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    README

[image: ]eta
Deterministic simulation testing for the BEAM.
(Said like the Greek letter η, AY-tuh or EE-tuh.)
When your project's tests run, eta transforms your code via an Erlang
parse_transform so that it can be driven by a special deterministic scheduler
and a virtual clock. You define a meaningful workload to exercise your system,
and eta will help you inject faults to reach interesting behavior. When
pathology is found, eta gives you a perfectly reproducible trace to debug.
This all happens at test time; the code that gets deployed to prod is untouched.
What it does
	Serializes scheduling. eta_sched suspends every process it owns and
resumes exactly one at a time, letting it run until it blocks. The next
process to run is decided by the seed.
	Virtualizes time. eta_time is a clock that only moves when the driver
moves it, which it does when nothing is runnable, jumping straight to the
next deadline. A 30 second timeout costs nothing.
	Records and replays. eta_run records every decision it made, and
replay/3 follows that trace back exactly.
	Shrinks failures. eta_shrink delta-debugs a failing trace down to the
decisions that matter, then verifies the result still reproduces.
	Explains failures. A trace says which process ran, not what it did.
eta_log records both on one timeline, with your processes named, so a
counterexample reads as a story instead of a column of integers.
	Reads frozen state. eta_observe gets a suspended process's state out
without asking it anything, which is the only way an invariant can inspect a
system the scheduler has stopped.
	Injects network faults. eta_net can be configured to automatically inject
faults in message delivery on simulated Erlang nodes, and to deliver the
events a real link or node failure produces: nodedown/nodeup signals,
noconnection DOWNs for every monitor held across the break, and node death as
a single operation.

Getting Started
A system under test provides some strictly deterministic callbacks (see eta_harness), and a run is one
call, with a seed. In this example the seed is 7:
#{outcome := Outcome, trace := Trace} =
    eta_run:run(my_harness, #{seed => 7, max_ops => 25, max_steps => 20000, preload => [my_app]}).
When a run fails, shrink it:
#{trace := Minimal, verified := true} =
    eta_shrink:shrink(my_harness, Trace, #{seed => 7, max_ops => 25, preload => [my_app]}).
The seed produces the same trace each time, and the shrink reduces the size of that trace.
eta includes some simple distributed systems in order to illustrate DST:
	A two-phase commit implementation, which is used in eta's own tests.
	An ABD Qurom Register, that is written as an end-to-end walkthrough.
	A leader election by heartbeat lease, for which correctness relies heavily on the clock, unlike the first two examples.

Documentation
	What DST is. Discusses the kinds of bugs we're
looking for, how the technique works, and how your project implementation
needs to change to use it.
	Setting up a project. Includes build configuration,
some first steps to remove nondeterminism, and getting the system running
for the first time.
	A worked example. A simple two-phase commit
implementation, with an included bug for demonstration.
	Writing a system under test. The
behaviour callbacks and the practices around them.
	Gotchas and footguns. Nondeterminism can leak in from
many sources. This page details some common pain points.
	A journey through DST. The whole thing
end to end: an empty directory becomes a quorum register with a
planted bug, and the bug becomes a minimized, replayable failure that
explains itself.

docs/design.md is still a work in progress. Eventually, it will
be the internal specification for the eta project itself.
Installation
We suggest setting up a separate build profile called dst.
def deps do
  [{:eta, "~> 0.1", only: :dst}]
end
and in rebar3, a dst profile can run as rebar3 as dst eunit.
Your modules don't include eta.hrl directly. They include a wrapper of your
own, include/myapp_eta.hrl, which is what keeps eta out of every other
build:
-ifdef(DST).
-include_lib("eta/include/eta.hrl").
-else.
-define(ETA_LABEL(Label), ok).
-define(ETA_LOG(Event), 0).
-endif.
Setting up a project has the whole configuration for
both build tools, and the reasons for the design choices.
Status
Early and under development.
Known gaps, roughly by size
	Limited Elixir support. The Erlang parse_transform is the mechanism
for keeping your code deployable to prod without disruptive changes. Elixir
support may come later.
	One simulation per VM. eta_time and eta_log keep state in named ETS
tables, so runs must be serial. Keep the tests async: false. This is one of
the reasons we suggest running simulations from their own build profile, so
the constraint stays off your ordinary suite.

AI full disclosure
	This software is developed with strong assistance from LLMs and with humans 
leading the ideas, testing, and debugging. We say this openly because it shaped
how the project was built. If you are not happy with AI-developed code, this
software is not for you. This disclosure was adopted from antirez/ds4.
	We strive to write and edit the documentation for human consumption. LLM-speak
will eventually be rooted out in favor of imperfect human writing. Documentation
generated wholly by LLMs must be annotated as such.

Etymology
The name is short for étalon.
You may also think of it as the Erlang Trace Augur.

The eta in the logo is outlined from STIX General
Italic, used under the SIL Open Font License.


  

    LICENSE

                            Apache License
                      Version 2.0, January 2004
                   http://www.apache.org/licenses/
  TERMS AND CONDITIONS FOR USE, REPRODUCTION, AND DISTRIBUTION
	Definitions.
"License" shall mean the terms and conditions for use, reproduction,
and distribution as defined by Sections 1 through 9 of this document.
"Licensor" shall mean the copyright owner or entity authorized by
the copyright owner that is granting the License.
"Legal Entity" shall mean the union of the acting entity and all
other entities that control, are controlled by, or are under common
control with that entity. For the purposes of this definition,
"control" means (i) the power, direct or indirect, to cause the
direction or management of such entity, whether by contract or
otherwise, or (ii) ownership of fifty percent (50%) or more of the
outstanding shares, or (iii) beneficial ownership of such entity.
"You" (or "Your") shall mean an individual or Legal Entity
exercising permissions granted by this License.
"Source" form shall mean the preferred form for making modifications,
including but not limited to software source code, documentation
source, and configuration files.
"Object" form shall mean any form resulting from mechanical
transformation or translation of a Source form, including but
not limited to compiled object code, generated documentation,
and conversions to other media types.
"Work" shall mean the work of authorship, whether in Source or
Object form, made available under the License, as indicated by a
copyright notice that is included in or attached to the work
(an example is provided in the Appendix below).
"Derivative Works" shall mean any work, whether in Source or Object
form, that is based on (or derived from) the Work and for which the
editorial revisions, annotations, elaborations, or other modifications
represent, as a whole, an original work of authorship. For the purposes
of this License, Derivative Works shall not include works that remain
separable from, or merely link (or bind by name) to the interfaces of,
the Work and Derivative Works thereof.
"Contribution" shall mean any work of authorship, including
the original version of the Work and any modifications or additions
to that Work or Derivative Works thereof, that is intentionally
submitted to Licensor for inclusion in the Work by the copyright owner
or by an individual or Legal Entity authorized to submit on behalf of
the copyright owner. For the purposes of this definition, "submitted"
means any form of electronic, verbal, or written communication sent
to the Licensor or its representatives, including but not limited to
communication on electronic mailing lists, source code control systems,
and issue tracking systems that are managed by, or on behalf of, the
Licensor for the purpose of discussing and improving the Work, but
excluding communication that is conspicuously marked or otherwise
designated in writing by the copyright owner as "Not a Contribution."
"Contributor" shall mean Licensor and any individual or Legal Entity
on behalf of whom a Contribution has been received by Licensor and
subsequently incorporated within the Work.

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

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

	Redistribution. You may reproduce and distribute copies of the
Work or Derivative Works thereof in any medium, with or without
modifications, and in Source or Object form, provided that You
meet the following conditions:
(a) You must give any other recipients of the Work or
Derivative Works a copy of this License; and
(b) You must cause any modified files to carry prominent notices
stating that You changed the files; and
(c) You must retain, in the Source form of any Derivative Works
that You distribute, all copyright, patent, trademark, and
attribution notices from the Source form of the Work,
excluding those notices that do not pertain to any part of
the Derivative Works; and
(d) If the Work includes a "NOTICE" text file as part of its
distribution, then any Derivative Works that You distribute must
include a readable copy of the attribution notices contained
within such NOTICE file, excluding those notices that do not
pertain to any part of the Derivative Works, in at least one
of the following places: within a NOTICE text file distributed
as part of the Derivative Works; within the Source form or
documentation, if provided along with the Derivative Works; or,
within a display generated by the Derivative Works, if and
wherever such third-party notices normally appear. The contents
of the NOTICE file are for informational purposes only and
do not modify the License. You may add Your own attribution
notices within Derivative Works that You distribute, alongside
or as an addendum to the NOTICE text from the Work, provided
that such additional attribution notices cannot be construed
as modifying the License.
You may add Your own copyright statement to Your modifications and
may provide additional or different license terms and conditions
for use, reproduction, or distribution of Your modifications, or
for any such Derivative Works as a whole, provided Your use,
reproduction, and distribution of the Work otherwise complies with
the conditions stated in this License.

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

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

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

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

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


  END OF TERMS AND CONDITIONS
  APPENDIX: How to apply the Apache License to your work.
 To apply the Apache License to your work, attach the following
 boilerplate notice, with the fields enclosed by brackets "[]"
 replaced with your own identifying information. (Don't include
 the brackets!)  The text should be enclosed in the appropriate
 comment syntax for the file format. We also recommend that a
 file or class name and description of purpose be included on the
 same "printed page" as the copyright notice for easier
 identification within third-party archives.
  Copyright [yyyy] [name of copyright owner]
  Licensed under the Apache License, Version 2.0 (the "License");
  you may not use this file except in compliance with the License.
  You may obtain a copy of the License at
  http://www.apache.org/licenses/LICENSE-2.0
  Unless required by applicable law or agreed to in writing, software
  distributed under the License is distributed on an "AS IS" BASIS,
  WITHOUT WARRANTIES OR CONDITIONS OF ANY KIND, either express or implied.
  See the License for the specific language governing permissions and
  limitations under the License.


  

    What is deterministic simulation testing?

Deterministic simulation testing is a way of finding the bugs you would otherwise
only understand in hindsight. Distributed systems, especially those with high
concurrency, like many Erlang and Elixir libraries, can exhibit unique behaviors
that depend on things typically outside of a developer's control, such as the
precise moment a timer fires or the scheduling on runnable processes on the
BEAM schedulers. Some bugs may be the result of a specific interleaving of
those concurrent events. DST aims to reproduce a specific problematic
event interleaving with zero uncertainty.
The approach involves defining a single seed for a random number generator
and deriving all system concurrency from that single seed. When a particular
seed shows some system pathology, the seed itself becomes the "name" of the bug.
Any person on any machine can reproduce the bug with certainty and troubleshoot
its details.
DST is an investment in time and complexity. This page explains the costs and
potential rewards so that you can make an informed decision for your project.
The rest of the walkthrough covers how to use the eta library itself.
An example bug
eta was built out of necessity. We were working on an Erlang process registry
(dgen_registry) that had its own bespoke replication strategy, and things
were getting complicated. This particular registry had a simple leader election
process, and a goal to store name -> pid mapping in memory. Simple enough
conceptually, but when the leader leaves the cluster, a follower must take
over, and the project needs to provide certain guarantees about the consistency
of the mapping during such an event, and the whole system needs to be as fast
and responsive as possible.
Given these requirements, when a follower receives a request for a pid
registration, it forwards the request to the leader, and upon receiving
a response, records the mapping locally. In addition, the leader replicates
new mappings to all followers. This means a particular follower has 2
potential write paths to its local mapping: from a request that it forwards,
and from a request that it was not otherwise involved in.
When eta was being used for the first time, a particular simulation caused
a register and an unregister of a particular name to land in the same batch on
the leader, but had origins from 2 different followers. When these writes
were interleaved just right, one of the followers ended up with a stale
mapping that never gets resolved.
Now, one could argue that this flaw should have been identified in the design
stage, but even if it was, writing a test to prevent its regression would require
an extreme amount of control over the event interleavings. DST provides exactly
this control, and at the same time gives the promise of finding more.
How it works on the BEAM
In combination with formal methods and traditional testing techniques, DST has
been a critical part in the development of some of the most successful
distributed systems projects: FoundationDB and TigerBeetle. The method is pretty
easy to state concisely:
Take control of every source of nondeterminism in the system, drive all of them
from one seeded random number generator, and a seed becomes a complete, replayable
execution.

On the BEAM, that means the following.
Process scheduling. The VM's scheduler tracks runnable Erlang processes and
decides when to execute them. A single scheduler is single threaded, but the
order of executions is not in your control. eta_sched acts as our process
scheduler. It suspends every process it owns, and resumes exactly one at a time,
allowing it to run until it yields. The next runnable process to be scheduled
is decided from the seeded RNG.
Time. Timers are driven by a system wall clock. Say you have a gen_server
that takes some action every 1000 msec. How many messages can it process in that
1 sec of wall clock time? It can vary; it's unpredictable; it's not reproducible.
eta_time provides a virtual clock. The clock moves deterministically, detached
from the wall clock, meaning we can control executions, but also we can effectively
speed time up dramattically, covering a lot of virtual time in a short amount of
real time.
Anything outside the VM. Network, file I/O, NIFs, a database, etc. eta cannot
directly help here. It's up to you to root these out and replace them with
deterministic stand-ins.
What it buys you
Right off the bat, you get perfect bug reproduction. When CI finds a failure,
it records the seed and the pathology can be replayed by anyone on the team.
When actual determinism is achieved, the reproduction is perfect.
With perfect replayability, you can debug system state more precisely, and
find the logic error more quickly.
But perfect replayability also buys you something less obvious: minimization
of the trace (a.k.a. shrinking). Once a trace and behavior is identified,
a search can be conducted to find the minimal set of steps necessary to
match the behavior. This can reduce a trace of 1000s of events to a dozen,
again speeding up the resolution. eta_shrink is provided for this purpose.
Even still, the trace is merely a set of steps for the scheduler to take,
and doesn't tell a story about your system. eta_log is provided to help
you define the narrative of your system.
As mentioned above, virtual time can cover lots of ground that real-time
simulation testing could not. A run of dgen_registry can simulate ~280
seconds worth of testing in ~200 msec of real time.
Finally, reliable and reproducible testing methods are critical if you
choose to enlist an AI agent in developing distributed systems logic.
Some things can cannot be left to probability, such as your bank account's
balance after concurrent transactions. A DST framework can be one pillar
in a formal methods approach to AI-assisted development.
Drawbacks of DST
It's not exhaustive. There is no guarantee that every possible event
interleaving will be exercised. Instead, formal modeling with something
like TLA+ and checking with TLC can make such a guarantee.
It's not cheap. As we alluded above, you are responsible for rooting out
all sources of nondeterminsm. eta will help you along the way, but there
is real significant work in managing out the nondeterminism. Your
Erlang modules will need to be written in a certain way for eta to
engage its tooling. For example, the eta_transform parse transform
is a critical part of eta's tooling, and it means your code must
adhere to its requirements.
It's not a fuzzer or property-based testing. You may choose to employ
a fuzzer to generate more DST workloads, but the inputs are your
responsibility. eta will help with the execution.
Next
Setting up a project covers the buidl config, some
tips on removing nondeterminism sources, and how to conclude whether or
not it's working.


  

    Setting up a project

This page covers the build configuration, the work of removing nondeterminism
from your own system, and how to tell whether any of it is working. If you'd
rather learn by doing, A Journey Through DST
builds a project from an empty directory and covers the same material along
the way.
AI disclosure
This document is pending a human rewrite. We still expect the content to be mostly
correct.
The parts
  eta_run          the driver: turns a seed into a run
    |
    +-- eta_sched  runs one process at a time, choosing from the seeded RNG
    +-- eta_time   virtual clock; timers fire when the driver says so
    +-- eta_log    a record of what your system did, on the same timeline
    +-- your harness   six callbacks (eta_harness)
eta_transform is the other piece: a parse transform applied to the modules
that make up the system under test. It rewrites their timer, clock, and spawn
calls to point at eta_time and eta_sched instead of erlang, and changes
nothing else. You never name it directly. A module opts in by including one
header.
eta_run owns the seed. Every choice comes from a single rand state seeded
from it: which process to step, whether to inject a client operation or let
the system make progress, and whatever your workload generator draws. At each
iteration the driver does exactly 1 of 3 things: step a runnable process until
it blocks, inject the next generated operation, or advance the clock to the
next timer deadline. Then it checks your invariants against the frozen system.
Build configuration
There are 2 decisions to make before anything else: how a module opts in, and
when that opt-in is switched on.
Wrap the header in one of your own
Every module that takes part in a simulation includes one header. Don't
include eta.hrl directly. Write a wrapper of your own,
include/myapp_eta.hrl:
-ifndef(MYAPP_ETA_HRL).
-define(MYAPP_ETA_HRL, true).

-ifdef(DST).
-include_lib("eta/include/eta.hrl").
-else.
-define(ETA_LABEL(Label), ok).
-define(ETA_LOG(Event), 0).
-endif.

-endif.
and your modules include that:
-include("myapp_eta.hrl").
That's the whole opt-in. Under a simulation build the header brings in the
parse transform and the ?ETA_LOG and ?ETA_LABEL macros. In any other
build it brings nothing at all, and the module ships unchanged.
Why the wrapper? eta.hrl is already guarded by the DST define and expands
to nothing without it, but the -include_lib line still has to resolve. That
would mean eta has to be findable in every compilation, including your
release build. The wrapper makes the include itself conditional, so you can
scope eta to the single profile that runs simulations and keep it out of
your deployed app entirely.
Don't skip the -else. branch. ?ETA_LABEL and ?ETA_LOG are called from
modules you ship, so they have to expand to something when the real header
isn't there. Match eta.hrl's own definitions: ok and 0. Neither macro
evaluates its argument in this form, so anything you log must be free of side
effects, and a variable used only inside one of these will be reported as
unused. Bind it with a leading underscore.
Run simulations from their own build profile
In Mix, a dst environment and a mix dst alias to enter it. In
project/0:
      erlc_paths: erlc_paths(Mix.env()),
      erlc_options: erlc_options(Mix.env()),
      test_paths: test_paths(Mix.env()),
      aliases: aliases(),
and:
  def cli do
    [preferred_envs: [dst: :dst]]
  end

  defp deps do
    [{:eta, "~> 0.1", only: :dst, runtime: false}]
  end

  # The harness and the simulation suite live in dst/, so the ordinary
  # environments never compile a module that calls into a dependency they
  # don't have.
  defp erlc_paths(:dst), do: ["src", "dst"]
  defp erlc_paths(_), do: ["src"]

  defp erlc_options(:dst), do: [:debug_info, {:d, :DST}]
  defp erlc_options(_), do: [:debug_info]

  # `mix dst` runs dst/, `mix test` runs test/. Neither sees the other.
  defp test_paths(:dst), do: ["dst"]
  defp test_paths(_), do: ["test"]

  defp aliases do
    [dst: &dst/1]
  end

  # `mix test` refuses to run in an environment that isn't :test unless
  # MIX_ENV says so explicitly. `preferred_envs` above has already put us in
  # :dst; this states it in the environment too.
  defp dst(args) do
    System.put_env("MIX_ENV", "dst")
    Mix.Task.run("test", args)
  end
dst/ needs its own test_helper.exs, the same one mix new put in test/.
In rebar3, a dst profile, entered as rebar3 as dst eunit.
{profiles,
 [{dst, [{deps, [{eta, {git, "https://github.com/jessestimpson/eta.git",
                        {branch, "main"}}}]},
         {erl_opts, [{d, 'DST'}]},
         {extra_src_dirs, ["dst"]},
         %% So that `rebar3 as dst eunit` needs no `--module`.
         {eunit_tests, [{module, myapp_dst_tests}]},
         %% `eta` is named again because the suite calls straight into
         %% `eta_run`, and `plt_extra_apps` is what decides whether those
         %% calls resolve or come back as unknown functions.
         {dialyzer, [{plt_extra_apps, [eunit, eta]}]}
        ]}
 ]}.
There is no bare rebar3 dst equivalent. rebar3 refuses as inside an alias
("Namespace 'as' is forbidden"), including via do, and setting
REBAR_PROFILE=dst from rebar.config.script doesn't work because profiles
are resolved before the script is consulted. REBAR_PROFILE=dst rebar3 eunit
does work from the command line, or wrap rebar3 as dst eunit in a
Makefile target if you want a short spelling.
Why this shape
Don't forget the DST define. Without it, the header silently contributes
nothing: no transform, so your timers stay on the real clock, and no logging.
We made exactly this mistake in eta's own build, and an example module went
untransformed for a while without anything complaining. Put the define in
before anything else, and put it in exactly one profile so there's one place
to check.
Why a dedicated profile instead of the test environment? There's a real
argument for reusing :test: eta_time falls back to the real erlang
functions whenever no virtual clock is running, so a transformed module
behaves normally outside a simulation, and compiling your ordinary suite with
the transform on demonstrates that continuously. We think the separation is
worth more:
	Only one simulation can run per VM, because eta_time and eta_log keep
state in named ETS tables. Simulation tests have to be async: false.
Keeping them in their own entry point means that constraint never reaches
the suite you run all day.
	Your ordinary tests exercise the modules you actually ship. A transformed
module is close to the shipped one, but it isn't the same module.
	eta stays out of every build except the simulation one, which is what the
wrapper header was for.

Guard per module, not per application. You won't want the transform
everywhere. See "the transform boundary" below.
Find the nondeterminism you can't schedule
Before any of the framework matters, take an inventory of everything your
system touches that the scheduler doesn't own: ports, NIFs, sockets, timers
inside dependencies, and anything that talks to a service over a network.
For dgen_registry that was the database. Its transactions expire on the
real clock, so a process suspended mid-transaction dies with tooslow: the
scheduler freezes the process and the database gives up on it. Our only
option was to build a substitute that could meet the determinism
requirements, a pure-Erlang in-memory implementation of the same backend
behaviour.
This is the expensive part of adopting DST, and it's work only you can do.
Estimate it before you commit.
The transform boundary
Not every module should be transformed, and where you draw the line is a
design decision you'll live with. Transform the modules that are the
system, the ones whose timers, spawns, and clock reads belong under the
schedule's control.
Your system is likely to have a client-facing interface. It is best practice to
avoid transforming such modules, as they will be driven by the harness, and
may include real-clock timeouts, for example.
Qualify your module calls
Qualify your calls with the module name itself; don't rely on imports. The
parse transform will only rewrite fully module-qualified calling conventions:
	From	To
	erlang:send_after/3,4	eta_time:send_after/3,4
	erlang:start_timer/3,4	eta_time:start_timer/3,4
	erlang:cancel_timer/1,2	eta_time:cancel_timer/1,2
	erlang:read_timer/1	eta_time:read_timer/1
	erlang:monotonic_time/0,1	eta_time:monotonic_time/0,1
	erlang:system_time/0,1	eta_time:system_time/0,1
	erlang:timestamp/0	eta_time:timestamp/0
	os:system_time/0,1, os:timestamp/0	eta_time:*
	timer:sleep/1	eta_time:sleep/1
	erlang:spawn/1,3, spawn_link, proc_lib equivalents	eta_sched:*
	gen_server:start/3,4, start_link/3,4, start_monitor/3,4	eta_sched:*
	the same six on gen_statem	eta_sched:statem_*

The spawn rewrites matter more than they look. A child spawned with a plain
erlang:spawn runs briefly on the real scheduler before anything suspends
it. eta_sched:spawn/1 starts it blocked on a token instead, so there's no
window at all.
Make your state readable
Invariants run against a system in which every process is suspended, so an
invariant can't call into one.
Writing a system under test makes the
full argument. The setup step is a second attribute on the modules whose
state the invariants need:
-include("myapp_eta.hrl").
-eta_observe({state, [leader, epoch, applied_version]}).
The transform republishes those fields into the process dictionary on every
gen_server or gen_statem callback return, and eta_observe:read/1 reads
them back from outside. That works while the process is suspended, in a
couple of microseconds, whatever the mailbox depth:
#{leader := L, epoch := E} = eta_observe:read(my_server).
Because the fields are republished on every return, they can never be stale.
There's no assignment site anybody can forget.
The attribute takes 2 forms. {RecordName, Fields} publishes those fields as
a map, and naming the record means a field that doesn't exist is a compile
error rather than a silently wrong offset. all publishes whatever the
callback returned, whatever its shape. Prefer the first form: read/1 copies
what was published, and it runs after every step.
It's an ordinary module attribute the compiler ignores, so it's inert without
the transform.
A first run
With a system under test written, which is the
next page, a run is one call:
#{outcome := Outcome, trace := Trace, steps := Steps} =
    eta_run:run(my_harness, #{seed => 7, max_ops => 25, max_steps => 20000}).
The options you're likely to touch:
	Option	Default	Meaning
	seed	0	Fixes the whole run
	config	#{}	Passed through to your init/2
	max_ops	50	Client operations to inject before letting the system settle
	max_steps	10000	Safety bound on steps and clock advances together
	settle_steps	2000	How much longer to run once the operations are done
	op_p	0.3	Chance of injecting rather than stepping, when both are possible
	quiet_p	0.3	Chance of letting time pass rather than injecting, when nothing is runnable
	check_every	1	Run the invariants every N actions
	preload	[]	Applications to load before the run starts. Name yours.
	log	true	Collect a eta_log record of the run

Set preload on your very first run. Loading a module on demand is a
synchronous call into code_server, which the scheduler doesn't own, so a
scheduled process that reaches cold code blocks on something outside the
schedule. Name your own application. The failure it prevents is on
page 5, and it's worse than it sounds.
settle_steps is what lets a system with periodic timers finish. With a
heartbeat, "nothing runnable and nothing pending" never happens, so without a
bounded settle phase every run ends by exhausting the step budget and gets
reported as an error. The settle phase is also useful in its own right: it's
the only part of a run where the invariants are checked with no client
traffic at all.
quiet_p is the chance of letting the clock advance instead of injecting
work when nothing is runnable. A driver that always injects there would put
a whole class of defect out of reach, because the system would never be left
alone with only its own timers. This option is what makes those bugs
reachable at all.
Verifying your system is well-configured
Assert the run's own accounting.
ok = eta_run:audit(eta_run:run(my_harness, Opts)).
eta_run:audit/1 asserts a handful of measurements, and it is useful to
run it in your test suite.
	modules_loaded - code loaded mid-run, so a scheduled process called into
code_server. Fix with preload.
	sched.cold_code - a process still waiting on code_server when the run
ended, so what looked like quiescence wasn't. Same fix, and each entry
names the line that reached the cold module.
	sched.adopted_late - processes that ran before the scheduler owned them.
Fix by spawning through eta_run:spawn_op/1.
	sched.timeouts - steps that ended without the process reaching a receive,
so it was suspended wherever it happened to be.
	stray_timers - timers held by a process the scheduler doesn't own, or
that has died. See page 5.

It answers {suspect, Reasons} rather than an error, because the run did
happen and its violation, if any, is real. What you can't do is trust the
seed to give it back. Assert on it next to your invariants.
Check if a seed reproduces itself. This is the single most valuable assertion
in the whole setup.
Traces = [maps:get(trace, eta_run:run(my_harness, Opts#{seed => 3})) || _ <- lists:seq(1, 5)],
1 = length(lists:usort(Traces)).
Run it early, on several seeds, and again whenever you touch anything. When
it fails, pay attention to which runs differ rather than how many distinct
traces came out. A grouping of [[1], [2,3,4,5]] means something very
specific and very fixable, as page 5 explains.
Confirm that a recorded trace replays.
Original = eta_run:run(my_harness, Opts),
Replayed = eta_run:replay(my_harness, maps:get(trace, Original), Opts),
0 = maps:get(skipped, Replayed).
This is a different claim from the second one. It exercises replay/3 rather
than run/2.
Reading a result
Don't print one whole. Even the small two-phase commit example produces a
123-entry trace from a 25-operation run, so a shell renders the schedule and
elides the fields you wanted underneath it.
#{outcome := ok, steps := 96, trace_length := 123} =
    eta_run:summary(eta_run:run(eta_2pc, #{seed => 7, max_ops => 25, max_steps => 20000})).
The trace is for later, once you have a failure worth shrinking, and even
then it isn't what you read. {step, 8} records which process the scheduler
chose and says nothing about what that process did. eta_log records what
your system did on the same timeline, with your processes named. That's the
thing to read, and page 3 shows one.
Next
A worked example is a complete system under test,
small enough to read in one sitting, with a bug planted in it.


