, because truncating it would make the table lie.

An expression that raises is reported, not swallowed
A counterexample is being explored because something is wrong, so an expression that
assumes an invariant the trace violates is the normal case rather than an error. That cell
is marked ⚠ and the exception's message is printed under the table, naming the state and
the expression — the rest of the table still renders.

  



  
    
      
    
    
      format(lasso)



        
          
        

    

  


  

Pretty-print a trace or a lasso, marking the variables each step changed.

  



    

  
    
      
    
    
      from(graph, initial, steps, opts \\ [])



        
          
        

    

  


  

A trace beginning at a state already in hand, applying steps in order.

  



  
    
      
    
    
      from_json!(data)



        
          
        

    

  


  

The trace a to_json/1 result came from.
Atom names are resolved against the atoms the system already has (ExTLA.State.Json), so
a trace belonging to a different specification fails with the name that did not resolve
rather than by quietly decoding into something else.

  



    

  
    
      
    
    
      generate(graph, target, opts \\ [])



        
          
        

    

  


  

Generate the shortest trace from an initial state to the target.

  



    

  
    
      
    
    
      replay(graph, init_index, steps, opts \\ [])



        
          
        

    

  


  

A trace for an arbitrary path: the state init_index produces, then steps applied in
order.
generate/3 is the shortest path to one state, which is what a safety violation needs.
A liveness counterexample is not that shape — its prefix may be restricted to a subgraph
and its cycle starts nowhere near an init — so the path is handed over rather than
walked back from parent pointers.

  



  
    
      
    
    
      to_behavior(arg1)



        
          
        

    

  


  

A trace or a lasso as the behaviour it describes, with the index its cycle returns to.
nil for a plain trace and for a lasso with no cycle: those are prefixes of something
longer, and ExTLA.Temporal's operators will say :inconclusive where the states do not
reach far enough to settle a question.
A lasso's cycle ends where it began, so the repeated final state is dropped — the
behaviour lists each state of the cycle once and lasso_start says where to loop back
to. A cycle of one state is a terminal stuttering forever (02-dsl-semantics.md
§5.3), and comes back as the prefix with lasso_start on its last state.

  



  
    
      
    
    
      to_diffs(trace)



        
          
        

    

  


  

Export a trace as a sequence of state diffs, for programmatic consumption.
A misaligned trace — one whose actions, bindings and states cannot describe one behaviour —
is refused with an ArgumentError rather than zipped. Enum.zip/1 stops at the shortest
list, so a trace one action short would render three states of four and mark the wrong
one [VIOLATION], never showing the state that actually violated.

  



  
    
      
    
    
      to_json(trace)



        
          
        

    

  


  

The trace as data Jason.encode!/1 accepts, and from_json!/1 reads back.
Accepts a lasso too, which round-trips as %{prefix:, cycle:}. States and bindings go
through ExTLA.State.Json, because inspect/1 produces something a person can read and a
machine cannot parse — and the conformance pipeline runs mix extla.check --format json
into mix extla.replay --trace, which needs the second.

  



  
    
      
    
    
      validate(trace_or_lasso, spec, constants)



        
          
        

    

  


  

Check that a counterexample is a behaviour the spec actually admits.
A pure function of the trace and the spec: no oracle, no second search, no
implementation on the other end. A checker that hands back a trace is making a claim
about the spec, and this is the claim checked against the spec rather than against a
fixture recording what some other tool once said.
What it checks
	The first state is one the spec's init blocks produce.
	Every step names an action that is enabled with that binding in the state
before it — ExTLA.ModelChecker.enabled_steps/3, the checker's own notion of what
may happen next, so this cannot agree with a second enumeration instead of with
the checker.
	Every step's post-state is what that action's transition actually produces. This is
the one a trace can fail while looking entirely plausible: real states, real
actions, and a pairing between them that is a lie.
	For a lasso, additionally: the cycle starts where the prefix ends, its steps are
legal, and it closes — applying them returns to its own first state.
	A stutter is final (02-dsl-semantics.md §5.3). A one-state cycle with no
actions claims the behaviour stays there forever, which is only so where nothing is
enabled; a deadlock trace likewise has to end at a successor-less state. A stutter
at a live state is refused, because format/1 would render it as "has no
successors" and so confirm a stutter placed in the wrong spot.

A safety trace must also refute the property it names
A legal path from an initial state is not yet a counterexample: a trace can describe a
perfectly legal route to a state whose final step satisfies the property it is offered
as a refutation of, and every check above would pass it. So a safety trace is
additionally required to fail where it says it fails — a named invariant false in the
final state, a named action property false over the final step. Neither needs a second
implementation of anything: both predicates are already compiled on the spec.
What it deliberately does not check
For a temporal property, whether it is genuinely refuted along the behaviour, and
whether the cycle satisfies the spec's fairness. Both are already checked, by
ExTLA.TemporalCheck, which shares no code with ExTLA.ModelChecker.Liveness and is what
makes that agreement evidence. A third implementation of the same semantics here would
add a place for them to disagree and no new information — which is why the requirement
above is scoped to safety.
Returns :ok, or {:error, message} naming the step and what was wrong with it.

  



  
    
      
    
    
      validate!(trace_or_lasso, spec, constants)



        
          
        

    

  


  

validate/3, raising instead of returning an error. For a test that wants the message
rather than a boolean.

  



  
    
      
    
    
      well_formed(trace)



        
          
        

    

  


  

The behaviour-trace invariant, stated once.
n states, n - 1 actions, one binding each, and `length` == n.
A trace is a behaviour: states with the steps between them. Everything downstream reads
it by zipping the three lists, so a trace that breaks this describes no behaviour at all
— and Enum.zip/2 does not say so, it silently stops at the shortest list.
Why it is asserted where a trace is built
Checking only where a trace is read (from_json!/1, to_diffs/1, validate/3) catches a
malformed trace after it has left the code that broke it, often a few modules away and
sometimes after it has already been rendered. So every producer in this library asserts
it too, through well_formed!/2: a producer that breaks the invariant fails naming
itself, which is where the fix goes.
length is checked too, and it is the field most easily left behind: it counts STATES,
so an edit that changes the lists and not the count produces a trace that reads as one
shape and reports another.
Returns :ok or {:error, message}.

  



  
    
      
    
    
      well_formed!(trace, produced_by)



        
          
        

    

  


  

well_formed/1, raising and naming the producer that broke it.
produced_by is the function that built the trace, because the message is read by
whoever has to fix it and "a trace with 4 states and 4 actions" does not say whose.
Deliberately a raise rather than a returned error: a malformed trace is a bug in this
library, not a condition a caller can handle, and the project's rule is to surface one at
the earliest possible moment rather than to carry it to a consumer that will zip it away.

  


        

      


  

    
ExTLA.Invariant 
    



      
Layer 1: invariants and properties on a running OTP process, checked at every transition.
defmodule Account do
  use GenServer
  use ExTLA.Invariant

  invariant :never_negative, desc: "an account may not go below zero" do
    state.balance >= 0
  end

  action_property :no_free_money do
    new.balance <= old.balance or new.deposits > old.deposits
  end

  precondition {:withdraw, amount} do
    amount > 0
  end
end
state is bound in an invariant, old and new in an action_property, and in a
precondition or postcondition the pattern's own bindings are in scope alongside
them. Nothing is passed in explicitly, because a property is a statement about the
process rather than a function of arguments.
defoverridable and super, not renaming
The @before_compile hook wraps each callback the module defines by marking it
overridable and defining a new one that calls super, rather than renaming the
original. Every real GenServer has several handle_call/3 clauses with guards; renaming
would have to reproduce every clause head and its guards exactly, and any mistake
silently changes dispatch. super keeps the original clauses intact and dispatches to
them with their own pattern matching.
use ExTLA.Invariant goes directly after use GenServer and before the
callbacks, and the order is load-bearing rather than stylistic. Only the callbacks the
module's own author writes are wrapped, and they are identified with @on_definition,
which sees a definition only after it is installed. That is what keeps the wrapper
off the default handle_call/3, handle_cast/2 and handle_info/2 that use GenServer injects — Module.defines?/2 cannot tell those from the author's, calling
super on them is deprecated, and wrapping a default that exists to stop the server
with a :bad_call is checking a transition nobody wrote.
init/1 is the exception, and it needs a second guard. GenServer injects it
from its own @before_compile, which runs after the hook is installed rather than
before — so @on_definition does see it, and {:init, 1} lands in the wrapped set for a
module whose author wrote no init/1. By then GenServer's defoverridable init: 1 has
moved it out of the definitions table, and Module.make_overridable/2 refuses:
** (ArgumentError) cannot make function init/1 overridable because it was not defined
naming neither this library nor the cause — for a module as plain as the example at the
top of this moduledoc. So the wrapper is emitted only for a callback still in the
definitions table when __before_compile__/1 runs — which is precisely what
make_overridable/2 requires, asked as a question rather than assumed.
:disabled emits nothing
When ExTLA.Config.mode/0 resolves to :disabled where the module compiles, the hook
emits no wrapper and no defoverridable, and the module compiles exactly as written.
That is what "zero production cost" has to mean: not cheap emitted code, but none. It is
also why the mode is a compile_env macro — a runtime lookup would leave an
Application.get_env/2 call and a branch on every callback, which alone would exceed the
budget the whole layer is meant to fit in.
Cost is decided at compile time wherever it can be
callbacks: restricts an invariant to particular callbacks, and the restriction is
resolved when the wrapper is generated. A hot callback in a module with nine invariants
emits a call naming the two that apply, rather than nine names and a filter. Where a
callback ends up with nothing to check, no call is emitted for it at all.
enabled: false is evaluated at compile time and emits nothing anywhere, for a check too
costly to run outside a particular environment.

      


      
        Summary


  
    Functions
  


    
      
        action_property(name, opts \\ [], list)

      


        A property of a transition. old and new are bound; same options as invariant/3.



    


    
      
        invariant(name, opts \\ [], list)

      


        A state invariant, checked after every transition.



    


    
      
        postcondition(pattern, opts \\ [], list)

      


        A condition checked after the matching callback returns. old, new and the pattern's
bindings are in scope.



    


    
      
        precondition(pattern, opts \\ [], list)

      


        A condition checked before the matching callback runs.



    





      


      
        Functions


        


    

  
    
      
    
    
      action_property(name, opts \\ [], list)


        (macro)


        
          
        

    

  


  

A property of a transition. old and new are bound; same options as invariant/3.

  



    

  
    
      
    
    
      invariant(name, opts \\ [], list)


        (macro)


        
          
        

    

  


  

A state invariant, checked after every transition.
state is bound in the block. Options: desc: for the violation message, enabled:
(compile time — false emits nothing), and callbacks: to restrict it to some of them.

  



    

  
    
      
    
    
      postcondition(pattern, opts \\ [], list)


        (macro)


        
          
        

    

  


  

A condition checked after the matching callback returns. old, new and the pattern's
bindings are in scope.

  



    

  
    
      
    
    
      precondition(pattern, opts \\ [], list)


        (macro)


        
          
        

    

  


  

A condition checked before the matching callback runs.
pattern is matched against the incoming message and its bindings are in scope in the
block, alongside state. A message the pattern does not match has nothing to say about
it and passes — which is a different thing from a predicate that returned false, and the
two are reported differently.

  


        

      


  

    
ExTLA.Invariant.Agent 
    



      
Layer 1 for an Agent, whose transitions are functions its callers pass in.
defmodule Counter do
  use ExTLA.Invariant

  invariant :never_negative, desc: "a counter may not go below zero" do
    state.count >= 0
  end
end

alias ExTLA.Invariant.Agent, as: Checked

{:ok, pid} = Checked.start_link(Counter, fn -> %{count: 0} end)
Checked.update(Counter, pid, &%{&1 | count: &1.count - 1})
# ** (ExTLA.Invariant.Violation) ═══ INVARIANT VIOLATED: never_negative ═══
Why the module is an argument
An Agent has no callback module of its own — Agent.start_link/2 takes a function,
not a behaviour — so there is nothing for @before_compile to wrap and nothing to
carry the declarations. They live in an ordinary module that uses ExTLA.Invariant,
and each call names it.
:disabled is not free here, and cannot be
Everywhere else in Layer 1 the mode is resolved where the instrumented module compiles,
and :disabled emits nothing. An Agent call site is not that place: the transition is
a function the caller passes in, the module whose declarations apply is an argument,
and Application.compile_env/3 — which is how the mode is read at all — does not expand
inside a function body. These were macros in a first draft for exactly that reason, and
the draft does not compile.
So under :disabled a checked Agent call costs one export lookup on the declaring
module and then does what the plain Agent function does. That is the honest price of
a behaviour with no callback module, and it is stated rather than papered over.
callbacks: means nothing here
It restricts a declaration to named OTP callbacks, and an Agent's transition is not
one — the caller's function runs inside Agent's own handle_call/3. Every
declaration in the named module applies to every checked Agent transition.

      


      
        Summary


  
    Functions
  


    
      
        cast(module, agent, fun)

      


        Agent.cast/2, checked. Asynchronous, so a violation reaches the caller only as the
agent's exit — which is what a violated invariant in a handle_cast/2 does too.



    


    
      
        get(module, agent, fun, timeout \\ 5000)

      


        Agent.get/3, with the invariants checked on the state that was read.



    


    
      
        get_and_update(module, agent, fun, timeout \\ 5000)

      


        Agent.get_and_update/3, checked. The caller's function returns {reply, new_state};
the transition checked is to that new state.



    


    
      
        start_link(module, fun, options \\ [])

      


        Agent.start_link/2, with the invariants checked on the initial state.



    


    
      
        update(module, agent, fun, timeout \\ 5000)

      


        Agent.update/3, with the invariants and action properties checked on the transition.



    





      


      
        Functions


        


  
    
      
    
    
      cast(module, agent, fun)



        
          
        

    

  


  

Agent.cast/2, checked. Asynchronous, so a violation reaches the caller only as the
agent's exit — which is what a violated invariant in a handle_cast/2 does too.

  



    

  
    
      
    
    
      get(module, agent, fun, timeout \\ 5000)



        
          
        

    

  


  

Agent.get/3, with the invariants checked on the state that was read.
A read is a stuttering step — nothing moved, so no action property applies — but the
invariants must hold of it, exactly as they must of a callback that returns its state
unchanged.

  



    

  
    
      
    
    
      get_and_update(module, agent, fun, timeout \\ 5000)



        
          
        

    

  


  

Agent.get_and_update/3, checked. The caller's function returns {reply, new_state};
the transition checked is to that new state.

  



    

  
    
      
    
    
      start_link(module, fun, options \\ [])



        
          
        

    

  


  

Agent.start_link/2, with the invariants checked on the initial state.
The Agent counterpart of the init/1 wrapper, and partial for the same reason: the
function's result IS the first state, so there is no transition to check.

  



    

  
    
      
    
    
      update(module, agent, fun, timeout \\ 5000)



        
          
        

    

  


  

Agent.update/3, with the invariants and action properties checked on the transition.
The check runs inside the agent process, between the caller's function and the state it
returns, so a violation raises where a GenServer's would: in the process that made the
illegal move.

  


        

      


  

    
ExTLA.Invariant.Test 
    



      
ExUnit helpers for testing Layer 1 declarations in isolation.
defmodule AccountTest do
  use ExUnit.Case
  use ExTLA.Invariant.Test

  test "a withdrawal keeps the account whole" do
    old = %{balance: 100, deposits: 0}
    new = %{balance: 50, deposits: 0}

    assert_invariants(Account, new)
    assert_action_properties(Account, old, new)
  end

  test "and the invariant can actually fail" do
    refute_invariant(Account, :never_negative, %{balance: -1, deposits: 0})
  end
end
These check a state, not a running process. That is the point: a state a process can
only reach through a sequence of calls is a value here, so the negative cases — the ones
that prove a declaration is not vacuously true — can be written down directly.
Why refute_invariant/3 earns its place
An invariant no test has ever seen return false is indistinguishable from true, and
a true invariant is checked on every transition forever while proving nothing. It is
the same vacuity mix extla.check reports at Layer 2 (see "Reading the coverage report"
in guides/reference.md), one layer down, and it is not detectable from the passing side.
A module compiled :disabled cannot be asserted about
Under mode: :disabled the @before_compile hook emits no predicates — that is what
makes the mode free. Every helper here says so by name rather than failing as though the
declaration were false.

      


      
        Summary


  
    Functions
  


    
      
        __using__(opts)

      


        Imports the helpers. use ExUnit.Case first.



    


    
      
        assert_action_properties(module, old_state, new_state)

      


        Assert that the transition from old_state to new_state satisfies every action
property of module. Names every one that failed.



    


    
      
        assert_invariants(module, state)

      


        Assert that state satisfies every invariant of module.



    


    
      
        refute_invariant(module, name, state)

      


        Assert that state VIOLATES the named invariant of module.



    


    
      
        valid_states(module, type_invariant_name, base_generator)

      


        A generator of states satisfying module's named type invariant.



    





      


      
        Functions


        


  
    
      
    
    
      __using__(opts)


        (macro)


        
          
        

    

  


  

Imports the helpers. use ExUnit.Case first.