  

    A worked example: two-phase commit

eta ships with a small two-phase commit implementation as an example system
under test. It lives in test/support/eta_2pc*.erl: about 170 lines of
protocol plus 150 of harness, with a bug planted in it that only an unlucky
interleaving reveals.
This page reads through that example. If you'd rather build something from
scratch, A Journey Through DST does that
instead.
AI disclosure
This document is pending a human rewrite. We still expect the content to be mostly
correct.
The protocol
A coordinator wants a group of participants to agree on a transaction. It
asks each one to prepare, and each votes yes or no. If every vote is
yes the coordinator decides commit, otherwise abort, and it tells
everyone. The property that has to hold is atomicity: no 2 participants
may reach opposite conclusions about the same transaction.
3 processes vote, 1 decides, and a client waits for the answer.
The participants
A participant is an ordinary gen_server with no timers, so it needs no
parse transform at all:
handle_cast({prepare, TxId, Coordinator}, St = #{tab := Tab, index := Index}) ->
    case plan(Tab, TxId, Index) of
        stall ->
            {noreply, St};
        Vote ->
            record(Tab, TxId, Index, {prepared, Vote}),
            gen_server:cast(Coordinator, {vote, TxId, Index, Vote}),
            {noreply, St}
    end;
A participant's plan, meaning what it will vote for a given transaction,
isn't decided by the participant. The driver writes it into a shared ETS
table before the transaction starts and the participant looks it up. This
makes the workload part of the seeded, replayable state rather than something
each process invents for itself.
stall means the participant never votes. That case exists to put the
virtual clock on the critical path: with one participant silent, the only
thing that can resolve the transaction is the coordinator's prepare timeout.
Everything the participant decides also goes into that table rather than into
its gen_server state, because the atomicity invariant has to read it while
every one of these processes is suspended. eta_observe could also make that
state readable, and the choice between the 2 comes up on every system. Our
rule of thumb: if the system already keeps the state somewhere readable,
read it there. If the state exists only inside a process, publish it. The
table wins here because the driver has to write plans into it anyway, and
because an accumulating history is the wrong shape for eta_observe, which
publishes a snapshot of current fields.
The coordinator, and the timer
The coordinator is where the header is needed, for exactly one line:
-include_lib("eta/include/eta.hrl").

-define(VOTE_TIMEOUT, 30000).

handle_call({run_tx, TxId}, From, St) ->
    #{participants := Participants, pending := Pending} = St,
    Self = self(),
    [gen_server:cast(P, {prepare, TxId, Self}) || {_Index, P} <- Participants],
    Timer = erlang:send_after(?VOTE_TIMEOUT, self(), {vote_timeout, TxId}),
    ...
Under a simulation build the header brings the parse transform, so that
erlang:send_after/3 becomes eta_time:send_after/3. Under a release build
it brings nothing and the line ships as written.
This module lives inside eta's own test suite, so it includes eta.hrl
directly. In your project, include a wrapper header of your own instead, so
that builds without DST don't need eta on the path at all.
Setting up a project has it.
30 seconds is long enough that the timeout never fires by accident and short
enough to be interesting, and it costs nothing because it's virtual. When
every participant has stalled and no process is runnable, the driver advances
the clock straight to that deadline and the run continues.
The planted bug
The coordinator has a second mode, selectable by config, in which it decides
on the first vote to arrive rather than waiting for all of them:
on_vote(TxId, _Index, Vote, _Tx, St = #{mode := first_vote_wins}) ->
    Decision =
        case Vote of
            yes -> commit;
            no  -> abort
        end,
    {noreply, decide(TxId, Decision, St)};
Most of the time this behaves correctly. If a no arrives first the
transaction aborts. If every vote is yes it commits. Either way everybody
agrees. The defect is visible only when a yes wins the race and a no
arrives afterwards, and even then only because a participant that voted no
refuses to commit regardless of what it's told:
Final =
    case {Decision, plan(Tab, TxId, Index)} of
        {commit, no} -> aborted;
        {commit, _}  -> committed;
        {abort, _}   -> aborted
    end,
That refusal converts a wrong decision into a visible atomicity violation.
Without it the coordinator would be quietly wrong and every participant would
agree with it, which is a nastier class of bug and one this example doesn't
try to model.
So reaching the defect needs at least one no vote in a transaction, plus a
schedule in which a yes-voting participant is stepped before the
no-voting one. The generator draws no about a fifth of the time per
participant. The rest is the scheduler's job.
The harness
6 required callbacks, init/2 through terminate/1, and 2 optional. This
example uses one of the optional ones, labels/1. The other, check_final/2,
is for invariants that only hold once the system has stopped being driven;
two-phase commit doesn't need it, and
page 4 covers it.
init/2
init(Seed, Config) ->
    Tab = ets:new(eta_2pc, [public, set]),
    N = maps:get(participants, Config, 3),
    Mode = maps:get(mode, Config, correct),

    Participants = [...],
    {ok, Coordinator} = eta_2pc_coordinator:start_link(Tab, Participants, Mode),

    {ok, #{tab => Tab, coordinator => Coordinator, participants => Participants,
           clients => [], next_tx => 1, plan => maps:get(plan, Config, random)}}.
The table is public because 3 different kinds of process touch it: the
driver writes plans, the participants write their states, and the invariant
reads all of it.
init/2 has to return with the system quiescent. Not merely started, and
not merely ready, but idle. Anything still in flight when the driver takes
over ran on the real scheduler, outside the schedule. For two-phase commit
that's free, since start_link returns once init/1 has run. For a real
cluster it isn't, and page 4 covers what
it takes.
processes/1
processes(#{coordinator := C, participants := Ps, clients := Clients}) ->
    [C | [P || {_Index, P} <- Ps]] ++ Clients.
The driver consults this after every operation, so processes an operation
creates get picked up. Pids it already knows are ignored, so returning the
whole set every time is both correct and expected.
The order is part of the contract. eta_sched assigns ids in
registration order and the trace records ids, so a list that comes out
differently between runs makes the same seed pick different processes. The
resulting trace difference looks exactly like a scheduling bug.
generate/2
generate(#{participants := Participants, next_tx := TxId}, Rand0) ->
    {Plan, Rand} = lists:foldl(
        fun({Index, _Pid}, {Acc, R0}) ->
            {Roll, R1} = rand:uniform_s(R0),
            {[{Index, vote_for(Roll)} | Acc], R1}
        end,
        {[], Rand0},
        Participants
    ),
    {{run_tx, TxId, lists:reverse(Plan)}, Rand}.

vote_for(Roll) when Roll < 0.70 -> yes;
vote_for(Roll) when Roll < 0.90 -> no;
vote_for(_Roll) -> stall.
Draw from the rand state you're handed and return the advanced state.
Drawing entropy from anywhere else, like rand:uniform/1,
erlang:unique_integer/0, or the clock, breaks replay silently.
Votes are mostly yes so that transactions usually commit and the
interesting cases stay rare enough that the scheduler has to go looking for
them.
A plan config option pins the votes to a fixed list, which is how a test
isolates the schedule as the only variable. Same votes, different seed, and
any change in outcome is the interleaving.
execute/2
execute({run_tx, TxId, Plan}, Sut = #{tab := Tab, coordinator := Coordinator}) ->
    [ets:insert(Tab, {{plan, TxId, Index}, Vote}) || {Index, Vote} <- Plan],

    Client = eta_run:spawn_op(fun() ->
        Result = gen_server:call(Coordinator, {run_tx, TxId}, infinity),
        ets:insert(Tab, {{client, TxId}, Result})
    end),

    Sut#{clients := [Client | maps:get(clients, Sut)], next_tx := TxId + 1}.
execute/2 must not block. Every process the scheduler owns is
suspended, so a synchronous call from the driver into one of them is never
answered. Operations are issued by spawning a process to perform them, which
is the right model anyway: the client is part of the concurrent system, and
the next processes/1 call picks it up and interleaves it like everything
else.
The spawn goes through eta_run:spawn_op/1 rather than spawn/1. The driver
isn't traced, so a process it creates isn't adopted until the driver
registers it, and in that window the new process runs free. 2 clients created
by operations injected close together race each other to the coordinator's
mailbox, and the order they arrive in is decided by wall clock. spawn_op/1
parks the process on a handshake until registration is done.
Note the infinity on the call. A client under simulation should never be
waiting on the real clock.
check/1
check(#{tab := Tab, next_tx := Next}) ->
    first_violation(lists:seq(1, Next - 1), Tab).

first_violation([TxId | Rest], Tab) ->
    case lists:usort(eta_2pc_participant:decisions(Tab, TxId)) of
        Mixed when length(Mixed) > 1 ->
            {violation, #{property => atomicity,
                          detail => <<"participants disagreed about a transaction">>,
                          tx => TxId,
                          decision => coordinator_decision(Tab, TxId),
                          participants => [...]}};
        _ ->
            first_violation(Rest, Tab)
    end.
Nothing in there sends a message or waits for anything. It's an
ets:tab2list and some list operations. An invariant that calls into a
suspended process either hangs or, worse, gets a plausible answer from an API
that swallowed its own timeout, and then passes while checking nothing.
Give the violation a property key. eta_shrink uses it to tell "the
same failure" from "a different failure that also happens to be a failure".
Without it, a shrinker with more than one invariant to choose from can reduce
one bug into another and report the result as progress.
labels/1, an optional one
labels(#{coordinator := C, participants := Ps, clients := Clients}) ->
    maps:from_list(
        [{C, coordinator}] ++
            [{Pid, {participant, Index}} || {Index, Pid} <- Ps] ++
            [{Pid, {client, N}} || {N, Pid} <- lists:enumerate(lists:reverse(Clients))]
    ).
Without a name a step reads p3; with one, participant-2. Names are
ordinary terms; eta_log renders {participant, 2} as participant-2.
The coordinator and the participants already call ?ETA_LABEL in their own
init/1, and a self-reported label wins, so this callback isn't what names
them. The clients are the reason it exists. They're anonymous funs handed
to eta_run:spawn_op/1, with no module to put a ?ETA_LABEL in, so the
harness is the only thing that knows one of them is transaction 3. That's the
general shape: reach for labels/1 when the process can't name itself,
whether it's a fun like this, something from a library you don't own, or a
module you deliberately kept the header out of.
It's called once, after the run, which is why it takes the whole state rather
than one pid at a time. Ids are handed out as processes register, so the
mapping can't exist before the run is over.
terminate/1
terminate(Sut = #{coordinator := C, participants := Ps, tab := Tab}) ->
    [exit(Client, kill) || Client <- maps:get(clients, Sut)],
    [stop(P) || {_Index, P} <- Ps],
    stop(C),
    catch ets:delete(Tab),
    ok.
Clients first, and by killing rather than asking. By the time terminate/1
runs the driver has released the scheduler, so anything still in flight is
running again, and a client that reaches its ets:insert after the table has
been deleted crashes with a badarg that has nothing to do with the run.
Running it
In correct mode, over 40 seeds:
[eta_run:run(eta_2pc, #{seed => S, max_ops => 25, max_steps => 20000})
 || S <- lists:seq(1, 40)].
Every one comes back #{outcome := ok}.
Turning the defect on:
eta_run:run(eta_2pc, #{seed => 1, max_ops => 25, max_steps => 20000,
                       config => #{mode => first_vote_wins}}).
Seed 1 fails after 19 steps:
#{outcome := {violation, #{property := atomicity,
                           tx := 5,
                           decision := commit,
                           detail := <<"participants disagreed about a transaction">>,
                           participants := [{1, aborted}, {2, {prepared, yes}}, {3, committed}]}},
  steps := 19,
  ops := 7}
Participant 1 voted no and refused to commit. Participant 3 committed. The
coordinator had already decided commit on participant 2's yes, which is
why participant 2 is still at {prepared, yes}; the decision hasn't reached
it yet. The run stopped after 7 of its 25 operations, because eta_run ends
on the first violation.
Making the failure readable
The trace is everything the driver did, in order: {step, Id}, {op, Op},
and {clock, Ms} entries. For this failure it's 26 of them, which is small
only because the failure happened early. On a larger system a first trace
runs to 1000s.
#{outcome := {violation, _}, trace := Trace} =
    eta_run:run(eta_2pc, Opts),

#{trace := Minimal, original := 26, shrunk := 7, verified := true} =
    eta_shrink:shrink(eta_2pc, Trace, Opts).
26 entries down to 7, in 74 candidate replays:
[{op,   {run_tx, 5, [{1, no}, {2, yes}, {3, stall}]}, [8]},
 {step, 8},
 {step, 0},
 {step, 2},
 {step, 0},
 {step, 3},
 {step, 1}]
6 of the 7 operations are gone, including the 4 that ran before this one. The
[8] on the operation is the id of the client process it spawned. It's
recorded so that deleting any other operation can't renumber it; see
the shrinking hazards for what that used
to cost.
If the rest means little to you, that's the right reaction. A trace is a
scheduler artifact, not an explanation. {step, 3} records which process the
scheduler chose and says nothing about what that process did. Turning one
into a story means reconstructing every mailbox state by hand.
What shrinking gives you is a trace short enough to be worth narrating.
eta_log is what narrates it.
Reading it
eta_run writes its own decisions into the same log your system writes to,
so replaying the shrunk trace and printing gives you one timeline:
eta_run:replay(eta_2pc, Minimal, Opts),
eta_log:analyze().
    1  $eta           {op,{run_tx,5,[{1,no},{2,yes},{3,stall}]}}
    2  client-1       {step,8}
    3  coordinator    {step,0}
    4  coordinator    {prepare_sent,5}
    5  participant-2  {step,2}
    6  participant-2  {voted,5,yes}
    7  coordinator    {step,0}
    8  coordinator    {decided,5,commit}
    9  participant-3  {step,3}
   10  participant-3  {stalling,5}
   11  participant-3  {decided,5,commit,committed}
   12  participant-1  {step,1}
   13  participant-1  {voted,5,no}
   14  participant-1  {decided,5,commit,aborted}
Line 8 is the bug: the coordinator decided commit having heard one vote, on
line 6. Line 13 is participant 1's no arriving after the decision, and line
14 is it refusing to commit, which is what makes the disagreement visible.
The events come from ?ETA_LOG calls in the participant and coordinator,
about one per protocol decision. eta_log:analyze(#{until => N}) stops the
output where the story does, which matters because everything after the run
proper is the scheduler releasing the system during teardown.
What the shrinker can't remove
It deletes whole entries and never simplifies one. This transaction still
runs against 3 participants because that's the operation the generator
produced; a minimal workload is a separate axis, and the shrinker doesn't
search it. It also can't go below what the system needs to reach the
violation, which is the right answer and the reason the surviving operation
survives.
2 things about how the shrinker works matter when you read a result.
Replaying a candidate has 3 possible results, not 2. It gives the same
violation, a clean run, or a divergence, meaning the candidate isn't a
valid schedule and is evidence of nothing. A shrinker that treated divergence
as "did not fail" would appear to work while quietly reverting safe removals.
The result is re-recorded before it's verified. Candidates replay
leniently, skipping entries, so a surviving candidate is a recipe rather than
an artifact. shrink/3 finishes by replaying what the run actually executed,
under strict rules. If that doesn't reproduce you get verified => false and
the original trace back.
What this example leaves out
No faults are injected. No message loss, no crashes, no partitions.
Two-phase commit here is purely a scheduling exercise. Fault injection is a
separate axis with a reproducibility trap of its own, described on
page 5.
Next
Writing a system under test generalizes
from this example to the callbacks and practices a real system needs.


  

    Writing a system under test

Two-phase commit is small enough that every callback is obvious. A real
system isn't, and most of the work of adopting DST isn't writing the harness.
It's making the system observable and getting the invariants right.
The examples below come from a process registry we tested with eta:
several nodes each holding a replica of a name -> pid map, with one
elected leader through which all changes pass.
AI disclosure
This document is pending a human rewrite. We still expect the content to be mostly
correct.
The contract
-callback init(Seed :: integer(), Config :: map()) -> {ok, state()}.
-callback processes(state()) -> [pid()].
-callback generate(state(), rand:state()) -> {op(), rand:state()}.
-callback execute(op(), state()) -> state().
-callback check(state()) -> ok | {violation, violation()}.
-callback terminate(state()) -> ok.

%% optional
-callback labels(state()) -> #{pid() => term()}.
-callback check_final(settled(), state()) -> ok | {violation, violation()}.
state() is whatever you want it to be. A map is conventional.
A harness is not the system under test. Your gen_servers and protocol code
are that. The harness is the adapter that starts the system, declares which
processes to schedule, drives it with a workload, and judges it.
That distinction decides which modules include your eta.hrl wrapper and use
?ETA_LOG: the ones that ship, where emitting nothing in a release build
matters. A harness never ships and only ever compiles under the simulation
profile, so it can go either way, and calling eta_log:label/1 and
eta_log:log/1 directly works fine there. In fact, since the macros and
eta_transform are Erlang-only, the harness is the one part of a simulated
system you can write in Elixir.
init/2
The system has to be handed over idle. Whatever is still in flight when the
driver takes control ran on the real scheduler, and its effects land at a
point in the schedule that nothing chose.
That's a stronger condition than the one most systems already offer. A
cluster's startup helper typically waits until every node reports itself
ready, meaning a leader elected and an initial sync completed. That's the
right definition for a client and the wrong one here. Ready means the system
can accept work. Idle means it isn't currently doing any. A member can be
ready with an unanswered call still sitting in its mailbox, and about 1 start
in 5 of the registry was.
Getting this wrong gives you a run whose first few steps are decided by wall
clock, and it's unusually hard to diagnose from state alone. Leader, epoch,
applied version, and even the whole timer wheel can be identical between 2
runs that then diverge. The difference shows up in mailboxes and process
status, so that's what the check has to look at:
defp await_quiescent(cluster, attempts) do
  busy =
    for pid <- processes_to_check(cluster),
        {:status, st} = Process.info(pid, :status),
        {:message_queue_len, n} = Process.info(pid, :message_queue_len),
        st != :waiting or n > 0,
        do: pid

  if busy == [] do
    :ok
  else
    Process.sleep(1)
    await_quiescent(cluster, attempts - 1)
  end
end
Polling on the real clock is correct here and only here, because this runs
before the scheduler exists. It's the one place in a run where wall clock is
allowed to matter.
Include everything that holds messages on the system's behalf, not just its
supervision tree. A simulated network process sitting on an undelivered
startup cast isn't quiescence either. Which processes have something waiting
for them when the scheduler takes over is the initial state of the run.
processes/1
The scheduler assigns ids in registration order and the trace records ids, so
the order this callback returns is part of the contract. 2 runs that register
processes in different orders aren't comparable, and the resulting early
trace difference reads as a scheduling divergence.
def processes(%{cluster: cluster, clients: clients}) do
  tree =
    for m <- Enum.sort_by(Map.values(cluster.members), & &1.index),
        {_id, pid, _type, _mods} <- Supervisor.which_children(m.sup),
        is_pid(pid),
        do: pid

  [cluster.net | tree] ++ Enum.filter(clients, &Process.alive?/1)
end
The Enum.sort_by(..., & &1.index) matters. That map is keyed by member
names which embed a unique integer, so iterating it directly orders by atom,
and the atoms differ between runs.
Leave out processes that can never do anything. This workload registers names
against dummy processes that block forever, and scheduling those would only
add choices that can't matter.
generate/2
An operation is recorded in the trace and may be replayed later against a
freshly started system, so it has to mean the same thing in both. Anything
generated at runtime fails that test:
# Wrong: member names embed a unique integer, so on the next run this names a
# different process, or none at all.
{:register, :sim_2210_m3, :worker_1}

# Right: name the member by index and resolve it when the operation executes.
{:register, 3, :worker_1}
The same applies to pids, refs, generated atoms, and anything ordered by a
map keyed on one of those. If an operation has to name a process, name its
position and resolve it in execute/2.
execute/2
Covered on the previous page. The short version:
every process the scheduler owns is suspended, so a synchronous call into one
from the driver is never answered. Operations are issued by spawning, and the
spawn goes through eta_run:spawn_op/1 so the new process can't act before
the scheduler owns it.
check/1
An invariant runs against a frozen system, so anything that sends a message
and waits can't be served.
The loud version of getting this wrong is a hang, which eta_run bounds and
reports as check_blocked. The quiet version is worse and nothing can catch
it. Consider a status API written the way most of them are:
status(Name) ->
    try gen_server:call(Name, status, 500) of
        S -> S
    catch
        exit:_ -> undefined
    end.
Under the scheduler every call to that returns undefined, because the
process it asks is suspended and always will be. An invariant built on it,
say "no 2 members believe they are the leader at the same epoch", computes
over an empty set and passes. The suite stays green and the invariant has
been switched off without anybody touching it.
So invariants read state out of band. There are 2 ways to arrange that, and
the choice comes up on every system.
If the state already lives somewhere readable, read it there. The
registry's members keep their replicas in ETS because the replication
protocol needs them there anyway, so the invariant that compares replicas is
an ets:tab2list per member.
If the state exists only inside a process, publish it.
-eta_observe({state, [leader, epoch]}) makes the transform republish those
fields into the process dictionary on every callback return, and
eta_observe:read/1 reads them from outside. That works on a suspended
process, in a couple of microseconds, whatever the mailbox depth. Because the
fields are republished on every return, they can never be stale; there's no
assignment site anybody can forget.
Name the record and the fields rather than using -eta_observe(all).
read/1 copies what was published and gets called after every step, and
naming the fields makes a typo a compile error instead of a wrong offset.
Deciding when a property holds
Getting this wrong produces either false alarms or a suite that passes
without checking anything. Properties fall into 3 tiers, and a real system
has some in each.
Always true. Assert after every step. In the registry, 2 members may both
believe they lead only under different epochs. That's a safety property of
the fencing token, and there's no instant at which it may be false.
True at rest. These need a definition of "rest". The registry's example
is that 2 members reporting the same version must hold the same map. That
isn't true continuously, and not because of a bug: members write
optimistically, ahead of the replicated stream, so a member legitimately
holds different content from its peers at the same version while an operation
is in flight.
The scheduler can answer whether the system is at rest, since it's the thing
that knows:
def quiescent?(%{clients: clients}) do
  case :eta_sched.current() do
    :undefined -> false
    sched -> :eta_sched.runnable(sched) == [] and not Enum.any?(clients, &Process.alive?/1)
  end
end
Both halves of that condition are necessary. "Nothing runnable" alone isn't
quiescence, because a system can have nothing runnable in the middle of an
operation. A commit parked on a worker leaves every other process idle while
the write it will confirm is still speculative. The general rule: a
property that only holds at rest needs the system's own definition of rest,
and "no process wants to run" isn't it.
True after convergence. Heal every injected fault, drain the network,
wait for agreement, then assert. Some properties genuinely need this, but
healing can also destroy what you were trying to observe. In the registry,
converging delivers a nodeup to every member, each re-announces itself, and
a re-announcement makes the leader send that member a fresh snapshot,
repairing exactly the inconsistency under investigation. A permanent,
undetectable divergence is only visible in the window between the system
going quiet and anything being repaired, which is the middle tier.
check_final/2 is the hook for these non-instantaneous properties. It's the
second optional callback, called once after the last action of a run that
ended normally, and never for a run that ended on a violation or a budget
error. Its first argument says how the run ended, and the 2 values are not
the same claim: quiescent means nothing was runnable and no timer could
make anything runnable, so the system is stopped. settle_budget means the
system was left alone for settle_steps and may still be ticking. A system
with a heartbeat never reaches quiescent, so settle_budget is the
strongest signal it will ever give.
Proving the check ran
An invariant gated on quiescence that never reaches a quiescent state passes
by never being evaluated, and the run reports ok either way. Count the
evaluations and assert the count in a test:
defp check_quiescent(cluster) do
  bump(:quiescent_checks)
  Invariants.check_quiescent(cluster)
end
check/1 runs in a fresh process per check, so the counter can't live in the
system-under-test state. Use a public ETS table or a counter ref.
The same applies to workloads. A test asserting that a batch is applied
atomically should also assert that a batch of more than one operation
actually occurred. Otherwise a change in batching behaviour turns it into a
tautology that keeps passing.
Assert the property, not the schedule
2 rules that look contradictory and aren't.
Don't weaken a failing test without proving the race is real. A test in
this project failed intermittently and the tempting fix was to make the
assertion wait for the value it wanted. That would have been wrong. Both
operations rode the same durable queue, and FIFO ordering guarantees the read
observes the earlier write. The failure was a real bug in the storage layer,
and weakening the test would have hidden it and left a weaker test behind.
Do fix a test that asserts the schedule instead of the property. Another
test flipped 150 registrations at once and asserted that a sampler only ever
observed 0 or 150 of them, which pinned it to a batch boundary the test
doesn't control. When the leader split the work 1-then-149 instead, both
batches were applied perfectly whole and the test reported 1000s of torn
reads. It now derives the legal counts at runtime from the batches the
follower actually received, which holds under any split and still rejects a
genuinely torn read.
The distinction is whether the thing being asserted is guaranteed by the
system or merely produced by it most of the time.
Check that your tests can fail
2 clean runs isn't evidence that an intermittent bug is fixed. What is
evidence is a test that fails deterministically before the fix and passes
after it.
The stronger form is to break something on purpose and confirm the test
notices. eta's own acceptance criteria are that idea at a larger scale:
plant a known defect behind a compile flag and require the framework to find
it again from a cold start.
Next
Gotchas and footguns.