  



  
    
      
    
    
      assert_action_properties(module, old_state, new_state)


        (macro)


        
          
        

    

  


  

Assert that the transition from old_state to new_state satisfies every action
property of module. Names every one that failed.

  



  
    
      
    
    
      assert_invariants(module, state)


        (macro)


        
          
        

    

  


  

Assert that state satisfies every invariant of module.
Names every invariant that failed, not the first: a state that breaks three of them is
three separate facts about the state, and reporting one hides the other two behind
another test run.

  



  
    
      
    
    
      refute_invariant(module, name, state)


        (macro)


        
          
        

    

  


  

Assert that state VIOLATES the named invariant of module.
Fails when the invariant holds, and fails differently when module declares no
invariant by that name — a renamed declaration would otherwise turn this test green by
making it check nothing.

  



  
    
      
    
    
      valid_states(module, type_invariant_name, base_generator)



        
          
        

    

  


  

A generator of states satisfying module's named type invariant.
base_generator produces candidate states and this keeps the ones the invariant
admits, so a property test over the result never has to state the type constraint a
second time — a restatement is a second place for it to drift.
Filtering rather than constructing is deliberate: the invariant is the only definition
of the type the module actually enforces, and a generator built to mirror it would be
a copy that can disagree with it.
The base generator should already be close to the type
Each candidate the invariant rejects is redrawn, and 25 rejections in a row raise
StreamData.FilterTooNarrowError. So the cost of a broad base_generator is not a
slower test but a test that fails on some seeds and not others. Measured on a
three-colour type invariant, over 100-run properties:
	the invariant accepts	properties that raise
	about half the candidates	none seen in 2,000
	about 30%	about 1 in 90
	about 15%	about 3 in 4

The middle row is the one to fear: it passes locally and goes red on a rare seed in
someone else's merge request. Aim for a base generator the invariant accepts at least
half the time. Get the shape right (the keys, the tags, the members of a closed set)
and leave the invariant to decide the conditions between fields:
# good: the right colours and a right-shaped map; only the sign of cycles is filtered
StreamData.tuple({
  StreamData.member_of([:red, :yellow, :green]),
  StreamData.map(StreamData.integer(), &%{cycles: &1})
})

# bad: almost every atom is the wrong colour, so nearly every candidate is rejected
StreamData.tuple({
  StreamData.atom(:alphanumeric),
  StreamData.map(StreamData.integer(), &%{cycles: &1})
})

  


        

      


  

    
ExTLA.Invariant.Violation exception
    



      
A Layer 1 property that did not hold, and what to do about it.
The struct is the report; report!/2 decides its fate from the mode the instrumented
module was compiled under (ExTLA.Config.mode/0):
	:enabled — raise. The default in dev and test, where a violated invariant is a bug
and stopping at it is the point.
	:log_only — log and continue. For staging, where the process surviving matters more
than the report being unmissable.
	:disabled — never reached: the mode emits no wrapper at all, so nothing calls this.

The message is the product
A violation that says "invariant :balance_non_negative does not hold" leaves the
reader to diff the state by eye. This renders the state, and for an action property both
states with the changed variables marked — the same reasoning as ExTLA.Trace.format/1,
which is where a Layer 2 counterexample gets its worth.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        report!(violation, mode \\ :enabled)

      


        Report a violation, according to the mode the module was compiled under.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %ExTLA.Invariant.Violation{
  __exception__: term(),
  args: tuple() | nil,
  message: String.t(),
  module: module(),
  name: atom(),
  old_state: map() | nil,
  state: map(),
  type: :invariant | :action_property | :precondition | :postcondition
}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      report!(violation, mode \\ :enabled)



        
          
        

    

  


  

Report a violation, according to the mode the module was compiled under.

  


        

      


  

    
ExTLA.Conformance 
    



      
Layer 2 and Layer 3, checked against each other. See "What conformance checks" in
guides/reference.md.
They compute over the same specification and never look at one another. Layer 2 says
which states are reachable. Layer 3 runs a real GenServer and observes behaviour through
a refinement mapping. A trace the implementation produces that is not a path in the
checker's graph means one of three things:
	the implementation is wrong — the finding Layer 3 exists for;
	the refinement mapping is wrong — ExTLA.Simulation's own stated catch, "a
refinement mapping that is wrong in a state no test happened to reach";
	the search missed a state — a checker defect, found by running code.

A simulation alone considers only the first two, and the third is indistinguishable from
them. It is also the one nothing else finds: a running server explores paths driven by
real OTP scheduling rather than by the checker's own traversal code, so it can reach a
state the search missed.
What is decidable here, and what is not
Given a step the graph does not contain, replaying it against the DSL semantics settles
one question completely: does the spec permit it?
	it does, and the graph lacks it — the search missed something. :checker, and
the finding this module exists to make.
	it does not — the implementation did something the spec forbids, or the
mapping described the step wrongly. :not_a_step_of_the_spec.

That last pair is not split, and not because it is hard: one of the two is wrong, and
which one is not something the checker can decide from the step. The same holds for a
ExTLA.Replay's :not_followed, and a confident split would be a self-consistent wrong
answer. Layer 3's own
check_step/5 runs during the simulation and reports its reading; this adds the
containment view beside it rather than overruling it.
It declines to answer about a truncated graph
Past max_states, or under a state_constraint, absence from the graph is a fact about
the bound rather than about the search. Reporting that as a checker finding would
manufacture exactly the false positive that gets a check like this turned off, so the
run's status is a required argument and a bounded one is refused.

      


      
        Summary


  
    Types
  


    
      
        finding()

      


        What containment found. :ok, or the first divergence and its class.



    





  
    Functions
  


    
      
        against_graph(graph, behaviour, opts)

      


        Is every state of behaviour a node of graph, and every step an edge?



    


    
      
        explain(arg1)

      


        A finding rendered for a person, saying which of the three it is and why that matters.



    





      


      
        Types


        


  
    
      
    
    
      finding()



        
          
        

    

  


  

      

          @type finding() ::
  :ok
  | :nothing_observed
  | {:checker, map()}
  | {:absent_state, map()}
  | {:not_a_step_of_the_spec, map()}


      


What containment found. :ok, or the first divergence and its class.

  


        

      

      
        Functions


        


  
    
      
    
    
      against_graph(graph, behaviour, opts)



        
          
        

    

  


  

Is every state of behaviour a node of graph, and every step an edge?
status is the run's own status, and it is required rather than optional: only a
complete run can be audited this way, and a caller who has not thought about that is a
caller about to get a false finding.
ExTLA.Conformance.against_graph(graph, behaviour, status: result.status)

  



  
    
      
    
    
      explain(arg1)



        
          
        

    

  


  

A finding rendered for a person, saying which of the three it is and why that matters.

  


        

      


  

    
ExTLA.GenServer 
    



      
Layer 3: a GenServer checked against the specification it claims to refine.
defmodule Counter do
  use GenServer
  use ExTLA.GenServer, spec: Specs.Counter, refinement: __MODULE__.Refinement

  defmodule Refinement do
    use ExTLA.Refinement

    def abstract(%{value: v, status: s}), do: %{count: v, status: s}
    def abstract_action({:increment, _}), do: {:increment, %{}}
    def abstract_action(_), do: :unmapped
    def concrete_message(:increment, _), do: {:increment, 1}
  end

  # ... ordinary GenServer callbacks
end
Every transition is mapped through the refinement, and then four things happen:
	the step is checked against the spec's action — the guard must have held, and the
spec's transition must reproduce the abstract post-state;
	an :unmapped message must not have moved the abstract state;
	the spec's invariants and action properties are checked on the abstract states; and
	the transition is appended to the process's bounded behaviour trace.

Step 1 is the point. Without it the layer verifies that a projection of the state
satisfies some predicates, which passes every implementation bug that reaches a
legal-looking state by an illegal route (see "What conformance checks" in
guides/reference.md). Example 4 in 07-examples.md is exactly that bug: an increment
that also does done's work leaves count in bounds, so every invariant holds and only
the step check refuses it.
Layer 1 comes with it
use ExTLA.GenServer implies use ExTLA.Invariant, so a module may declare invariant,
action_property, precondition and postcondition on its concrete state alongside
the spec's on its abstract one. The two hooks wrap the same callbacks independently and
nest: neither renames anything, both use defoverridable and super.
validate!/3 runs at compile time
A mapping that does not cover the spec's variables or actions fails the build rather
than producing misleading passes at runtime. What it cannot decide — the two rules that
need a concrete state — it names in the deferred list, and ExTLA.Refinement.abstract!/3
checks those on every mapping instead.
:disabled emits nothing
As in Layer 1, and for the same reason: the mode is resolved where the instrumented
module compiles, and under :disabled the module compiles exactly as written — no
wrapper, no defoverridable, and no compile-time validation of a mapping that will
never run.

      




  

    
ExTLA.GenServer.Violation exception
    



      
A Layer 3 conformance failure: the implementation took a step its specification does not
permit, or reached an abstract state the specification forbids.
kind is the finding, and the message is the layer's primary output:
	kind	Meaning
	:not_enabled	the action's guard was false on the pre-state — the implementation did what the spec forbids there
	:diverged	the guard held, but no binding of the action's params reproduces the implementation's post-state
	:unmapped_but_moved	no action was claimed, yet the abstract state changed
	:invariant	the abstract post-state violates one of the spec's invariants
	:action_property	the abstract transition violates one of the spec's action properties

:diverged is the common one, and it is more often the refinement mapping that is
wrong than the implementation. That is still a finding worth having: a mapping that does
not track the implementation invalidates every other check in the layer.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %ExTLA.GenServer.Violation{
  __exception__: term(),
  action: atom() | nil,
  detail: String.t() | nil,
  diff: [{atom(), term(), term()}] | nil,
  kind:
    :not_enabled
    | :diverged
    | :unmapped_but_moved
    | :invariant
    | :action_property,
  name: atom() | nil,
  params: map() | nil,
  post: ExTLA.State.t() | nil,
  pre: ExTLA.State.t() | nil,
  spec: module()
}


      



  


        

      


  

    
ExTLA.PropertyTest 
    



      
StreamData generators derived from a specification, for a consumer's own property tests.
They are the piece of Layer 3 that ExTLA does not drive: ExTLA.Replay checks an implementation against a
trace and ExTLA.Simulation walks it randomly, both under ExTLA's control, while these
hand the spec's own state space to a check all the consumer writes.
property "the server conforms under any initial state" do
  check all state <- ExTLA.PropertyTest.init_states(Specs.TransferProtocol, constants) do
    ...
  end
end
stream_data is not a dependency of ExTLA, and these still work
It is declared only: [:dev, :test], so nothing in lib/ may reference StreamData
unconditionally. Each function below is compiled behind Code.ensure_loaded?(StreamData)
— the shape ExTLA.Invariant.Test already uses — with an else clause that says so
rather than failing as an undefined function. A consumer who wants generators declares
stream_data themselves; ExTLA keeps zero runtime dependencies.
No generated test files
ExTLA does not write test modules for you. Generated test code is code someone then has
to maintain; these property helpers give most of the value without that.

      


      
        Summary


  
    Functions
  


    
      
        action_sequences(spec, constants, max_length \\ 20)

      


        A generator over the spec's behaviours, as {action, params} steps.



    


    
      
        init_states(spec, constants)

      


        A generator over the spec's initial states.



    





      


      
        Functions


        


    

  
    
      
    
    
      action_sequences(spec, constants, max_length \\ 20)



        
          
        

    

  


  

A generator over the spec's behaviours, as {action, params} steps.
Every generated sequence is a real behaviour: it starts at one of the spec's
initial states, and at every step the action it names is enabled with the binding it
names. Nothing generated is a sequence the spec forbids.
Where the choices come from
ExTLA.ModelChecker.enabled_steps/3 — the checker's own enumeration. A second
implementation of "what may happen next" could disagree with the checker, and then a
generated behaviour would not be one the checker explored.
Why there is no refinement argument
ExTLA.Simulation.Generator takes one and returns a concrete message; this returns
{action_name, params} and stops there. A sequence of actions is spec-level, and
mapping it to messages is the consumer's own check all body, which calls
ExTLA.Refinement.concrete_message/2 itself. The two signatures differ on purpose.
Shrinking
Sound, and for a structural reason: every prefix of a behaviour is a behaviour, so a
shorter sequence from the same initial state is still one the spec admits. The length
is generated first and shrinks toward zero, so a shrunk counterexample is a sequence
the implementation really could have taken — a generator that shrank into an invalid
sequence would report failures that cannot happen, which is the failure mode worth
guarding.
A walk that runs out of enabled actions stops there, so a sequence may be shorter than
the length drawn. It is never longer than max_length.

  



  
    
      
    
    
      init_states(spec, constants)



        
          
        

    

  


  

A generator over the spec's initial states.
Why this is a generator over a finite set
An init block is a function of the constants and nothing else — nondeterminism in
the DSL comes from params: and only from params: (02-dsl-semantics.md §3) — so a
spec with three disjuncted init blocks has exactly three initial states, not a
space to sample. This enumerates them and picks among them.
It is typed as a generator anyway, and that is not a formality: it is what lets an
initial state compose into a check all beside generators that really are large,
and it shrinks toward the first init block, which is the one most specs write as
their base case.
What it refuses
A state outside the permitted state terms (02-dsl-semantics.md §6) raises, and so does one outside the variables'
declared types — both naming the init block and the variable. A spec whose init
produces such a state is one mix extla.check would refute at depth 1, and a generator
that quietly filtered it away would hide the same defect behind a property that
silently tested less than it appeared to.

  


        

      


  

    
ExTLA.Refinement behaviour
    



      
The formal relationship between an abstract specification and a concrete implementation.
A refinement mapping is a function from concrete states to abstract states such that the
abstract behaviour obtained by mapping each concrete state satisfies the abstract spec.
It is the mathematical content of implementation verification — but only when the
steps are checked against the spec's actions, not merely the states against its
invariants (see "What conformance checks" in guides/reference.md).
The three callbacks
abstract(concrete_state)            what the spec's variables mean here
abstract_action(message)            which spec action a message is meant to be
concrete_message(action, params)    the inverse: what message causes that action
abstract_action/1 is required rather than optional. Without a named action there is
nothing to check the step against, and the layer degrades to invariant checking on a
projection — which passes every implementation bug that reaches a legal-looking state by
an illegal route. :unmapped is a positive claim that the message must not move the
abstract state, and it is checked as one.
concrete_message/2 is optional. Without it an implementation can still be checked as
it runs, but it cannot be driven from the spec, which forgoes ExTLA.Replay and most of
what Layer 3 is for.
What validate!/3 establishes, and what it does not
A mapping is held to five rules. Three are decidable where validate!/3 runs and two are
not, and saying which is which is the point — a validator that claims a check it cannot
perform is worse than one that states its limits.
Decided at compile time:
	abstract_action/1 is total, established by probe: a term the implementation
cannot have anticipated must come back :unmapped rather than raising inside a
callback wrapper.
	concrete_message/2 round-trips, where it is defined and the constants are known.
	every spec action is named by some clause — but only where concrete_message/2
exists to enumerate them with. Elsewhere it is left to ExTLA.Coverage's account of
what a run actually exercised, which is where "this action never happened" belongs.

That last rule has two halves, and they are established by different means. Whether
concrete_message/2 has a clause for an action is a list comparison: use ExTLA.Refinement installs an @on_definition hook — the mechanism Layers 1 and 3 already
use — that records the first argument of every clause, and the actions the spec declares
are compared against that record. Whether the message a clause produces maps back is
a probe, and needs a binding. So an action with no binding at compile time is still
checked for having a clause, and only the round-trip half of the rule is deferred.
A clause whose first argument is a variable covers every action and is read that way. And
concrete_message/2 is optional: a mapping that defines none is legal and reported as
such, one that defines all passes, and one that defines some is the finding: the
actions it leaves out can be checked as they happen but never driven.
Left to runtime, because there is no concrete state at compile time to map:
	abstract/1 returns exactly the spec's variables, and
	every value it returns is a permitted state term (02-dsl-semantics.md §6).

abstract!/3 checks both on every mapping. It is a Map.keys comparison and a
ExTLA.State.validate!/1, cheaper than the invariants evaluated beside it.
Purity of abstract/1 is not checked: it is not decidable, and an impure mapping
surfaces as a :diverged step instead. It is a documented obligation on the author.

      


      
        Summary


  
    Callbacks
  


    
      
        abstract(concrete_state)

      


        Concrete state -> abstract state. Must be pure.



    


    
      
        abstract_action(message)

      


        Concrete message -> the spec action it is meant to be, or :unmapped.



    


    
      
        concrete_message(action, params)

      


        Abstract action and params -> a concrete message that should cause it.



    





  
    Functions
  


    
      
        abstract!(refinement, spec, concrete)

      


        Map a concrete state, checking the two rules that need a state to check.



    


    
      
        validate!(refinement, spec, constants \\ nil)

      


        Verify that a refinement mapping is well-formed against a spec.



    





      


      
        Callbacks


        


  
    
      
    
    
      abstract(concrete_state)



        
          
        

    

  


  

      

          @callback abstract(concrete_state :: map()) :: ExTLA.State.t()


      


Concrete state -> abstract state. Must be pure.