  

    Gotchas and footguns

Grouped by where they bite. If you're here because a seed stopped
reproducing, start with the method rather than the list.
AI disclosure
This document is pending a human rewrite. We still expect the content to be mostly
correct.
How to debug a determinism failure
Reading the code and thinking hard doesn't have a good track record against
"the same seed produced 2 different runs". These techniques work better.
Look at which runs differ, not how many. Run a seed 5 times and group the
identical traces. A grouping of [[1], [2,3,4,5]] says run 1 is special,
which points at warm-up or first-touch state. [[1,3], [2], [4,5]] says the
divergence is a coin flip on every run. The 2 have completely different
causes, and the distinction costs nothing to measure.
Vary the position rather than the seed. If seed 3 is the one that fails,
run your seeds in reverse order. If the failure follows whichever seed is now
first, the seed was never the variable and you're looking at the first-run
problem below.
Snapshot everything at the point of divergence and diff it. State,
mailbox contents, process status, the timer wheel. Twice now the difference
has been invisible in state and obvious in mailboxes. When even the mailboxes
matched, what worked was logging scheduler events against step boundaries:
which process was scheduled in and out, and what it was executing at the
time.
Bisecting what you compare helps too. Remove the client workload entirely and
see whether the system is still nondeterministic. Either answer narrows the
search for very little effort.
Put the evidence in the failure message rather than deriving it. The most
recent determinism bug found in this library survived 3 rounds of theorizing.
What worked was adding inspect(eta_run:summary(Result)) to the assertion
message and looping until it failed. The answer arrived in one shot and was
none of the 3 theories.
That advice isn't specific to determinism bugs. A test whose failure message
carries the run's summary costs one line, and it saves the round trip where
you guess, add a print, and try to make it fail again.
The code server
modules_loaded in a run result is what tells you. It lists modules
loaded while the scheduler was in charge, and it should be empty.
eta_run:audit/1 checks it for you.
Before that field existed the symptom was all you had: the first run in a
fresh VM produces a different trace from every subsequent run of the same
seed, with nothing adopted late, no scheduler timeout, no warning logged, and
the scheduler's accounting correct throughout.
Loading a module on demand is a synchronous call to code_server, which the
scheduler doesn't own. A scheduled process that reaches a module it hasn't
touched yet blocks on something outside the schedule. The scheduler reads
that as the step ending, the code server runs freely and makes the process
runnable again at a moment decided by wall clock, and every choice after that
point shifts. On the second run everything is loaded and it never happens
again.
The fix is the preload option. Name your own application; kernel,
stdlib, and eta are always included.
eta_run:run(my_harness, #{seed => 1, preload => [my_app]}).
If you drive eta_sched yourself instead of going through eta_run, nothing
preloads for you and there's no modules_loaded afterwards to tell you it
happened. Call it directly, once, before the first scheduler exists:
ok = eta_run:preload([my_app]).
Running a seed twice is not a substitute, and it's worth being precise about
why: warming is per code path, not per VM. A seed that first reaches a
timeout handler runs a branch no earlier seed touched and loads code no
earlier seed needed. Warming up fixes the seed you warmed and not the next
one.
The worse failure, and the field that catches it
A process waiting on code_server is, to eta_sched, a process blocked in a
receive. It isn't runnable. So if enough of the system reaches for cold code
at once, nothing is runnable, no timer is pending, and the run ends at what
looks exactly like quiescence.
Measured on this project's own two-phase commit example, with preloading off
and a cold module every client touches:
ops: 5, steps: 5, exited: 0, processes: 9, outcome: ok
5 steps for 5 operations, against a workload that normally takes about a
hundred. Reported as success. modules_loaded doesn't catch this one,
because the loads complete after the run has finished, and there's nothing
left to report by the time anybody looks.
sched.cold_code catches it from the other side. The scheduler looks once,
at the moment a run finds nothing runnable and is about to return, for a
process sitting in code_server:call/1. That function is a send followed by
a one-clause receive, so a process waiting on the code server is always
there. Each entry names the process and the frame that reached the cold
module, and a warning is logged:
#{sched := #{cold_code := [#{id := 3, pid := _, at := {my_client, commit, 2}}]}}
at is undefined when there's no frame to name, which happens when the
call into the cold module was a tail call: nothing of the caller is left
on the stack. The pid is still the answer then.
audit/1 checks the field, so you get this for free if you're already
asserting on it.
None of that makes preload optional. Detection is after the fact: by the
time cold_code has something in it the run is already spoiled, and all
you've gained is knowing rather than guessing.
There's a second form that isn't a warm-up effect. code:ensure_loaded/1
returns immediately for a module that's already loaded, but for a missing
module it falls through to the code server every time. A common idiom for
optional dependencies looks like this:
emit_telemetry(Event, Measurements, Metadata) ->
    case code:ensure_loaded(telemetry) of
        {module, telemetry} -> apply(telemetry, execute, [Event, Measurements, Metadata]);
        _ -> ok
    end.
For anyone without the optional dependency that's a synchronous code-server
call on every event, forever. Cache the answer in persistent_term.
Here's the general rule to carry to your own project. Under a user-level
scheduler, any synchronous call into an OTP service process is a real-time
dependence: code_server, logger's handlers, global, net_kernel,
application_controller. Grepping for code:ensure_loaded, code:is_loaded,
and global: along the paths your system exercises is much cheaper than the
instrumentation it takes to find these afterwards.
logger is the one of those the transform handles for you. See below.
Logging is one of them, and it is handled
A logger call doesn't just format a string. It hands the event to a
handler, and the default handler logger_std_h is a process the scheduler
doesn't own. Under load it switches from asynchronous to synchronous, at
which point a log call is a synchronous call into an OTP service process. The
handler then runs on the real scheduler and makes your process runnable again
at a moment nothing chose, so a chatty system can have its schedule decided
by how busy its log handler happens to be. The symptom is a seed that
mostly reproduces.
Every logger level function and logger:log/2,3,4 is rewritten to
eta_logger, which records the event into eta_log while a run is
collecting and delegates to logger when one isn't. So your system's own
logging becomes part of the narrative eta_log:analyze/0 prints, at a
sequence number comparable with everything else, instead of scrolling past in
a separate stream.
Nothing is filtered by level and no formatter runs. The run's log is a record
of what happened, not an operator's console, and if you filter at record time
you'll eventually lose the line you needed.
Scheduler hazards
A plain spawn is a determinism hole
A process created by a plain spawn isn't adopted until the scheduler
notices it, and in that window it runs on the real scheduler. One racing
process is usually harmless. 2, created by operations injected close
together, race each other to deliver their first message.
A gated spawn closes the window: the child starts blocked on a token only the
scheduler can send, so there is no interval in which it is alive and unowned.
Inside a transformed module you get this for free. Every local spawn form
is rewritten: spawn, spawn_link, spawn_monitor, and spawn_opt, on
both erlang and proc_lib, qualified or bare. start, start_link, and
start_monitor on gen_server and gen_statem are rewritten too, at both
arities, because those spawn inside OTP where no transform of your code
reaches.
Inside execute/2 you don't, because your harness isn't transformed. Use
eta_run:spawn_op/1 there. It is the same mechanism under a different name:
spawn_op(Fun) ->
    eta_sched:spawn(Fun).
There used to be 2 gating protocols with 2 different tokens, and the harness
had to know which one it was in. There is 1 now, and the thing that releases
a gated child is eta_sched:register/2, which the driver already calls with
whatever processes/1 returns after every operation. So the order operations
become runnable in is the order processes/1 hands them over, and that is
the only ordering rule. It used to be that plus an undocumented one hidden in
a process-dictionary stack.
Watch sched.adopted_late in the run result. It should be at or very near
zero.
The distributed spawn forms raise
spawn(Node, Fun) and its relatives ask for a process on another node, and
eta does not simulate distribution. There is no honest rewrite: running the
child locally puts it on the wrong node, and letting it through puts it
outside the schedule entirely.
So while a run is active they raise:
{eta_sched, {no_distribution, {erlang, spawn, 2},
             <<"eta does not simulate distribution; run the nodes as processes in one VM">>}}
With no run in progress they delegate, so a module built with the transform
still works normally outside a simulation. A multi-node system under eta
runs its nodes as processes in one VM.
suspend_process/1 is documented for debuggers
That's what the scheduler is built on. It's clean at 3 processes and has been
fine at a few hundred, but behaviour at 1000s, with supervisors and monitors
in play, is unverified. Satisfy yourself about it before building on top for
a very large system.
One clock, one log and one scheduler per VM
All 3 keep their state in named ETS tables, so exactly one of each exists per
node and runs have to be serial. Keep the tests async: false.
Getting it wrong is now loud rather than silent. Starting a second clock,
log, or scheduler while a live process holds the first is refused, and the
error names the owner:
{eta_time, {clock_in_use, <0.312.0>,
            <<"one per VM; keep runs serial (`async: false`) ...">>}}
It used to succeed. eta_time:start/1 opened with an unconditional stop(),
so a second run deleted the first's tables, and the first died on its next
clock read with an ETS badarg in a stack that named nothing to do with the
cause.
If you want simulations to run in parallel, the unit of isolation is the
VM, not the test process. Run seeds in separate OS processes; that
isolates crashes and memory too. See design.md for why per-run
state inside one VM is a bigger change than it looks.
Time hazards
Start the clock before the system
eta_run does this for you, which is why init/2 is called by the driver
rather than by you beforehand. A timer armed while eta_time is inert goes
onto the real clock and stays there until it fires and re-arms, so
long-period timers, the interesting ones, would silently never become
virtual.
receive ... after is handled
eta_transform rewrites calls, and after is a language construct rather
than a call, so this looks as though it can't work. It can: receive Cs after T -> B end is an abstract form like any other, and the transform rewrites it
into a receive whose timeout is an ordinary message clause on the virtual
clock.
It's on by default. after is the one real-time dependence a system can
hold without naming a function. If it were behind an attribute, a module
could quietly wake on the wall clock with nothing reporting it.
-eta_after(false). opts a module out, for a hot receive loop where the cost
of arming and cancelling a timer per receive is measurable. after 0 is
never rewritten, since it's a mailbox poll rather than a wait.
gen_statem's state_timeout is handled, and its other two aren't
A state_timeout is armed by erlang:start_timer inside gen_statem,
where no transform of your code reaches. eta takes the action out of the
callback's returned action list instead, before OTP ever sees it, and arms a
virtual deadline in its place. Nothing to turn on, and nothing to write
differently.
This one was worth chasing because of how it failed. The timer went into the
VM's wheel rather than eta_time's, so it wasn't a stray timer either.
Nothing counted it and nothing warned. A machine waiting on a 30 second
election period just sat there, and whatever happened next was ordered by the
wall clock.
Event time-outs and generic time-outs raise. {timeout, T, Msg}, a bare
integer action, and {{timeout, Name}, T, Msg} all error while a clock is
running. They can't be left alone: every event a gen_statem processes
cancels a running event time-out, and delivering a virtualized state time-out
spends one, so a machine using both would find eta's own traffic cancelling
its deadlines. Use state_timeout, which is the right tool for most of what
people reach for an event time-out to do anyway.
A state_timeout's cancellation rules are subtler than they look
Worth knowing whether or not you use eta, and eta reproduces them
exactly:
	A state change cancels it. keep_state, keep_state_and_data,
repeat_state, repeat_state_and_data, and {next_state, SameState, _}
do not; the comparison is =:= on the state term.
	A follower that rearms its election deadline on every heartbeat depends on
both halves of that: the keep_state doesn't cancel, and the new action
replaces the deadline.
	{state_timeout, update, Content} with nothing running isn't an error.
It fires the event immediately, which gen_statem documents as deliberate.
	A time-out cancelled after its timer fired produces no event at all, not
even a discarded one.
	{state_timeout, 0, Msg} is delivered when the event queue drains,
which is after any event inserted with next_event and after any postponed
event, and before the next message is taken from the mailbox. It's still
cancellable while it waits, so "do this next, unless one of those makes me
leave the state first" is a thing you can write and rely on.

That last one is why eta leaves zero time-outs with gen_statem rather
than virtualizing them. A zero consults no clock, so there's nothing in it to
make virtual, and no substitution reproduces both its position and its
cancellability.
test/support/eta_elect.erl is a leader election written against these
rules, and test/eta_state_timeout_test.exs is each of them as a test.
timer:sleep/1 is rewritten; a sleep outside the boundary still hangs
A sleep is receive after T -> ok end inside OTP's timer module, which no
transform of your code reaches, so the call site is rewritten instead:
timer:sleep/1 in a transformed module becomes eta_time:sleep/1, a virtual
deadline the driver advances to like any other. With no clock running it's a
real sleep, like every other rewrite.
In an untransformed module the sleep stays real, and the process hangs. It's
blocked on a timeout rather than on a message, and eta_sched decides what's
runnable by looking at mailboxes, so it sees a process with nothing waiting
for it and never steps it. Only the real clock can end that wait, and the
driver doesn't control the real clock.
Keep transformed sleeps out of the driver. The clock advances only to
deadlines of processes the scheduler can step, so a sleep executed on the
driver's own process arms a deadline nothing will ever reach. That's the same
rule as "a call from the driver can't have a virtual timeout" above.
A system with periodic timers never becomes quiet
Heartbeats mean "nothing runnable and nothing pending" is a state you never
reach. Without a bounded settle phase the only way such a run can end is the
step budget, which is reported as an error, so every run looks like a
failure. That's what settle_steps is for. The settle phase is also useful
in its own right: it's the only part of a run where the invariants are
checked with no client traffic at all.
A timer outlives the scheduler's ownership of its process
A timer belongs to a process, and the scheduler is not obliged to own that
process. When it doesn't, the timer is still in the wheel, and a driver that
advances to the earliest deadline moves the clock on behalf of something that
can never take a step. 2 runs of one seed then differ by an inserted
{clock, Ms} with no step behind it, hundreds of entries in.
There are 2 ordinary ways to get one. A process killed while blocked in a
rewritten receive ... after never reaches the clause head that disarms it,
so its deadline outlives it. And a process spawned before the scheduler
existed, which means anything your system starts during init/2, is outside
the schedule by construction.
eta steps over such deadlines rather than advancing to them, so this no
longer changes a schedule, and reports the count as stray_timers in the run
result. audit/1 checks it. A non-zero count still means something worth
fixing: a process holding a timer that nothing will ever schedule. Either
hand it to processes/1 so it becomes part of the run, or don't start it in
init/2.
Timeouts outside the transform boundary are on the real clock
If you deliberately leave a client-facing module untransformed, its
gen_server:call timeouts are real. Under the scheduler a client is
suspended between steps, so when its call times out is decided by wall clock.
The usual workaround is to configure the timeout high enough that it can't
fire during a run, which removes the behaviour it guards from the set of
things you're testing.
A transformed module's calls are virtual whenever a clock is running,
whether or not you asked for a network. That used to depend on the network,
so the ordinary configuration (scheduler and clock up, net => false) waited
out a real 5 second after inside OTP on every call. If you have a run from
before that was mysteriously sensitive to machine load, this was why.
A call from the driver still can't have a virtual timeout
The exception to the above, and it follows from how the clock moves.
eta_run advances only to deadlines belonging to a process it can step, and
steps over everything else as a stray. A virtual deadline armed by the driver
is therefore one nothing ever reaches: the driver is blocked waiting for a
timeout that only the driver can deliver.
So a call made from execute/2 or check/1 keeps its real timeout, which is
the same rule as before by a different route: those callbacks must not call
into a scheduled process, and eta_harness says why. What changed is only
that getting it wrong still ends in a 5 second exit rather than in a run with
no way to finish.
A virtual call timeout doesn't mean what a real one means
Worth understanding before you read a counterexample. The clock only moves
when nothing is runnable, so a virtual call timeout fires exactly when the
system reached a state where nothing could make progress and this was the
earliest deadline. That's a much stronger statement than production's, where
a timeout mostly means somebody was slow, and it makes a good lost-message
and deadlock detector.
The flip side is that "the callee was slow" doesn't exist under a virtual
clock, because computation costs no virtual time. The race where a caller
gives up and the answer arrives just afterwards is reachable only through a
timer or a network delay, never through the callee taking too long. If that
race is what you're hunting, you need skew_ms or a lossy network policy. A
timeout on its own won't find it.
For the same reason, the numbers matter more than they do in production.
Deadlines are what the clock jumps between, so a timeout value orders events
against every heartbeat, lease, and retry in the system. Every default is
5000, so they land on one deadline and fire in creation order, the same order
every run. skew_ms is what breaks the tie, and it reaches receive and call
deadlines as well as the timers your system sets itself.
drop_p deliberately does not reach them. A timer your system sets to fire
at another process can go missing with that process; a deadline a process
arms for itself cannot, and dropping one produces a hang that looks like a
finding but isn't.
Observability hazards
An invariant that asks is an invariant that checks nothing
Covered on the previous page, and
repeated here because it's the failure that doesn't announce itself. A client
API that catches its own call timeout returns a plausible answer for a
suspended process, and the invariant computes over that answer and passes.
eta_run bounds check/1 and reports check_blocked when it hangs. It
can't detect the case where the API answers.
When something hangs, measure how long
A stall costing exactly the timeout is a lost wakeup: a message that never
arrived, a watch that never fired. A variable one is contention. Some call
timeouts against the in-memory backend here were diagnosed as a retry
livelock and were nothing of the sort. They were a watch anchored to the
wrong version, which looks nothing like contention once somebody has looked
at the distribution.
If you build a deterministic substitute, compare it differentially
An in-memory replacement for a database is a large piece of code that has to
behave exactly like the thing it replaces, and a substitute that's subtly
wrong is worse than none, because every finding it produces is suspect.
Every bug we found in this project's in-memory backend came from running the
same operations against both implementations and diffing the results, not
from reading the code.
Version equality is where those bugs cluster. "Did this key change after my
read version?" and "should this watch fire?" are both questions about a
boundary, and a commit landing exactly on the boundary is the case that gets
written wrong: a conflict that isn't detected, a watch that never fires.
Workload and trace hazards
Operations must be stable across runs
An operation carrying a generated name, a pid, or a ref makes the trace
incomparable between runs and unreplayable against a fresh system. The
symptom is a trace difference at a very early index, which reads exactly like
a scheduling divergence.
Every action the driver takes has to be in the trace
eta_run records {step, Id} and {op, Op}. For a while it didn't record
its third action, advancing the clock, on the reasoning that the clock is a
function of the timers and the timers are a function of the schedule, so a
replay would advance in the same places by itself.
It doesn't, because replay/3 walks only the entries it's given. A trace
from a system with timers replayed against a clock that never moved. Nothing
became runnable, every recorded step was refused, and a strict replay failed
at entry 0. eta_shrink reported "nothing to shrink" for a failure that had
just happened, because it replays the trace to classify it and got a clean
run back.
{clock, Ms} is an entry type now. The transferable lesson is why the bug
survived so long. replay/3 had only ever been exercised against a system
with no timers, while the timer-driven system's "replay works" measurement
re-ran the seed, which exercises run/2. 2 different claims that both
sound like "replay works", and only one of them was tested.
A seed-pinned regression test is coupled to your generator
A seed names a schedule only in the context of a particular generate/2.
Change the operation mix and every seed you pinned quietly starts testing
something else.
If the test asserts on a violation you find out, because it fails. If it
asserts ok it goes vacuous without a word, which is the same silent failure
as an invariant that never gets evaluated.
Pin the trace instead. replay/3 never calls generate/2. It walks the
entries it's given, so a saved trace survives a rewritten workload entirely.
%% once, from a shrink whose `verified` was true
{ok, _Outcome} = eta_run:save_fixture("test/fixtures/atomicity.eta",
                                      my_harness, Trace, Opts),

%% in the test, forever after
#{outcome := {violation, #{property := atomicity}}} =
    eta_run:replay_fixture("test/fixtures/atomicity.eta").
save_fixture/4 replays the trace strictly before writing anything and
refuses on a divergence, so a fixture on disk is one that has been
demonstrated to reproduce. It stores the harness and the options alongside
the trace, which matters as much as the trace does: a reproduction that needs
config => #{mode => broken} and gets replayed without it does not
reproduce.
In short: pin a seed when you're testing that seeds reproduce. Pin a trace
when you're regressing a bug.
You can't write the mirror test. Replaying a failing trace against a fixed
implementation does not report ok, because the fix changes which messages
exist, so recorded step ids stop being runnable and you get
{error, {diverged, _, _}}. "The fix works" is a claim about the whole
system, and a seed sweep is the right shape for it.
Fault injection hazards
A seeded fault schedule starts where its seed is applied
The symptom is specific enough to recognize. A seed reproduces exactly right
up to the first injected fault, and never after.
A simulated network draws from its seeded generator once per message the
policy applies to. If the policy is installed after the cluster is up, which
it usually has to be so that no member is partitioned away before it has ever
synced, then the cluster's own startup traffic has already consumed draws.
Startup runs on the real scheduler and varies in both order and message
count, so the fault schedule begins at an offset that differs on every run.
Anything that consumes the generator before the run begins silently offsets
the schedule. Reseed when the run starts, and treat "the fault schedule is a
function of the seed" as something to assert rather than assume.
Only inject faults the system can actually see
Erlang guarantees that messages between an ordered pair of processes arrive
in send order, and doesn't guarantee delivery at all. Dropping messages is
therefore a faithful model of a failing link, and reordering them within a
pair isn't. Inject reordering and every bug you find is a false positive.
The subtler version is that dropping a message models a link failure, and a
real link failure is never just lost messages. It comes with nodedown and
nodeup on both sides, and systems hang their recovery off those signals.
Drop messages without delivering the node event and you've injected something
no real network produces: messages vanishing while both ends still believe
the link is up. The unrecovered state you then report isn't a defect.
There's a trap on the other side of that. If you do deliver the node event,
recovery may repair the very divergence you were trying to observe. In the
process registry we tested, a rejoin makes the leader send that member a
fresh snapshot. A run
that asserts a property during a fault has to restrict the loss to a
channel whose recovery is self-contained.
Too many faults crowd each other out
Adding a second fault costs you search efficiency on the first. Measured on a
quorum register: a workload that reproduced its write-back bug in 21 of 200
seeds dropped to 12 of 200 once a replica-pause fault was added, with
the first failing seed moving from 6 to 53. Operations that time out never
complete, and only completed operations can violate a safety property.
The sharper version of the same problem, seen before retuning that pause
rate: the crashed-writer fault that made the bug reachable disappeared from
the event log entirely. Not one completed. The new fault had crowded out
the old one.
The rule above is about injecting faults the system could never see. This is
the opposite failure and it's just as quiet: inject too many and the suite
stays green because nothing interesting ever completes.
A workload happens at virtual time zero
Worth knowing before you inject anything with a duration, because the
natural mental model is wrong.
The virtual clock only advances when nothing is runnable, and the driver is
busy injecting and stepping throughout, so an entire max_ops workload is
typically injected while the clock still reads 0. A fault lasting about as
long as a run is therefore either active for all of it or none of it.
The consequence is that such a fault tunes bimodally rather than smoothly. 10
seeds of a 3-replica register with a 10-second pause gave give-up counts of
0, 0, 0, 0, 0, 0, 9, 9, 11, 12. Lowering the rate makes jams rarer. It
can't make them milder.
Shrinking hazards
Give your violations a property key
eta_shrink's default test for "the same failure" is the violation's
property key when there is one, and any violation at all when there isn't.
With more than one invariant, the fallback will cheerfully shrink one bug
into a different one, which is worse than no shrink because it looks like
progress.
Teardown hazards
ETS tables are owned by the process that created them, so an on_exit
cleanup races the VM's own, and a cluster linked to the test process is
already dead by the time it runs. Kill client processes before deleting
tables they write to. By teardown the scheduler has been released, so
anything still in flight is running again, and a client reaching its
ets:insert after the table has gone crashes with a badarg that has
nothing to do with the run.
And don't edit source while background test runs are in flight.
One closing rule
2 clean runs isn't evidence for an intermittent fix. What is evidence is a
test that fails deterministically before the fix and passes after it. If you
can't produce one, the diagnosis isn't finished.
Next
A Journey Through DST is the whole thing end
to end: an empty directory, a quorum register, a planted bug, and a minimized
replayable failure that explains itself.


  

    A Journey Through DST

This page guides you through the eta features. We start from scratch and build
an ABD Quorum Register in Erlang. eta requires you to build
your distributed system-under-test in a specific manner, to avoid leaking
nondeterminism. This walkthrough explains those requirements through an actual
implementation.
An ABD Quorum Register is a simple distributed system that shares a single value,
replicated across 3 nodes. The value is meant to stay correct while clients read
and write concurrently. It's designed for message-passing systems, like the BEAM,
and so its implementation is fairly simple. It also features a counter-intuitive
step that leads to an inconsistency bug when omitted, making it a good example
for demonstrating DST's bug-finding capabilities.
We recommend you have read What DST Is to establish a baseline
for the technique.
What ABD is
We'll start 3 processes, each one is labeled as a "replica", and they all participate
in message passing to each other. Each process holds a {Timestamp, Value} tuple in
its state. For a quorum to be achieved, 2 of the 3 must agree on the tuple contents.
The system provides the following API:
	Write(V): ask a quorum (a set of processes) for their timestamps, take the
highest, then write {Highest + 1, V} to a quorum (not necessarily the same
process set).
	Read(): ask a quorum, take the pair with the highest timestamp, write
that pair back to a quorum, then return the value.

The write-back in the read path is the counter-intuitive part. It may look
redundant: you're writing back a value you just read a couple nanoseconds ago.
But it turns out to be critical to the consistency of the system, and we'll
demonstrate exactly that over the course of this document.
Step 1: create the project
We'll put the project beside your eta checkout so the dependency can be a
plain relative path. We're using mix because the tooling makes for a simpler
walkthrough. That means this document will combine Erlang and Elixir throughout.
rebar and Erlang could just as well be used in full, with some modification.
We'll write the ABD register itself in Erlang - we're going to use parse_transform.
mix new abd

Step 2: build configuration
Clear the Elixir scaffolding and make the directories we need:
cd abd
rm -rf lib test/abd_test.exs
mkdir -p src include dst
cp test/test_helper.exs dst/

Simulations get their own build environment, dst, and we'll put all our
eta test files in the dst/ directory.
test/ stays untouched for ordinary tests.
Then edit mix.exs. In project/0, add these keys:
      erlc_paths: erlc_paths(Mix.env()),
      erlc_options: erlc_options(Mix.env()),
      test_paths: test_paths(Mix.env()),
      aliases: aliases(),
Replace the commented-out examples in deps/0 with:
      {:eta, path: "../eta", only: :dst}
      # --- or ---
      {:eta, git: "https://github.com/jessestimpson/eta.git", only: :dst}
Add a cli/0 next to project/0:
  def cli do
    [preferred_envs: [dst: :dst]]
  end
and the private functions at the bottom:
  # The ABD register itself is ordinary Erlang in src/. The eta harness lives in
  # dst/ and only exists for the dst env
  defp erlc_paths(:dst), do: ["src", "dst"]
  defp erlc_paths(_), do: ["src"]

  # The DST define is required for `eta` to engage
  defp erlc_options(:dst), do: [:debug_info, {:d, :DST}]
  defp erlc_options(_), do: [:debug_info]

  # `mix dst` runs dst/, `mix test` runs test/.
  defp test_paths(:dst), do: ["dst"]
  defp test_paths(_), do: ["test"]

  defp aliases do
    [dst: &dst/1]
  end

  defp dst(args) do
    System.put_env("MIX_ENV", "dst")
    Mix.Task.run("test", args)
  end
Now the header that our own modules will include, include/abd_eta.hrl:
-ifndef(ABD_ETA_HRL).
-define(ABD_ETA_HRL, true).

-ifdef(DST).
-include_lib("eta/include/eta.hrl").
-else.
-define(ETA_LABEL(Label), ok).
-define(ETA_LOG(Event), 0).
-endif.

-endif.
Then:
mix deps.get && MIX_ENV=dst mix compile

If the compile fails, double-check your configuration.
Project configuration details
The wrapper header is what makes only: :dst possible. eta.hrl is
already guards with the DST define and expands to no-ops without it, but the
-include_lib line still has to resolve, which would mean eta has to be
findable in a MIX_ENV=prod compilation. Defining your own project header
allows prod compilation to succeed with only: :test, and keeps eta
out of your deployed app.
{:d, :DST} in its own environment, not the test env. mix test and
mix dst are kept separate from each other: ordinary
tests exercise the modules you actually ship, and the simulation suite stays out
of their way. Setting up a project has the full argument,
and the suggested rebar3 config.
Step 3: the replica gen_server
src/abd_replica.erl:
-module(abd_replica).
-behaviour(gen_server).

-include("abd_eta.hrl").

-export([start_link/1, stop/1, read/3, write/5, get/1]).
-export([init/1, handle_call/3, handle_cast/2]).

-record(st, {
    index :: pos_integer(),
    ts = {0, 0} :: {non_neg_integer(), non_neg_integer()},
    val = undefined :: term()
}).

start_link(Index) ->
    gen_server:start_link(?MODULE, Index, []).

stop(Pid) ->
    gen_server:stop(Pid).