  



  
    
      
    
    
      abstract_action(message)



        
          
        

    

  


  

      

          @callback abstract_action(message :: term()) :: {atom(), map()} | :unmapped


      


Concrete message -> the spec action it is meant to be, or :unmapped.

  



  
    
      
    
    
      concrete_message(action, params)


        (optional)


        
          
        

    

  


  

      

          @callback concrete_message(action :: atom(), params :: map()) :: term()


      


Abstract action and params -> a concrete message that should cause it.

  


        

      

      
        Functions


        


  
    
      
    
    
      abstract!(refinement, spec, concrete)



        
          
        

    

  


  

Map a concrete state, checking the two rules that need a state to check.
The keys must be exactly the spec's variables: a missing one leaves the abstract state
short of a variable every predicate reads, and an extra one is a key the spec never
declared, which would make the state unequal to anything an action produces and turn
every step into a :diverged. Both are named here rather than diagnosed three frames
later.

  



    

  
    
      
    
    
      validate!(refinement, spec, constants \\ nil)



        
          
        

    

  


  

Verify that a refinement mapping is well-formed against a spec.
Returns the rules it could not decide, so a caller can say so rather than imply
everything was checked. Raises ExTLA.Refinement.Error on anything it can decide and
finds wrong.

  


        

      


  

    
ExTLA.Refinement.Error exception
    



      
A refinement mapping that does not hold up: at compile time from validate!/3, or at
runtime from abstract!/3 when a mapping produces something that is not a state of
the spec.

      




  

    
ExTLA.Replay 
    



      
Run a spec-level behaviour against a real implementation.
Where ExTLA.GenServer's wrapper checks whatever the system happens to do, this starts
from a sequence of abstract actions and makes the implementation follow it. Two
sources of such a sequence, and both matter:
	counterexample/3 replays a trace the model checker produced. This closes the loop
that makes the three layers one tool rather than three: Layer 2 finds a design bug
before any code exists, and this runs that exact trace against the code.
	trace/3 checks a captured behaviour — from staging, from production, from a
recorded test run — with the same ExTLA.GenServer.Runtime.check_step!/5 the runtime
wrapper uses. Nothing needs to be running: it is a pure function over recorded data, so
it runs in a test suite against a fixture or offline against an incident.

A counterexample the implementation cannot follow is itself a finding
It means the spec permits a behaviour the code does not, so one of the two is wrong.
That is reported as a result, not as an error — which is why every check in
ExTLA.GenServer.Runtime has a form that returns its finding. A report saying which step
failed cannot be assembled by catching the exception the wrapper raises.
What drives the server
ExTLA.Refinement.concrete_message/2 — the inverse of
ExTLA.Refinement.abstract_action/1, and the callback ExTLA.Refinement.validate!/3
round-trips at compile time. A refinement that does not define it can be checked as it
runs and cannot be driven, which is most of what this module is
for; counterexample/3 says so by name rather than failing with an undefined function.

      


      
        Summary


  
    Types
  


    
      
        result()

      


    


    
      
        violation()

      


    





  
    Functions
  


    
      
        counterexample(module, trace, opts \\ [])

      


        Replay a model-checker counterexample against the implementation.



    


    
      
        trace(module, captured, opts \\ [])

      


        Check a captured trace — [{message, concrete_state}], oldest first — against the spec.



    





      


      
        Types


        


  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() :: %{
  status: :ok | :violation | :not_followed | :not_replayable,
  steps_checked: non_neg_integer(),
  violation: violation() | nil,
  detail: String.t() | nil,
  skipped: [{pos_integer(), atom()}]
}


      



  



  
    
      
    
    
      violation()



        
          
        

    

  


  

      

          @type violation() :: %{
  step: non_neg_integer(),
  kind:
    :not_enabled
    | :diverged
    | :unmapped_but_moved
    | :invariant
    | :action_property,
  action: atom() | nil,
  message: term(),
  detail: String.t()
}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      counterexample(module, trace, opts \\ [])



        
          
        

    

  


  

Replay a model-checker counterexample against the implementation.
Accepts a ExTLA.Trace or a lasso (%{prefix:, cycle:}), whose cycle is replayed once —
a lasso describes a behaviour repeating forever, and one pass is what can be executed.
Options:
	:server — a pid or registered name to drive. Without it the module is started with
GenServer.start_link(module, init_arg).
	:init_arg — the argument for that start (default []).
	:timeout — per message (default 5000).

Returns :not_followed when the implementation refuses a message the trace calls for —
the server stopping, or timing out. That is the informative case above: the spec permits
a step the code does not take.

  



    

  
    
      
    
    
      trace(module, captured, opts \\ [])



        
          
        

    

  


  

Check a captured trace — [{message, concrete_state}], oldest first — against the spec.
The state in each pair is the state the implementation was in after that message.
Every consecutive pair is a transition, mapped through abstract/1 and checked with the
same step check the wrapper uses; the spec's invariants and action properties are checked
beside it.
A capture of one entry is checked for the spec's invariants and nothing else: one state
is not a step.

  


        

      


  

    
ExTLA.Simulation 
    



      
Random walks over the real implementation, checked against the spec at every step.
Where Layer 2 explores every reachable state of the specification, this runs the
implementation through random message sequences and checks each transition with the
same refinement check the runtime wrapper uses. What that catches, and the model checker
cannot:
	a refinement mapping that is wrong in a state no test happened to reach;
	an implementation bug the abstract model does not contain, because the model does not
contain the implementation;
	a temporal property that no finite behaviour of the real code satisfies.

The default generator only offers actions the spec enables
ExTLA.Simulation.Generator.enabled_only/3, not from_spec/3. The unrestricted generator
asks a different question — does the implementation refuse what the spec forbids in
this state — and most servers are not written to. A handle_call(:done, …) clause with
no guard of its own accepts :done in a state where the spec's done is disabled, and
the step check reports :not_enabled, correctly: it is a true finding about the pair.
It is also a finding about nearly every server ever written, so hunting it is opt-in.
Pass message_generator: ExTLA.Simulation.Generator.from_spec(spec, refinement, constants)
to ask that question deliberately.
What a simulation is not
It is sampling, not proof. A run that finds nothing has checked the traces it drew, and
coverage says which actions those were — a green result over a generator that never
produced reset says nothing about reset.
The counterexample it produces is a ExTLA.Trace
So a simulation failure can be handed straight back to ExTLA.Replay.counterexample/3,
formatted with ExTLA.Trace.format/1, or read the same way a model-checker counterexample
is. A finding that arrives in a different shape from the model checker's would be a
second thing to learn for no reason.

      


      
        Summary


  
    Types
  


    
      
        config()

      


    


    
      
        coverage_report()

      


    


    
      
        result()

      


    





  
    Functions
  


    
      
        replay(module, messages, config \\ %{})

      


        Drive module through an explicit list of concrete messages.



    


    
      
        run(module, config \\ %{})

      


        Run config.traces random traces against module, stopping at the first finding.



    


    
      
        run_trace(module, config \\ %{})

      


        One trace, with the abstract behaviour it produced.



    





      


      
        Types


        


  
    
      
    
    
      config()



        
          
        

    

  


  

      

          @type config() :: %{
  optional(:traces) => pos_integer(),
  optional(:max_steps) => pos_integer(),
  optional(:message_generator) => (ExTLA.State.t() ->
                                     term() | {atom(), map(), term()} | nil),
  optional(:inject_failures) => boolean(),
  optional(:failure_rate) => float(),
  optional(:seed) => integer() | nil,
  optional(:concurrency) => pos_integer(),
  optional(:init_arg) => term(),
  optional(:timeout) => timeout(),
  optional(:against_graph) => %{graph: term(), status: atom()} | nil
}


      



  



  
    
      
    
    
      coverage_report()



        
          
        

    

  


  

      

          @type coverage_report() :: %{
  actions_hit: %{required(atom()) => non_neg_integer()},
  states_visited: non_neg_integer(),
  invariants_checked: non_neg_integer(),
  actions_covered: float()
}


      



  



  
    
      
    
    
      result()



        
          
        

    

  


  

      

          @type result() :: %{
  status: :ok | :violation | :error | :left_the_graph,
  traces_run: non_neg_integer(),
  total_steps: non_neg_integer(),
  violation: ExTLA.Trace.t() | nil,
  containment: ExTLA.Conformance.finding() | nil,
  detail: String.t() | nil,
  duration_ms: non_neg_integer(),
  seed: integer(),
  restarts: non_neg_integer(),
  coverage: coverage_report()
}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      replay(module, messages, config \\ %{})



        
          
        

    

  


  

Drive module through an explicit list of concrete messages.
The reproduction path for a failing simulation whose messages are known, and the way to
write a scenario by hand. ExTLA.Replay.counterexample/3 is the other direction: from
abstract actions through concrete_message/2.

  



    

  
    
      
    
    
      run(module, config \\ %{})



        
          
        

    

  


  

Run config.traces random traces against module, stopping at the first finding.
ExTLA.Simulation.run(MyApp.TransferServer, %{traces: 1000, max_steps: 50, seed: 42})
The seed is always in the result, generated when none was given: a random run that finds
something and cannot be run again has found nothing anybody can act on.
Options
	traces: — how many traces to run. Default 100.
	max_steps: — messages per trace. Default 25.
	seed: — the random seed. Default nil, meaning one is generated and reported.
	concurrency: — traces run at once, each against its own server. Default 1.
	init_arg: — the argument each server starts with, GenServer.start_link(module, init_arg). Default [].
	timeout: — how long each message may take to be answered, in milliseconds. Default
5_000.
	inject_failures: — crash and restart the server at random steps, to check recovery.
Default false.
	failure_rate: — the chance of a crash at each step, where inject_failures: is on.
Default 0.1.
	message_generator: — a function from the abstract state to the next message, or
nil to end the trace. Default: ExTLA.Simulation.Generator.enabled_only/3, which
offers only actions the spec enables; ExTLA.Simulation.Generator.from_spec/3 offers
every action.
	against_graph: — %{graph: graph, status: status} from ExTLA.ModelChecker.explore/2,
to check that every behaviour stays inside the checker's graph. Default nil.

Constants are not an option: the server resolves them from
config :extla, Spec, constants: %{…}, and the generator uses the same ones, so passing
constants: raises.

  



    

  
    
      
    
    
      run_trace(module, config \\ %{})



        
          
        

    

  


  

One trace, with the abstract behaviour it produced.
The behaviour is returned whether or not anything was found, which is what makes this
the debugging entry point: a run that passed and a run that failed are read the same
way.

  


        

      


  

    
ExTLA.State.Json 
    



      
The JSON form of a state term, and back again.
02-dsl-semantics.md §6 permits atoms, integers, binaries, tuples, lists, maps,
MapSets and structs built from those. JSON has objects, arrays, strings and numbers,
so five of those eight have no JSON of their own and every one of them needs a tag — and
a binary that is not valid UTF-8 is not a JSON string either, so it gets one too ("b64").
Why this exists rather than inspect/1
mix extla.check --format json wrote states and bindings with inspect/1, which a person
can read and a machine cannot parse back. §05's own pipeline is
mix extla.check --format json into mix extla.replay --trace counterexample.json, and a
format that only goes one way cannot carry it. The human rendering is
ExTLA.Trace.format/1 and stays exactly as it was.
%{count: 1, status: :ready}
#=> %{"m" => [[%{"a" => "count"}, 1], [%{"a" => "status"}, %{"a" => "ready"}]]}
Maps are pairs rather than JSON objects because a spec's map keys are usually atoms and
may be anything §6 permits — a JSON object would force every key to a string and lose
which ones were atoms.
An atom the system does not already have is an error
A trace file is data from outside the program, and the atom table is never collected, so
a decoder that creates atoms from a file lets a large one exhaust it. Every atom a real
trace mentions exists already: the spec module that named it is loaded before its trace
is read.
One that does not raises ArgumentError — "not an already existing atom", from
String.to_existing_atom/1. The usual cause is a trace belonging to a different
specification than the module it is being replayed against.

      


      
        Summary


  
    Functions
  


    
      
        decode!(data)

      


        The term a encode/1 result came from.



    


    
      
        encode(term)

      


        A state term as data Jason.encode!/1 accepts.



    





      


      
        Functions


        


  
    
      
    
    
      decode!(data)



        
          
        

    

  


  

The term a encode/1 result came from.
Raises ExTLA.State.Json.Error on JSON this module did not write, and on an atom no
loaded module has ever mentioned.

  



  
    
      
    
    
      encode(term)



        
          
        

    

  


  

A state term as data Jason.encode!/1 accepts.

  


        

      


  

    
ExTLA.State.Json.Error exception
    



      
A term that is not §6-permitted, or JSON that does not decode to one.

      




  

    
ExTLA.Fingerprint 
    



      
Canonical, collision-resistant state identity.
A fingerprint is the truncated SHA-256 of the state's canonical binary encoding.
This module decides whether the checker's answers can be trusted. A fingerprint
collision silently drops an unexplored state, and the run then reports success
over a state space it never visited — the worst failure mode a verification tool
has. That is why :erlang.phash2/1 is not used despite its speed: its default range is
2^27, and by the birthday bound a million distinct states would already collide
thousands of times (over a hundred even at 2^32, the most it allows). At 64 bits ten million states expect about 3 x 10^-6 collisions.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        canonical(state)

      


        Canonical binary encoding of a state.



    


    
      
        collision_estimate(distinct_states, bits)

      


        Expected number of distinct states silently lost to collisions, by the birthday
bound: n^2 / 2^(bits+1). Reported in every ExTLA.ModelChecker.result() so a run's
soundness margin is visible rather than assumed.



    


    
      
        compute(state, opts \\ [])

      


        Fingerprint a state. 64 bits by default; bits: 128 for very large runs.



    


    
      
        of_encoding(encoding, opts \\ [])

      


        Fingerprint an encoding that has already been produced.



    


    
      
        permitted_bits()

      


        The widths a fingerprint may be computed at.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: <<_::64>> | <<_::128>>


      



  


        

      

      
        Functions


        


  
    
      
    
    
      canonical(state)



        
          
        

    

  


  

Canonical binary encoding of a state.
Uses :erlang.term_to_binary/2 with the :deterministic option, which fixes map
and MapSet key ordering in the external term format. The plain 1-arity call is NOT
used: its output for maps is not a guaranteed canonical encoding across OTP
versions, so two equal states could encode differently and be explored twice — or,
worse, a stored fingerprint could stop matching after an OTP upgrade.

  



  
    
      
    
    
      collision_estimate(distinct_states, bits)



        
          
        

    

  


  

Expected number of distinct states silently lost to collisions, by the birthday
bound: n^2 / 2^(bits+1). Reported in every ExTLA.ModelChecker.result() so a run's
soundness margin is visible rather than assumed.
The number is an expectation, not a bound: it is well below 1 for every run a
64-bit fingerprint is appropriate for, and reporting 0.0000000271 rather than
"no collisions" is the point — it says the answer is probabilistic and how
probable, instead of implying a guarantee the method does not provide.
iex> ExTLA.Fingerprint.collision_estimate(10_000_000, 64)
2.710505431213761e-6

  



    

  
    
      
    
    
      compute(state, opts \\ [])



        
          
        

    

  


  

Fingerprint a state. 64 bits by default; bits: 128 for very large runs.
iex> ExTLA.Fingerprint.compute(%{x: 1}) == ExTLA.Fingerprint.compute(%{x: 1})
true

iex> byte_size(ExTLA.Fingerprint.compute(%{x: 1}, bits: 128))
16

  



    

  
    
      
    
    
      of_encoding(encoding, opts \\ [])



        
          
        

    

  


  

Fingerprint an encoding that has already been produced.
Symmetry reduction (ExTLA.Symmetry) picks the smallest encoding of a state over every
permutation of its interchangeable constants, and that encoding — not the state it came
from — is what identity is then defined by. Re-encoding the winner would be work already
done, and re-deriving it a chance for the two to disagree.

  



  
    
      
    
    
      permitted_bits()



        
          
        

    

  


  

The widths a fingerprint may be computed at.
Asked for rather than restated by callers. mix extla.check --fingerprint-bits
validates its flag against this, so a second list cannot fall out of step with the one
compute/2 actually enforces.

  


        

      


  

    
ExTLA.GenServer.Driver 
    



      
Sending a message to an instrumented server and getting the outcome as a value.
A conformance violation raises inside the server, which reaches a caller as an exit —
and GenServer.call/3 re-raises it. ExTLA.Replay and ExTLA.Simulation both report what
happened rather than propagate it, so they send the :"$gen_call" themselves, tagged
with a monitor reference, and read the reply or the :DOWN out of the mailbox. Both
outcomes are then ordinary messages.
Not a public API: it exists so that the two callers share one definition of "the server
answered, refused, or died of a conformance finding".

      


      
        Summary


  
    Types
  


    
      
        outcome()

      


    





  
    Functions
  


    
      
        call(server, message, timeout \\ 5000)

      


        Call server — any GenServer.server(): a pid, a registered name, {name, node},
{:global, _} or {:via, _, _} — with message, reporting the outcome instead of
raising it.



    


    
      
        deliver(server, delivery, timeout \\ 5000)

      


        Deliver whatever ExTLA.Refinement.concrete_message/2 returned, by the route it names.



    





      


      
        Types


        


  
    
      
    
    
      outcome()



        
          
        

    

  


  

      

          @type outcome() ::
  {:ok, term()}
  | {:violation, ExTLA.GenServer.Violation.t()}
  | {:stopped, term()}
  | {:timeout, timeout()}


      



  


        

      

      
        Functions


        


    

  
    
      
    
    
      call(server, message, timeout \\ 5000)



        
          
        

    

  


  

Call server — any GenServer.server(): a pid, a registered name, {name, node},
{:global, _} or {:via, _, _} — with message, reporting the outcome instead of
raising it.
Every shape is the pid path. The server is resolved once with GenServer.whereis/1
and the monitor and the send both take the pid; a name that resolves to nothing is
{:stopped, :noproc} with nothing sent. So every shape behaves the same: a violation
raised under a registered name is reported as a violation (the :DOWN is matched on the
monitor reference alone, not on the name), and a server that has just died is
{:stopped, :noproc} rather than an invalid destination raise from send/2. A process
that dies between the lookup and the send is the dead-pid case: a no-op send and a
:noproc :DOWN.

  



    

  
    
      
    
    
      deliver(server, delivery, timeout \\ 5000)



        
          
        

    

  


  

Deliver whatever ExTLA.Refinement.concrete_message/2 returned, by the route it names.
{:call, msg}   {:"$gen_call", from, msg}   handle_call/3
{:cast, msg}   {:"$gen_cast", msg}         handle_cast/2
{:info, msg}   msg                         handle_info/2
msg            a call
A term is a message and a message does not carry how it arrives, so the mapping has to
say. A bare term means a call. A mapping whose actions are handled by handle_cast/2 or
handle_info/2 clauses must name that route: delivered as a call, the message would reach
handle_call/3, find no matching clause, and a correct server would be reported as not
following the trace.
When a cast is done
A call hands back "answered, refused, or died" as a value. A cast has no reply, and a
driver that moved on before it was handled would compare the next action against a stale
state.
The completion signal is a :get_state system message sent straight after. It goes
through the same mailbox, so it is ordered behind the cast: when its reply arrives, the
cast has been handled. Measured rather than assumed — a cast incrementing a counter,
followed by this, replies {:ok, %{n: 1}}.
It is sent raw rather than through :sys.get_state/2 because that function exits the
caller on a timeout or a dead server, and turning an exit back into a value needs a
try/rescue. This whole module exists to avoid exactly that: it sends the $gen_call by
hand and reads the monitor, so all four outcomes are ordinary messages. The cast path is
the same shape, which is why it costs one receive and no extra process.
No extra round-trip in either caller: ExTLA.Replay and ExTLA.Simulation each already read
the server's state once per step, to map the post-state through abstract/1.

  


        

      


  

    
ExTLA.GenServer.Runtime 
    



      
The engine behind Layer 3's callback wrappers. Not called directly.
check_step!/5 is the refinement check, and it is what makes the layer a conformance
check rather than an invariant check on a projection: an implementation can reach a
state every invariant admits by a route the specification forbids, and only comparing
the step against the spec's action catches that (see "What conformance checks" in
guides/reference.md).
The compiled spec and the constants are memoized per process
Both are needed on every transition. __tla_spec__/0 builds its struct on each call and
the constants come from application config, so each would be re-derived per callback.
They are resolved once per process and kept in the process dictionary beside the trace —
which is where a GenServer's per-process state belongs, and the wrapper always runs
inside the server.

      


      
        Summary


  
    Types
  


    
      
        finding()

      


        What a check found: nothing, or the violation it would have raised.



    





  
    Functions
  


    
      
        abstract!(spec_module, refinement, concrete)

      


        The refinement mapping applied, against the memoized compiled spec.



    


    
      
        check_action_properties(spec_module, pre, post)

      


        The same, returning the finding instead of raising it.



    


    
      
        check_action_properties!(spec_module, pre, post)

      


        Check the spec's action properties against an abstract transition.



    


    
      
        check_spec_invariants(spec_module, abstract)

      


        The same, returning the finding instead of raising it.



    


    
      
        check_spec_invariants!(spec_module, abstract)

      


        Check the spec's invariants against an abstract state.



    


    
      
        check_step(spec_module, action_name, params, pre, post)

      


        The refinement check, returning the finding instead of raising it.



    


    
      
        check_step!(spec_module, action_name, params, pre, post)

      


        THE refinement check. Applies the named spec action to pre and compares the result
with what the implementation produced.



    


    
      
        check_stuttering(spec_module, pre, post)

      


        The same, returning the finding instead of raising it.



    


    
      
        check_stuttering!(spec_module, pre, post)

      


        Assert that an :unmapped message left the abstract state unchanged.



    


    
      
        check_temporal_properties(spec_module, behavior)

      


        Check the spec's temporal properties against an accumulated trace. Called at the end of
a simulation run, not per transition.



    


    
      
        check_transition(spec_module, refinement, message, pre, post)

      


        The same, returning the finding instead of raising it.



    


    
      
        check_transition!(spec_module, refinement, message, pre, post)

      


        One transition, checked: the step against the action the mapping names, or the
stuttering claim :unmapped makes.



    


    
      
        get_trace(pid)

      


        Retrieve another process's accumulated behaviour trace.



    


    
      
        record_initial!(spec_module, refinement, result)

      


        The first abstract state: mapped, checked against the spec's invariants, and recorded.



    


    
      
        record_transition!(spec_module, message, pre, post)

      


        Record a transition in the CALLING process's behaviour trace.



    


    
      
        trace()

      


        The behaviour recorded by THIS process: %{states: [...], dropped: n}, oldest state
first.



    





      


      
        Types


        


  
    
      
    
    
      finding()



        
          
        

    

  


  

      

          @type finding() :: :ok | {:violation, ExTLA.GenServer.Violation.t()}


      


What a check found: nothing, or the violation it would have raised.

  


        

      

      
        Functions


        


  
    
      
    
    
      abstract!(spec_module, refinement, concrete)



        
          
        

    

  


  

The refinement mapping applied, against the memoized compiled spec.
ExTLA.Refinement.abstract!/3 takes the compiled struct rather than the module, because
it checks the mapping's result against the spec's declared variables. The wrapper has
only the module — so it comes through here, where the compiled spec is already resolved
for the process rather than rebuilt per callback.

  



  
    
      
    
    
      check_action_properties(spec_module, pre, post)



        
          
        

    

  


  

The same, returning the finding instead of raising it.

  



  
    
      
    
    
      check_action_properties!(spec_module, pre, post)



        
          
        

    

  


  

Check the spec's action properties against an abstract transition.

  



  
    
      
    
    
      check_spec_invariants(spec_module, abstract)



        
          
        

    

  


  

The same, returning the finding instead of raising it.

  



  
    
      
    
    
      check_spec_invariants!(spec_module, abstract)



        
          
        

    

  


  

Check the spec's invariants against an abstract state.

  



  
    
      
    
    
      check_step(spec_module, action_name, params, pre, post)



        
          
        

    

  


  

The refinement check, returning the finding instead of raising it.

  



  
    
      
    
    
      check_step!(spec_module, action_name, params, pre, post)



        
          
        

    

  


  

THE refinement check. Applies the named spec action to pre and compares the result
with what the implementation produced.
params may be PARTIAL. An implementation frequently resolves the spec's nondeterminism
itself — it pops its own queue, picks its own message — so the binding is not in the
message and abstract_action/1 cannot supply it. Every binding of the action's params
that extends the given ones is a candidate, and the step is legal if any enabled
candidate reproduces post. That is still refinement: the spec permits the step via
that binding.
Fails :not_enabled when no candidate binding has a true guard, and :diverged when
one does and none reproduces the post-state — with a variable-by-variable diff against
the closest candidate.

  



  
    
      
    
    
      check_stuttering(spec_module, pre, post)



        
          
        

    

  


  

The same, returning the finding instead of raising it.

  



  
    
      
    
    
      check_stuttering!(spec_module, pre, post)



        
          
        

    

  


  

Assert that an :unmapped message left the abstract state unchanged.
:unmapped is a positive claim rather than an absence of one: a message with no spec
counterpart must not move the abstract state, and a mapping that is merely incomplete is
caught here rather than passing silently.

  



  
    
      
    
    
      check_temporal_properties(spec_module, behavior)



        
          
        

    

  


  

Check the spec's temporal properties against an accumulated trace. Called at the end of
a simulation run, not per transition.
A finite trace can refute always(P) and can satisfy eventually(P), and can do
neither the other way round, so the verdicts are :holds | :violated | :inconclusive.
A real trace has no lasso — nothing says the process would
have repeated that cycle forever — so the properties that need one are :inconclusive
by construction rather than by accident.

  



  
    
      
    
    
      check_transition(spec_module, refinement, message, pre, post)



        
          
        

    

  


  

The same, returning the finding instead of raising it.
Every check in this module has this pair, and the reason is ExTLA.Replay: a replay
reports which step failed and carries on being a value, which is not something that
can be built out of an exception without catching one. So the checks return findings and
the ! forms raise them — the wrapper needs the raise, the report needs the value, and
neither is derived from the other by rescuing.

  



  
    
      
    
    
      check_transition!(spec_module, refinement, message, pre, post)



        
          
        

    

  


  

One transition, checked: the step against the action the mapping names, or the
stuttering claim :unmapped makes.
The dispatch is here rather than in the emitted wrapper for the same reason the init/1
tag test is. In a module whose messages the compiler can enumerate — a server with one
callback clause —
refinement.abstract_action(msg) has a known return, and one arm of the case is then
provably unreachable. That is a warning in the user's module about code the user did not
write. Behind a module() argument there is nothing to infer.

  



  
    
      
    
    
      get_trace(pid)



        
          
        

    

  


  

Retrieve another process's accumulated behaviour trace.
Asks the process itself, through :sys, rather than reaching into its dictionary — for
the same reason record_transition!/4 takes no pid. The function runs inside the target
and returns its state unchanged; only the trace travels back.

  



  
    
      
    
    
      record_initial!(spec_module, refinement, result)



        
          
        

    

  


  

The first abstract state: mapped, checked against the spec's invariants, and recorded.
Takes the raw init/1 return rather than a state, for the reason
ExTLA.Invariant.Runtime.check_initial_invariants!/4 does: :ignore and a bare
{:stop, reason} produce no state, and a case on that tag in the emitted wrapper has a
clause the compiler can prove unreachable — a warning in the user's module about code the
user did not write.
There is no step to check. A first state is not a transition, and the trace has to start
at it: a temporal property over a behaviour that begins at the second state is a property
of a different behaviour.
It SEEDS the trace rather than recording a transition into it. Recording the initial
state as a transition would put it in the buffer twice, and every recorded behaviour would
open with a step from a state to itself. That step never happened, and
ExTLA.Conformance.against_graph/3 would classify it as forbidden unless the spec
happens to carry a self-loop at its initial state.

  



  
    
      
    
    
      record_transition!(spec_module, message, pre, post)



        
          
        

    

  


  

Record a transition in the CALLING process's behaviour trace.
There is no pid argument. A process dictionary is writable only by its own process, and
the wrapper runs inside the GenServer, so recording is always a self-write.
The buffer is bounded (config :extla, trace_buffer: n, default 1000)
and drops oldest-first: an unbounded per-process trace is a memory leak in any long-lived
GenServer, which is most of them.

  



  
    
      
    
    
      trace()



        
          
        

    

  


  

The behaviour recorded by THIS process: %{states: [...], dropped: n}, oldest state
first.
dropped is part of the value because the states alone cannot carry it. A truncated
list looks exactly like a short one. Once the buffer has dropped the behaviour's first
state, the head of states is an arbitrary mid-behaviour state, and a bare predicate
settled against it could report violated for a behaviour that did start where the
property says. check_temporal_properties/2 reads dropped and answers :inconclusive
for such a predicate instead.

  


        

      


  

    
ExTLA.Invariant.Runtime 
    



      
The engine behind Layer 1's callback wrappers. Not called directly.
Everything here is reached from code ExTLA.Invariant's @before_compile emitted into
the instrumented module, and the division of labour between the two is deliberate:
anything decidable at compile time is decided there. The callbacks: option is
resolved when the wrapper is generated, so a hot callback checking two of a module's
nine invariants calls this with two names rather than nine and a filter.
Telemetry
[:extla, :invariant, :violated] and its three siblings fire whenever one does, if
:telemetry is available — it is an optional dependency, and whether it was there is
decided when ExTLA compiles rather than on every check.
Success events are opt-in (config :extla, telemetry: :verbose) and unemitted
otherwise, because :telemetry.execute/3 costs about a microsecond even with no
handlers attached and a single transition can fire four of them. Violations are rare and
worth their cost; successes are the hot path.
"Unemitted" is why each check has two arities. The wrapper calls the three-argument form
unless the module compiled under :verbose, and that form contains no timing and no
success event to skip — not a branch that declines to fire one.

      


      
        Summary


  
    Functions
  


    
      
        check_action_properties!(module, names, old_state, new_state)

      


        Check the named action properties over a transition.



    


    
      
        check_action_properties!(module, names, old_state, new_state, atom)

      


        The same, under :verbose.



    


    
      
        check_agent_state!(module, state)

      


        Check the invariants of a state an Agent was read at, and return it.



    


    
      
        check_agent_step!(module, old_state, new_state)

      


        Check a transition that no wrapper produced: an Agent update.



    


    
      
        check_initial_invariants!(module, names, result, shape)

      


        Check the named invariants against the state an init/1 produced, if it produced one.



    


    
      
        check_initial_invariants!(module, names, result, shape, atom)

      


        The same, under :verbose.



    


    
      
        check_invariants!(module, names, state)

      


        Check the named invariants against a state.



    


    
      
        check_invariants!(module, names, state, atom)

      


        The same, timing each check and emitting a :checked event. Called only from a module
compiled under config :extla, telemetry: :verbose.



    


    
      
        check_postconditions!(module, callback, message, old_state, new_state)

      


        Check every postcondition whose pattern matches message.



    


    
      
        check_postconditions!(module, callback, message, old_state, new_state, atom)

      


        The same, under :verbose. A :no_match fires nothing, for the reason on
check_preconditions!/5.



    


    
      
        check_preconditions!(module, callback, message, state)

      


        Check every precondition whose pattern matches message.



    


    
      
        check_preconditions!(module, callback, message, state, atom)

      


        The same, timing each check that RAN and emitting a :checked event. Called only from a
module compiled under config :extla, telemetry: :verbose.



    


    
      
        extract_state(result, pre_state)

      


        The post-state carried by a callback's return value.



    


    
      
        extract_statem_state(result, pre)

      


        The post-state carried by a :gen_statem callback's return value.



    


    
      
        initial_state(result)

      


        The first state an init/1 produced, or :none.



    


    
      
        initial_statem_state(result)

      


        The same for a :gen_statem, whose init/1 returns {:ok, state_name, data}.



    





      


      
        Functions


        


  
    
      
    
    
      check_action_properties!(module, names, old_state, new_state)



        
          
        

    

  


  

Check the named action properties over a transition.

  



  
    
      
    
    
      check_action_properties!(module, names, old_state, new_state, atom)



        
          
        

    

  


  

The same, under :verbose.

  



  
    
      
    
    
      check_agent_state!(module, state)



        
          
        

    

  


  

Check the invariants of a state an Agent was read at, and return it.
A read is a stuttering step: nothing moved, so there is no action property to check, but
the invariants must still hold — the same reason a GenServer callback that returns its
state unchanged is still checked.

  



  
    
      
    
    
      check_agent_step!(module, old_state, new_state)



        
          
        

    

  


  

Check a transition that no wrapper produced: an Agent update.
An Agent's transitions are functions its callers pass in, so there is no callback to
wrap and no compile-time place to resolve callbacks: — which is why this takes every
declared name and why callbacks: is documented as meaningless for an Agent
(§03 §Supported OTP Behaviors). Returns the new state, so it can stand in the middle of
the Agent.update/3 function it is called from.

  



  
    
      
    
    
      check_initial_invariants!(module, names, result, shape)



        
          
        

    

  


  

Check the named invariants against the state an init/1 produced, if it produced one.
The tag test lives here rather than in the emitted wrapper for a reason worth recording:
inside a particular module, super(arg) has a known return type, so a case on
initial_state/1's tag has a clause the compiler can prove unreachable — and Elixir's
type system says so, as a warning, in the user's module, about code the user did not
write. Behind a function taking term() there is nothing to prove.

  



  
    
      
    
    
      check_initial_invariants!(module, names, result, shape, atom)



        
          
        

    

  


  

The same, under :verbose.

  



  
    
      
    
    
      check_invariants!(module, names, state)



        
          
        

    

  


  

Check the named invariants against a state.
The names come from the wrapper, already filtered by callbacks:.

  



  
    
      
    
    
      check_invariants!(module, names, state, atom)



        
          
        

    

  


  

The same, timing each check and emitting a :checked event. Called only from a module
compiled under config :extla, telemetry: :verbose.

  



  
    
      
    
    
      check_postconditions!(module, callback, message, old_state, new_state)



        
          
        

    

  


  

Check every postcondition whose pattern matches message.

  



  
    
      
    
    
      check_postconditions!(module, callback, message, old_state, new_state, atom)



        
          
        

    

  


  

The same, under :verbose. A :no_match fires nothing, for the reason on
check_preconditions!/5.