%% Asynchronous on purpose. A client sends to all three replicas and takes the
%% first two answers, so which two those are has to be a scheduling decision.
read(Pid, Ref, From) ->
    gen_server:cast(Pid, {read, Ref, From}).

write(Pid, Ref, From, Ts, Val) ->
    gen_server:cast(Pid, {write, Ref, From, Ts, Val}).

%% For poking at a replica by hand. Never call this from check/1: under the
%% scheduler the replica is suspended and the call can never be answered.
get(Pid) ->
    gen_server:call(Pid, get).

init(Index) ->
    {ok, #st{index = Index}}.

handle_call(get, _From, St = #st{ts = Ts, val = Val}) ->
    {reply, {Ts, Val}, St}.

handle_cast({read, Ref, From}, St = #st{index = I, ts = Ts, val = Val}) ->
    From ! {read_ack, Ref, I, Ts, Val},
    {noreply, St};
handle_cast({write, Ref, From, Ts, Val}, St = #st{index = I}) ->
    St1 = store(Ts, Val, St),
    From ! {write_ack, Ref, I},
    {noreply, St1}.

%% Standard ABD: keep whichever pair carries the higher timestamp. Timestamps
%% are {Seq, WriterId} so two writers that pick the same Seq still order.
store(Ts, Val, St) when Ts > St#st.ts -> St#st{ts = Ts, val = Val};
store(_Ts, _Val, St) -> St.
Let's try it out in the iex shell:
MIX_ENV=dst iex -S mix

{:ok, p} = :abd_replica.start_link(1)
:abd_replica.get(p)
:abd_replica.write(p, make_ref(), self(), {1, 7}, :hello)
flush()
:abd_replica.get(p)
RESULT: {{0, 0}, :undefined}, a write_ack, then {{1, 7}, :hello}.
3 things worth calling out
Casts, not gen_server:call. ABD is based on fully non-blocking message
passing. Blocking calls would collect answers in a fixed order. Casts let
a client take the first set that arrive, which makes the quorum set a scheduling
choice, which would typically be a source of nondeterminism.
Timestamps are {Seq, WriterId}, not integers. 2 concurrent writers can
read the same maximum and both pick Seq + 1. Including another identifier
gets us a total order. This is an ABD implementation detail that you are free
to ignore for the purposes of the demo.
get/1 is a trap, and we'll see why later. get/1 is useful for poking
at a replica in iex. When we write check/1, you'll notice we don't use it.
This is because the process will be suspended during the check and unable to
respond to any incoming requests. check/1 must read shared memory rather than
do message passing.
The abd_eta.hrl include
Technically you can leave this out at this step, but if you do, remember to add it
back in later, where it will be needed.
Step 4: the client
src/abd_client.erl:
-module(abd_client).

-include("abd_eta.hrl").

-export([read/1, write/3]).

-define(QUORUM, 2).

%% Read phase to find the highest timestamp, then write one past it.
write(Replicas, WriterId, Value) ->
    {{Seq, _}, _} = query_phase(Replicas),
    Ts = {Seq + 1, WriterId},
    ok = write_phase(Replicas, Ts, Value),
    Ts.

%% Read phase, then write back what we found before returning it.
read(Replicas) ->
    {Ts, Val} = query_phase(Replicas),
    ok = write_phase(Replicas, Ts, Val),
    {Ts, Val}.

%% Ask everyone, keep the best answer from the first quorum to reply. Which
%% replicas those are is decided by the schedule, which is the point.
query_phase(Replicas) ->
    Ref = make_ref(),
    [abd_replica:read(Pid, Ref, self()) || Pid <- Replicas],
    collect_reads(Ref, ?QUORUM, {{0, 0}, undefined}).

collect_reads(_Ref, 0, Best) ->
    Best;
collect_reads(Ref, N, Best) ->
    receive
        {read_ack, Ref, _Index, Ts, Val} ->
            collect_reads(Ref, N - 1, best(Best, {Ts, Val}))
    end.

best({BestTs, _}, {Ts, Val}) when Ts > BestTs -> {Ts, Val};
best(Best, _Candidate) -> Best.

write_phase(Replicas, Ts, Val) ->
    Ref = make_ref(),
    [abd_replica:write(Pid, Ref, self(), Ts, Val) || Pid <- Replicas],
    collect_writes(Ref, ?QUORUM).

collect_writes(_Ref, 0) ->
    ok;
collect_writes(Ref, N) ->
    receive
        {write_ack, Ref, _Index} -> collect_writes(Ref, N - 1)
    end.
Drive the whole protocol:
reps = Enum.map(1..3, fn i -> {:ok, p} = :abd_replica.start_link(i); p end)
:abd_client.read(reps)
:abd_client.write(reps, 1, :v1)
:abd_client.read(reps)
:abd_client.write(reps, 2, :v2)
:abd_client.read(reps)
RESULT: {{0, 0}, :undefined}, {1, 1}, {{1, 1}, :v1}, {2, 2},
{{2, 2}, :v2}.
What to notice
The eta project is still not really involved. We've defined the distributed
system with normal Erlang code, and we'll only need to tweak it to make it compatible
with eta. The code that you ship to production is the same code that is under test.
abd_client does not start a process. It runs inside whatever
process calls it, which right now is your iex shell. In a moment the harness
will spawn a process per operation and run these same functions there. Keeping
the 2 things separate is what lets a client be a schedulable participant in the
concurrency without the protocol knowing anything about it.
make_ref() is nondeterministic, but not harmful to the test. Refs differ between
runs, and unseeded identity is a genuine source of nondeterminism. It's
harmless in this case because the value of the ref never decides anything. It only matches a
client's own replies. Refs and pids break replay when their values
influence control flow, which would be very atypical for conventional Erlang.
Some messages can get stuck in the mailbox. A quorum is 2, so after collect_reads
returns there's still a read_ack sitting in the mailbox, and the next phase's
receive scans straight past it on a different ref. That's what real ABD code
looks like, and it exercises the trickiest part of eta_sched: a process
blocked in a selective receive with a non-empty mailbox. eta can handle this
just fine. Your actual code will probably want to flush these out, but we
skip that here.
And the read does a write-back. Right now it looks redundant, but it's not.
We'll delete it later and observe the result.
Step 5: the harness
Everything so far has been the actual ABD register. Next is the harness: a
behaviour implementation that eta_run will exercise. This module could
be in Elixir, if you want. As written, it doesn't use Erlang compile-time
features.
dst/abd_harness.erl:
-module(abd_harness).
-behaviour(eta_harness).

-export([init/2, processes/1, generate/2, execute/2, check/1, terminate/1]).

%% ---------------------------------------------------------------------------
%% Setup and teardown
%% ---------------------------------------------------------------------------

init(_Seed, Config) ->
    Tab = ets:new(abd, [public, ordered_set]),
    N = maps:get(replicas, Config, 3),
    Replicas = [begin {ok, P} = abd_replica:start_link(I), P end || I <- lists:seq(1, N)],
    {ok, #{tab => Tab, replicas => Replicas, clients => [], next_op => 1}}.

terminate(#{tab := Tab, replicas := Replicas, clients := Clients}) ->
    [exit(C, kill) || C <- Clients],
    [abd_replica:stop(P) || P <- Replicas],
    catch ets:delete(Tab),
    ok.

%% ---------------------------------------------------------------------------
%% What to schedule
%% ---------------------------------------------------------------------------

processes(#{replicas := Replicas, clients := Clients}) ->
    Replicas ++ [C || C <- lists:reverse(Clients), is_process_alive(C)].

%% ---------------------------------------------------------------------------
%% The workload
%% ---------------------------------------------------------------------------

generate(#{next_op := N}, Rand0) ->
    {Roll, Rand} = rand:uniform_s(Rand0),
    case Roll < 0.4 of
        true -> {{write, N, {v, N}}, Rand};
        false -> {{read, N}, Rand}
    end.

execute(Op, Sut = #{tab := Tab, replicas := Replicas, clients := Clients}) ->
    N = op_number(Op),
    Client = eta_run:spawn_op(fun() -> run_op(Op, Tab, Replicas) end),
    Sut#{clients := [Client | Clients], next_op := N + 1}.

op_number({write, N, _Value}) -> N;
op_number({read, N}) -> N.

%% Both phases are stamped with `eta_log:log/1`, which records the event and
%% returns the sequence number it filed it under. Only one process runs at a
%% time, so those numbers are a faithful total order of events - and they point
%% straight back into the log we learn to read in step 11.
run_op({write, N, Value}, Tab, Replicas) ->
    Start = eta_log:log(started),
    Ts = abd_client:write(Replicas, N, Value),
    ets:insert(Tab, {{write, N}, Start, eta_log:log({finished, Ts}), Ts, Value});
run_op({read, N}, Tab, Replicas) ->
    Start = eta_log:log(started),
    {Ts, Val} = abd_client:read(Replicas),
    ets:insert(Tab, {{read, N}, Start, eta_log:log({finished, Ts}), Ts, Val}).

%% ---------------------------------------------------------------------------
%% The invariant
%% ---------------------------------------------------------------------------

%% Regularity: if one read finished before another started, the later read may
%% not report an older timestamp than the earlier one.
check(#{tab := Tab}) ->
    Reads = [{S, F, Ts} || {{read, _}, S, F, Ts, _} <- ets:tab2list(Tab)],
    inversion(lists:sort(Reads)).

inversion(Reads) ->
    case [{A, B} || A <- Reads, B <- Reads, sequential(A, B), backwards(A, B)] of
        [] ->
            ok;
        [{A, B} | _] ->
            {violation, #{
                property => no_new_old_inversion,
                detail => <<"a later read reported an older value">>,
                earlier => A,
                later => B
            }}
    end.

sequential({_StartA, FinishA, _TsA}, {StartB, _FinishB, _TsB}) -> FinishA < StartB.
backwards({_StartA, _FinishA, TsA}, {_StartB, _FinishB, TsB}) -> TsB < TsA.
Compile:
MIX_ENV=dst mix compile

RESULT: compiles clean.
init/2 hands over an idle system
start_link returns once init/1 has run, and a fresh replica has an empty
mailbox, so this system is quiescent - the replicas are at a steady-state. It's
important to maintain this property, because eta_run will suspend all processes.
If it suspends a busy process, then the actual moment in time of that suspend action
is nondeterministic. Make sure the system's processes are idle.
The ets table is ordered_set, which is a determinism decision, because set
does not specify a term order in the API contract.
processes/1 and lists:reverse
eta_sched assigns ids in registration order, and the trace records ids, so
the order this callback returns is part of the contract. We prepend new clients
to the list because that's cheap, which means the list itself is in reverse
chronological order, so we reverse it here to hand them over oldest first.
generate/2 draws from the state it's handed
40% writes, 60% reads, drawn from the rand state eta_run passes in and
returning the advanced state. Drawing from anywhere else, rand:uniform/1 or
the clock or erlang:unique_integer/0, breaks replay silently. Again, we're
always on the lookout for nondeterminism leaks.
Why generating and executing are separate
eta will help us both run new seeds and replay old ones. The replay will avoid
calling generate, but must still call execute.
execute/2 spawns using a special eta function
Every process is suspended, and eta_sched is the only entity allowed to
progress the system. A special eta_run:spawn_op/1 function must be used. It
prevents the newly spawned process from executing any real code. The pid is
handed over to eta_run and eta_sched to progress.
check/1 is for defining the rules
Our invariant is known as "regularity", sometimes called no new-old inversion:
Once a read has returned a value, no read that starts later may return an older one.

Our check/1 confirms that the system's timestamps make sense in the context of this
invariant. Every operation gets a start and finish stamp from eta_log:log/1.
Since only one process is ever running at a time, its sequence number reliably
represents the total order of operations. We'll make additional use of eta_log later.
As mentioned earlier, we can't call abd_replica:get/1. We can't do any message
passing to the system under test. Currently, we're reading from a client-driven
ets table. The last step of this guide will explain how to probe the
hidden state of your system.
Step 6: the first run
Everything is in place. We're ready to do our first deterministic run.
MIX_ENV=dst iex -S mix

opts = %{seed: 1, max_ops: 20, max_steps: 20_000, preload: [:abd]}
result = :eta_run.run(:abd_harness, opts)
:eta_run.summary(result)
:eta_run.audit(result)
TODO - explain opts, especially seed and max_ops.
The preload option is required, and we'll explain why coming up.
RESULT:
%{
  outcome: :ok,
  seed: 1,
  ops: 20,
  steps: 103,
  clock_ms: 0,
  skipped: 0,
  stray_timers: 0,
  modules_loaded: [],
  net: %{},
  sched: %{processes: 23, exited: 20, adopted_late: 0, timeouts: 0, steps: 103},
  trace_length: 123
}
and :ok from audit/1.
summary/1 reduces the rendered size of result so that you can read it on
the iex shell. The trace entries can get quite long, so we simply
report the length of the trace in the summary. We'll make the trace easier to
read later.
steps is the number of scheduler steps taken by eta_sched If you see
20 steps for 20 operations, and nothing exited, check modules_loaded. A
module being lazily loaded during runtime can break determinism. We'll handle
this in step 7. It will always be something to look out for during all your runs.
Otherwise, let's inspect the other fields a little more closely.
outcome is :ok, {:violation, Detail}, or {:error, Reason}. We expect
:ok. If it's anything else, go back and check your code. At this point we
should have a fully functional and safe ABD register.
ops should be 20. If it's lower the run ended early, which indicates a bug.
clock_ms is 0, because our system has no timers at all. Nothing ever
armed one, so the virtual clock never had a reason to move. Later, we'll add
in virtual time via eta_time.
modules_loaded must be empty, and sched.adopted_late and
sched.timeouts must be 0. These are the properties that audit/1 looks for.
:ok is what we want here.
adopted_late counts processes that ran before the
scheduler owned them, and every one of them is a piece of the interleaving
decided by wall clock rather than by the seed (nondeterminism). A nonzero count
here means the seed won't reproduce.
Make it a permanent test
Create dst/abd_test.exs:
defmodule AbdTest do
  use ExUnit.Case, async: false

  @opts %{max_ops: 20, max_steps: 20_000, preload: [:abd]}

  test "the register satisfies regularity" do
    for seed <- 1..40 do
      %{outcome: outcome, sched: sched} =
        :eta_run.run(:abd_harness, Map.put(@opts, :seed, seed))

      assert outcome == :ok, "seed #{seed}: #{inspect(outcome)}"
      assert sched.adopted_late == 0, "seed #{seed} adopted #{sched.adopted_late} late"
    end
  end
end
mix dst

RESULT: green.
Reminder: mix dst the custom entry point we defined above.
is the entry point we wired up in step 2. It compiles with DST
defined and runs dst/; plain mix test compiles without it and runs test/,
so the suite that exercises the shipped modules and the suite that simulates
them never share a build or a VM.
async: false is required. eta_time keeps its state in named ETS tables,
so exactly one virtual clock exists per node, and 2 simulations running
concurrently will corrupt each other. Every test that drives eta_run has to
be serial.
Asserting on adopted_late in the same loop is a habit worth forming. It costs
one line and it turns a silent loss of determinism into a failing test.
Step 7: Confirm that a seed is reliable
The entire goal of this endeavor is to define a single RNG seed that can drive
our system the same way every time. If we don't get that, then we've failed,
so it's worth spending some time to confirm.
There is one failure mode in particular that we should call out: the code_server.
Start a fresh iex shell and make this the first thing you run. The first run in a
new VM is a special case and we want it in the sample.
This experiment will group traces that match each other. Notice that we're giving the
same seed on each of 5 runs. We hope to end up with identical traces each time.
Notice also that preload is gone.
traces = for _ <- 1..5, do: :eta_run.run(:abd_harness, %{seed: 1, max_ops: 20, max_steps: 20_000}).trace

length(Enum.uniq(traces))

traces
|> Enum.with_index(1)
|> Enum.group_by(fn {t, _i} -> t end, fn {_t, i} -> i end)
|> Map.values()
RESULT: 2 and [[1], [2, 3, 4, 5]].
If this is the first thing you run in an iex shell, you will see that there are 2 unique traces,
instead of 1.
The grouping shows us that run #1 is the odd-man-out. Runs #2-#5 all match each other. This is
the clue - something is different about that first run on the VM. Hint: it's the code_server.
Here are some potential outputs and what they might mean.
	Grouping	Meaning
	[[1, 2, 3, 4, 5]]	Clean.
	[[1], [2, 3, 4, 5]]	The first run is special. Warm-up or first-touch state. Usually means something is lazily-loaded.
	[[1, 3], [2], [4, 5]]	A coin flip on every run. A live leak in the system. Something to debug.

Diagnosing the code_server problem
Modules are loaded lazily, by a single code_server process on the node. eta_sched
has scheduled a process to run. That process reaches a module the system hasn't loaded yet,
and sends a message to the code_server process, which isn't tracked by eta_sched.
Our process waits on a reply, which eta_sched picks up as a yield, and an opportunity
for something else to be scheduled. On future runs, this specific yield doesn't exist,
so we end up with a different trace.
modules_loaded tell you when this happens. Start a fresh iex again.
MIX_ENV=dst iex -S mix

:eta_run.run(:abd_harness, %{seed: 1, max_ops: 20, max_steps: 20_000}).modules_loaded
RESULT: [:abd_client].
This should show you the modules that were loaded during the run. This is an
indicator of nondeterminism, not because the system is nondeterministic, but because
it changes eta_sched's scheduling choices.
The fix
Put the preload option back (which is what step 6 and our test file already do):
opts = %{seed: 1, max_ops: 20, max_steps: 20_000, preload: [:abd]}
preload loads every module of the named applications before the run starts. It
also always loads the modules of kernel, stdlib and eta. If your code has
other modules, you will have to add them here.
Prewarming is not good enough A prewarming run will only execute a subset of
codepaths. Some other seed may enter a path with a new module call. Only you know
the full set of modules that's relevant to preload.
Now go back to the 5-trace grouping at the top of this step and run it again, on
yet another fresh VM.
RESULT: 1 and [[1, 2, 3, 4, 5]].
Add this assertion to our tests
Add to dst/abd_test.exs:
test "a seed names an execution" do
  for seed <- [1, 7, 13] do
    traces =
      for _ <- 1..5 do
        :eta_run.run(:abd_harness, Map.put(@opts, :seed, seed)).trace
      end

    assert length(Enum.uniq(traces)) == 1, "seed #{seed} produced divergent traces"
  end
end
Provide enough input seeds to have a high likelihood of covering all codepaths. This
test will start failing if you add code that calls a new module that is not preloaded.
Step 8: fault injection
Before we purposefully introduce a bug, the workload needs to be able to express the
failure that makes the bug visible.
For example, your network can experience a failure
that causes one of the ABD writers to crash. Right now our system can't
express this failure mode, because the network is always reliable. Forcing the matter
is called fault injection. Defining the system faults is mostly your responsibility. eta gives
you the entrypoint for making those faults deterministic. We also provide eta_net,
which can help to inject message-passing faults between simulated nodes. For our
exercise, we'll build the fault injection utility ourselves.
What our reliable network looks like in code
A client sends to all 3 replicas inside a single scheduler step:
[abd_replica:write(Pid, Ref, self(), Ts, Val) || Pid <- Replicas],
All replicas will always get every write. Perfectly reliable network, and not realistic!
The crashed writer
Fault injection is itself a deep topic. For this walkthrough, we'll model it as a
new operation on the client.
Add to src/abd_client.erl, and put partial_write/4 in the export list:
%% A writer that died partway through its write phase, having reached only
%% some of the replicas. It collects no acks and never completes, which is
%% what a crashed writer leaves behind: a value durable at fewer replicas
%% than a quorum. Nothing in the protocol will clean this up.
partial_write(Replicas, WriterId, Value, Targets) ->
    {{Seq, _}, _} = query_phase(Replicas),
    Ts = {Seq + 1, WriterId},
    Ref = make_ref(),
    [abd_replica:write(lists:nth(I, Replicas), Ref, self(), Ts, Value) || I <- Targets],
    Ts.
In dst/abd_harness.erl, generate/2 becomes:
generate(#{next_op := N, replicas := Replicas}, Rand0) ->
    {Roll, Rand1} = rand:uniform_s(Rand0),
    case Roll of
        R when R < 0.15 ->
            {Target, Rand2} = rand:uniform_s(length(Replicas), Rand1),
            {{partial_write, N, {v, N}, [Target]}, Rand2};
        R when R < 0.40 ->
            {{write, N, {v, N}}, Rand1};
        _ ->
            {{read, N}, Rand1}
    end.
op_number/1 gains a clause:
op_number({partial_write, N, _Value, _Targets}) -> N;
and run_op/3 gains one:
run_op({partial_write, N, Value, Targets}, Tab, Replicas) ->
    Start = eta_log:log(started),
    Ts = abd_client:partial_write(Replicas, N, Value, Targets),
    ets:insert(Tab, {{partial_write, N}, Start, eta_log:log({finished, Ts}), Ts, Value});
Put it alongside the write and read clauses you already have. The row it
writes is only for the record: check/1 matches on {{read, _}, ...} and never
looks at it.
The target replica is selected in generate/2, using the seed, and carried
in the operation, so that it is part of the recorded trace.
All tests are still green
RESULT: still green over 40 seeds.
Even with network faults, a properly implemented ABD register still works.
That's the power of correct distributed systems, and not a function of
eta. We've increased our confidence that we've properly implemented the
ABD Quorum Register. Next, we'll introduce a bug on purpose and discover
it via eta.
Step 9: delete the write-back
Remember that odd-looking write on the read path earlier? Let's pretend someone came
along and deleted that, thinking it was superfluous. You could just delete the line
of code, but for demo purposes, we'll make the bug a configurable property of our
app.
Let's introduce Mode to define the buggy behavior. We'll use some inline comments
to guide your eye to the critical changes. In src/abd_client.erl:
read(Replicas) ->
    read(Replicas, correct).

read(Replicas, Mode) ->
    {Ts, Val} = query_phase(Replicas),

    % `Mode=no_writeback` introduces a bug
    case Mode of
        correct ->
            ok = write_phase(Replicas, Ts, Val);
        no_writeback ->
            ok
    end,
    
    {Ts, Val}.
and add read/2 added to the export list.
The rest of the changes are to thread mode from Config down to the call.
Three edits in dst/abd_harness.erl.
init/2's returned map gains a mode key:
    {ok, #{tab => Tab, replicas => Replicas, clients => [], next_op => 1,
           mode => maps:get(mode, Config, correct)}}. % <- store the mode
execute/2 pattern-matches it and plumbs it into run_op.
execute(Op, Sut = #{tab := Tab, replicas := Replicas, clients := Clients, mode := Mode}) ->
    N = op_number(Op),

    % Mode passed into run_op
    Client = eta_run:spawn_op(fun() -> run_op(Op, Tab, Replicas, Mode) end),
    
    Sut#{clients := [Client | Clients], next_op := N + 1}.
All three run_op clauses gain a fourth argument; only the read clause uses it:
run_op({write, N, Value}, Tab, Replicas, _Mode) ->
    Start = eta_log:log(started),
    Ts = abd_client:write(Replicas, N, Value),
    ets:insert(Tab, {{write, N}, Start, eta_log:log({finished, Ts}), Ts, Value});
run_op({partial_write, N, Value, Targets}, Tab, Replicas, _Mode) ->
    Start = eta_log:log(started),
    Ts = abd_client:partial_write(Replicas, N, Value, Targets),
    ets:insert(Tab, {{partial_write, N}, Start, eta_log:log({finished, Ts}), Ts, Value});
run_op({read, N}, Tab, Replicas, Mode) ->
    Start = eta_log:log(started),
    {Ts, Val} = abd_client:read(Replicas, Mode), % <- Mode passed to client
    ets:insert(Tab, {{read, N}, Start, eta_log:log({finished, Ts}), Ts, Val}).
Start a new iex, and let's conduct a search:
opts = %{max_ops: 20, max_steps: 20_000, preload: [:abd], config: %{mode: :no_writeback}}

{micros, results} =
  :timer.tc(fn ->
    for seed <- 1..200 do
      {seed, :eta_run.run(:abd_harness, Map.put(opts, :seed, seed)).outcome}
    end
  end)
RESULT: 200 seeds in ~1 sec, 21 of 200 fail. The first failure
is seed 6, which means it only took 30 msec to find the bug.
A 10% hit rate: It's frequent enough that the search feels instant,
and rare enough that it would be annoying to pinpoint by hand. That's why
we think DST is useful.
The violation:
{:violation, %{
  property: :no_new_old_inversion,
  detail: "a later read reported an older value",
  earlier: {29, 39, {1, 1}},
  later: {43, 48, {0, 0}}
}}
Those tuples are {start, finish, timestamp}. start and finish are eta_log
sequence numbers - they point back to items of the log to aid in debugging, which
we'll learn to render in step 11. The timestamps show the ordering violation: the
read that finished first reported {1, 1}, and the read that started after it
reported the older {0, 0}.
Step 10: We have the trace of the bug, now let's print it out
The trace can potentially be very long. One advantage of having a replayable
system is that we can conduct a search to find the shortest possible trace
that reproduces the same violation. That's what eta_shrink is for.
(Note: global minimization is not guaranteed)
opts6 = Map.put(opts, :seed, 6)
result = :eta_run.run(:abd_harness, opts6)
shrunk = :eta_shrink.shrink(:abd_harness, result.trace, opts6)
:eta_run.summary(shrunk)
Use the same options. opts6 has config: %{mode: :no_writeback},
and the shrinker starts a fresh system for every candidate.
RESULT: original: 35, shrunk: 19, tests: 393, verified: true, in 457 ms.
verified: true tells you that the search was successful. During the search, a
candidate is only a recipe, replayed in lenient mode where some steps get skipped.
verified: true means eta_shrink took what that run actually
executed and replayed it again strictly, and it still failed. false means the
search found something smaller that doesn't reproduce, and you get the original
back.
Step 11: make the failure readable
Here is the shrunk trace:
[{op, {partial_write, 1, {v, 1}, [2]}},
 {op, {partial_write, 2, {v, 2}, [3]}},
 {op, {read, 3}}, {op, {read, 4}}, {op, {read, 5}},
 {step, 3}, {step, 1},
 {op, {read, 6}},
 {step, 2}, {step, 3}, {step, 8}, {step, 1},
 {op, {read, 7}},
 {step, 2}, {step, 8}, {step, 9}, {step, 2}, {step, 0}, {step, 9}]
If that means nothing to you, that's the correct reaction.
Remember that we're still working with replayable eta_sched actions. Even in
this minimized state, the shrunk trace is an artifact of the eta library,
and it tells you little about the specifics of the ABD Register. Let's bridge
that gap.
Using eta_log
eta_log uses a global table. Its API is modeled after fprof and other built-in
Erlang analysis tools. Don't execute these yet; we need to instrument the ABD
code first.
eta_run:run(abd_harness, Opts),   %% 1. collect  (automatic)
eta_log:profile(),                %% 2. correlate
eta_log:analyze().                %% 3. present
What you add to your system
We'll use ?ETA_LABEL and ?ETA_LOG in our system code. Both of these macros
expand to no-ops when DST is undefined. In production code, this instrumentation
simply does not exist.
src/abd_replica.erl. Label the process in init/1:
init(Index) ->
    ok = ?ETA_LABEL({replica, Index}), % <-
    {ok, #st{index = Index}}.
and log what it does (with ?ETA_LOG), in the handle_cast clauses:
handle_cast({read, Ref, From}, St = #st{index = I, ts = Ts, val = Val}) ->
    _ = ?ETA_LOG({answered_read, Ts}), % <-
    From ! {read_ack, Ref, I, Ts, Val},
    {noreply, St};
handle_cast({write, Ref, From, Ts, Val}, St = #st{index = I}) ->
    St1 = store(Ts, Val, St),
    _ = ?ETA_LOG({applied_write, Ts, St1#st.ts =:= Ts}), % <-
    From ! {write_ack, Ref, I},
    {noreply, St1}.
The boolean on applied_write is whether the write actually took. A replica
that already holds a higher timestamp ignores it, and knowing which is which
will help us troubleshoot.
src/abd_client.erl, instrument where the protocol decides something, still
using ?ETA_LOG. In query_phase/1, surrounding the collection:
query_phase(Replicas) ->
    Ref = make_ref(),
    _ = ?ETA_LOG(query_sent), % <-
    [abd_replica:read(Pid, Ref, self()) || Pid <- Replicas],
    Best = collect_reads(Ref, ?QUORUM, {{0, 0}, undefined}),
    _ = ?ETA_LOG({quorum_max, element(1, Best)}), % <-
    Best.
in write_phase/3, before the sends:
    _ = ?ETA_LOG({write_sent, Ts, length(Replicas)}),
in partial_write/4, after the sends:
    _ = ?ETA_LOG({crashed_after_writing, Ts, Targets}),
and in read/2's no_writeback branch, which is the one that names the bug:
        no_writeback ->
            _ = ?ETA_LOG({returned_without_writeback, Ts})
For instrumentation to be useful, the developer must have some knowledge or expertise about
the distributed system being implemented, ABD in this case. eta can't do that for you.
Choosing the right instrumentation is important because it means the trace will be readable.
Luckily, since traces are replayable, the instrumentation can be decided upon post-fact.
You will be able to hone your instrumentation over time using real bugs to define the narrative.
And you will be the expert of the system that you're writing.
What you add to your harness
dst/abd_harness.erl never ships, and only ever compiles with DST defined, so
it can go either way: include abd_eta.hrl and use the macros, or call
eta_log directly. Here we choose to call it directly.
First, one function that decides what every client is called. Each one calls it
on itself, which we wire up in a moment:
label_for({write, N, _Value}) -> {writer, N};
label_for({partial_write, N, _Value, _Targets}) -> {crasher, N};
label_for({read, N}) -> {reader, N}.
There is an optional labels/1 callback on eta_harness, but we don't need it here
because each process names itself.
Wire up the label
Your harness has been stamping operations from eta_log:log/1 since step 5, so
the clock is covered. What's missing is the name. Replace run_op with the following:
run_op(Op, Tab, Replicas, Mode) ->
    ok = eta_log:label(label_for(Op)),
    Start = eta_log:log(started),
    run_op(Op, Tab, Replicas, Mode, Start).