  



  
    
      
    
    
      check_preconditions!(module, callback, message, state)



        
          
        

    

  


  

Check every precondition whose pattern matches message.
A message no pattern matches has no preconditions and passes — :no_match is the
generated clause's way of saying "this declaration is not about this message", which is
a different thing from a predicate that returned false.

  



  
    
      
    
    
      check_preconditions!(module, callback, message, state, atom)



        
          
        

    

  


  

The same, timing each check that RAN and emitting a :checked event. Called only from a
module compiled under config :extla, telemetry: :verbose.
A :no_match fires nothing. The generated clause answers :no_match without evaluating
the predicate — the declaration is not about this message — so an event saying a check
happened would be a measurement of a check that did not occur, and its duration would
be the cost of a pattern match reported as the cost of a precondition.

  



  
    
      
    
    
      extract_state(result, pre_state)



        
          
        

    

  


  

The post-state carried by a callback's return value.
pre_state is the fallback because not every return carries one: {:stop, reason, reply, state} does, a bare {:stop, reason} from handle_info does not, and :ignore
from init/1 does not. Treating those as stuttering is right — nothing moved — and it
keeps the wrapper from having to know which callback it is wrapping.

  



  
    
      
    
    
      extract_statem_state(result, pre)



        
          
        

    

  


  

The post-state carried by a :gen_statem callback's return value.
A state machine's state is the {state_name, data} pair, so pre is both the fallback
and the source of the name a :keep_state return leaves alone. This cannot be more
clauses on extract_state/2: {:stop, reason, new_data} is a :gen_statem return
carrying DATA, and the identically shaped {:stop, reason, state} is a GenServer return
carrying the whole state. One function cannot answer both.
:gen_statem's :state_functions callback mode is not instrumented — its transitions
live in functions named after the states, which @on_definition cannot recognise. §03
specifies handle_event/4, which is the :handle_event_function mode.

  



  
    
      
    
    
      initial_state(result)



        
          
        

    

  


  

The first state an init/1 produced, or :none.
:ignore and a bare {:stop, reason} are refusals to start: there is no first state,
and an invariant checked against its absence would report a violation of a predicate
that was never given anything to be about. The init/1 wrapper checks nothing in that
case — which is why this returns a tag rather than a state and a fallback.

  



  
    
      
    
    
      initial_statem_state(result)



        
          
        

    

  


  

The same for a :gen_statem, whose init/1 returns {:ok, state_name, data}.
A module is read as a state machine when it defines handle_event/4. Without this the
shared initial_state/1 would take {:ok, :red, data} for {:ok, state, extra} and
check the invariants against the state NAME — which is not the state, and which a
declaration written as {name, data} = state would refuse with a MatchError naming
neither the invariant nor the reason.

  


        

      


  

    
ExTLA.ModelChecker.Liveness 
    



      
Temporal property checking over the liveness graph.
A liveness property is refuted by an infinite behaviour, and an infinite behaviour in a
finite graph is a lasso: a finite prefix, then a cycle repeated forever. The states
a behaviour visits infinitely often are a strongly connected set, so the search is for
a strongly connected component that (a) the property forbids being cycled in forever
and (b) the spec's fairness constraints permit cycling in.
What "permits" means
A component S is unfair when a fairness constraint says it cannot be the tail of a
behaviour (02-dsl-semantics.md §5.2):
	WF(A) is broken by S when A is enabled in every state of S and no edge
inside S takes it — continuously enabled and never taken.
	SF(A) is broken by S when A is enabled in some state of S and no edge
inside S takes it — repeatedly enabled and never taken.

Both read the ENABLED bits ExTLA.StateGraph recorded while each state was materialized,
and the edges beside them. That is what the liveness graph is for.
A broken WF kills every strongly connected subset of S too: a subset has A enabled
everywhere as well, and no more edges to take it with. A broken SF does not — dropping
the states where A is enabled can leave a smaller component that is fair. So the
search does exactly that and recurses, which is the shape of the Emerson–Lei algorithm
and the reason this is not just "Tarjan, then filter".
A terminal state stutters forever
02-dsl-semantics.md §5.3: a state with no successors is a legal end of a behaviour,
which stutters there. So a stuck state is a self-loop here, and it is always fair —
nothing is enabled in it, so no constraint can require anything to be taken. A
leads-to whose consequent has not held by then is violated there, which is the correct
verdict and the one that refutes the Raft election example's eventually_elect_leader
(07-examples.md).
The supported fragment
02-dsl-semantics.md §5.1, as ExTLA.Spec.Temporal parses it. Each formula reduces to
one of six shapes, and each shape to a question about components:
	Formula	Refuted by
	pred	an initial state where it is false
	always(pred)	any reachable state where it is false
	eventually(pred)	a fair component of the ¬pred subgraph, reached without leaving it
	always(eventually(pred))	a fair component of the ¬pred subgraph, reached any way at all
	eventually(always(pred))	a fair component holding a ¬pred state
	p ~> q	a reachable p ∧ ¬q state that reaches a fair component of the ¬q subgraph

always(pred) needs no component search: every reachable state has a fair continuation,
because a walk to a bottom component is always available and a bottom component is
always fair — every action enabled inside it has its edge inside it, since nothing
leaves.
A nesting outside this table raises rather than being approximated. §5.1's grammar is
recursive and admits shapes like always(eventually(always(p))); evaluating one of
those as though it were something simpler would be a silently weaker check.
What it costs
One pass materializing every state to evaluate the properties' predicates — the states
are not kept — the graph stores parent pointers rather than states, so that memory stays
a small fixed record per state — so they are regenerated, one transition each,
holding only the states that still have children to generate. Then Tarjan per property,
which is linear in the graph.

      


      
        Summary


  
    Types
  


    
      
        verdict()

      


    





  
    Functions
  


    
      
        answerable?(graph)

      


        Whether this graph can carry a liveness verdict at all.



    


    
      
        check(spec, graph, selected \\ :all)

      


        Check a spec's temporal properties against a completed liveness graph.



    





      


      
        Types


        


  
    
      
    
    
      verdict()



        
          
        

    

  


  

      

          @type verdict() :: :ok | {:violation, atom(), ExTLA.Trace.lasso()}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      answerable?(graph)



        
          
        

    

  


  

Whether this graph can carry a liveness verdict at all.
The non-raising counterpart to the check below, so a caller can decline to ask rather than
crash after the search. A state_constraint: holds states back without expanding them,
so a constrained run reaches the end with a graph that has fewer edge entries than
states, and the check would raise ArgumentError there, taking the valid safety result
with it.
The pairing is only conditionally bad: a constraint that never actually holds a state
back leaves a complete graph and liveness works. That is why this is a predicate the
caller consults rather than an up-front refusal like symmetry's and workers' — those are
unconditionally incompatible and can be rejected before any work happens.

  



    

  
    
      
    
    
      check(spec, graph, selected \\ :all)



        
          
        

    

  


  

Check a spec's temporal properties against a completed liveness graph.
selected is :all or a list of property names, the way invariants: selects
invariants. A run reports only the first violation, so asking one property at a time is
how to get a verdict for each.
Returns the first violation in declaration order, with the lasso that refutes it.

  


        

      


  

    
ExTLA.ModelChecker.Parallel 
    



      
Parallel state exploration: one coordinator, N workers, one shared graph. Selected by
workers: n on ExTLA.ModelChecker.run/2; see "Parallel exploration" in
guides/reference.md.
Level-synchronous BFS, and why it is not negotiable
Each round expands one whole BFS level across the workers, and no worker starts on
level k+1 until every worker has finished level k.
That costs a barrier per level, and it buys the guarantee a breadth-first checker makes:
a reported counterexample is a shortest one, the same length TLC reports. Length,
not route: two searches may return different traces of the same length. A free-running
frontier — workers taking whatever is queued, in whatever order they get to it — does
not preserve length, because a violating state can be reached along a longer path
before the shorter one has been expanded. Trading that for throughput would trade away
the shortest-counterexample guarantee.
Level-synchrony also makes the answer deterministic in the ways that are checked:
every state discovered while expanding level k has depth k+1, so whichever worker
reports a violation first, the trace it reports is the same length.
Work sharing, not stealing
The coordinator pushes a batch to each worker and waits. Workers never take work from
one another, so the only structure two processes touch at once is the graph's ETS
fingerprint table, which is :public and race-free.
Why the workers, and not the coordinator, register states
A worker computes its states' successors and calls StateGraph.add_state/5 on them.
It would be simpler to send successors back and have the coordinator register them, and
it would also be nearly pointless: that function fingerprints the state, validates it
(rejecting pids, references, ports, funs and floats), and writes it to ETS, and those
three are about three quarters of the cost of a search on a large model. Registering
centrally would leave only the remaining quarter parallel, and Amdahl's law would cap the
speed-up near 1.3x however many cores are added.
What makes it safe is that ETS insert_new/2 is atomic, so of two workers that discover the
same state in the same level exactly one claims it and the other reads back the winner's
id. That is also what makes the accumulators summable — see merge/2.
What is refused
Liveness. workers: n > 1 with check_liveness: true (or liveness_graph: true)
raises in ExTLA.ModelChecker, beside the refusal of symmetry with liveness and for a
similar reason: the edge table and ENABLED bits are per-struct maps, so a parallel run
would answer from a graph missing the edges other workers found.
max_states means the same thing here as on one process
The limit is checked by each worker, before each state, against the count in the shared
fingerprint table (StateGraph.live_state_count/1) rather than against its own
accumulator — which holds only that worker's fragment while a level is in flight. So the
rule is the single-threaded one: the search stops once the graph has passed the budget,
and what it reports is the count it actually reached rather than the limit it was given.
The overshoot is what the other workers had in flight at that moment, bounded by the
batch. Checking once per level instead would have been simpler and would have made the
overshoot a whole BFS level — thousands of states on a large model — and a budget that
can be exceeded many times over is not a budget.
What comes back, and why summing it is exact
A worker returns its own accumulators — counts, the marked-state sets, and a
ExTLA.Coverage — all starting from zero rather than from the coordinator's values, so
each is that worker's contribution. merge/2 here and ExTLA.Coverage.merge/2 combine
them.
Summing is exact rather than approximate, and that is a property of insert_new/2: a
state is observed by exactly one worker (the one that claimed its fingerprint) and a
{state, action} pair is expanded by exactly one worker (the one holding that state in
its batch). Nothing is counted twice because nothing is done twice.

      


      
        Summary


  
    Functions
  


    
      
        explore(run)

      


        Explore from a seeded run — one whose frontier holds the initial states — and return
the completed run, in the same shape ExTLA.ModelChecker's single-threaded search
returns. check_temporals/1 and finish/2 do not know which one produced it.



    





      


      
        Functions


        


  
    
      
    
    
      explore(run)



        
          
        

    

  


  

Explore from a seeded run — one whose frontier holds the initial states — and return
the completed run, in the same shape ExTLA.ModelChecker's single-threaded search
returns. check_temporals/1 and finish/2 do not know which one produced it.

  


        

      


  

    
ExTLA.ModelChecker.Safety 
    



      
Safety property checking: invariants and action properties, checked
incrementally during state exploration.
Invariants are evaluated once per distinct state, when it is first
discovered. Action properties are evaluated once per transition, including
transitions into a state already seen — the property constrains the step, not
the destination, so a second way of reaching the same state is a second thing
to check.

      


      
        Summary


  
    Functions
  


    
      
        admitting_terminals(spec, constants, state)

      


        The names of every terminal whose predicate admits state. Empty means a deadlock.



    


    
      
        check_action_properties(spec, constants, old_state, new_state, only \\ :all)

      


        Check all action properties against a transition.



    


    
      
        check_invariants(spec, constants, state, only \\ :all)

      


        Check the selected invariants against a single state.



    


    
      
        classify_stuck(spec, constants, state)

      


        Classify a state that produced no successors: :terminal if a terminal
predicate admits it (02-dsl-semantics.md §5.3), :deadlocked otherwise.



    


    
      
        reject_unmatched!(declarations, names)

      


        Refuse a selection naming something the spec does not declare.



    


    
      
        selected(declarations, names)

      


        The declarations a run with only will actually check.



    





      


      
        Functions


        


  
    
      
    
    
      admitting_terminals(spec, constants, state)



        
          
        

    

  


  

The names of every terminal whose predicate admits state. Empty means a deadlock.
classify_stuck/3 is this with the names thrown away; the checker asks for the names so
coverage can count which terminal ended which behaviour from one evaluation.

  



    

  
    
      
    
    
      check_action_properties(spec, constants, old_state, new_state, only \\ :all)



        
          
        

    

  


  

Check all action properties against a transition.

  



    

  
    
      
    
    
      check_invariants(spec, constants, state, only \\ :all)



        
          
        

    

  


  

Check the selected invariants against a single state.
only restricts the check to named invariants, the way a TLC .cfg selects
which of a module's invariants a run checks; :all is every declared one.

  



  
    
      
    
    
      classify_stuck(spec, constants, state)



        
          
        

    

  


  

Classify a state that produced no successors: :terminal if a terminal
predicate admits it (02-dsl-semantics.md §5.3), :deadlocked otherwise.
A terminal says which states are meant to be final, which is why it is
preferred over check_deadlock: false — that turns the check off for every
other state in the spec at the same time.

  



  
    
      
    
    
      reject_unmatched!(declarations, names)



        
          
        

    

  


  

Refuse a selection naming something the spec does not declare.
Without this, a typo checks nothing and the run reports :ok:
invariants: [:cap]         status=:violation
invariants: [:capp] (typo) status=:ok  warnings=[]
The filter matched no declaration, the coverage table came out empty, and the search had
nothing to evaluate — so the run would be green because it verified nothing. A checker
must never report success for a check it did not perform.
It matters beyond a hand-typed config: a test that selects invariants by names read from
a file would, on a misspelled name, make assert result.status == :ok pass having checked
nothing at all.

  



  
    
      
    
    
      selected(declarations, names)



        
          
        

    

  


  

The declarations a run with only will actually check.
Selection exists because a run halts at the first violation, as TLC's does: getting a
verdict for each invariant separately means one run per invariant, and a run that only
measures the state count has to check nothing at all.

  


        

      


  

    
ExTLA.Simulation.Generator 
    



      
Random messages, derived from a spec's own action definitions.
The spec's params: are where nondeterminism lives (02-dsl-semantics.md §3), so they
are also the domain of possible messages: pick an action, pick a binding of its params
from the generators the action declares, and ask the refinement for the concrete message
that causes it.
Why the refinement is an argument
A specification has no notion of a message — that is the whole reason
ExTLA.Refinement.concrete_message/2 exists — so a generator returning one needs the
mapping as well. The alternative, returning {action, params} and mapping later, would
put half the generator in its caller; ExTLA.PropertyTest.action_sequences/3 is that
spec-level form, for a consumer's own property tests.

      


      
        Summary


  
    Functions
  


    
      
        enabled_only(spec_module, refinement, constants)

      


        A generator restricted to actions whose guard holds in the current state.



    


    
      
        from_spec(spec_module, refinement, constants)

      


        A generator over every action, enabled or not.



    





      


      
        Functions


        


  
    
      
    
    
      enabled_only(spec_module, refinement, constants)



        
          
        

    

  


  

A generator restricted to actions whose guard holds in the current state.
Cheaper per step, and the right choice when the question is "does the implementation
follow the spec where the spec has something to say" rather than "does it refuse what
the spec forbids". A simulation that only ever sends enabled messages cannot produce a
:not_enabled finding, which is worth knowing before choosing it.

  



  
    
      
    
    
      from_spec(spec_module, refinement, constants)



        
          
        

    

  


  

A generator over every action, enabled or not.
Returns (abstract_state -> {action, params, message}) | nil, nil when nothing can be
generated in that state. Messages for disabled actions are the point rather than waste:
an implementation that accepts a message the spec forbids in that state is exactly what
ExTLA.GenServer.Runtime.check_step!/5 reports as :not_enabled, and a generator that never sends one can
never find it.

  


        

      


  

    
ExTLA.Spec.Block 
    



      
Compiles an init or action body into the guard and transition functions of
ExTLA.Spec.Compiled.action_def/0.
An action body is a conjunction, not a sequence
This is the rule most likely to surprise an Elixir programmer, and the one that
makes the DSL mean what TLA+ means (02-dsl-semantics.md §2):
	Every right-hand side reads the pre-state. Assignment order is irrelevant.
	Every left-hand side writes the post-state. Nothing is visible to
another right-hand side in the same block.
	A variable not assigned is implicitly UNCHANGED.
	A variable may be assigned at most once.

So action :swap do x = y; y = x end swaps them. It does not set both to the
old y.
The compiled shape is what makes that true without any analysis: every read
becomes Map.fetch!(pre_state, :name), each assignment's value lands in its
own temporary, and the post-state is one Map.merge/2 at the end. There is no
intermediate state for a later right-hand side to observe, because there is no
intermediate state.
let bindings are sequential — they are ordinary Elixir — so they are
emitted in source order and a later one may read an earlier one.

      


      
        Summary


  
    Functions
  


    
      
        assignments!(classified, ctx)

      


        Check the classified statements of an action body and return the assignments,
in source order, having rejected a variable assigned twice or not declared.