run_op({write, N, Value}, Tab, Replicas, _Mode, Start) ->
    Ts = abd_client:write(Replicas, N, Value),
    ets:insert(Tab, {{write, N}, Start, eta_log:log({finished, Ts}), Ts, Value});
run_op({partial_write, N, Value, Targets}, Tab, Replicas, _Mode, Start) ->
    Ts = abd_client:partial_write(Replicas, N, Value, Targets),
    ets:insert(Tab, {{partial_write, N}, Start, eta_log:log({finished, Ts}), Ts, Value});
run_op({read, N}, Tab, Replicas, Mode, Start) ->
    {Ts, Val} = abd_client:read(Replicas, Mode),
    ets:insert(Tab, {{read, N}, Start, eta_log:log({finished, Ts}), Ts, Val}).
It can be helpful to confirm that the log does not influence trace replayability:
a = :eta_run.run(:abd_harness, Map.put(opts, :seed, 6)).trace
b = :eta_run.run(:abd_harness, Map.put(opts, :seed, 6) |> Map.put(:log, false)).trace
a == b
log => false suppresses the events, but still allows the sequence numbers.
Observability that changes the trace is not worth it, because every
failure you then investigate is a different failure from the one you set out to
investigate.
Read the failure
Three files have changed since step 10, so start a fresh shell and rebuild
shrunk from scratch.
MIX_ENV=dst iex -S mix

opts = %{max_ops: 20, max_steps: 20_000, preload: [:abd], config: %{mode: :no_writeback}}
opts6 = Map.put(opts, :seed, 6)

result = :eta_run.run(:abd_harness, opts6)
shrunk = :eta_shrink.shrink(:abd_harness, result.trace, opts6)
:eta_run.summary(shrunk)
Use whichever seed your own step 9 sweep turned up; 6 was ours.
Don't skip this: replay the shrunk trace Collection resets at the
start of every run, and shrink/3 just did several hundred of them. Make
sure the system can collect the log events you care about.
:eta_run.replay(:abd_harness, shrunk.trace, opts6)

{:violation, %{later: {_start, finish, _ts}}} = shrunk.outcome
:eta_log.analyze(%{until: finish})
RESULT:
    1  $eta           {op,{partial_write,1,{v,1},[2]}}
    2  $eta           {op,{partial_write,2,{v,2},[3]}}
    3  $eta           {op,{read,3}}
    4  $eta           {op,{read,4}}
    5  $eta           {op,{read,5}}
    6  crasher-1      {step,3}
    7  crasher-1      started
    8  crasher-1      query_sent
    9  replica-2      {step,1}
   10  replica-2      {answered_read,{0,0}}
   11  $eta           {op,{read,6}}
   12  replica-3      {step,2}
   13  replica-3      {answered_read,{0,0}}
   14  crasher-1      {step,3}
   15  crasher-1      {quorum_max,{0,0}}
   16  crasher-1      {crashed_after_writing,{1,1},[2]}
   17  crasher-1      {finished,{1,1}}
   18  reader-6       {step,8}
   19  reader-6       started
   20  reader-6       query_sent
   21  replica-2      {step,1}
   22  replica-2      {applied_write,{1,1},true}
   23  replica-2      {answered_read,{1,1}}
   24  $eta           {op,{read,7}}
   25  replica-3      {step,2}
   26  replica-3      {answered_read,{0,0}}
   27  reader-6       {step,8}
   28  reader-6       {quorum_max,{1,1}}
   29  reader-6       {returned_without_writeback,{1,1}}
   30  reader-6       {finished,{1,1}}
   31  reader-7       {step,9}
   32  reader-7       started
   33  reader-7       query_sent
   34  replica-3      {step,2}
   35  replica-3      {answered_read,{0,0}}
   36  replica-1      {step,0}
   37  replica-1      {answered_read,{0,0}}
   38  replica-1      {answered_read,{0,0}}
   39  replica-1      {answered_read,{0,0}}
   40  reader-7       {step,9}
   41  reader-7       {quorum_max,{0,0}}
   42  reader-7       {returned_without_writeback,{0,0}}
   43  reader-7       {finished,{0,0}}
How to read 40+ lines
Don't! The violation tells you which ones matter.
earlier: {19, 30, {1, 1}}
later:   {32, 43, {0, 0}}
Those are line numbers. Read 19 to 30 for how the earlier read saw {1,1},
32 to 43 for how the later one missed it, and the crashed_after_writing line
above them for why there was anything to miss. Everything else is context you
can skip until you need it.
Still, to make sense of this rendering, you will need to have knowledge and
understanding of the ABD system itself. Don't be alarmed if the trace remains
confusing even at this stage. When you write your system, you will be the expert,
and as the expert you will be able to parse this information.
eta_log:analyze(%{until: finish, driver: false}) drops the $eta lines
entirely if you want only what the system did.
What it says
Line 16 is a writer that reached exactly 1 replica and died. Line 29 is a reader
that saw that value and returned it without making it durable. Line 42 is the
next reader, which didn't see it at all. Line 30 precedes line 32, so those 2
reads are sequential, and the register went backwards.
The counterintuitive part, and the reason this bug survives code review:
reader-6's quorum was {replica-2, replica-3} and reader-7's was
{replica-3, replica-1}. They do intersect, at replica-3. Quorum intersection worked exactly as advertised. But it didn't help, because {1,1} only ever existed at 1 replica.
Reader-6 got lucky enough to observe a value that was never durable, and by
returning it, published something the system could no longer produce. The
write-back is the action that converts "I observed this" into "this is durable at a quorum"
before the value escapes to a caller. With it, reader-6 writes {1,1} to 2 replicas
before returning, and reader-7's quorum of 2 cannot miss it.
One other item to note. There are entries in this trace that are a result of
old messages in the process mailboxes that eventually get picked up. They
exist because we were lazy about maintaining a clean mailbox in the implementation.
(Optional) Step 12: confirm the bug and the patch in formal assertions
Optional step. This illustrates how the same seed can experience different codepaths
using different configuration options. Because we made the buggy behavior a configurable
mode, we can test the same seed under two different codepaths. One asserts the violation,
and one asserts system health.
  @buggy %{max_ops: 20, max_steps: 20_000, preload: [:abd], config: %{mode: :no_writeback}}

  test "seed 6 reproduces the inversion without the write-back" do
    assert {:violation, %{property: :no_new_old_inversion}} =
             :eta_run.run(:abd_harness, Map.put(@buggy, :seed, 6)).outcome
  end

  test "the write-back fixes seed 6" do
    correct = Map.put(@buggy, :config, %{mode: :correct})
    assert :ok = :eta_run.run(:abd_harness, Map.put(correct, :seed, 6)).outcome
  end
Step 13: a virtual clock
Every run so far has reported clock_ms: 0. The system has no timers, so
eta_time has never done anything and the parse transform we put on abd_replica
back at step 3 has never rewritten a line. However, time is a very typical
component of distributed systems, and usually shows up as timeouts.
eta_transform rewrites receive-after language constructs and erlang:send_after.
Both become deterministic with eta_time's virtual clock.
Another fault injection - a replica that dies
Here's another fault injection site. This time, we'll allow the replica to become
busy, preventing timely responses. This fault simulates high network latency.
In src/abd_replica.erl, add a paused field to #st{} and a pause/2 cast
next to read/3 and write/5, exported with them:
pause(Pid, Ms) ->
    gen_server:cast(Pid, {pause, Ms}).
Then 3 clauses above the existing handle_casts:
handle_cast({pause, Ms}, St) ->
    _ = ?ETA_LOG({paused, Ms}),
    _ = erlang:send_after(Ms, self(), resume),
    {noreply, St#st{paused = true}};
%% An unreachable replica. The request arrives and is simply never answered,
%% which is what a caller sees from a node that has gone away.
handle_cast({read, _Ref, _From}, St = #st{paused = true}) ->
    {noreply, St};
handle_cast({write, _Ref, _From, _Ts, _Val}, St = #st{paused = true}) ->
    {noreply, St};
and a handle_info clause to bring it back, added to the callback export list:
handle_info(resume, St) ->
    _ = ?ETA_LOG(resumed),
    {noreply, St#st{paused = false}}.
That erlang:send_after/3 is the first line in the project the parse transform
actually rewrites. If it feels nondeterministic to you, you're right, it should!
The reason it's ok is that eta_transform will rewrite things at compile time
(when DST is defined). That rewrite replaces the wall clock with a virtual one,
and removes the nondeterminism.
Defining a timeout in the client
Add near the top of src/abd_client.erl:
-define(PHASE_TIMEOUT, 5000).
and give both collection loops an after clause. The read side:
collect_reads(_Ref, 0, Best) ->
    Best;
collect_reads(Ref, N, Best) ->
    receive
        {read_ack, Ref, _Index, Ts, Val} ->
            collect_reads(Ref, N - 1, best(Best, {Ts, Val}))
    after ?PHASE_TIMEOUT ->
        _ = ?ETA_LOG(gave_up_waiting_for_read_quorum),
        throw({abd_timeout, Ref})
    end.
and collect_writes/2:
collect_writes(_Ref, 0) ->
    ok;
collect_writes(Ref, N) ->
    receive
        {write_ack, Ref, _Index} ->
            collect_writes(Ref, N - 1)
    after ?PHASE_TIMEOUT ->
        _ = ?ETA_LOG(gave_up_waiting_for_write_quorum),
        throw({abd_timeout, Ref})
    end.
Here we're exercising eta_transform's rewrite of the receive-after construct
instead of an erlang:send_after call.
The timeout is a client failure, so we throw. A client
that returns a value backed by 1 replica instead of 2 has broken the quorum
property, and you'd have introduced a second bug while demonstrating the first.
That's why this throws rather than returning the partial result.
The harness injects the new faults
3 changes in dst/abd_harness.erl. We'll add a new pause operation to
generate/2 and the other thresholds are increased to make room. Note: changing
the generated workload like this means that a given seed, like the one from earlier,
is unlikely to replay in the same way, because different operations will be selected
from the RNG.
generate(#{next_op := N, replicas := Replicas}, Rand0) ->
    {Roll, Rand1} = rand:uniform_s(Rand0),
    case Roll of
        R when R < 0.04 ->
            {Target, Rand2} = rand:uniform_s(length(Replicas), Rand1),
            {{pause, N, Target, 10000}, Rand2};
        R when R < 0.25 ->
            {Target, Rand2} = rand:uniform_s(length(Replicas), Rand1),
            {{partial_write, N, {v, N}, [Target]}, Rand2};
        R when R < 0.45 ->
            {{write, N, {v, N}}, Rand1};
        _ ->
            {{read, N}, Rand1}
    end.
We've tuned our pause fault-injection to a 4% occurrence rate. Tuning fault injections
to avoid crippling the system entirely will be a unique exercise for each system.
op_number/1 and label_for/1 each gain a clause:
op_number({pause, N, _Index, _Ms}) -> N;
label_for({pause, N, _Index, _Ms}) -> {pauser, N};
And run_op/5 gains a clause for the new operation:
run_op({pause, _N, Index, Ms}, _Tab, Replicas, _Mode, _Start) ->
    _ = eta_log:log({pausing, Index, Ms}),
    abd_replica:pause(lists:nth(Index, Replicas), Ms);
Timeout failures need to be detected
The other 3 run_op/5 clauses must catch the timeout and record the failure:
run_op({write, N, Value}, Tab, Replicas, _Mode, Start) ->
    try abd_client:write(Replicas, N, Value) of
        Ts ->
            ets:insert(Tab, {{write, N}, Start, eta_log:log({finished, Ts}), Ts, Value})
    catch
        throw:{abd_timeout, _} ->
            ets:insert(Tab, {{gave_up, write, N}, Start, eta_log:log(gave_up)})
    end;
run_op({partial_write, N, Value, Targets}, Tab, Replicas, _Mode, Start) ->
    try abd_client:partial_write(Replicas, N, Value, Targets) of
        Ts ->
            ets:insert(Tab, {{partial_write, N}, Start, eta_log:log({finished, Ts}), Ts, Value})
    catch
        throw:{abd_timeout, _} ->
            ets:insert(Tab, {{gave_up, partial_write, N}, Start, eta_log:log(gave_up)})
    end;
run_op({read, N}, Tab, Replicas, Mode, Start) ->
    try abd_client:read(Replicas, Mode) of
        {Ts, Val} ->
            ets:insert(Tab, {{read, N}, Start, eta_log:log({finished, Ts}), Ts, Val})
    catch
        throw:{abd_timeout, _} ->
            ets:insert(Tab, {{gave_up, read, N}, Start, eta_log:log(gave_up)})
    end.
check/1 does not need a change, because the invariant code uses a pattern match on
the read tuples.
Run it
opts = %{max_ops: 20, max_steps: 20_000, preload: [:abd], config: %{mode: :correct}}

for seed <- 1..40 do
  r = :eta_run.run(:abd_harness, Map.put(opts, :seed, seed))
  {seed, r.outcome, r.clock_ms}
end
RESULT: every outcome :ok. clock_ms reads 10000 on 23 of the 40 seeds and
0 on the other 17.
Outcomes should all be :ok. Pausing doesn't break the cluster, it only makes things
run more slowly (in production) and causes some clients to give up.
Notice that clock_ms is nonzero now; the virtual clock is engaged. Nothing in the
system actually had to wait around for 10 seconds. We simulated it in a fraction of
the time. The magnitude of the speed up can vary, but it's common for DST systems
to be able to test days worth of wall clock in a matter of hours of real time.
Feel free to run the :eta_log functions in your shell to inspect some traces.
Step 14: pin the trace, not the seed
After adding the pause operation, mix dst went red. Seed 6 no longer does what
it used to do. This is expected; we changed how operations are generated.
1) test seed 6 reproduces the inversion without the write-back (AbdTest)
   left:  {:violation, %{property: :no_new_old_inversion}}
   right: :ok
When you pin a test to a seed, it's coupled to the generated workload. Changing
the generator can cause pinned seeds to silently stop testing what they were pinned
for. Ours failed loudly because it asserts on a violation. A test asserting
ok would likely be just as pointless.
Instead of pinning the seed, we can pin the trace. eta_run:replay/3 never calls generate/2, it
walks the entries it's given, so a saved trace survives generator changes
completely.
Capture it with save_fixture/4. For our abd, seed 53 now fails, but if you chose different
parameters, your first failing seed might be different.
buggy = %{max_ops: 20, max_steps: 20_000, preload: [:abd], config: %{mode: :no_writeback}}
opts53 = Map.put(buggy, :seed, 53)

r = :eta_run.run(:abd_harness, opts53)
s = :eta_shrink.shrink(:abd_harness, r.trace, opts53)
{s.original, s.shrunk, s.verified}

File.mkdir_p!("dst/fixtures")
:eta_run.save_fixture("dst/fixtures/inversion.eta", :abd_harness, s.trace, opts53)
RESULT: {39, 19, true}, then {:ok, {:violation, %{property: :no_new_old_inversion}}}.
Now we can load that fixture into a test.
  test "the recorded inversion still reproduces" do
    assert %{outcome: {:violation, %{property: :no_new_old_inversion}}} =
             :eta_run.replay_fixture("dst/fixtures/inversion.eta")
  end
The 2 seed-pinned tests from step 12 are still red until you re-pin them to 53,
which is the coupling this step is about.
 Whether or not you actually want to do this in your project is up to you. There
are pros and cons to the approach. It does still break if the shape of an
operation changes, or if processes/1 starts registering processes in a
different order. Those are changes to the contract rather than to the workload.
Step 15: How to incorporate system state into your invariant
eta_log records what your system did. eta_observe is for tracking current
system state. It requires special configuration of the parse transform because
state is typically accessible via message passing, and all processes are suspended,
which halts message passing during the check/1 phase.
Tweak eta_transform with a eta_observe attribute
One attribute on src/abd_replica.erl:
-include("abd_eta.hrl").
-eta_observe({st, [ts, val]}).
For every gen_server callback, eta_transform will publish the fields
ts and val from the st record to a shared memory location, observable
by the harness.
Read it back out
In dst/abd_harness.erl, take the replicas in check/1 and attach
their state to a violation:
check(#{tab := Tab, replicas := Replicas}) ->
    Reads = [{S, F, Ts} || {{read, _}, S, F, Ts, _} <- ets:tab2list(Tab)],
    case inversion(lists:sort(Reads)) of
        ok -> ok;
        {violation, Detail} -> {violation, Detail#{replicas => replica_states(Replicas)}}
    end.

%% What each replica holds, read straight out of its heap while it is suspended.
replica_states(Replicas) ->
    [{I, eta_observe:read(Pid)} || {I, Pid} <- lists:enumerate(Replicas)].
Run it
opts = %{max_ops: 20, max_steps: 20_000, preload: [:abd], config: %{mode: :no_writeback}}
:eta_run.run(:abd_harness, Map.put(opts, :seed, 53)).outcome
RESULT:
{:violation,
 %{
   property: :no_new_old_inversion,
   detail: "a later read reported an older value",
   earlier: {18, 45, {1, 1}},
   later: {48, 93, {0, 0}},
   replicas: [
     {1, %{ts: {1, 1}, val: {:v, 1}}},
     {2, %{ts: {0, 0}, val: :undefined}},
     {3, %{ts: {0, 0}, val: :undefined}}
   ]
 }}
The bug is now directly visible. {1,1} exists at exactly one replica, not
a quorum. We have a lot of information about the defect before inspecting
the trace, shrink, or log.
Two ways to observe
So how do we pick the right one?
If the state already lives somewhere readable, read it there. Our reads and
writes go into ets because the invariant needs a history, eta_observe is not
a history.
If the state exists only inside a process, publish it. A replica's
{Ts, Val} is a current internal value, so publish it out to the harness with
eta_observe.
Finally, with respect to eta_log: the log is the narrative, this is a snapshot.
Use both to debug.
Conclusion
That covers all the high level concepts of eta. The main takeaway is that DST
is an investment. Doing it right requires time and attention, but if your
problem space is the right fit, it will probably prevent some headaches and
lead to a more reliable software system.


  

    A reusable deterministic simulation testing framework for the BEAM

How to read this. This is the design record of the work that produced this
library, written inside the project that motivated it: dgen, a durable
distributed gen_server with a replicated process registry. It is kept as-is
because what each phase taught — including the parts of the plan that turned
out to be wrong — is the valuable part, and rewriting it to be
project-neutral would cost that.
So: module and file paths such as dgen_registry_member, dgen_mem and
test/support/sim/ refer to that project, not to this one. For the manual, see
the walkthrough, docs/01 through
docs/05.

Status: Phases 0–4 are done, and Phase 5's central problem — OTP's own
process creation — turned out to have a cheaper answer than the plan assumed, so
that is done too. eta_sched, eta_time, eta_transform, eta_after_transform,
eta_observe, dgen_mem, eta_harness, eta_run and eta_shrink, with two systems
under test on the full driver: dgen_registry and two-phase commit. The suite runs
with no FoundationDB (DGEN_BACKEND=dgen_mem mix test).
eta_net is a sixth component the plan did not contain at all, argued for and
written up under "The network, and the events a failure delivers" below.
Both systems now reproduce their own schedule exactly and replay a recorded trace
strictly; eta_2pc also shrinks. What remains is the acceptance criteria below and
the rest of Phase 5's "no real-time dependence anywhere" goal.
The framework has found one defect in dgen_registry that nobody planted, and two
in itself — a missing trace entry and a real-time dependence that had been recorded
as an unexplained seed. All three are written up under Phase 5.
This document starts life as a plan and becomes the design document for the
framework as the phases land. Each completed phase should leave behind not just a
tick but what was learned building it — the assumptions that turned out wrong are
the most valuable thing here, because they are what a reader would otherwise have
to rediscover.
AI disclosure
This document is LLM generated.
What this is for
test/support/sim/ today runs an N-member dgen_registry cluster in one VM and
injects seeded network faults. It found three replication defects, so it earns its
keep. But it is not deterministic simulation testing: the fault schedule is
seeded, while process scheduling, timers, and commit timing are not controlled. A
failing seed usually reproduces. Usually is not a guarantee.
This plan closes that gap, and does it in a way that is not welded to
dgen_registry — the scheduler, the virtual clock, the run driver, and the shrinker
are all system-agnostic. dgen_registry becomes the first consumer and the proving
ground, not the product.
What "true DST" buys that we do not already have
Worth being concrete, because the current harness is not bad and this is a
multi-month investment.
	Exact replay. A seed reproduces a failure bit-for-bit, every time, including
on another machine. Today a seed reproduces the fault schedule and hopes the
scheduler cooperates.
	Speed — the big one. With a virtual clock, waiting out a 1s timeout costs
nothing; the run jumps to the next event. The current 5-seed soak takes 47.8s
and is dominated by real waiting. The same wall clock should buy thousands
of seeds instead of five. Bug-finding scales with interleavings visited, so this
is the single largest expected return.
	Faults we cannot inject today. Commit-level faults (spurious conflicts,
fenced commits, a commit worker dying between commit and reply) and timer-level
faults (a timeout firing in an unlucky window) become first-class and
reproducible.
	Minimal repros. A failure shrinks to the shortest schedule that still fails,
which is the difference between "here is a 4000-event trace" and "here are the
six steps that break it".