    


    
      
        bind_params(names, params_ast)

      


        Bind each param to a local of the same name, so the block can read from
where params: [from: ^accounts] was declared.



    


    
      
        boolean!(body, module, declaration)

      


        Wrap a compiled predicate body so a non-boolean result is refused at run time.



    


    
      
        check_no_shadow!(pattern, meta, ctx, binder \\ "`let`")

      


        Reject a binder that shadows a declared variable or constant.



    


    
      
        classify!(other, ctx)

      


        Classify one statement of an init or action body.



    


    
      
        desugar_predicate!(block, ctx)

      


        Prepare a predicate block — invariant, terminal, action_property.



    


    
      
        guard_body(classified, ctx)

      


        The guard: the conjunction of the block's requires, evaluated on the
pre-state with params bound.



    


    
      
        init_body(classified, ctx, declared)

      


        The initial state: every declared variable, assigned exactly once.



    


    
      
        near_miss(desugared)

      


        The near-miss expression of an invariant, or nil when there is none.



    


    
      
        reject_assignment!(ast, ctx)

      


        Reject = on a declared variable, where there is no post-state for it to mean.



    


    
      
        statements(single)

      


        Split a block into its top-level statements.



    


    
      
        transition_body(classified, ctx, state_ast)

      


        The transition: the post-state, as one merge of the assigned variables onto
the pre-state. A variable not assigned is untouched, which is UNCHANGED.



    





      


      
        Functions


        


  
    
      
    
    
      assignments!(classified, ctx)



        
          
        

    

  


  

Check the classified statements of an action body and return the assignments,
in source order, having rejected a variable assigned twice or not declared.

  



  
    
      
    
    
      bind_params(names, params_ast)



        
          
        

    

  


  

Bind each param to a local of the same name, so the block can read from
where params: [from: ^accounts] was declared.
The binding is marked generated: true — including on the variable itself, not
only on the match — because a guard that does not mention every param is
perfectly normal and should not warn.

  



  
    
      
    
    
      boolean!(body, module, declaration)



        
          
        

    

  


  

Wrap a compiled predicate body so a non-boolean result is refused at run time.
Elixir's and/or return their last operand, so n >= 0 and status
evaluates to status. Tested for truthiness, that predicate would count as
holding whenever status was anything but nil or false — a run in which it
never took the value the author had in mind would report :ok. Wrapping the
body once, here, gives the checker, trace replay and coverage the same refusal
without each of them re-deriving it; see ExTLA.Spec.PredicateError.

  



    

  
    
      
    
    
      check_no_shadow!(pattern, meta, ctx, binder \\ "`let`")



        
          
        

    

  


  

Reject a binder that shadows a declared variable or constant.
§1.3 says a let may shadow nothing, and the rule is about what a bare name means, not
about let: any binder inside a spec block that captured a declared name would make the
same bare name mean two things in one spec. binder names the construct for the message —
"let" or "the quantifier".
Public because the temporal quantifier needs the same rule. Without it,
Enum.all?(^procs, fn p -> … end) with variable :p declared would resolve the body's p
to the state variable — the rewriter consults declared variables before bound names — so
every instance would read state.p, the bound value would never be used, and the formula
would report a verdict about the wrong thing.

  



  
    
      
    
    
      classify!(other, ctx)



        
          
        

    

  


  

Classify one statement of an init or action body.

  



  
    
      
    
    
      desugar_predicate!(block, ctx)



        
          
        

    

  


  

Prepare a predicate block — invariant, terminal, action_property.
let becomes an ordinary match, and an assignment to a declared variable is
rejected: §1.2 permits assignment only in init and action, where it means
"the post-state". In a predicate there is no post-state for it to mean.

  



  
    
      
    
    
      guard_body(classified, ctx)



        
          
        

    

  


  

The guard: the conjunction of the block's requires, evaluated on the
pre-state with params bound.
lets are interleaved in source order rather than hoisted, so a require may
guard the let that follows it — require Map.has_key?(f, k) before
let v = f[k] has to actually protect it, which it only does if and
short-circuits over the binding.

  



  
    
      
    
    
      init_body(classified, ctx, declared)



        
          
        

    

  


  

The initial state: every declared variable, assigned exactly once.
An init that leaves a variable out would produce a partial state, and the
omission would surface much later as a KeyError from whichever action first
reads it — a long way from the declaration that caused it.

  



  
    
      
    
    
      near_miss(desugared)



        
          
        

    

  


  

The near-miss expression of an invariant, or nil when there is none.
A near miss is a state in which the invariant held only through its
non-trivial branch: the left disjunct of a top-level or was false, so the
right one had to carry it. An invariant with no near misses over a whole run
was never pressed against, and is indistinguishable from true.
Only the top-level or shape is derived here. For an invariant without one,
nil means not measured — which the coverage report must render differently
from zero, since zero is the finding and "not measured" is not. The
atomic-bound shape that would measure a bare count <= max is not derived:
# An implication gets a probe: the negated left disjunct.
iex> ExTLA.Spec.Block.near_miss(quote(do: a or b)) |> Macro.to_string()
"not a"

# A bare comparison does not, and `nil` means NOT MEASURED.
iex> ExTLA.Spec.Block.near_miss(quote(do: count <= max))
nil

  



  
    
      
    
    
      reject_assignment!(ast, ctx)



        
          
        

    

  


  

Reject = on a declared variable, where there is no post-state for it to mean.
02-dsl-semantics.md §1.2 permits assignment only in init and action. In a
predicate or a temporal formula there is no post-state, so = on a declared
variable is almost always a mistyped ==.
Public because two paths need the same rule: predicate blocks reach it through
desugar_predicate!/2, and a temporal block, which is parsed by
ExTLA.Spec.Temporal.parse!/2 and never desugared, calls it directly.
Without it a temporal built from an assignment would compile, and that is the
worst shape a missing check can have. An invariant that never fires is visible
in the coverage report; a temporal formula built from an assignment is not
refutable, so the run would report that the property holds — a green
verdict for a property that checked nothing.
Returns :ok, or raises ExTLA.Spec.CompileError. Anything that is not an
assignment to a declared variable passes through.
Scope
The whole expression is walked, not just its top-level statements. In a
temporal the top level is nearly always always, eventually or ~>, so a
statement-level check would let always(x = 1) through. A nested = is legal
Elixir, but the check fires only for = on a declared variable, which §1.2
forbids everywhere outside init/action, nested or not, so there is no
legitimate case the walk could reject.

  



  
    
      
    
    
      statements(single)



        
          
        

    

  


  

Split a block into its top-level statements.

  



  
    
      
    
    
      transition_body(classified, ctx, state_ast)



        
          
        

    

  


  

The transition: the post-state, as one merge of the assigned variables onto
the pre-state. A variable not assigned is untouched, which is UNCHANGED.

  


        

      


  

    
ExTLA.Spec.Deps 
    



      
Which spec variables each block reads and writes, computed at compile time.
This is the foundation of property-directed slicing: a run that checks only some properties
need not distinguish states that differ outside those properties' cone of influence. That
cone is derived from the read/write sets recorded here.
Why this has to happen in the macro
ExTLA.Spec.Block compiles an action body into guard and transition functions, so by the
time the checker runs there is no AST left — actions are closures, pure functions of the
pre-state and params (02-dsl-semantics.md §3). The dependency sets can only be derived
while the quoted body is still in hand. ExTLA.Spec.Compiled already keeps
variable_def.type_expr quoted for resolution at model-check time, so retaining compile-time
structure is an established pattern here rather than a new one.
Widening is the default
A read set is :all unless every node in the expression is recognised. That ordering is
deliberate and it is the whole soundness argument: an analysis that narrows by default and
widens on the cases someone remembered is how an unsound optimisation ships. Here the
narrowing has to earn its way in, node by node.
The one construct that can genuinely hide a variable read is a local macro: it expands
after this walk, so a reference it introduces is invisible now. Remote calls cannot hide one —
their arguments are already in this AST — and a local function cannot either, because a
spec variable exists only as a binding inside a block and is not in scope in a function body.
So the rule is narrow and precise: recognised operators and special forms are walked, remote
calls are walked, and anything else widens.
What is not a variable
^constant is a constant, not state, and never enters a read set — a state cannot differ in
a constant. let bindings are local names; a body's own intermediates are not state either,
though the expressions they are bound to are still walked.

      


      
        Summary


  
    Types
  


    
      
        reads()

      


        A read set: the variables an expression may depend on, or :all when unknown.



    





  
    Functions
  


    
      
        block(classified, declared, env \\ nil)

      


        Read and write sets for a classified action or init body.



    


    
      
        classify(block, ctx)

      


        The statements of a block, classified — the same view ExTLA.Spec.DSL builds, exposed so the
dependency sets can be derived from it without reclassifying.



    


    
      
        expression(ast, declared, locals \\ MapSet.new(), env \\ nil)

      


        Read set for a standalone expression — an invariant, temporal property, or terminal predicate.



    





      


      
        Types


        


  
    
      
    
    
      reads()



        
          
        

    

  


  

      

          @type reads() :: MapSet.t(atom()) | :all


      


A read set: the variables an expression may depend on, or :all when unknown.

  


        

      

      
        Functions


        


    

  
    
      
    
    
      block(classified, declared, env \\ nil)



        
          
        

    

  


  

      

          @spec block(list(), [atom()], Macro.Env.t() | nil) :: %{
  reads: reads(),
  writes: MapSet.t(atom())
}


      


Read and write sets for a classified action or init body.
writes are the variables assigned. reads is every variable the guard and the right-hand
sides may depend on, or :all.

  



  
    
      
    
    
      classify(block, ctx)



        
          
        

    

  


  

      

          @spec classify(Macro.t(), map()) :: list()


      


The statements of a block, classified — the same view ExTLA.Spec.DSL builds, exposed so the
dependency sets can be derived from it without reclassifying.

  



    

    

  
    
      
    
    
      expression(ast, declared, locals \\ MapSet.new(), env \\ nil)



        
          
        

    

  


  

      

          @spec expression(
  Macro.t(),
  MapSet.t(atom()) | [atom()],
  MapSet.t(atom()),
  Macro.Env.t() | nil
) ::
  reads()


      


Read set for a standalone expression — an invariant, temporal property, or terminal predicate.

  


        

      


  

    
ExTLA.Spec.Hash 
    



      
Content versions for spec items and for a spec as a whole.
A verification result, and a refinement mapping, are claims about a specific version of a
spec. ExTLA.Refinement.abstract/1 is written against a set of spec variables; rename one
or change an action's post-state and ExTLA.Refinement.abstract_action/1 still compiles and
still returns an action name. The mapping is now wrong, and the only symptom is :diverged
at runtime, on a path that may not be exercised for months. A content version turns that
into a compile error.
The algorithm
Strip all AST metadata, Macro.to_string, sha256, first 8 hex. It ships with ExTLA
rather than coming from a dev-only dependency because the check it serves runs at the
consumer's compile: use ExTLA.GenServer, spec_version: … is written in the consumer's code,
so the algorithm must be available wherever that code compiles.
Metadata stripping is the point
A version is a function of an item's STRUCTURE, not its position. A blank line, a comment or
reindenting above an action leaves its version alone; changing its body moves it. Without
that, an edit near the top of a file would restamp everything below it and every stamp in
the file would go stale at once — which teaches authors to restamp without reading, defeating
the mechanism.

      


      
        Summary


  
    Types
  


    
      
        item()

      


        A spec item's identity within its module.



    





  
    Functions
  


    
      
        declarations()

      


        The declarations that carry no verdict but are part of the module version.



    


    
      
        definition_hash(source)

      


        The content version of a quoted node or a source binary: 8 lowercase hex characters.



    


    
      
        item_versions(module)

      


        Every versionable item module declares, or %{} when its source is not on disk.



    


    
      
        kinds()

      


        The kinds of item that carry a version of their own, each with a verdict of its own.



    


    
      
        module_version(module)

      


        The version of module as a whole: 8 hex over every declaration it makes.



    


    
      
        module_version(source, module)

      


        The version of module as declared in source, or nil when source does not define it.



    


    
      
        scan(source)

      


        Every versionable item declared anywhere in source.



    


    
      
        scan(source, module)

      


        Every versionable item module declares within source.



    





      


      
        Types


        


  
    
      
    
    
      item()



        
          
        

    

  


  

      

          @type item() :: {kind :: atom(), name :: atom()}


      


A spec item's identity within its module.

  


        

      

      
        Functions


        


  
    
      
    
    
      declarations()



        
          
        

    

  


  

The declarations that carry no verdict but are part of the module version.
Together with kinds/0, every declaration form the DSL has. A declaration form in neither
list would leave the module version blind to edits of it.

  



  
    
      
    
    
      definition_hash(source)



        
          
        

    

  


  

The content version of a quoted node or a source binary: 8 lowercase hex characters.

  



  
    
      
    
    
      item_versions(module)



        
          
        

    

  


  

Every versionable item module declares, or %{} when its source is not on disk.
An absent source means "cannot version this", a different fact from "this has no version": a
spec that arrived inside a released package has a version nobody here can compute, and
callers render that differently from an item with none.

  



  
    
      
    
    
      kinds()



        
          
        

    

  


  

The kinds of item that carry a version of their own, each with a verdict of its own.

  



  
    
      
    
    
      module_version(module)



        
          
        

    

  


  

The version of module as a whole: 8 hex over every declaration it makes.
This is what a refinement mapping stamps. A mapping is written against the spec's variables
and actions together, so the question it must answer is "has anything I depended on
moved", not "has this one action moved" — and a per-item stamp on a mapping would be a list
nobody maintains.
Every declaration, not only the items
variable, constant, init and fairness carry no verdict of their own, but they are in.
A stamp does not name a verdict; it names the specification somebody re-read a mapping
against. Changing an init value, a constant's default or a variable's type: changes the
reachable states a mapping must handle, so each moves the version — otherwise a mapping
would stay fresh across a new variable its abstract/1 cannot produce.
fairness changes liveness verdicts and nothing a mapping reads, but the version is one
number naming one specification, and a spec under strong fairness admits a different set of
behaviours from the same spec under weak. Leaving it out would need a second,
"liveness-relevant" version beside the "mapping-relevant" one.
What is not in: @moduledoc, @doc, use ExTLA.Spec, and any ordinary def in the
module. A helper function called from an action body would change meaning without moving
the version; hashing the whole module body instead would restamp every mapping on a
documentation edit, which teaches authors to restamp without reading.
Derived from declaration hashes rather than the file's bytes, so it inherits their
position-insensitivity: reformatting a spec does not invalidate every mapping written against
it. Returns nil when the spec's source is not on disk.

  



  
    
      
    
    
      module_version(source, module)



        
          
        

    

  


  

The version of module as declared in source, or nil when source does not define it.
mix extla.stamp reads specs from disk by path rather than through the loaded module; it
uses this function, so the compile-time check and the stamp task always agree about a spec's
version.

  



  
    
      
    
    
      scan(source)



        
          
        

    

  


  

Every versionable item declared anywhere in source.

  



  
    
      
    
    
      scan(source, module)



        
          
        

    

  


  

Every versionable item module declares within source.
Scoped to that module's own defmodule, NOT the whole file. One file may hold several specs,
and a file-wide scan would give them the same version, so editing one would mark every
mapping stamped against the other stale. A stamp going stale for something that did not
change is the same "cries wolf" failure position-insensitivity exists to prevent, arriving
by a different route.

  


        

      


  

    
ExTLA.Spec.Params 
    



      
Compiles an action's params: — the DSL's only source of nondeterminism
(02-dsl-semantics.md §3).
An earlier draft had two mechanisms: params: for constant-drawn values and
choose/1,2 inside the block for state-drawn ones. The second was both
redundant and misnamed — TLA+'s CHOOSE is deterministic Hilbert choice — and
it could not work anyway: a function returning one element cannot produce
several successors.
With one mechanism, an action body is a pure deterministic function of
(pre_state, params). That single property is what makes successor generation,
enabling checks, symmetry canonicalization and Layer 3's refinement check all
straightforward, so any construct that reintroduces in-body branching has to be
rejected for the same reason.
A param may draw from:
	Form	Source	Example
	A constant	:constant	from: ^accounts
	A literal range or list	:literal	amount: 1..10, mode: [:a, :b]
	A function of the pre-state	:state	t: fn s -> s.pending end

Params bind left to right, and a state function may take a second argument
receiving the params bound before it — which is how a spec keeps the
combinatorial explosion down, filtering in the generator rather than generating
every combination and rejecting most of them in the guard.

      


      
        Summary


  
    Functions
  


    
      
        compile!(entries, ctx, constants, state, bound)

      


        Compile the params: option into generator bodies and their sources.



    





      


      
        Functions


        


  
    
      
    
    
      compile!(entries, ctx, constants, state, bound)



        
          
        

    

  


  

Compile the params: option into generator bodies and their sources.
Returns {[{name, arg_asts, body_ast}], [{name, source}]}, where each body is
the generator's body given (constants, pre_state, bound_so_far).