What it does not buy: it is not a proof. TLC still explores every interleaving of
an abstraction exhaustively; DST samples interleavings of the real code. They fail
in disjoint ways — see formal/README.md, where the two disagreeing about the
protocol is exactly what let the partial-batch bug survive.
The central primitive, validated then built
Everything rests on being able to serialize arbitrary BEAM processes — run exactly
one at a time, to quiescence — so that the interleaving is fully determined by the
controller's choice sequence.
That works, on uninstrumented code, using only erlang:suspend_process/1,
erlang:resume_process/1, and process introspection. The original feasibility
probe, three chatty processes fanning messages at each other:
Same seed, 5 runs:
  steps=14 events=31 head=[a: 5, c: 4, b: 4, b: 3, c: 3, c: 2, b: 2, b: 1]   (×5, identical)
distinct outcomes across 5 runs of seed 42: 1

Different seeds:
  seed 1: steps=14  head=[a: 5, c: 4, b: 4, b: 3, c: 3, c: 2]
  seed 2: steps=12  head=[a: 5, b: 4, c: 4, c: 3, a: 3, a: 3]
  seed 3: steps=15  head=[a: 5, b: 4, a: 3, b: 2, a: 1, c: 4]
  seed 4: steps=17  head=[a: 5, c: 4, a: 3, c: 2, a: 1, b: 4]
distinct schedules across 4 seeds: 4
(eta_sched now does this properly — the probe polled status, which is both
wasteful and, as Phase 0 discovered, racy. The result stands.)
The key consequence, and the reason this approach is tractable: you do not need to
intercept messages to control delivery order. Erlang already guarantees FIFO
per ordered pair, so if only one process runs at a time, the global message order is
determined by the order in which senders were stepped. Controlling who runs is
sufficient. That removes an entire layer of instrumentation the design would
otherwise need.
The four sources of nondeterminism
	Source	Remedy	Phase
	Preemptive process scheduling	Serializing scheduler (validated above)	0
	Timers and clock reads	Virtual clock + discrete-event loop	1
	External I/O (FDB, a NIF)	Pluggable deterministic backend	2
	Unseeded randomness (rand, make_ref, pids)	Seeded RNG; discipline about ordering by identity	0

The fourth deserves a note. Refs and pids differ between runs and always will;
that is only a problem if they influence control flow. dgen_registry is clean
here — elect_leader/5 orders by member_id/0, which is {node(), Name} and
stable — but a framework should ship a linter for the anti-pattern, because it is
easy to introduce and produces failures that look like scheduler bugs.
Architecture
Seven components. The first five are system-agnostic and are the reusable
framework; the last two are what a system under test provides.
eta_sched    serializing scheduler: owns the process set, picks who steps next
             from a seeded RNG, detects quiescence, emits the choice sequence
eta_time     virtual clock + timer wheel; when nothing is runnable, advance to
             the next timer deadline rather than waiting
eta_net      simulated network: per-ordered-pair loss, delay and cuts over a
             declared topology, plus the events a link or node failure delivers
eta_run      driver: seed -> setup -> generate -> step -> check -> teardown,
             recording everything needed for exact replay
eta_shrink   delta-debugging over the choice sequence and the op list
─────────────────────────────────────────────────────────────────────────────
<sut>_world  the system's external dependencies, made deterministic and
             fault-injectable (for dgen: a pure-Erlang dgen_backend)
<sut>_model  workload generator + invariants
eta_net is the one that was not planned. The row is here rather than in the
phase list because it does not belong to a phase; see the section at the end.
The SUT contract
-callback init(Seed :: integer(), Config :: map()) -> {ok, Sut :: term()}.
-callback processes(Sut) -> [pid()].              %% what to schedule
-callback generate(Sut, Rand) -> {Op :: term(), Rand}.
-callback execute(Op, Sut) -> Sut.
-callback check(Sut) -> ok | {violation, term()}. %% run after every step
-callback terminate(Sut) -> ok.
Shipped, with two corrections the sketch above did not anticipate — see Phase 3.
execute/2 cannot call the system synchronously and must spawn through
eta_run:spawn_op/1, and check/1 cannot ask a scheduled process anything at all.
The original note here claimed dgen_registry's existing DGen.Sim.Invariants and
workload generator would "drop into check/1 and generate/2 almost unchanged,
which is a useful sanity check on the contract's shape". That was wrong, and
usefully so: check_always/1 reaches dgen_registry:status/1, a gen_server:call
that cannot be served while the member is suspended and which swallows its own
timeout, so the invariant would pass vacuously rather than fail. The contract's
shape was fine; the assumption that an invariant may ask rather than read was
not. eta_2pc was written against the contract instead, and the registry port now
carries the cost of rewriting those checks to read ETS.
Interception strategy
Timers and clock reads need rewriting; a parse_transform enabled only under a
eta build profile is the right mechanism, rewriting within SUT modules:
	From	To	Where
	erlang:send_after/3, start_timer/3, cancel_timer/1	eta_time:*	eta_transform
	erlang:monotonic_time/0,1, system_time/0,1	eta_time:*	eta_transform
	receive ... after T -> B end	a receive clause on a eta_time timer	eta_after_transform

Opt-in at compile time, absent in production builds. No runtime cost, and nothing
to accidentally ship.
| erlang:spawn*, proc_lib:spawn* | eta_sched:spawn* (gated) | eta_transform |
That last row was in the original table, removed in a later revision on the grounds
that eta_sched adopts children through set_on_spawn tracing and so needed no
rewrite, then reinstated and built when porting dgen_registry measured what
adoption actually costs. set_on_spawn adopts a child after the fact; it does not
stop the child acting first. The original table was right.
The spawn row is also one of two places the "only qualified calls" rule does not
apply, and the exception is principled rather than pragmatic. That rule exists
because monotonic_time and friends are not auto-imported, so a bare call must be
to something the module defines and rewriting it would break the module.
spawn/1,3 and spawn_link/1,3 are auto-imported, so a bare spawn(Fun) is
erlang:spawn(Fun) — and dgen_registry_member writes all five of its spawns
unqualified. The transform rewrites unqualified spawns, guarded on the module not
defining that name itself, which is the condition the original rule was protecting.
The third row is the one this document previously said was impossible — see
Phase 5.
Two more rows arrived with eta_net, in a pass of their own that a module can opt
out of with -eta_net(false):
	From	To	Where
	Dest ! Msg, erlang:send/2,3, gen_server:cast/2, call/2,3, reply/2	eta_net:*	eta_transform
	erlang:monitor/2,3, demonitor/1,2	eta_net:*	eta_transform

The sends are the obvious half. The monitors are the second exception to the
qualified-calls rule, for the same reason as the spawns — monitor/2 is
auto-imported and most code writes it bare — and they are in the transform at all
because there is nowhere else to put them: a monitor is created by a BIF inside
the system under test, and a simulated network that cannot see one cannot fire the
noconnection it owes it. The reasoning is under "A monitor cannot be made to
lie" below; it is the single riskiest decision in eta_net.
Both rows are in the network pass rather than the unconditional one, which is
the difference that makes them safe: a module that takes no part in a topology
keeps its sends and its monitors exactly as they were.
Phases
Each phase is independently useful; the plan can stop after any of them.
Phase 0 — Harden the scheduler — DONE
Shipped as src/eta_sched.erl, with exit criteria in
test/eta_sched_test.exs. All four items landed: trace-driven quiescence, correct
selective-receive runnability, auto-registration of spawned processes, and a
recorded choice sequence replayable independently of the seed.
Exit criteria, met: 1000 runs of one seed produce a byte-identical event trace
and choice sequence (~23s); 12 seeds produce distinct interleavings over the same
event multiset; a recorded sequence replays exactly under a deliberately different
RNG seed.
The Concuerror spike was dropped: the framework is being built without new
dependencies. It remains listed under Alternatives as a thing to know about.
What was wrong in the plan
Three assumptions in this document's original Phase 0 turned out to be false. They
are recorded because each was discovered only by building it, and each would
silently produce a scheduler that looks correct:
	"Replace busy-wait quiescence detection with erlang:trace/3 on
'receive'." The 'receive' flag cannot serve as a progress signal at all.
It fires when a receive scans a message, matching or not — a non-matching
message produces a 'receive' event and stays in the queue. Progress is instead
computed from the queue-length delta, corrected for self-sends (nothing else
runs, so those are the only arrivals). Quiescence uses the running flag's
in/out events.

	Checking status after resuming is a race. A process blocked in a receive
reads waiting before it has been scheduled in, so the step concludes without
the process ever running. The in event must be awaited first, as proof it got
the CPU, before waiting means anything.

	The block must be recorded on every step, not just unproductive ones. A
receive blocks only after failing to match every queued message, so after
any step the remaining mailbox is known not to match. Recording the block only
when a step consumed nothing leaves a process that consumed one message and
blocked on the rest looking runnable forever.


There was also a design flaw not anticipated here at all: the scheduler runs in the
driver's process, so a catch-all receive clause while awaiting trace events
consumes and discards the system under test's messages to the driver. It
presented as a gen_server reply vanishing while its caller exited :normal.
Every receive in the scheduler now matches trace-shaped messages only, and there is
a regression test for it. Phase 3 should reconsider whether the scheduler belongs
in its own process, which would remove the hazard structurally.
Phase 1 — Virtual time — DONE
Shipped as src/eta_time.erl (clock + timer wheel) and
src/eta_transform.erl (the parse transform), with
the discrete-event loop as eta_sched:run/3. Exit criteria in
test/eta_time_test.exs, driving a transformed system under test
(test/support/eta_timer_sut.erl).
Timer faults are in: drop_p (a timer that never fires but stays cancellable and
readable — a lost message, not an unset timer) and skew_ms (deadlines perturbed
at creation, never into the past).
Measured: 100 minutes of simulated time — 200 heartbeat ticks at 30s — in 8ms
of real time. That is the phase's whole argument, and it is the multiplier that
makes thousands of seeds affordable where five were not.
dgen_registry is wired: dgen_registry_member, _connector, _elector,
dgen_server and dgen_queue carry an -ifdef(DST) guard, and mix.exs passes
{d, 'DST'} in the test environment. Integration coverage is in
test/dgen_registry_virtual_time_test.exs, including the replication heartbeat
driving a gapped follower's recovery — a path that costs
?REPLICA_HEARTBEAT_INTERVAL of wall clock to test otherwise.
Design notes worth keeping
No process of its own. eta_time is ETS plus module functions, deliberately.
A gen_server would make every send_after/3 a blocking call, and a blocking call
is quiescence to eta_sched — so each timer set would end a step, consume a
scheduling choice, and pollute the recorded schedule with the framework's own
traffic. Safe because only one process under test runs at a time.
Inert unless started. Every eta_time function delegates to its erlang
counterpart when no clock is running, so a module built with the transform behaves
normally outside a simulation. This is what makes the transform safe to leave
enabled in a build that also runs ordinary tests, and it removes the need for a
separate artefact.
Only qualified calls are rewritten. erlang:monotonic_time() is rewritten, a
bare monotonic_time() is not — none of these are auto-imported, so an unqualified
call is a call to a function the module defines itself, and rewriting it would
break the module. Code that wants to be simulated must qualify its time calls,
which is the prevailing style and what dgen_registry already does.
timer:sleep/1 is deliberately not rewritten. Code under simulation should not
sleep, and virtualising it silently would hide that rather than surface it.
Later correction: the reason originally given here — "a sleeping process is
neither runnable nor blocked on a receive" — is not accurate. timer:sleep(N) is
receive after N -> ok end, so the process is blocked in a receive; what defeats
eta_sched is narrower, that its runnability test is queue_len > blocked_at and a
sleeper's wakeup is a real-clock after with an empty mailbox. That distinction
matters, because it means the same mechanism eta_after_transform uses (Phase 5)
would virtualise a sleep too. Whether it should is a separate question, and the
answer differs on either side of the transform boundary: a sleep inside the SUT
wants a virtual timer, while a sleep in the driver — dgen_registry:await_ready/2
— wants to pump the scheduler instead, since the driver is the process that has to
advance the clock. Since built: timer:sleep/1 now rewrites to
eta_time:sleep/1 — arm_after/2 plus a one-clause receive — which settles the
SUT side. A sleep in the driver stays real by the transform boundary, as before.
Wiring a real system in: what it takes
Not every module should be transformed. The rule that emerged: transform the
modules whose processes run inside the simulation; leave the client-facing API the
driver calls on the real clock. dgen_registry:await_ready/2 polls a deadline with
timer:sleep/1, so against a frozen virtual clock it would spin forever — it is
excluded, and that is not an oversight to fix later but the correct boundary. The
same reasoning excludes dgen's client-side call path.
Two sleep-based deadline loops exist in the code under test, and they are the
real obstacle to full simulation rather than anything about timers:
dgen_registry:await_ready_loop/2 (excluded, above) and
dgen_registry_member:gather_caught_up/6, which runs in an off-loop helper the
member spawns. A sleeping process is neither runnable nor blocked on a receive, so
eta_sched cannot step it at all. gather_caught_up/6 exits immediately on its
common path, so it does not bite today; a full run under the scheduler will need it
converted to a timer. Recorded here rather than fixed, since it is Phase 2+ work.
Enabling the transform for the whole test environment, not a separate profile,
is deliberate. Because eta_time delegates to erlang unless a clock is running,
the ordinary suite runs unchanged — and in doing so continuously proves that
inertness across all 297 tests, which a dedicated profile would only prove for the
tests run under it. The property that makes the transform safe is the one most
worth having under constant test.
The clock must be started before the system. A timer armed while eta_time is
inert goes to the real clock and stays there until it fires and re-arms. Starting
the clock afterwards leaves long-period timers — precisely the ones a simulation
cares about — on real time. It presented as a run sitting at one fired timer
across four minutes of simulated time.
Wiring the transform in means the system's own deadlines become the driver's. A
direct registration waits for replicate_timeout before degrading open (§5.5); once
that is a virtual timer, a frozen clock means the registration simply does not
resolve. This is correct, and it is a real change in how a test must be written —
the write path can no longer be driven without also driving time.
What building the framework taught
The scheduler and the clock have to be used together; the clock alone reintroduces
the race it exists to remove. Driving advance_to_next/0 in a bare loop against a
free-running system under test, the clock can reach the next deadline before the
process has handled the previous timer and armed its next one — so the loop sees
nothing pending and stops early. It cost a confusing test failure (1 tick instead of
	before the cause was obvious. Under eta_sched the race cannot exist, because
the idle callback is consulted only once nothing is runnable. Worth stating plainly
in the framework's eventual usage docs: eta_time is not a standalone facility.

Phase 2 — Deterministic backend — DONE
Shipped as dgen_mem.erl in dgen: MVCC read versions,
read-conflict detection, versionstamps, watches, and seeded commit fault injection
(conflict_p, commit_fail_p). dgen_backend was already a behaviour with
dgen_erlfdb as its only implementation, so this needed no production change —
the seam was already there.
Exit criterion, met: DGEN_BACKEND=dgen_mem mix test runs the whole suite green
with no FoundationDB involved. Two tags are excluded there, both because they need
FDB by construction rather than by accident: :cluster starts real peer BEAM nodes
that open the backend themselves, which per-VM ETS cannot serve, and
:differential opens the FDB sandbox on purpose to compare the two backends
against each other.
Key layout is reused, not reimplemented. erlfdb_subspace and erlfdb_tuple
are pure Erlang — no NIF — so the packed keys are byte-identical to FoundationDB's
rather than merely similar. Reimplementing order-preserving tuple encoding would
have risked ordering bugs in dgen_queue that present as protocol bugs, which is a
poor trade for the small pleasure of being self-contained.
The MVCC window is a version distance, not a duration
Worth recording because the first instinct was to write it off. FoundationDB does
not measure its five-second MVCC window in seconds; it advances the read version at
a fixed rate (VERSIONS_PER_SECOND = 1e6) and states the window as
MAX_READ_TRANSACTION_LIFE_VERSIONS — five seconds' worth of versions. Modelling
it that way is a few lines, not a clock-dependent special case.
It also composes with Phase 1 to give something better than fidelity: under a
virtual clock the window is controllable, so transaction_too_old is reachable
instantly. The test that exercises it against FoundationDB needs a six-second sleep;
against dgen_mem it needs none.
Differential testing is what made it trustworthy
A reimplementation is worth exactly as much as the comparison behind it; testing it
against its own author's understanding proves nothing about fidelity. So the tests
run the same operations against both backends and assert identical results, and
every significant bug below was found that way rather than by reasoning:
	Bug	What FDB does	What dgen_mem did
	Read of a key with a pending versionstamped write	raises accessed_unreadable (1036)	returned the stale committed value
	keys_in_range at an existing start key	includes it	excluded it (ets:next/2 is strictly-greater)
	on_error/2 on transaction_too_old (1007)	retryable	treated as fatal
	get_versionstamp/1	future, resolves after commit	resolved eagerly to undefined
	Concurrent commits	serialised	interleaved
	A watch's baseline	the creating transaction's read	the moment it was registered
	A commit's version vs. an outstanding read version	strictly greater	could be equal

The first is the one worth dwelling on. Returning a stale value where the real
backend raises is the worst shape an infidelity can take: a loud error becomes a
silent wrong answer. It surfaced as dgen_server's state cache serving stale
state, because the cached version matched a version key the transaction had already
written but could not yet read. Nothing in the suite pointed at the backend.
Commits must be serialised, and the lock must survive a kill
FoundationDB serialises commits. Without the same guarantee a second transaction
slips between a commit's conflict check and its writes, and three things break
quietly: a conflict is missed (so a transaction that should have been fenced
commits — §5.1's leader fence), a key's version list loses an entry to a lost
read-modify-write, and versions land out of order so a read returns an older value
than it should. This is what the intermittent failures were.
The fix is an ETS lock rather than a serialising process, for the same reason
eta_time has none: a blocking call into a process reads as quiescence to
eta_sched, so every commit would end a scheduling step.
That introduced a second bug immediately, and a more instructive one: try ... after does not run when a process is killed untrappably, and killing a process
mid-flight is routine here — a simulated member crash is exactly that. One such
death wedged every later commit in the VM, which presented as the whole suite
hanging in an unrelated on_exit. The lock now reclaims from a holder that is no
longer alive. Any lock in code that also injects crashes needs this property, and
it is easy to leave out because the happy path is unaffected.
A watch is anchored to a transaction, not to a moment
The last two rows of that table are one bug wearing two faces, and it is the most
instructive thing Phase 2 produced — because the symptom pointed nowhere near the
cause and the obvious diagnosis was wrong.
The symptom: call/4 in dgen occasionally exited :timeout under dgen_mem, at
roughly one run in five, always taking the full timeout rather than churning. The
first hypothesis was starvation — dgen_mem retries a conflict immediately where
FoundationDB backs off exponentially, so two contending consumers might livelock.
Plausible, and wrong. A livelock burns time; this was a lost wakeup, which is why
it cost exactly the timeout and not a variable amount.
FoundationDB defines a watch relative to the value the creating transaction would
read. dgen_mem registered it against the present instead, which loses any write
landing between the transaction's read and the watch's registration:
	consume_queued/5 in dgen_server reads an empty queue, then watches the push key. A
push committing in that window left the consumer asleep on a queue that already
had work — and nothing in the consumer, the queue, or the caller was wrong.
	push_call/7 in dgen writes the reply sentinel and watches it in one transaction.
Registering against the present meant the transaction's own commit fired it, so
every call did a wasted read-and-rewatch round trip — and that round trip is
precisely the window the first case then lost a reply in.

Underneath sat a second defect that made the fix look broken: do_commit/3 chose
max(LastCommit + 1, Clock) as its version, so with the clock ahead of the commit
counter — the usual case — a commit could land at exactly a read version already
handed out. Both has_conflict/3 and the corrected watch/3 ask whether a key
changed after a read version, so equality there is a conflict silently not
detected and a watch that never fires. Commit versions are now
current_version(Db) + 1: strictly ahead of the clock and of the last commit,
hence of every read version already issued.
Two things generalise from this. First, "it times out" is a shape, not a
symptom — a full-timeout stall and a churning one have different causes, and the
distinction was available before any code was read. Second, the differential test
that settled it took four lines against each backend and was decisive where a day
of reasoning about the retry path would not have been: FoundationDB fired, and
dgen_mem sat silent.
A test that was racy for a different reason than it looked
One failure looked like a latent test race — an async cast followed immediately by
a read — and the tempting fix was to make the assertion wait. That would have been
wrong: DGen.Server.cast/2 and call/2 both ride the durable queue, so FIFO
ordering guarantees the read observes the earlier cast. The failure was the
versionstamp-readability bug above, and weakening the test would have hidden it and
left a weaker test behind. Worth remembering when a new backend makes an old test
fail: the faster substrate exposes real bugs at least as often as it exposes racy
tests.
A test that asserted the schedule instead of the property
The counterexample to the section above, and a useful one, because the rule is not
"never weaken a test" — it is "assert the property, not the schedule that usually
produces it".
DGen.RegistrySimTest's Guarantee 13 check flips 150 registrations at once and
samples a follower while the batch replicates, asserting it only ever sees 0 or 150
matches. It began failing intermittently once Phase 1 wired the transform into test
builds and shifted the timing: "the query observed 2916 half-applied batch
state(s); counts were [1]". But a count of 1 was not a torn read. The test uses a
pacer op to take the leader's first commit slot so the flips ride a single batch,
and when the split landed 1-then-149 instead, both batches were applied perfectly
whole — the assertion was pinned to a batch boundary the test does not control.
It now derives the legal counts at runtime, by tracing the {names_batch, …} casts
the follower actually receives and taking their prefix sums. That is strictly
stronger than 0 or n: it holds for any split, and it rejects a genuinely torn
read under every split rather than only under the lucky one. Three non-vacuity
guards keep it from degrading into a tautology — the sampler must straddle the
transition, no resync may have re-baselined the replica, and the largest batch must
carry at least half the ops, since 150 batches of one would satisfy the boundary
check while testing no atomicity whatsoever.
The general shape is worth naming, because a DST framework exists to make schedules
controllable and this is what the alternative costs: a test that hardcodes an
uncontrolled schedule reports timing changes as correctness failures, and each one
spends the credibility the suite needs for its real findings. The two options are
to derive the expectation from what happened, as here, or to drive the schedule so
it cannot vary — which is what eta_sched will make possible in Phase 3.
Phase 3 — Extract the framework — in progress
	The behaviour, eta_run, record/replay, failure reporting. Shipped as
src/eta_harness.erl and
src/eta_run.erl.
	Port a second, unrelated SUT. Shipped as test/support/eta_2pc*.erl.
	eta_sched into its own process — done first, as a prerequisite.
	Port dgen_registry's simulation onto the behaviour. Shipped as
test/support/sim/registry_sut.ex, reusing DGen.Sim.Invariants unchanged.
	Scheduler-owned spawn. Built; late adoptions on the registry fell from
1212/1233 to 1/431. The residual is OTP's own proc_lib spawning, which is a
Phase 5 item — see below.

Exit: dgen_registry's simulation is purely an implementation of the behaviour,
and a second system runs on the same framework unmodified.
The scheduler needed its own process after all
Phase 0 ran eta_sched in the calling process, arguing that a scheduler process
would itself need scheduling. That is false — nothing under test ever calls the
scheduler, so it is never part of the system being serialized — and the argument
cost a whole class of bug that only discipline prevented (§Phase 0's catch-all
receive, which ate the system under test's replies to the driver).
Phase 3 forced the issue rather than merely tidying it. eta_run interleaves
stepping with invariant checks and operation injection, so it needs a mailbox the
scheduler is not also reading. The refactor came first for that reason.
sched() is now a handle to a process. The API still threads it through, which
keeps call sites unchanged, and the returned value is the same handle rather than
updated state — removing a false affordance rather than adding one. The old record
was never usable as a value: the scheduler's real state is the suspend status of
live OS processes, so keeping an earlier sched() and stepping it again was never
going to replay anything.
Two-phase commit, because reusability has to be exercised
The second system under test is 2PC: a coordinator, three participants, an
atomicity invariant, and nothing whatsoever in common with the registry — no
leader, no replication, no durable backend. It carries a defect selectable by
config (first_vote_wins, deciding on the first vote to arrive), because a
framework that has only ever been pointed at correct systems has not been shown to
find anything.
Two measurements, and the difference between them is the point:
		
	25-transaction runs finding the defect	60/60 seeds
	1-transaction runs finding the defect	52/200 seeds

The first number looks like the impressive one and is nearly worthless: a defect
with twenty-five chances to fire says nothing about whether the scheduler explores.
The second is the real result. With the workload pinned — same votes every run,
so generate/2 draws nothing from the seed — the seed varies exactly one thing,
the order in which three votes reach the coordinator, and that alone decides
whether the run violates atomicity. Same input, different schedule, different
outcome, reproducibly. That is the claim of deterministic simulation testing stated
as a test, and nothing else in this suite states it.
Also measured, on the correct coordinator: 40 seeds give 40 distinct traces, and
every run advances the virtual clock to a full 30-second prepare timeout — 20
simulated minutes across the forty, in well under a second of real time.
The registry port, and the gap it found
DGen.Sim.RegistrySut runs a real three-member cluster under eta_run, reusing
DGen.Sim.Invariants unchanged — which is what this document originally
predicted, was wrong about for a while, and is now true, because the fix went into
the observation mechanism (eta_observe) rather than into the invariants.
Three of its four properties hold: runs complete cleanly, the invariants are
checked against a frozen system after every step, virtual time carries the waiting,
and different seeds produce different schedules. A seed does not yet reproduce
its own schedule, and the replay test is skipped rather than weakened.
The cause is measured. Of 1233 processes in one run, 1212 were adopted late —
spawned by a system process and left running on the real scheduler until the
set_on_spawn trace event was handled. The registry spawns a short-lived helper
for almost every operation, so almost nothing it creates is under control from
birth, and the interleaving of those helpers is wall-clock rather than schedule.
The remedy was the reinstated table row, and it is built: eta_sched:spawn/1 and
friends start the child blocked on a token, so there is no window at all. The
child is spawned by MFA rather than as a fun, which is what lets the scheduler tell
a gated child from one it must chase — the spawn trace event carries
{eta_sched, gated, _}. Inert with no scheduler running, like everything else here.
Measured: 1212 late adoptions in 1233 processes became 1 in 431.
The residual is not dgen's to fix, and identifying it is the useful part. The
remaining ungated children are proc_lib:init_p — processes OTP creates inside
gen_server:start_link, in modules no transform of this codebase touches, about
seven per run. That is precisely the OTP-coverage problem Phase 5 exists for, and it
is now a concrete instance rather than an estimate: full replay on dgen_registry
is gated on Phase 5, not on anything left in Phase 3. Pure-Erlang systems that
spawn through the transform — eta_2pc — are unaffected.
Two smaller things the port needed, both worth knowing before porting anything
else:
	It only runs on dgen_mem. FoundationDB transactions expire on the real
clock, so a member suspended mid-transaction dies of tooslow. Phase 2 was the
prerequisite for Phase 3 in a more literal sense than the phase ordering implied.

	Operations must be expressed in terms stable across runs. A cluster's member
names embed a unique integer, so an operation carrying one makes the trace
incomparable between runs and unreplayable against a fresh cluster. The failure
looked exactly like a scheduling divergence — the traces differed at index 0 —
and was nothing of the sort. Operations name members by index now. This is the
same discipline the "four sources of nondeterminism" table asks for around refs
and pids, applied to the workload rather than to the code under test.

	A system with periodic timers never quiesces, so "nothing runnable and no
timers pending" is not a termination condition for it. dgen_registry heartbeats
forever, and the first port ended every run on the step budget. eta_run grew a
settle_steps phase: once the operations are exhausted, run a bounded while
longer and finish ok. That phase is not dead time — it is the only place the
invariants are checked with no client traffic, which is where the quiet-period
defects live.


What building the driver taught
A plain spawn in execute/2 is a determinism hole. Operations cannot be
executed synchronously — every process the scheduler owns is suspended, so a call
into one from the driver is never answered — so an operation spawns a process. But
the driver is not traced, so set_on_spawn does not adopt it, and the new process
runs on the real scheduler until the driver registers it. One racing process is
usually harmless; two, from operations injected close together, race each other to
deliver their first message. It presented exactly as it should have: one seed
producing two different traces. eta_run:spawn_op/1 parks the process on a
handshake until registration is done, which closes it.
Invariants must read state out of band, and the failure mode is silence.
check/1 runs against a frozen system, so anything that sends a message and waits
cannot be served. eta_run bounds the call and reports check_blocked, and there
is a system under test in the suite whose whole purpose is to make that diagnosis
fire. But the likelier mistake is worse and nothing can catch it:
dgen_registry:status/1 catches its own call timeout and returns undefined, so
an invariant built on it computes over "no member believes it leads" and passes,
having checked nothing. This is what blocks porting the registry —
DGen.Sim.Invariants.check_always/1 reaches status/1 today, so it would go
quietly vacuous under the scheduler. The leader checks have to be rewritten to read
ETS, the way Cluster.replica/1 already does.
Leaving the system alone has to be a deliberate choice. The obvious driver
injects an operation whenever nothing is runnable. That is wrong, and it is the
kind of wrong that removes a whole class of defect from reach: dgen_registry's
traffic-triggered resync gap only manifests when nothing else is happening, so a
client that always has something to say papers over it before it can be observed.
eta_run's quiet_p is the probability of letting time pass instead, and it
exists for that reason rather than as a tuning knob. Acceptance criterion 4 is
unreachable without it.
Phase 4 — Shrinking — DONE
Shipped as src/eta_shrink.erl, with exit criteria in
test/eta_shrink_test.exs. Delta debugging over the recorded trace, shrinking the
operation list and the choice sequence together — they are entries in one list, so
one pass does both.
Measured against eta_2pc's planted defect: 26 entries to 8, in 142 candidate
replays and 24ms, verified to replay strictly. What comes out is readable, which is
the whole point — the transaction whose plan carries the dissenting vote, then the
six scheduling decisions that let a yes reach the coordinator first.
The oracle has three answers, and conflating two of them is the bug
A candidate is tested by replaying it, and the result is the same violation, a
clean run, or a divergence — the candidate is not a valid schedule and is
evidence of nothing. Treating divergence as "did not fail" is the classic way to
build a shrinker that appears to work and quietly reverts safe removals.
Divergence is avoided here rather than classified. eta_run:replay/3 grew a
lenient mode that skips a step naming a process that is not currently runnable,
because entries are not independent: removing an operation necessarily strands the
steps belonging to the process it created, so under strict replay nearly every
candidate diverges and the search learns nothing.
That makes the surviving candidate a recipe rather than an artefact — a lenient
replay silently dropped entries, so the candidate is not something to hand anyone.
What the run executed is, and eta_run records exactly that, so a shrink ends by
taking the executed trace and verifying it strictly. That verification is not a
formality; it is the only thing between this and a shrinker that reports a
beautifully small trace nobody can reproduce.
Positional ids bound how much can be removed
eta_sched assigns ids in registration order, so deleting an operation renumbers
every process created after it and the surviving {step, Id} entries stop naming
what they named. Measured on the shrunk 2PC trace: removing the leading operation —
entirely irrelevant to the violation — left the run clean with six steps skipped,
because those six no longer referred to the client that mattered.
So an irrelevant leading operation can survive shrinking, and did. The result is
still a genuine repro; it is the minimality that is approximate. Closing it means
remapping ids as entries are removed, which is a real extension rather than a
tuning change.
Later: closed, and not by remapping. Each trace entry records the ids it
created and a replay is given them instead of recounting, so a deletion cannot
rename anything — eta_sched:pin/2. The leading-operation measurement above went
from 6 steps skipped to 0; over 30 failing 2PC seeds the mean result went from
9.4 entries to 7.6, and the walkthrough's own example from 8 to 7 with both dead
operations now removed.

What a multi-invariant system must supply
The default "same failure" test is the violation's property when the system
reports one, and any violation otherwise. The fallback is honest rather than
good: with more than one invariant it will happily shrink one bug into a different
one, which is worse than no shrink because it looks like progress. shrink/3 takes
a match predicate for exactly that, and eta_2pc's test suite exercises the case
where nothing matches — the original trace comes back with verified => false
rather than a smaller trace implying success.
Exit: see Acceptance below.
Phase 5 — OTP coverage and hardening (~3–4 weeks, highest risk)
The expensive tail, and the reason "true DST" is a months-long effort rather than a
weeks-long one.
A parse_transform over SUT modules does not touch gen_server, supervisor, or
proc_lib, so OTP's own timers and receives stay on the real clock. Three
options, none free:
	Compile sim-profile copies of the OTP modules with the transform applied.
Thorough, and a maintenance burden that tracks OTP releases.
	Configure timeouts to infinity in simulation and let the framework's timers be
the only ones. Cheap, but changes the behaviour under test — timeouts are exactly
what several dgen_registry paths hinge on (§3's register blocking, §5.5's
replicate-before-ack).
	Sim-aware wrappers the SUT calls instead of gen_server:call etc. Invasive to
the SUT, contrary to the "runs the real code" goal.

Recommendation: (1), scoped to the handful of modules that actually matter, with (2)
as the fallback where (1) proves impractical.
That recommendation was wrong, and both of the reasons it was wrong are worth
keeping. Option (1) is not merely expensive, it is close to unusable; and the
problem it was meant to solve has a fourth answer the list did not contain.
Exit: no real-time dependence anywhere in a run.
Shadowing an OTP module: what actually happens
Before building anything, the obvious first step is to check whether option (1) is
even permitted. It is not, without deliberate effort:
	stdlib is sticky. code:load_binary/3 on proc_lib fails with
{error, sticky_directory}. A shadow requires code:unstick_dir/1 on stdlib's
ebin first — a thing no test suite should be doing lightly.
	The blast radius is the whole VM. With a deliberately broken proc_lib
loaded, Agent.start_link/1 fails immediately with undef. Every OTP process
start goes through it, ExUnit's and Logger's included, for the entire run.
	It is ~1600 lines of copied OTP pinned to one release, where a mismatch on a
future OTP is a subtle breakage rather than a loud one.

None of that is fatal, but all of it is permanent, and the whole cost buys one
thing: control of where OTP spawns.
Building the child instead of intercepting it
The fourth option, and the one that shipped: do not intercept OTP's spawn — make
an equivalent process yourself.
gen_server:enter_loop/3 lets a process that gen_server did not start become a
gen_server. So eta_sched:start_monitor/3 spawns a gated process, sets up the
two process-dictionary entries init_p/3 in proc_lib would have set, runs init/1,
acknowledges, and enters the loop. eta_transform rewrites gen_server:start_* in
transformed modules, so dgen_transaction gained three inert lines and no
production code names eta_sched.
Verified to produce a genuine OTP process — sys:get_state/1, sys:get_status/1
and sys:suspend/1 all work on it, and $initial_call reads correctly. Continue
chaining is handled explicitly, because enter_loop/3 takes a state rather than a
continue and dgen_transaction:init/1 returns {ok, St, {continue, do_begin}}.
Unsupported init shapes raise rather than guess.
No unsticking, no copied OTP, blast radius of one call site. The lesson generalises
past this framework: when interception is blocked, construction may not be.
Replay took three causes, not one
Each looked like the whole problem when it was the visible one, and each was found
by measuring rather than reasoning:
		Cause	Remedy	Effect
	1	Spawned children adopted after they had started running	gated eta_sched:spawn/1	adopted_late 1212/1233 → 1/431
	2	OTP spawning inside gen_server:start_monitor	eta_sched:start_monitor/3	adopted_late → 0
	3	Handover that was not quiescent	init/2 waits for it	distinct traces 8 → 5

The third is the one to remember. eta_harness requires init/2 to return with the
system quiescent, and dgen_registry's own SUT violated that: Cluster.start/3
waits for readiness, which is not the same thing, and about one start in five
left a member's elector still running an unprocessed call. Everything else about
the handover was identical — leader, epoch, applied version, process count, and the
whole timer wheel — so it looked like anything but a startup problem.
Two hypotheses that fit the evidence were tested and rejected on the way, both
plausible enough to have been believed: state carried between runs in the shared
dgen_mem database (a fresh database per run gave the same pattern), and timer
insertion order at startup, since eta_time breaks deadline ties by sequence (the
wheel was identical across six runs).
One seed still does not replay, and both of those explanations are now dead.
receive ... after is rewritable after all
This document assumed, in several places, that a transform could reach a module's
timer calls but not its receive timeouts: after is a language construct, so
there is nothing to redirect. The assumption drove Phase 5's shape — option (1)
looked expensive partly because a transformed OTP module would still have had
real-time receives in it.
It is wrong. receive Cs after T -> B end is the five-element abstract form
{'receive', Anno, Cs, T, B} — fully visible to a transform, and rewritable into a
receive with no real-time dependence:
begin
    Ref  = make_ref(),
    TRef = eta_time:arm_after(T, Ref),
    receive
        Pat1 -> eta_time:disarm_after(TRef, Ref), Body1;
        ...
        {'$eta_after', G} when G =:= Ref -> B
    end
end
Shipped as a pass inside src/eta_transform.erl, with
eta_time:arm_after/2 and disarm_after/2 behind it and the properties pinned in
test/eta_after_test.exs. Measured: a 60-second timeout resolves in single-digit
milliseconds, and the same receive compiled without the transform ignores the
virtual clock entirely.
Not yet applied to any dgen module. Adoption is still a Phase 5 decision — the
point of building it now was to make that decision against measurements instead of
an assumption.
Three things the obvious rewrite gets wrong, none of which were visible by
reading it:
	A zero timeout must not go through the timer wheel. after 0 is a mailbox
poll, not a wait. Routed through a timer it becomes a wait on something nothing
may advance — 500ms and a leaked timer, where the original cost nothing.
arm_after/2 delivers a zero straight to the caller's own mailbox, which also
preserves ordering: a selective receive scans in arrival order, so an
already-queued message still wins.
	The disarm must go at the head of each clause, not after the receive. The
natural form — save the result, disarm, return it — takes the receive out of
tail position, turning loop() -> receive ... -> loop() end from constant stack
into unbounded growth. Measured at 200,005 words over 50,000 iterations against
5 for the untransformed original. A block is transparent to tail position, so
moving the disarm into the clause heads restores it exactly; it also makes the
disarm exception-safe for free.
	The timeout clause must match a fresh variable and compare in a guard.
Re-matching the bound ref is correct but warns on every rewritten receive, which
breaks --warnings-as-errors.

The cost it does carry: a timer is created and cancelled even when a matching
message was already waiting, which the native after does not pay. Two ETS
operations per receive — irrelevant for an occasional timeout, worth weighing
before putting it on a hot receive loop.
Mix does not recompile a module when its parse transform changes
Found while checking that the tests above actually fail when the transform breaks.
They did not. Reintroducing the tail-position bug left the suite green, because
mix compile rebuilt only eta_after_transform and left every module built with
it stale; the failure appeared only after touching the SUT source by hand.
This is a general hazard for transform-based testing, and it applies equally to
eta_transform and eta_timer_sut. test/eta_after_test.exs closes it by
recompiling its SUT from source in setup_all, so the test can never exercise
yesterday's transform. Worth doing anywhere else a transform is the thing under
test — a green suite that cannot go red is the most expensive kind of test there
is.
The first defect the framework found on its own
Not a planted one, and not one anybody was looking for. Reaching acceptance
criterion 1 needed an invariant strong enough to see a same-version replica
divergence; the first 200-seed sweep with that invariant in place reported nine
failing seeds on an unfaulted three-member cluster, and they were all one real
bug in dgen_registry.
What it was. A group commit may bind and clear one name in the same batch — a
register and an unregister of it arriving together. That is an ordinary
serialisation: the register is answered yes, the unregister then removes what it
bound, and every replica agrees, because the broadcast carries both ops in order.
What did not agree was the forwarding follower. Its {register_reply, …} arrives
behind the broadcast (FIFO), and handle_register_reply/4 re-inserted the row on
yes — version-guarded, so the insert fired precisely when the batch that removed
the name had already been applied. The follower ended up holding a binding no other
member had, at the same applied_version as all of them: permanent, because gap
detection compares versions, and adoptable, because the freshest-wins gather (§5.7)
may pick that replica and fan it out. The same shape as the partial-batch
divergence, from a different cause.
The fix is a deletion — the reply handler answers and writes nothing, which is what
its two siblings (unregister_reply, set_meta_reply) already did, and what
flush_deferred/1 already did for the deferred half of the same decision. The
correct behaviour was written down three times in the same module; this path just
did something else.
What is worth keeping from how it was found.
Neither existing method could have found it. The formal model has no unregister
action at all: a single name only ever changes by being bound
(rep' = [rep EXCEPT ![f][m.name] = m.pid]), and everything else replaces a whole
replica. A batch that binds and clears one name is outside its abstraction, so TLC's
PrefixConsistency proof holds over a protocol that cannot express the bug.
The pre-DST sim harness could not check same_version_same_replica at all except
after Cluster.converge/2, and converging heals it: the heal delivers
{nodeup, _}, every member re-joins, and a re-join makes the leader re-snapshot it.
The bug was reachable only in the window between "the system has stopped moving" and
"anything has been repaired", and nothing before this could name that window.
The invariant had to be gated on quiescence, and getting the gate right took a
false positive. Members write their replicas optimistically — route_unregister/3
deletes the row on both the calling member and the leader before anything commits —
so replica agreement is simply false in mid-operation. The first gate was "nothing
runnable", which the scheduler can answer directly (eta_sched:current/0 exists for
that). It fired on a seed where two members had speculatively deleted a name the
third still held, and the run reported it as a divergence: the leader's commit was
parked on its transaction worker, so nothing was runnable in the middle of an
operation. The window a speculative write lives in is bounded by its operation, not
by the scheduler going quiet, so the gate is both — nothing runnable and no
client waiting. The general rule: a property that only holds at rest needs the
system's own definition of rest, and "no process wants to run" is not it.
A fault model that cannot be healed has to be narrowed. Loss on a request channel
(unregister_req, resync_req) is recovered in production by the {nodeup, _} a
reconnect delivers, so dropping those without delivering the node event injects a
fault real distribution cannot produce — messages vanishing while both ends believe
the link is up. The harness already pays that debt at heal time, but a run asserting
a property during the fault has no heal to pay it at, and delivering the node
event instead triggers the rejoin-and-resnapshot that erases the evidence. So the
DST port drops only the leader's replication broadcasts, whose recovery is
self-contained: the follower sees a version discontinuity and asks for a resync,
with no node event involved. As it turned out the drops were not needed for this
defect at all — a perfect network produced more failing seeds than a lossy one
(9 of 200 against 4), because loss mostly re-baselines the replica before the
divergence can be observed.
The network had to become a scheduled process. DGen.Sim.Net sits on every
inter-member message. Left unscheduled it delivers them from a process running free
on the real scheduler, so whether a message is in a member's mailbox when the driver
next asks what is runnable is wall-clock timing — and it is also where the fault
decisions are made, which must be a function of the seed. It is registered with
eta_sched now, and its decision log is readable from ETS rather than by calling it,
for the same reason the invariants read ETS: at the one moment the log is most
wanted, the process holding it is suspended.
The unexplained seed was never a seed
dgen_registry reproduced its own schedule for three of four measured seeds. Seed 3
did not, two hypotheses had been tested and rejected, and it stood as the framework's
one open determinism gap. It is closed, and the answer was in neither hypothesis
because the question was wrong.
It is always the first run in a fresh VM, whichever seed that happens to be.
Reversing the order of the measured seeds moves the failure with it: run it as
[13, 11, 7, 3] and seed 13 produces two schedules while seed 3 produces one. Five
runs of a seed group as [[1], [2,3,4,5]] — run 1 alone, the rest identical.
The cause is on-demand code loading. A module that has not been used yet is
loaded on first call, and that load is a synchronous call to code_server — a
process eta_sched does not own. So a scheduled process reaches a module it has not
touched, blocks on a process outside the schedule, and the scheduler reads that as
the step ending. The code server, running free, makes it runnable again at a moment
wall-clock timing decides, and every choice after that point shifts.
It is invisible to everything that was tried, which is why it survived three
investigations: no process is adopted late, no scheduler timeout fires, no warning is
logged, and the process really did block — the scheduler's accounting is correct
throughout. What finally showed it was logging trace events against step
boundaries: the step before the divergence had the member scheduled in and out of
code_server:call/1, three times, and nothing else in the run mentioned the code
server at all.
The fix is to load everything before the scheduler owns anything —
RegistrySut.preload/0, one call to code:ensure_modules_loaded/1 per application.
Every seed measured now reproduces exactly (9 seeds × 3 runs, and 4 × 5 in both
orders).
Two things worth carrying to other systems under test:
	init/2's contract is broader than "quiesce the system". It is "hand over a
system that will not do anything the schedule did not ask for", and a first-touch
code load is exactly that, as much as an in-flight gen_server call is. Any SUT
wants the same preload.
	A determinism bug that only shows on the first run of a VM is invisible to the
natural experiment. Measuring a seed by running it five times in one VM puts four
of the five runs in the warm state, so the outlier reads as flakiness in the seed.
Measuring identically-shaped runs and looking at which of them differs — rather
than how many — was the step that turned this from a mystery into a one-line fix.

The trace was missing an action
Found while asking why eta_shrink did nothing on the defect above: it reported
"nothing to shrink" for a failure that had just happened, because classify/3
replays the trace to confirm it and the replay came back clean.
eta_run records {step, Id} and {op, Op}. Its third action — advancing the
virtual clock — was not recorded at all, on the reasoning that the clock is a
function of the timers and the timers are a function of the schedule. But
replay_loop/2 walks only the entries it is given, so a replay of a system with
timers ran against a clock that never moved: nothing became runnable, every recorded
step was refused, and a strict replay failed at entry 0. Which reads as a scheduling
divergence at the very first choice, and is nothing of the sort.
{clock, Ms} is an entry type now, holding what the clock read after the advance;
strict replay holds the replay to it and lenient takes whatever advance is available,
the same split {step, Id} already had. Registry traces replay strictly with nothing
skipped.
The reason this survived is worth naming: replay/3 had only ever been exercised
against a system with no timers. eta_2pc has none, so its traces were complete by
accident, and the registry's replay was measured by re-running the seed — which
exercises run/2, not replay/3. Two things that both look like "replay works" and
only one of them was tested.
The network, and the events a failure delivers
Shipped as src/eta_net.erl. It is not a phase, because the
plan did not contain it — and the plan's argument for why it was unnecessary is
one of this document's load-bearing paragraphs.
"The central primitive" says you do not need to intercept messages to control
delivery order, because Erlang guarantees FIFO per ordered pair and controlling
who runs therefore fixes the global order. That is true, and it settles the
wrong question. It settles order; it says nothing about delivery. A client
that casts to three peers does so inside one scheduler step, so a
partially-delivered broadcast is not a state the scheduler can reach at all — and
a partially-delivered broadcast is where both of the registry's known replication
defects live. Controlling who runs is sufficient for determinism and insufficient
for a fault model. DGen.Sim.Net existed for exactly that reason and was never
system-agnostic; eta_net is that idea extracted, with the fault model narrowed
to things real Erlang can produce: per ordered pair, deliver, drop, delay or
cut, and never reorder.
Faults are not the whole of a failure
The gap that the first version left, and the more instructive half of the work.
eta_net could break a link long before it could produce a failure. Real
distribution does not merely stop carrying messages when a connection dies: it
delivers nodedown to both ends, and it fires every monitor held across the
connection with noconnection. A simulator that drops messages and delivers
neither injects a state the real system cannot be in — both ends still believing
the link is up — and everything that follows is an artefact wearing the costume of
a defect. Phase 5's write-up already names half of this ("a fault model that
cannot be healed has to be narrowed"), and the narrowing it describes was a
workaround for the missing events rather than a design.
The monitor half is worse, because it is silent. Under eta_net a partitioned
peer is alive in the same VM, so the VM's monitor stays armed and nothing fires.
Any system whose failure detection runs on monitors — which is most of them — was
untestable against a partition, while the link fault itself worked perfectly and
the suite stayed green.
Three things closed it, and the last one is the whole of the difficulty:
		
	Per-side derivation	#{signal => nodedown} sends {nodedown, B} to A's side and {nodedown, A} to B's. An atom names a kind; a literal term still goes to both sides unchanged, so existing callers are untouched.
	Directionality	#{learns => a} is "A finds out and B does not notice", which is what two independently timing-out ends actually do. It governs the signal and the DOWNs together, because they are one event seen twice. The cut stays symmetric: a lost link loses both directions whether or not anyone has realised.
	Synthetic noconnection DOWNs	Below.

Located and faultable are different questions
place/2 used to answer both at once, and the case that forces them apart is the
common one rather than a corner.
A dgen node runs a member, an elector and a connector under one supervisor. Only
member-to-member traffic crosses the wire: the electors coordinate through
FoundationDB and never message each other, so an elector's "send" is a durable
store operation in a message's clothing. Dropping one models a failure the store
cannot produce — a database commits or errors, it does not silently evaporate —
and doing exactly that has already produced two false violations of a real safety
property on this codebase, each indistinguishable at first look from the
replication defect the suite hunts.
But the connector is where node-level failure detection lives. It owns
net_kernel:monitor_nodes/1, it drives the stranded-member reap and the
leader-liveness backstop, and it has to die when its node does. So it must be on
the node without being on the wire, and neither place/2 nor leaving it
unplaced says that: unplaced is not on any node at all, so it learns nothing when
one fails.
attach/2 is the answer, and the distinction it introduces is now the spine of
the module:
	Located decides who receives link events and who dies with the node.
	Faultable decides whose messages may be dropped or delayed.

A send is faulted only when both ends are faultable, so an attached process is
safe in either direction; children inherit both properties.
The alternative considered and rejected was "place everything and narrow scope
until the store traffic is excluded". It states the same thing in a form that has
to be kept correct by hand every time the system grows a message, and the failure
mode of getting it wrong is a false violation rather than an error. Topology is
the durable statement; scope is what a particular run is entitled to break.
A monitor cannot be made to lie, so it has to be replaced
The hard decision, and the one most likely to have been got subtly wrong.
The requirement is an asymmetry: when a node dies, a process on another
simulated node must see noconnection, while a monitor in the same VM that is not
part of the topology sees the real exit reason. One VM cannot produce that with
real monitors, and the reason is worth stating precisely rather than waving at:
	A monitor cannot be cancelled by anyone but its owner. erlang:demonitor/1
raises for a monitor another process created, so the driver cannot retire a
watcher's monitor before killing the target.
	A DOWN already queued cannot be rewritten. Mailboxes are private. A
synthetic noconnection delivered alongside a real killed is two DOWNs for one
monitor, which real Erlang never produces — and the second one arrives with a
ref the watcher has already retired and re-monitored past, which is precisely
the shape that makes a correct system look broken.

So the monitor has to be simulated: eta_net:monitor/2 records the pair and
issues its own ref, and no VM monitor exists behind it. Three variants were
considered for detecting the target's death and two are traps:
	Source of the exit	Why not
	A broker process holding real monitors	Learns at the right moment and forwards at the wrong one. It is not a process the scheduler owns, so its forwarded DOWN lands whenever the BEAM runs it — a message ordered by wall clock, which is the thing the framework exists to remove.
	A real monitor in the watcher under a private tag	Lands at exactly the right moment in exactly the wrong shape, and nothing can rewrite another process's mailbox to fix it.
	eta_sched's exit trace	Shipped. The scheduler is already the tracer for every process in a run and already calls eta_net:inherit/2 from the same handler, so it learns of an exit synchronously with the step that caused it, in a process whose mailbox is read at points the schedule fixes.

Delivery from the scheduler is exact rather than approximately right: only one
process runs during a step, so a DOWN raised at the end of it necessarily sits
behind every message the dying process sent during it, which is the order the VM
would have produced.
The scope is deliberately narrow, and the narrowing is the safety argument. A
monitor is simulated only when, at creation, watcher and target are located on
different simulated nodes. Everything else stays a plain erlang:monitor. The
two choices fail in opposite directions: a real monitor cannot produce
noconnection, but a simulated one hangs the watcher forever if the exit
notification is ever missed. Confining simulation to the pairs a partition can
actually sever bounds that exposure to monitors the run declared a link for, and
leaves crash detection everywhere else on machinery that cannot go wrong.
The consequence, recorded because it will bite someone: a monitor created
before its ends are placed is a real one and will never fire noconnection.
Place the topology in init/2, alongside registration, which is where it belongs
anyway.
eta_net:call/3's own monitor is left real on purpose. It is the framework's
liveness check on a callee and has to work whatever the scheduler is reporting;
the cost is that a call outstanding across a partition ends in its virtual timeout
rather than in noconnection, which is a known simplification rather than an
oversight.
Killing a node is an ordering problem, not a killing problem
kill_node/2 exists because the hand-rolled version — kill the tree, then signal
— is wrong in a way that is invisible until it produces a wrong answer. The order
that works is:
	Fire noconnection at every simulated monitor held from another node on a
process about to die.
	Retire every monitor with either end on the node.
	Cancel what was in flight to or from it, as a failing node loses the wire.
	Kill.
	Signal the survivors.

Step 1 must precede step 4 for two independent reasons, and only the first is
obvious. The obvious one is the asymmetry: once the process dies, every monitor it
has yields killed, so the remote ones must already be gone. The second is a
race — the exit signal is posted asynchronously and the scheduler may report it at
any moment, so a monitor still on the books when the kill lands can fire with the
real reason before the driver reaches step 5.
The kill also has to be waited for. erlang:exit/2 posts a signal; the process
dies some moment later, chosen by the BEAM. eta_sched:runnable/1 asks
is_process_alive/1, so returning before the answer settled would make the
scheduler's next choice depend on how fast a corpse was reaped — one step decided
by wall clock, and a seed that stops reproducing its own schedule. kill_node/2
monitors each victim and waits.
A killed node's name survives and its processes do not, so re-placing on the same
name is how a restart is expressed. Cuts and retired monitors do not reset, for the
same reason heal_partition/3 resurrects nothing: an event says what just
happened, it does not undo what happened before.
Determinism, and a test that did not have the power to prove it
Every message this introduces is part of the schedule, so all of it obeys the
rules the fault schedule already did: delivered synchronously by the driver
between steps, never on wall-clock timing, and never drawing from the fault
RNG — adding a signal must not shift which messages get dropped, for the same
reason out-of-scope traffic does not.
The subtler hazard is fan-out order. endpoints/1 built its list through
ets:match/2, whose row order is guaranteed by nothing, and a fan-out delivered
in table order puts a different sequence of messages in different mailboxes from
run to run. Placements and monitors now carry a monotonic sequence number stamped
when they are created, and every fan-out sorts by it — so the order comes from
something the run itself decided: the order the harness placed them in, and for
children the order they were spawned in.
The honest part. The run-level determinism test — ten runs of one seed through
eta_run, with partitions, kills and monitors as generated operations — does not
catch an unsorted fan-out. Removing both sorts leaves it green, because with six
processes and identical insertion sequences the table happens to hand rows back in
insertion order. Two direct tests were written for the property instead, asserting
that signals fan out in placement order and synthetic DOWNs in monitor order; both
fail with the sorts removed. The general point is one this document keeps
rediscovering: an integration test that would catch a bug if the bug bit is not
evidence that it would bite, and the cheap move is to break the code and watch the
test go red before believing it.
Measured, seed 4, a thirty-operation run over three nodes of two processes each:
		
	link signals delivered	28
	synthetic noconnection DOWNs	10
	messages dropped / delayed	7 / 7
	processes killed with their node	4 of 6
	stray timers, late adoptions, step timeouts	0
	distinct traces in 10 runs of the seed	1

The invariant driving that run is the asymmetry itself: no process on another
simulated node may ever record a DOWN whose reason is not noconnection. In one
VM a killed process yields killed to every monitor it has, so the property only
holds because step 1 above happens before step 4 — which makes it a test of the
ordering rather than a restatement of it.
What it deliberately is not
eta_net does not emulate net_kernel, and this is worth stating loudly because
the next reader will assume otherwise. A simulated node is a name in a table.
nodes() will not list one, net_kernel:monitor_nodes/1 will not report one,
connect_node/1 will not reach one, and node(Pid) still answers with the real
node. What is delivered is the events a link or node failure produces, and
nothing else — a system under test receives its nodedown because a harness sent
it, not because distribution did.
That leaves a real obligation on the system under test rather than on the
framework: a connector-shaped process that subscribes through net_kernel needs a
seam the harness can drive instead. There is no way around it short of emulating
distribution, which is the thing eta has declined to do since the first page.
Effort
	Phase	Estimate	Cumulative
	0 — scheduler	done	—
	1 — virtual time	done	—
	2 — deterministic backend	done	—
	3 — framework extraction	mostly done	—
	4 — shrinking	done	—
	5 — OTP coverage	mostly done	—

Engineer-weeks, and estimates rather than commitments — Phase 0's
selective-receive work and Phase 5 both have real discovery risk.
A useful stopping point exists at ~8 weeks (phases 0–2 plus a thin driver):
deterministic scheduling, virtual time, no FDB dependency, and thousands of seeds
per run. The reusable framework and shrinking are what phases 3–4 add, and they are
what make it worth doing as a framework rather than as more test/support/sim/.
Acceptance criteria
The framework should be judged on whether it can find a bug we already understand,
from a cold start.
	Rediscover the partial-batch divergence. Revert the names_batch commit and
require the framework to find a same-version replica divergence within a bounded
seed budget, with no test written specifically for it.
	Shrink it to a schedule a human can read — on the order of ten steps, not
thousands.
	Replay it bit-for-bit, on a different machine, from the seed alone.
	Rediscover the traffic-triggered resync gap likewise, which needs virtual
time to be reachable at all (it only manifests when nothing else is happening).

Criterion 1 is the real test. A DST framework that cannot re-find a bug we know is
there, in code we know contains it, is not yet working.
Results — 1, 2 and 3 met; 4 outstanding
The mutation is -DMUTATION_PARTIAL_BATCH in dgen_registry_member, off unless
DGEN_MUTATION=partial_batch asks for it and impossible in a release build (see
erlc_options/1 in mix.exs). It restores both halves of the pre-fix protocol: one
broadcast message per op sharing a version, and apply_bcast/6's "another message
of the batch we are already applying" clause. The criteria run as
test/dgen_registry_mutation_test.exs, in about 13 seconds.
1 — Rediscovered. Under a three-member cluster dropping one replication
broadcast in five: 11 of 50 seeds violate same_version_same_replica, the first
at seed 2, about 0.3 seconds of searching. No test was written for the defect;
the property is the spec's corollary, evaluated at quiescence.
Worth being precise about what "no test written for it" bought and what it cost. The
framework did not find this from nothing: it needed an invariant that can observe a
same-version divergence and a fault that can produce a partial batch. Both are
general — the invariant is PrefixConsistency's stated corollary, and the fault is
"a follower briefly loses the leader's stream" — but neither existed before the
criterion was attempted, and building the invariant is what found the unplanted
defect above. The honest summary is that the framework re-finds the bug in seconds
once it can see the property, and seeing the property was the work.
2 — Shrunk, with a caveat that is the shrinker's known limit rather than a
surprise. A twelve-operation trace is 71–85 entries and ddmin removes 0–3 of
them; it never removes an operation. That is exactly the positional-id bound
recorded in Phase 4: deleting an operation renumbers every process created after it,
so the surviving {step, Id} entries stop naming what they named and the candidate
stops failing. The 2PC example understated the cost, because 2PC has few processes.
What produces something readable is a smaller workload: the defect still reproduces
with three registrations, and that trace is 38 entries — 3 operations, 34
scheduling decisions, one clock advance — verified to replay strictly. So the
target ("on the order of ten steps") is met in spirit at the scale of the workload,
and the lever that reaches it is reducing the operation count, not ddmin. Making
ddmin do that itself means remapping ids as entries are removed, still a real
extension.
Later: the positional-id bound is closed — see the note in Phase 4. The
registry numbers here were measured under it and have not been re-measured
since; the 2PC ones have, and ddmin now removes operations there. Reducing the
operation count is still the lever for a process-heavy system, because a smaller
workload is a different axis from a shorter schedule and ddmin only searches the
second.