  


        

      


  

    
ExTLA.Spec.Rewriter 
    



      
Resolves the three name classes of 02-dsl-semantics.md §1 inside a spec block.
Inside a spec block a bare identifier is one of exactly three things, and the
class is determined syntactically, never by inference:
	Syntax	Class	Rewrites to
	^name	Constant	Map.fetch!(constants, :name)
	name	Variable	Map.fetch!(state, :name)
	let name = …	Local	left alone; ordinary Elixir

Why locals are over-approximated
A bare name that is neither a declared variable nor a constant may still be a
perfectly good local: a let pattern, a fn argument, a comprehension
generator, a case clause head. bound_names/1 collects every name bound
anywhere in the block, ignoring scope, and a read of a name in that set is
left alone.
Over-approximating is the deliberate direction to be wrong in. Missing a
binding would turn working Elixir into a spurious "undeclared variable" error;
including one too many only means a genuine typo is reported by Elixir's own
compiler ("undefined variable") instead of by this one. The first is a
regression, the second is a slightly worse message.

      


      
        Summary


  
    Types
  


    
      
        t()

      


    





  
    Functions
  


    
      
        bound_names(ast)

      


        Every name bound anywhere in the AST, ignoring scope. See the module note on
why this over-approximates.



    


    
      
        pattern_names(pattern)

      


        The variable names bound by a pattern. A pinned name is a value, not a
binding, so ^x contributes nothing.



    


    
      
        reject_action_property()

      


        The rejection builder for action_property: §4 requires old./new..



    


    
      
        reject_init()

      


        The rejection builder for init: there is no earlier state to read.



    


    
      
        reject_param(state_arg)

      


        The rejection builder for a params: generator, which receives the pre-state
as its own argument.



    


    
      
        rewrite(ast, ctx)

      


        Rewrite an expression, resolving ^constants and bare variables.



    





      


      
        Types


        


  
    
      
    
    
      t()



        
          
        

    

  


  

      

          @type t() :: %ExTLA.Spec.Rewriter{
  bound: term(),
  constants: term(),
  constants_ast: term(),
  declaration: term(),
  line: term(),
  module: term(),
  params: term(),
  read: term(),
  variables: term()
}


      



  


        

      

      
        Functions


        


  
    
      
    
    
      bound_names(ast)



        
          
        

    

  


  

Every name bound anywhere in the AST, ignoring scope. See the module note on
why this over-approximates.

  



  
    
      
    
    
      pattern_names(pattern)



        
          
        

    

  


  

The variable names bound by a pattern. A pinned name is a value, not a
binding, so ^x contributes nothing.

  



  
    
      
    
    
      reject_action_property()



        
          
        

    

  


  

The rejection builder for action_property: §4 requires old./new..

  



  
    
      
    
    
      reject_init()



        
          
        

    

  


  

The rejection builder for init: there is no earlier state to read.

  



  
    
      
    
    
      reject_param(state_arg)



        
          
        

    

  


  

The rejection builder for a params: generator, which receives the pre-state
as its own argument.

  



  
    
      
    
    
      rewrite(ast, ctx)



        
          
        

    

  


  

Rewrite an expression, resolving ^constants and bare variables.

  


        

      


  

    
ExTLA.Spec.Temporal 
    



      
Parses a temporal block into the bounded fragment of
02-dsl-semantics.md §5.1:
formula  ::= temporal | Enum.all?(^constant, fn x -> formula end)
temporal ::= pred | always(pred) | eventually(pred)
           | always(eventually(pred)) | eventually(always(pred))
           | pred ~> pred | always(pred ~> pred)
The nesting is bounded, and the grammar says so. always, eventually
and ~> take a pred, not a formula, so always(always(P)) is outside the
grammar and fails to compile with the module, declaration and line — the
checker evaluates these seven shapes and no others.
There is no negation, conjunction or disjunction of formulas. A pred may
of course contain not/and/or; the restriction is on combining formulas.
This is deliberate, not a gap: the fragment covers the properties people
actually write and is checkable by SCC analysis without constructing a Büchi
automaton. A formula outside it is a compile error naming the unsupported
operator — never a silently weaker check.
P ~> Q already means always(P implies eventually(Q)), so always(P ~> Q)
is accepted and collapsed rather than rejected: TLA+ users write it out of
habit and it means the same thing.

      


      
        Summary


  
    Functions
  


    
      
        parse!(ast, ctx)

      


        Parse a temporal block into quoted code that builds a
ExTLA.Spec.Compiled.temporal_formula().



    





      


      
        Functions


        


  
    
      
    
    
      parse!(ast, ctx)



        
          
        

    

  


  

Parse a temporal block into quoted code that builds a
ExTLA.Spec.Compiled.temporal_formula().

  


        

      


  

    
ExTLA.StateGraph.Export 
    



      
DOT and JSON renderings of a state graph — the bodies of
ExTLA.StateGraph.to_dot/2 and ExTLA.StateGraph.to_json/1.
A separate module because the graph itself is about building and querying the search
structure, and rendering it needs the spec, the constants and ExTLA.Trace — the replay
machinery — none of which the graph's own operations touch.
Three things the graph's memory model forces
1. The edges come from the edge table, and there is no substitute.
ExTLA.StateGraph.add_state/5 records one parent pointer per state, which is a spanning
tree: every state appears once with one in-edge, and no cycle of the real graph is
visible in it. That is the structure ExTLA.StateGraph.successors/2 refuses to answer
from, and drawing it while calling it the
state graph would be a picture that is wrong in exactly the way the tool exists to
prevent. So both exports require a graph built with check_liveness: true or
liveness_graph: true, and raise otherwise rather than under-draw.
2. Node labels are replayed, not stored. The graph does not retain states, so a
label costs an ExTLA.StateGraph.path_to/2 walk and one action application per step.
That is affordable for a graph a person reads and absurd for tens of thousands of
states, which is why to_dot/2 refuses past a cap rather than working for a very long
time.
3. The refusal names the true count. Over the cap, the caller is told how many
states there are, in the spirit of :max_states_reached: a tool that quietly rendered
the first 500 of 50,000 would hand back a picture that looks complete.

      


      
        Summary


  
    Functions
  


    
      
        to_dot(graph, opts \\ [])

      


        DOT for Graphviz. See ExTLA.StateGraph.to_dot/2.



    


    
      
        to_json(graph)

      


        JSON for tooling. See ExTLA.StateGraph.to_json/1.



    





      


      
        Functions


        


    

  
    
      
    
    
      to_dot(graph, opts \\ [])



        
          
        

    

  


  

DOT for Graphviz. See ExTLA.StateGraph.to_dot/2.

  



  
    
      
    
    
      to_json(graph)



        
          
        

    

  


  

JSON for tooling. See ExTLA.StateGraph.to_json/1.

  


        

      


  

    
ExTLA.Symmetry 
    



      
Symmetry reduction: states that differ only by a permutation of interchangeable
constants are one state.
symmetry: [:processes] says the elements of ^processes are interchangeable — process
ids, account names, replica ids. For a symmetric set of size n, the reachable space
shrinks by up to a factor of n!, which is the difference between tractable and not for
exactly the specs this tool is for.
The mechanism is canonical form. Before a state is fingerprinted it is rewritten under
every permutation of every symmetric set and the smallest encoding wins, so two
symmetric states share a fingerprint by construction and the second is never explored.
What it costs
n! encodings per state for one symmetric set of size n, and the product for several.
Three processes and two resources is twelve encodings per state to explore up to twelve
times fewer states — a wash at best in wall-clock, a clear win at four or five elements.
It is a lever to be measured on your model, not assumed.
What it assumes, and who checks it
Symmetry is sound only if nothing in the spec can tell the elements apart: no
Enum.at(^accounts, 0), no Enum.sort, no < on process names, no dependence on list
position. Nothing verifies this statically, and ExTLA does not pretend otherwise: a
constant flows into arbitrary Elixir, so the check is undecidable,
and any conservative approximation rejects the Enum.all?(^processes, …) every real
spec is built from. Soundness is the author's obligation, exactly as it is in TLC.
What the tool does instead is make a wrong declaration detectable.
verify_symmetry: true runs the same model with and without the reduction and fails if
any verdict differs. Counts differ on purpose — that is what the reduction is for — so
it is the verdicts that are compared. Run it once on a small constant assignment before
trusting the reduction on the large one.

      


      
        Summary


  
    Types
  


    
      
        mapping()

      


        One permutation, as the substitution it performs on the elements it moves.



    





  
    Functions
  


    
      
        canonical(state, mappings)

      


        The canonical encoding of a state: the smallest of its encodings under every permutation.



    


    
      
        mappings(constants, names)

      


        Every permutation a symmetry: declaration induces, as substitutions.



    


    
      
        permute(term, mapping)

      


        A state with every occurrence of a symmetric element replaced, wherever it appears —
as a value, inside a set or a sequence, as a map key, or nested in any of those.



    


    
      
        verdict(result)

      


        What a reduced and an unreduced run must agree on.



    


    
      
        verify!(reduced, full, names)

      


        Compare the two runs, raising with what differed.



    





      


      
        Types


        


  
    
      
    
    
      mapping()



        
          
        

    

  


  

      

          @type mapping() :: %{required(term()) => term()}


      


One permutation, as the substitution it performs on the elements it moves.

  


        

      

      
        Functions


        


  
    
      
    
    
      canonical(state, mappings)



        
          
        

    

  


  

The canonical encoding of a state: the smallest of its encodings under every permutation.
Comparing encodings rather than terms is deliberate. ExTLA.Fingerprint.canonical/1 is
already the thing state identity is defined by, so the smallest encoding is a canonical
form in exactly the sense the fingerprint cares about — and Erlang's term order, which
compares an integer below an atom, is not.

  



  
    
      
    
    
      mappings(constants, names)



        
          
        

    

  


  

Every permutation a symmetry: declaration induces, as substitutions.
The identity is among them, so the unpermuted encoding always competes. Elements are
sorted first, so the permutation list — and therefore every fingerprint — is the same on
every run.

  



  
    
      
    
    
      permute(term, mapping)



        
          
        

    

  


  

A state with every occurrence of a symmetric element replaced, wherever it appears —
as a value, inside a set or a sequence, as a map key, or nested in any of those.

  



  
    
      
    
    
      verdict(result)



        
          
        

    

  


  

What a reduced and an unreduced run must agree on.
Not the counts: a sound reduction changes those on purpose, and comparing them would
fail on every declaration that worked. What has to survive the reduction is every answer
the run gives — whether it verified, what it refuted, whether it got stuck, and which
actions it never enabled.

  



  
    
      
    
    
      verify!(reduced, full, names)



        
          
        

    

  


  

Compare the two runs, raising with what differed.

  


        

      


  

    
ExTLA.Temporal.Fairness 
    



      
The fairness constraints a run actually has, expanded from what the spec declares.
02-dsl-semantics.md §5.2 gives two forms:
fairness :weak, [:done, :reset]        # WF_vars(Done), WF_vars(Reset)
fairness :strong, acquire_lock: [:p]   # \A p \in Procs : SF_vars(AcquireLock(p))
The first is one constraint. The second is one constraint per element of the set p
ranges over, and the difference is the whole reason §5.2 exists: WF_vars(\E p : A(p))
says only that some process acts infinitely often, which is consistent with one
process starving while the others take turns, and is too weak to prove anything about a
particular one. distributed_lock's no_starvation is about a particular one.
So a declaration becomes a list of {fairness_def, binding}, and it is that list — the
graph's fairness_index — that the ENABLED bits are indexed by, one bit each, in this
order.
Why it needs a state
A param's generator is a function of (constants, state, bindings_so_far), so
enumerating what p ranges over means calling one. §5.2 restricts a quantified param to
a constant or a literal precisely so the answer cannot depend on the state, and §7
rejects a state-drawn one at compile time — so any state gives the same answer. The
checker passes the first initial state, for the same reason ExTLA.Coverage does when it
enumerates the param universe: it is a real state rather than a stand-in, and a
stand-in is how a generator that quietly does read the state would go unnoticed.

      


      
        Summary


  
    Types
  


    
      
        constraint()

      


        One constraint: a declaration, and the binding of the leading params it is about.
%{} is the whole-action form.



    





  
    Functions
  


    
      
        constraint_predicates(spec, constants, arg)

      


        The {action, enabled} predicates for one constraint, over a spec and its constants.



    


    
      
        describe(arg)

      


        How a constraint reads, for a message: SF(acquire_lock, p: :p1) or WF(timeout).



    


    
      
        expand(spec, constants, state)

      


        Every fairness constraint of a spec under constants, in declaration order and, within
a per-binding declaration, in generator order.



    


    
      
        strong_fairness(behavior, action, enabled, vars, lasso_start \\ nil)

      


        SF_vars(A) over one behaviour: if A is repeatedly enabled — even intermittently —
it is eventually taken.



    


    
      
        weak_fairness(behavior, action, enabled, vars, lasso_start \\ nil)

      


        WF_vars(A) over one behaviour: if A is continuously enabled from some point on, it
is eventually taken.



    





      


      
        Types


        


  
    
      
    
    
      constraint()



        
          
        

    

  


  

      

          @type constraint() :: {ExTLA.Spec.Compiled.fairness_def(), binding :: map()}


      


One constraint: a declaration, and the binding of the leading params it is about.
%{} is the whole-action form.

  


        

      

      
        Functions


        


  
    
      
    
    
      constraint_predicates(spec, constants, arg)



        
          
        

    

  


  

The {action, enabled} predicates for one constraint, over a spec and its constants.
action is the constraint's action read as TLA+ reads one — a relation on a pair of
states, true when some binding the constraint permits carries the first to the
second. enabled is ENABLED for the same binding.
Both are what weak_fairness/5 and strong_fairness/5 need and cannot derive for
themselves, and building them here keeps the arithmetic of §5.2's per-binding form in
one place.

  



  
    
      
    
    
      describe(arg)



        
          
        

    

  


  

How a constraint reads, for a message: SF(acquire_lock, p: :p1) or WF(timeout).

  



  
    
      
    
    
      expand(spec, constants, state)



        
          
        

    

  


  

Every fairness constraint of a spec under constants, in declaration order and, within
a per-binding declaration, in generator order.
The order is the bit order of ExTLA.StateGraph's enabled bitstrings, so it has to be
deterministic — the same reason the search itself is.

  



    

  
    
      
    
    
      strong_fairness(behavior, action, enabled, vars, lasso_start \\ nil)



        
          
        

    

  


  

SF_vars(A) over one behaviour: if A is repeatedly enabled — even intermittently —
it is eventually taken.
SF_vars(A)  ==  <>[]~(ENABLED <A>_vars)  \/  []<><A>_vars
The only difference from weak_fairness/5 is the first disjunct: A must be disabled
from some point on, which over a lasso means disabled in every state of the cycle
rather than in one of them. That single quantifier is the whole distance between the
two, and it is why distributed_lock's no_starvation needs the strong form: a
competitor takes the lock and gives it back, so acquiring is disabled in some states of
the cycle and enabled in others, which satisfies WF and not SF.

  



    

  
    
      
    
    
      weak_fairness(behavior, action, enabled, vars, lasso_start \\ nil)



        
          
        

    

  


  

WF_vars(A) over one behaviour: if A is continuously enabled from some point on, it
is eventually taken.
WF_vars(A)  ==  []<>~(ENABLED <A>_vars)  \/  []<><A>_vars
Either A stops being enabled infinitely often, or it is taken infinitely often. Over a
lasso both reduce to the cycle, since nothing outside it recurs: the first is "A is
disabled somewhere in the cycle", the second is "an A-step occurs inside it". Those
are exactly the conditions ExTLA.ModelChecker.Liveness reads off a strongly connected
component, arrived at from the other direction — which is what makes checking one
against the other worth doing.
:inconclusive without a lasso: a prefix cannot establish that anything happens
infinitely often, nor that it stops.
enabled is passed separately rather than derived from action. ENABLED <A>_v
quantifies over every state
A could lead to, and a behaviour contains only the states that happened — so no
function of the observed steps can answer it. constraint_predicates/3 builds both from
a spec, which is where the answer actually lives.

  


        

      


  

    
ExTLA.Trace.Explore 
    



      
The body of ExTLA.Trace.explore/3: named expressions evaluated at every state of a
counterexample, rendered as a table.
A separate module for the reason ExTLA.StateGraph.Export is one — ExTLA.Trace is about
regenerating a counterexample and checking it against the spec, and this is a rendering
over the finished result. What the two share is deliberately small and lives on ExTLA.Trace
as join/1, call/2, banner/1 and loop_note/2, so the table and format/1 cannot
disagree about how a lasso flattens or how an action call is written.
The layout, and why it is not the obvious one
The obvious layout puts each step's binding in its column header. It does not survive
contact with a real trace: begin_transfer(from: :alice, to: :bob, amount: 3) is 44
characters, and one such column consumes most of a terminal on its own. So the header
carries the state number and the bare action name, and the bindings are listed under the
table, where their length costs nothing:
═══ EXPLORE: mutual_exclusion ══════════════════════════════════

                  1        2        3        4        5
               init  request  request  acquire  release
  ──────────────────────────────────────────────────────
  waiting          0        1        2        1        1
  holder         nil      nil      nil   :alice      nil
  quorum?      false    false    false    false    false

  Bindings:
    2  request(client: :alice)
    3  request(client: :bob)
    4  acquire(client: :alice)
    5  release(client: :alice)
════════════════════════════════════════════════════════════════
Chunking is not a nicety
raft_election's counterexample — the trace the whole feature is for — is nineteen states.
At eight characters a column that is 152 characters against the 68 format/1 rules to, so
a renderer that emits one column per state cannot render its own motivating example. States
are therefore chunked into groups that fit the budget, each group repeating the name column
and labelled with the states it covers.
changed_only: true narrows a wide trace but cannot be relied on to: an expression that
moves at every step is exactly the one worth watching, and it is never hidden.

      


      
        Summary


  
    Functions
  


    
      
        explore(trace_or_lasso, expressions, opts \\ [])

      


        ExTLA.Trace.explore/3. See its documentation for the options and the output.



    





      


      
        Functions


        


    

  
    
      
    
    
      explore(trace_or_lasso, expressions, opts \\ [])



        
          
        

    

  


  

ExTLA.Trace.explore/3. See its documentation for the options and the output.

  


        

      


  

    
mix extla.check 
    



      
Run model checking on ExTLA.Spec modules.
Usage
mix extla.check                                 # every spec in the project
mix extla.check Specs.TransferProtocol
mix extla.check Specs.TransferProtocol --max-states 100000
mix extla.check Specs.TransferProtocol --format json
Where the constants come from
A spec cannot be checked without an assignment for each of its constants, and
the task takes them, in order of precedence, from:
	application config — config :extla, Specs.X, constants: %{accounts: …}
	constant :accounts, default: MapSet.new([…]) beside the declaration

A constant with neither is an error naming both places it could be supplied.
Symmetry is configured per spec
config :extla, Specs.X, symmetry: [:procs]
names constants whose elements are interchangeable, and the run checks under that
reduction. Liveness is then skipped, with a warning saying so, because symmetry reduction
and liveness are not sound together; check the temporal properties in a run without
symmetry:. --verify-symmetry checks the declaration.
Options affecting the VERDICT
--strict-coverage    Treat a never-enabled action or a vacuous property as a
                     failure rather than a warning.
--allow-incomplete   Exit 0 even if the run was bounded. Off by default: see
                     the exit codes.
--fingerprint-bits   64 (default) or 128.
Other options
--max-states         State limit for the run.
--workers            Explore on N processes (default 1). Refused together
                     with liveness, so a spec that declares a `temporal`
                     has its safety checked in parallel and says so.
--safety-only        Skip liveness. Liveness is checked whenever the spec
                     declares a `temporal`; this turns it off, and with it the
                     liveness graph the check needs.
--verify-symmetry    Run the model with and without the `symmetry:` reduction
                     and fail if any verdict differs. Nothing can establish a
                     symmetry declaration's soundness statically, so this is
                     the check that catches a wrong one.
--profile            Report what each of YOUR declarations cost, in reductions
                     (`ExTLA.Profile`). Off by default and free when off. In
                     reductions rather than milliseconds because a reduction is
                     a function of the code and the data and not of the machine
                     or its load — so two profiles are comparable, and a wall
                     time taken on a busy box is not.
--format             human (default) or json.
Exit codes
0  verified
1  violation (a counterexample was printed — a trace, or a lasso where a
   temporal property was refuted)
2  incomplete — the state limit or a state constraint bounded the run, so
   the spec was NOT verified
3  coverage failure (with --strict-coverage)
Exit code 2 exists because "we ran out of budget" is not "it holds", and a tool
that returns them as the same number teaches its users to believe something
false.

      




  

    
mix extla.explore 
    



      
Explore a counterexample mix extla.check --format json already wrote, without running the
checker again.
Not state-space exploration
explore means searching the state space everywhere else in ExTLA
(ExTLA.ModelChecker.explore/2). This task does not search anything. It reads a
counterexample off disk and evaluates expressions over the states already in it — the
TLA+ Toolbox's Trace Explorer, not TLC. mix extla.check is the task that searches.
Usage
mix extla.explore Specs.DistributedLock --trace counterexample.json \
  --expr "waiting: length(state.waiting)" \
  --expr "quorum?: map_size(state.votes) * 2 > 3" \
  --changed-only

# from an earlier run or an incident, months later, with no checker in the loop
mix extla.check Specs.DistributedLock --format json > ce.json
mix extla.explore Specs.DistributedLock --trace ce.json --expr "len: length(state.log)"
--expr evaluates code you typed
An expression over a state is an anonymous function and there is no way to write one on a
command line, so each --expr is compiled and evaluated — which is exactly what the
Toolbox's Trace Explorer does with the expressions you type into it. This is a development
task and the code it runs is the code you just wrote in your own shell; do not point it at
a flag string from somewhere else.
Repeatable, one expression each. Inside one, the state is in scope two ways:
	each variable by its own name — --expr "length(waiting)";
	state, the whole map — --expr "length(state.waiting)", and the only way to
reach a spec variable that is itself called state.

name: expression labels the row. Without a label the expression's own text is the label,
so --expr "state.holder" is a row called state.holder. The label is recognised by
parsing, not by splitting on a colon, so --expr "state.pc[:alice]" is one unlabelled
expression rather than a row called state.pc[.
The file
--trace takes what mix extla.check --format json writes — the whole document, or a single
trace object lifted out of it — and a lasso as readily as a trace.
The module argument is not decoration: ExTLA.Trace.from_json!/1 resolves the trace's atoms
with String.to_existing_atom/1, so the spec has to be loaded before its counterexample can
be decoded. A trace belonging to a different spec fails naming the atom that did not
resolve, rather than quietly decoding into something else.
Exit codes
0  the table was rendered
1  a bad `--expr`, or a file that is not a counterexample for this spec

      




  

    
mix extla.replay 
    



      
Drive a ExTLA.GenServer through a spec-level behaviour, or check a captured one.
Usage
# Replay a model-checker counterexample (from `mix extla.check --format json`)
mix extla.replay MyApp.TransferServer --trace counterexample.json

# Check a captured trace from a running system
mix extla.replay MyApp.TransferServer --captured incident.json
Driving options (--trace only)
--init-arg TERM   the argument the server is started with (default []): a literal
                  term such as `[start: 0]`; an expression is refused, never run
--server NAME     drive a running, registered process (`MyApp.Server` or `:name`)
                  instead of starting one; it is not stopped afterwards
--timeout MS      milliseconds to wait for each reply (default 5000)
They are ExTLA.Replay.counterexample/3's :init_arg, :server and :timeout.
--init-arg with --server is refused, since a running server is not started. All
three are refused with --captured, which drives nothing.
--trace needs concrete_message/2 on the refinement module: it starts from abstract
actions and has to produce the message that causes each. --captured needs only
abstract/1 and abstract_action/1, and starts nothing — it is a pure check over
recorded data, which is what makes it usable in a test suite against a fixture or offline
against an incident.
The file formats
--trace takes what mix extla.check --format json writes: either the whole document —
{"schema_version": …, "specs": [...]}, from which the entry for the server's spec is
used — or a single trace object lifted out of it. A document written by a different schema
version is refused, naming both versions; re-run mix extla.check --format json.
--captured takes an array of {"message": …, "state": …} objects, oldest first, where
state is the CONCRETE state the implementation was in after that message. Both
encodings are ExTLA.State.Json's, so a state is written the way the checker writes one
and no second format has to be learned.
Steps a trace names and this cannot drive
A trace's actions are not all actions of the spec. ExTLA.Simulation writes :unmapped
for a message the refinement mapping does not model — its normal answer, not an error —
and :restart for a crash injected by --inject-failures. concrete_message/2 has no
clause for either.
:unmapped is skipped, and listed in the report and in skipped under --format json. The claim :unmapped makes is that the message does not move the abstract state,
so the behaviour is unchanged by it; the trace's post-state is still checked.
:restart is reproduced: the server is killed with :kill, not stopped politely,
because a crash runs no terminate/2. It is then started again, and the replay checks
that recovery lands in the state the trace records. This is possible only for a server
this task started; against --server a restart exits 3.
Output
--format human|json   the report as text (default) or as a JSON document
Exit codes
0  the behaviour was reproduced, or the capture conforms
1  a conformance violation — the step and its finding are printed
2  the implementation could not follow the trace. Not a conformance failure:
   the spec permits a behaviour the code does not take, and which of the two
   is wrong is not something this can decide
3  the trace names a step this cannot reproduce — a `:restart` against a
   server it was handed and does not own. A limit of the replay rather than
   a claim about the implementation, which is why it is not 2

      




  

    
mix extla.simulate 
    



      
Run random traces of a ExTLA.GenServer module against the specification it refines.
Usage
mix extla.simulate MyApp.TransferServer
mix extla.simulate MyApp.TransferServer --traces 5000 --steps 100
mix extla.simulate MyApp.TransferServer --inject-failures --seed 42
Where mix extla.check explores every reachable state of the specification, this runs
the implementation and checks each transition against the spec with the same
refinement check the runtime wrapper uses.
Options
--traces             How many random traces (default 100).
--steps              Maximum steps per trace (default 25).
--seed               Reproduce a previous run. The seed is always reported.
--concurrency        Traces to run at once (default 1).
--inject-failures    Kill and restart the server mid-trace, and check that
                     recovery lands in a state the spec's invariants admit.
                     A crash is not a step of the specification — nothing in
                     the DSL models one — so the restart itself is not checked
                     as a transition.
--unrestricted       Also generate messages for actions the spec DISABLES in
                     the current state, which asks whether the implementation
                     refuses what the spec forbids. Off by default: most
                     servers are not written to, and the resulting
                     `:not_enabled` is a true finding about nearly all of
                     them.
--format             human (default) or json.
--against-graph      Also require every observed state to be a node of the
                     model checker's graph and every step an edge. Off by
                     default: it needs a completed graph, which not every
                     simulation target has.

                     The graph is built once and each behaviour is held
                     against it as that behaviour finishes, so this runs
                     the traces you asked for and no others, under the
                     options you asked for.
How the server starts
Each trace starts its own server with GenServer.start_link(module, []). There is no
--init-arg: a server that needs a different argument is simulated from a test with
ExTLA.Simulation.run/2, whose init_arg: option takes one. The spec's constants come
from config :extla, Spec, constants: %{…} or the default: beside each declaration,
the same place the server under Layer 3 reads them.
Exit codes
0  no finding in the traces that were run
1  a conformance violation — the counterexample is printed as a trace —
   or, under `--against-graph`, a behaviour that left the checker's graph
2  the server stopped or stopped answering, which is a finding of a different
   kind: nothing about conformance was decided after that point
The two findings behind 1 are named apart in the verdict line, and they are different
answers: a conformance violation is about the implementation, while leaving the graph may
be about the SEARCH — ExTLA.Conformance's :checker class is the one finding no other
gate in the project can produce.
A green run has checked the traces it drew and nothing else. The coverage line says
which actions those were, and a run over a generator that never produced an action says
nothing about it.

      




  

    
mix extla.stamp 
    



      
Report the state of every spec_version: stamp, and update the stale ones.
mix extla.stamp             # report every mapping's stamp
mix extla.stamp --check     # report, and exit 1 if a stamp is unverified
mix extla.stamp --restamp   # rewrite stale stamps in source
It reads source, and that is not an implementation detail
A stale stamp is a compile error — that is the point of it. So a task that needed the
project to compile before it could report or fix a stale stamp would be unusable in exactly
the situation it exists for. This reads .ex files directly and loads nothing.
What --restamp is for, and what it is not
A stale stamp means the spec a mapping was written against has changed. The work that
resolves it is re-reading the mapping — confirming each variable and action it names
still means what it did — and only then recording that you have.
--restamp performs the recording. It cannot perform the judgement, and it is deliberately a
separate command rather than a suggestion inside the compile error: an error message offering
a one-key fix trains people to take the fix, and a stamp applied without reading is worse
than no stamp, because it manufactures assurance.
Run it after the review, never instead of it.
What --check fails on, and when to use it
One question: is this stamp verified by something?
:fresh                              yes, by this task
:stale                              no -- it is checked, and it is WRONG
:unstamped                          there is no stamp; the mechanism is opt-in
:unverifiable, spec not on disk     no. Nothing verifies it
:unverifiable, spec: not an alias   yes, by the COMPILER
--check exits 1 on the two that answer no, and 0 on the rest.
The last row is the one worth stating, because it looks like a finding and is not. A
spec: given as @an_attribute cannot be resolved by a task that reads source without
compiling — but use ExTLA.GenServer has the attribute's value at expansion, so the
compile-time check verifies that stamp completely. Measured: a mapping with an attribute
spec: and a wrong stamp raises ExTLA.Spec.CompileError exactly as a literal one does.
Failing a build on it would be a false finding about a mapping that is fully checked.
A build that compiles does not need it. A stale stamp is already a compile error, and
a spec whose source is not on disk already emits a compile warning — so on any project
that compiles with --warnings-as-errors, both failures arrive from the compile step,
earlier and with better messages. Running --check there as well adds a second way to
learn the same thing.
--check is for the workflow the compiler cannot serve: the project does not compile,
and a script wants the list of mappings to re-read rather than one error at a time. That
is the situation this task was built for, and the exit code is what lets a script act on
it.
Exit codes
0  every stamp is verified by something, or `--check` was not given
1  with `--check`: a stamp is stale, or its spec's source is not on disk,
   so nothing verifies it. Without `--check` the report is a report

      


      
        Summary


  
    Functions
  


    
      
        mappings(index)

      


        Every use ExTLA.GenServer site, as %{module, spec, stamp, path}.



    


    
      
        module_index(roots \\ roots())

      


        A module => source path index built by parsing defmodule declarations.



    


    
      
        roots()

      


        The directories this scans: the project's own elixirc_paths, and lib as a floor.



    


    
      
        sources(roots \\ roots())

      


        Every .ex file under roots.



    


    
      
        states(roots \\ roots())

      


        Every mapping's stamp state: %{module, spec, stamp, current, status, path}.



    





      


      
        Functions


        


  
    
      
    
    
      mappings(index)



        
          
        

    

  


  

Every use ExTLA.GenServer site, as %{module, spec, stamp, path}.

  



    

  
    
      
    
    
      module_index(roots \\ roots())



        
          
        

    

  


  

A module => source path index built by parsing defmodule declarations.

  



  
    
      
    
    
      roots()



        
          
        

    

  


  

The directories this scans: the project's own elixirc_paths, and lib as a floor.
elixirc_paths is the project's own answer to "where is my code", so no other directory
name is assumed and nothing outside the compiled trees is scanned.

  



    

  
    
      
    
    
      sources(roots \\ roots())



        
          
        

    

  


  

Every .ex file under roots.

  



    

  
    
      
    
    
      states(roots \\ roots())



        
          
        

    

  


  

Every mapping's stamp state: %{module, spec, stamp, current, status, path}.
status is :fresh, :stale, :unstamped or :unverifiable. Read from source, so this
answers even when a stale stamp is stopping the project from compiling.

  


        

      


  

    
mix extla.visualize 
    



      
Render a ExTLA.Spec module's state graph as DOT, for Graphviz.
Usage
mix extla.visualize Specs.TransferProtocol
mix extla.visualize Specs.TransferProtocol --output graph.dot
mix extla.visualize Specs.TransferProtocol --max-states 2000

mix extla.visualize Specs.X --output g.dot && dot -Tsvg g.dot -o g.svg
Constants come from the same two places mix extla.check takes them from, in the
same order of precedence, and a constant with neither is the same error.
What it draws
Every reachable state as a node labelled with its variables, and every transition as an
edge labelled with its action and that action's parameter binding. Initial states carry a
double border, declared terminal states a doubled octagon, and deadlocked states a
fill.
A spec whose invariant is refuted is drawn with its counterexample emphasised, and
the run says so. That graph is partial — the search stopped at the violation — which is
the honest picture of what was explored rather than of the whole state space.
Options
--output       Write here instead of to stdout.
--max-states   How many states to explore, and therefore at most how many
               to draw (default 500).
--format       dot, and only dot. See below.
Why DOT only
DOT is enough: Graphviz renders it to SVG, PNG or PDF, and a bespoke viewer would be one
more thing to maintain. A --format html or --format mermaid is refused with a message
saying so rather than silently ignored.
Why it refuses a large graph, and why the search stops there too
Node labels are regenerated by replay, because the state graph keeps fingerprints rather
than states, and a layout engine given tens of thousands of nodes returns a hairball
rather than a picture.
Past --max-states the task refuses: rendering the first 500 of 58,359 would hand back
something that looks complete.
--max-states bounds the search as well, and means the same thing here as in
mix extla.check — how many states to explore. Exploring past a limit the task will refuse
to draw is work thrown away.
The cost is stated rather than hidden: a bounded search cannot name the real size of the
state space, so the refusal says more than N instead of a number it does not have.
The action is the same either way: raise the flag, or shrink the model.
Exit codes
0  the graph was written
1  the spec has a violation; the graph was still written, with the
   counterexample emphasised, and it covers only what the search reached
2  more states than `--max-states`, so nothing was drawn
Exit code 1 is not a failure of the task. It is the same distinction mix extla.check
draws: the picture is real, and it is a picture of an interrupted search.
Exit code 2 is not a failure of the spec. It is mix extla.check's code for a run that did
not see the whole state space, and it is separate from 1 because "too big to draw" and
"the design is wrong" are different answers.
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