3 — Replays from the seed alone. A failing seed reproduces its violation and its
exact schedule across runs (measured 8/8 identical, and asserted 3/3 in the test).
"On a different machine" is untested; what is demonstrated is bit-for-bit
reproducibility in a fresh VM, which is what the two determinism fixes above bought.
4 — Not attempted. The traffic-triggered resync gap needs the replication
heartbeat reverted as a second mutation. The machinery is now in place for it:
quiet_p makes the quiet period reachable, and check_quiescent/1 is checked
precisely when nothing is happening, which is where that defect lives.
A fault schedule has to start where the run starts
The last thing between criterion 1 and criteria 2–3, and a general trap for any
seeded fault injector.
DGen.Sim.Net draws from its seeded RNG once per message the policy is in scope
for. The policy is set after the cluster is up — deliberately, so no member is
partitioned away before it has ever synced — and until then drop_tags is unset, so
every message of the cluster's own startup traffic drew from that RNG. Startup runs
on the real scheduler and varies in both order and message count, so the fault
schedule began at a nondeterministic offset. The symptom is unusually cruel: a
seed reproduces exactly right up to the first drop and never after, so the run looks
deterministic until precisely the moment it matters.
set_policy/2 takes a seed now and restarts the schedule there. The general
statement: a seeded fault schedule is only reproducible from the point its seed is
applied, and anything that consumed the generator before that — setup, warm-up, a
previous phase of the same run — silently offsets it.
The framework found a code-server round trip in production code
emit_telemetry/3 called code:ensure_loaded(telemetry) on every event.
code:ensure_loaded/1 short-circuits on an already-loaded module but not on a
missing one, and telemetry is an optional dependency most deployments do not have
— so the common configuration paid a synchronous code_server call per event,
forever. Cached in persistent_term now.
It was found because code_server is a process the simulation does not control, so a
member emitting an event blocked outside the schedule. Two of the three determinism
bugs in this document turned out to be code-server round trips, which is worth
generalising: under a user-level scheduler, any synchronous call to an OTP
service process is a real-time dependence, whether it is code_server, logger's
handlers, or global. Grepping for those is a cheaper first move than the
instrumentation it took to find these.
Alternatives considered
Concuerror — a maintained systematic concurrency tester for Erlang, using DPOR
to explore interleavings exhaustively. It builds the scheduler we would otherwise
write, and it requires exactly what phases 0–2 produce anyway: no NIFs (Phase 2's
backend) and no distribution (already achieved — the keyspace option means
dgen_registry runs multi-member in one VM). Different tool for a different job:
DPOR exhausts small executions, DST samples long ones. Best outcome is both,
and spiking it in Phase 0 could materially cut the cost of everything after.
PULSE — the historical answer to this exact problem (a user-level scheduler with
randomized-but-replayable schedules). Effectively unmaintained; worth reading for
design, not for adoption.
More property-based testing — cheaper and complementary, but it samples inputs
and does not control interleavings, which is where the bugs found so far have
lived.
Do nothing. Defensible. The current harness found three real defects at a
fraction of this cost. The case for proceeding is the speed multiplier (item 2 at
the top) and exact replay — not a claim that the current one is exhausted.
Proposed, not built
Per-run state, instead of one clock per VM
eta_time, eta_log and eta_sched each keep their state in named ETS
tables, so there is exactly one of each per VM and runs have to be serial. That
is now enforced rather than documented: eta_time:start/1, eta_log:trace/1 and
eta_sched:new/1 refuse when a live foreign process already holds the table, and
say which one. Before that guard, start/1 opened with an unconditional stop()
and a second concurrent run silently destroyed the first's tables, leaving it to
die on its next clock read with an ETS badarg naming nothing relevant.
Making runs self-contained would let them go parallel. Here is why it is harder
than it looks and what it would take.
You cannot thread a context through the transform. The obvious idea is to
rewrite erlang:send_after(T, D, M) into eta_time:send_after(Ctx, T, D, M).
There is nowhere for Ctx to come from. The enclosing function is
handle_call/3, whose arity gen_server fixes, and the transform rewrites calls
rather than signatures. It is worse across a process boundary: a timer armed in
handle_cast fires into a mailbox, and the code that receives it has no lexical
relationship to the code that armed it. Threading works along a call chain, and a
simulation is not one.
So the context has to be ambient, and the BEAM offers two ways.
The process dictionary — eta_time:now_ms() reads get('$eta_run'). eta
can seed it wherever eta does the spawning, which is eta_run:spawn_op/1 and
eta_sched:spawn/1. It breaks on the population that matters: real systems have
supervision trees, supervisor:start_child runs inside OTP where no transform of
your code reaches, and eta learns of those children through set_on_spawn
tracing, which by design reports the spawn after the child exists. You cannot
write another process's dictionary. That is the same boundary that produced the
stray-timer defect; the dictionary moves it rather than removing it.
A pid-to-run registry — one global ETS table, but a directory rather than
state, so two runs do not collide in it. Populated at adoption time, which is
exactly where set_on_spawn already delivers, so it covers everything
eta_sched covers. This one works, and its fallback is an improvement: a process
not in the registry gets real erlang, where today it silently joins
whichever simulation happens to be running.
What it costs, measured on the current source: about 60 references to the named
tables across the 3 modules, 28 public entry points in eta_time, 15 in
eta_log, 5 in eta_sched. Every one becomes context-aware. Tables become
unnamed tids held in the registry. now_ms/0 goes from one ETS operation to 2
and it is on the path of every timer insert and read; eta_log:log/1 goes from 3
to 4. The public API changes for anyone driving eta_time by hand, which the
test suite does extensively.
Why it is not being built. The prize is parallel runs, and that is already
available one level up: one OS process per run is perfectly isolated and needs
no library change at all. A 200-seed sweep or a eta_shrink search wants that
anyway, since it isolates crashes and memory as well as the clock. What the
registry buys over separate VMs is async: true inside a single ExUnit VM, which
is a smaller prize, and it multiplies a risk already recorded below —
erlang:suspend_process/1 at scale is unverified, and N concurrent runs multiply
exactly that.
The version to avoid is the middle one: per-run tables behind a single global
"current run" pointer. That is most of the rewrite for none of the parallelism.
Open questions
	A step can end early, and it is not accounted for anywhere. Found while
building eta_net's determinism test against a deliberately crude system under
test: a process draining a preloaded mailbox in a tight catch-all receive was
observed consuming one of six queued messages and being recorded as blocked
at a queue length of five. blocked_at then holds it out of runnable_ids/1
until the queue grows past that mark, so with message loss in play the process
can be stranded and the schedule diverges; a perfect network hides it, because
every arrival pushes the queue past the stale mark and self-corrects. Measured:
40 runs of one seed identical with drop_p = 0.0, two distinct schedules in ten
with any loss at all, diverging from the third choice. timeouts stays 0
throughout, so none of the existing determinism instrumentation reports it — the
scheduler believes the step completed normally.
It does not appear to reach the gen_server-shaped systems in the suite, whose
operations arrive one at a time, which is why the determinism test was moved onto
eta_run and a real system under test rather than the crude one. Unfixed and
unexplained: the suspicion is await_block/3 reading waiting at an out event
in a window where the process has not fetched its signal queue, but that has not
been confirmed and the cheap confirmation is not obvious. It belongs with the
determinism boundary in eta_sched's moduledoc once it is understood.

	Does Concuerror's DPOR subsume enough of phases 0 and 4 to change the plan?

	How much of OTP genuinely needs the transform? Possibly just gen_server and
gen_statem; worth measuring before committing to Phase 5's estimate.

	Is erlang:suspend_process/1 safe enough at scale? It is documented as intended
for debuggers, and misuse can deadlock. The probe is clean at three processes;
behaviour at hundreds, with supervisors and monitors, is unverified.

	Should the virtual clock also drive dgen_transaction's commit worker, or should
the sim backend simply complete commits synchronously under the scheduler?

	dgen_mem has no retry backoff where FoundationDB backs off exponentially with
jitter. A backoff worth having is one the scheduler drives — which
timer:sleep/1 in a transformed module now is, since it rewrites to
eta_time:sleep/1. Left out until a workload is observed to need it; the
timeouts that prompted the question turned out to be the watch-anchoring bug
instead.
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The contract between your system and eta_run — Phase 3 of the DST framework
(design: docs/design.md).
A harness is not the system under test. Your gen_servers and your protocol
code are that. A harness is the adapter that starts the system, declares
which processes to schedule, drives it with a workload, and judges it
against invariants. eta_run supplies the seed, owns the scheduler and the
clock, decides when to inject work and when to let the system make progress, and
records enough to replay the run exactly.
Six callbacks are required and two are optional.
Two rules that are not obvious, and both bite silently
execute/2 must not block. Every process the scheduler owns is suspended
between steps, so a synchronous call into one from the driver cannot be served
and will sit there until something times out. An operation is issued by spawning
a process to perform it, and eta_run picks that process up through
processes/1 and schedules it like any other. This is not a limitation of the
framework so much as what a driver is: the client is part of the system being
interleaved.
check/1 must not call into a scheduled process either — and getting this
wrong does not fail loudly. eta_run bounds the call and reports
check_blocked if it hangs, but the more likely outcome is worse. A client API
that catches its own timeout — a status/1 that returns undefined on
exit:_ — turns a suspended member into a plausible-looking answer, and an
invariant computed over "no members believe they lead" passes while checking
nothing at all.
Read state out of band: ETS, persistent_term, a table the system keeps anyway.
Reading a registry's names table directly, the way its own lookups do, is the
shape to copy; anything that sends a message and waits is not.
The callbacks
init(Seed, Config) — start the system and return with it quiescent.
Anything still running when eta_run takes over ran on the real scheduler,
outside the schedule, and that is exactly the nondeterminism the framework
exists to remove.
processes(State) — every pid to schedule. Re-consulted after each operation,
so processes an operation creates are picked up; already-known pids are ignored,
so returning the full set every time is correct and expected. The order is
part of the contract, because eta_sched assigns ids in registration order and
the trace records ids.
generate(State, Rand) — the next operation, from the supplied rand state.
Return the advanced state; drawing entropy from anywhere else breaks replay.
execute(Op, State) — issue the operation. See the first rule above.
check(State) — the invariants, run against a frozen system. See the second
rule.
check_final(Settled, State) — optional. The invariants that are only true
once the system has stopped being driven. Called once, after the last action of a
run that ended normally, and not at all for a run that ended on a violation or a
budget error.
Some properties are simply not instantaneous. "Exactly one leader per partition"
is false for a moment after a partition heals and true again shortly after;
"no lock is waited on forever" cannot be judged while requests are still being
injected. Checking those after every action produces the choice between a check
that flags correct code and one that is sound and blind, and neither is worth
having — a threshold between the two is the trap, because the distributions
overlap.
Settled says how the run ended, and the two are not the same claim:
	quiescent — nothing was runnable and no timer could make anything runnable.
The system is stopped, full stop.
	settle_budget — settle_steps was spent with no operations left to inject.
The system was left alone for that long; it may still be ticking. A system
with a heartbeat never reaches quiescent and this is the strongest signal it
will ever give.

Take quiescent as proof and settle_budget as evidence, and be explicit about
which one a given property needs. A harness that only trusts the first returns
ok for the second.
Its return is the same as check/1's, and a violation ends the run as any other
does — outcome carries it and terminate/1 still runs.
terminate(State) — tear down. Called however the run ends, including on
violation.
labels(State) — optional, and the fallback rather than the main road. A
#{pid() => Name} map, used when eta_log:analyze/0 renders a run. Without a
name a step reads p7; with one, participant-2.
Prefer ?ETA_LABEL(Name) in the process itself. A process that labels itself is
named in one place, so its step lines and its own events cannot disagree, and a
self-reported name wins here. What this callback is for is the processes that
cannot name themselves: something from a library you do not own, or a module
you deliberately kept eta.hrl out of. eta_2pc's clients are the example —
they are anonymous funs handed to eta_run:spawn_op/1, so the harness is the
only thing that knows what each one is.
Called once, after the run, which is why it takes the whole state rather
than one pid at a time: a harness already holds its processes in lists and maps,
so building the mapping forwards is a comprehension, while answering "what is
this pid called" one at a time means writing reverse lookups you otherwise would
not need.
Name whatever you care about and leave the rest out; anything absent falls back
to its position. Names are ordinary terms and eta_log renders them: an atom
becomes itself, {Kind, N} becomes kind-n, anything else falls back to ~p.
This documentation is LLM-generated. See the AI disclosure in README.md.
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          -type op() :: term().
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          -type settled() :: quiescent | settle_budget.
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          -type state() :: term().
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          -type violation() :: term().
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          -callback check(state()) -> ok | {violation, violation()}.
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          -callback check_final(settled(), state()) -> ok | {violation, violation()}.
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          -callback execute(op(), state()) -> state().
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          -callback generate(state(), rand:state()) -> {op(), rand:state()}.
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          -callback init(Seed :: integer(), Config :: map()) -> {ok, state()}.
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          -callback labels(state()) -> #{pid() => term()}.
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          -callback processes(state()) -> [pid()].
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          -callback terminate(state()) -> ok.
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A deterministic event log, and the thing that makes a failing run readable.
A trace is a scheduler artifact. {step, 8} records which process was chosen
and says nothing about what that process did, what it read, or what state
anything was in — and the ids are anonymous positions assigned in registration
order. Turning one into an explanation means reconstructing every mailbox state
by hand, which is a decoder ring rather than a repro.
The schedule tells you what the scheduler did. This is where you define the
narrative of your system — nothing here generates a story, you choose what is
worth recording and where, and the quality of a failure report follows from
those choices. eta_run writes its own decisions into the same log, so there is
one ordered timeline rather than two that have to be reconciled:
  12  $eta        {step,8}
  13  reader-6    query_sent
  14  $eta        {step,1}
  15  r2          {applied_write,{1,1}}
  16  r2          {answered_read,{1,1}}
  17  $eta        {step,8}
  18  reader-6    {quorum_max,{1,1}}
What a system under test calls
Not these functions directly. Include the header and use the macros:
-include_lib("eta/include/eta.hrl").

init(Index) ->
    ok = ?ETA_LABEL({replica, Index}),
    {ok, #st{index = Index}}.

handle_cast({read, Ref, From}, St = #st{ts = Ts}) ->
    _ = ?ETA_LOG({answered_read, Ts}),
    ...
Under a release build the macros expand to nothing at all, so the module has no
relationship to this library: no call, no table lookup, nothing to pay for and
nothing for a release to carry. log/1 below is inert when no collection is
running, but inert is not free and still requires eta to be present. The
macros are what make it safe to leave instrumentation in the source of something
that ships. Same shape as EUnit's TEST.
The functions below are the driver side — collection, correlation and
presentation — and are called from tests and shells rather than from a module
that ships.
A harness may use either. It never ships, so the macros buy it nothing, and
calling label/1 and log/1 directly means a harness can be written in Elixir:
the macros are Erlang, and so is eta_transform, so the harness is the one part
of a simulated system with that freedom.
Three phases, like fprof
eta_run:run(my_harness, #{seed => 3}),   %% 1. collect
eta_log:profile(),                       %% 2. correlate
eta_log:analyze().                       %% 3. present
Collection is on by default during a run (log => false disables it) and can be
driven by hand with trace/1 outside one.
The middle phase is not ceremony. Process labels cannot be resolved while a
run is in progress: ids are handed out as processes register, and only the
harness can name them, with its own state in hand. So the raw log stays dumb —
ids and terms, no callbacks on the hot path — and profile/0 does the
correlation afterwards, attaching each event to the step it happened inside and
finding the boundary where the scheduler handed the system back.
The data outlives the run
Deliberately, and this is the mistake worth not repeating. A log deleted during
teardown is unreadable exactly when you want to read it. Like fprof's trace
file, what you collect survives until the next collection starts or you call
stop/0.
Ordering, and why the counter is shared
Every event takes its sequence number from one ets:update_counter, and
anything the harness stamps must take its timestamps from the same place. Two
counters mean a violation reporting earlier: {3, 4, ...} that indexes into
nothing. One counter means the violation points into the narrative — read
the numbers, jump to those lines.
It cannot perturb the schedule
eta_run's own calls happen in the driver process, which the scheduler does not
own, so they are safe by construction. Calls from inside a scheduled process are
safe too, for a reason worth stating: a step ends when a process blocks in a
receive, and an ETS operation never blocks. Observability that changed the
schedule would be worse than none, since every failure you then investigated
would be a different failure from the one you set out to investigate.
This documentation is LLM-generated. See the AI disclosure in README.md.
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        analyze()

      


        Renders the profiled timeline to the terminal. See analyze/1.



    


    
      
        analyze(Opts)

      


        Renders the profiled timeline.



    


    
      
        events()

      


        The raw log, oldest first. profile/0 is usually what you want.



    


    
      
        label(Label)

      


        Names the calling process for the log.



    


    
      
        log(What)

      


        Records an event and returns its sequence number.



    


    
      
        profile()

      


        Correlates the raw log into a timeline: resolves ids to names, attaches every
event to the step it happened inside, and marks where the simulation ended.



    


    
      
        register_labels(Map)

      


        Records the id-to-name mapping for this run. Called by eta_run at teardown,
once ids can finally be joined to names.



    


    
      
        running()

      


        Whether a log exists, whether or not it is recording. log/1 returns 0 only
when this is false.



    


    
      
        self_labels()

      


        Every label a process gave itself this run, as #{pid() => term()}.



    


    
      
        seq()

      


        The sequence number of the last event recorded, or 0.



    


    
      
        stop()

      


        Discards the collected log. Safe to call when nothing is running.



    


    
      
        trace/1

      


        Starts or stops collection. eta_run calls this for you; use it directly when
driving eta_sched by hand.
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          -type entry() ::
          #{seq := non_neg_integer(),
            label := term(),
            name := binary(),
            what := term(),
            step := non_neg_integer() | undefined,
            simulated := boolean()}.
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          -type event() :: {non_neg_integer(), term(), term()}.


      



  


        

      

      
        Functions


        


  
    
      
    
    
      analyze()



    

  


  

      

          -spec analyze() -> ok.


      


Renders the profiled timeline to the terminal. See analyze/1.

  



  
    
      
    
    
      analyze(Opts)



    

  


  

      

          -spec analyze(map()) -> ok.


      


Renders the profiled timeline.
Options:
	dest ([]) — [] for the terminal, or a filename.

	until (infinity) — stop at this sequence number. Pass the finish stamp
from a violation and the output ends exactly where the story does:
#{outcome := {violation, #{later := {_Start, Finish, _}}}} = Result,
eta_log:analyze(#{until => Finish}).

	teardown (false) — include events logged after the scheduler released the
system. Off by default because they ran on the real scheduler and are not part
of the run.

	driver (true) — include eta_run's own step, op and clock entries.
Turn it off for a pure account of what the system did.
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          -spec events() -> [event()].


      


The raw log, oldest first. profile/0 is usually what you want.
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          -spec label(term()) -> ok.


      


Names the calling process for the log.
Call ?ETA_LABEL(Label) rather than this, so a release build strips it. See the
module doc.
Kept in the process dictionary, so logging costs nothing at the call sites and
no API has to carry a label around. Call it once, wherever the process starts:
in a gen_server's init/1, or at the top of whatever an operation spawns.
A label is permanent
The first call wins. A second call with a different label is ignored and
warned about, because a label is a property of a process, not of its current
state. A replica that becomes leader has not become a different process, and
saying so would rewrite the name on every step it took beforehand. Log the
transition as an event instead — that is what events are for, and it keeps the
before and the after both readable.
It also names the step lines
Registering here is what lets a {step, Id} line carry the same name as the
events underneath it. The process cannot know its own scheduler id — it is
labelled in init/1, before eta_sched has assigned one — so the pid is
recorded and eta_run joins it against the scheduler's id-to-pid map at
teardown.
That join is why the self-reported name wins over eta_harness's optional
labels/1. Two sources naming one process is how the same process ends up under
2 names in one report, and one of those sources is the process itself. Use
labels/1 for the processes that never labelled themselves: something from a
library you do not own, or a module you kept the header out of.
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          -spec log(term()) -> non_neg_integer().


      


Records an event and returns its sequence number.
Call ?ETA_LOG(Event) rather than this from a module that ships; see the module
doc. This returns 0 when there is no log at all, and the macro returns 0 when the
module was not built for simulation, so the 2 are consistent. Under
trace(stamps) the number is real and only the recording is skipped.
Stamp your harness's own timestamps from this return value. An invariant
that reports "read A finished at 11, read B started at 12" is only useful if 11
and 12 name lines in this log.
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          -spec profile() -> [entry()].


      


Correlates the raw log into a timeline: resolves ids to names, attaches every
event to the step it happened inside, and marks where the simulation ended.
The last part matters more than it sounds. eta_run releases every suspended
process before tearing the system down, so anything logged after that point ran
on the real scheduler and is not part of the run. It is real, it is
nondeterministic, and a reader who does not know that will try to make sense of
it.
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          -spec register_labels(#{non_neg_integer() => term()}) -> ok.


      


Records the id-to-name mapping for this run. Called by eta_run at teardown,
once ids can finally be joined to names.
The plural of label/1 in subject, not in object: label/1 is a process naming
itself, this is the finished map for the whole run — every self-reported label
plus whatever eta_harness:labels/1 added for the processes that never reported
one.
Stored beside the events rather than resolved into them, so the raw log stays a
record of facts and naming stays a presentation concern.
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          -spec running() -> boolean().


      


Whether a log exists, whether or not it is recording. log/1 returns 0 only
when this is false.
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          -spec self_labels() -> #{pid() => term()}.


      


Every label a process gave itself this run, as #{pid() => term()}.
eta_run joins this against the scheduler's id-to-pid map; a harness has no
reason to call it.
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          -spec seq() -> non_neg_integer().


      


The sequence number of the last event recorded, or 0.
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          -spec stop() -> ok.


      


Discards the collected log. Safe to call when nothing is running.
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          -spec trace(start | stamps | stop) -> ok.


      


Starts or stops collection. eta_run calls this for you; use it directly when
driving eta_sched by hand.
stamps is collection turned off without turning the clock off: log/1
still returns a real, increasing sequence number, it just records nothing. That
is what eta_run's log => false uses, and the distinction matters more than it
sounds.
A harness is told to stamp its operations from log/1, so that a violation
reporting earlier: {8, 11, ...} indexes into the narrative. If switching
collection off made those stamps 0, every one of them would compare equal, and
an invariant phrased as "this finished before that started" would quietly stop
holding — a run that checks nothing, reported as a clean pass. Keeping the
counter costs one ETS row.
Starting either way discards whatever was collected before, the same way
eta_time:start/0 resets a running clock.
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logger for a system under simulation — the same API, routed into eta_log.
Why logging is a determinism hazard
A logger call does not just format a string. It hands the event to a handler,
and the default handler logger_std_h is a process the scheduler does not
own. Under load it switches from asynchronous to synchronous mode, at which
point a log call becomes a synchronous call into an OTP service process — the
same class of real-time dependency as code_server, and one of the ones
docs/05 tells you to grep for. The handler then runs on the real scheduler and
makes the caller runnable again at a moment nothing chose.
So a chatty system under test can have its schedule decided by how busy its log
handler happens to be, and the symptom is a seed that mostly reproduces.
What this does instead
While a run is collecting, a call lands in eta_log as a {Level, Args} event:
no process, no message, no blocking, and a sequence number from the same counter
as everything else. Your system's own logging becomes part of the narrative
eta_log:analyze/0 prints, interleaved with the scheduler's decisions rather
than scrolling past in a separate stream.
With no run in progress it delegates to logger unchanged, so a module built
with the transform logs normally outside a simulation. That is the same bargain
eta_time makes with the real clock.
What it does not do
It does not filter by level, consult logger's configuration, or run formatters.
An event is recorded whatever the level, because the run's log is a record of
what happened rather than an operator's console, and deciding at record time what
a reader will want is how you lose the line that mattered.
This documentation is LLM-generated. See the AI disclosure in README.md.
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eta_net 
    



      
A simulated network: seeded message loss, delay and partitions between processes
in one VM.
eta_sched decides who runs and eta_time decides when. Neither decides
whether a message arrives, so a client that sends to three peers reaches all
three inside one scheduler step. This module owns delivery, and can drop, delay
or cut it.
Inert unless a network is running: every function here delegates to its ordinary
counterpart, so a module built with eta_transform behaves normally outside a
simulation.
Reaching it
send/2 is an ordinary exported function, and there are three ways to call it:
Peer ! {replicate, Batch}.                     %% eta_transform rewrites this
eta_net:send(Peer, {replicate, Batch}).        %% or write it yourself
myapp_link:send(Peer, {replicate, Batch}).     %% or from your own transport module
Use the transform unless your system already has a transport module, in which
case call this from it and skip the header.
Routing must be uniform per channel. If some sends between two processes come
through here and others go direct, a direct message can overtake a delayed one —
reordering within an ordered pair, introduced by the harness and blamed on the
system. The transform is module-granular so a peer-facing module is either in or
out; a hand-written seam is call-site granular, and one Pid ! ack left unwrapped
in an error branch is enough to break it.
The fault model
Only faults real Erlang can produce. Distribution guarantees that messages between
one ordered pair arrive in send order, and does not guarantee delivery at all. So
per ordered pair this module may deliver, drop, delay, or cut the
channel until healed. It never reorders within a pair; injecting that would
manufacture counterexamples the real system cannot produce.
A perfect policy is exactly the behaviour of no network at all, which is what
makes drop_p => 0.0 usable as a control run.
Loss comes with a signal. A real link failure delivers nodedown/nodeup to
both ends and systems hang recovery off those, so partition/3 and
heal_partition/3 take one. Dropping messages without it injects something no
network produces. See partition/3.
Where the network is: located and faultable
Two different questions, and place/2 used to answer both at once.
	Located — which simulated node a process is on. A located process receives
that node's link events (partition/3's signal, a synthetic noconnection
DOWN, kill_node/2's signal) and dies with the node.
	Faultable — whether the network may drop or delay this process's messages.

place/2 makes a process both. attach/2 makes it located only.
The distinction is not a nicety, and the case that forces it is the common one.
Take a node that runs a member, an elector and a connector under one supervisor.
Only member-to-member traffic crosses the wire: the elector coordinates with its
peers through a durable store and the connector talks to nothing, so their
"messages" are store operations wearing the costume of a send. Dropping one
models a failure the store cannot produce — a database commits or errors, it does
not silently evaporate — and the divergence that follows looks exactly like the
replication defect a suite is hunting.
But the connector is where node-level failure detection lives. It owns
nodedown/nodeup and it must die when its node does. So it has to be on the
node without being on the wire, which is attach/2.
The alternative — place everything and narrow scope until the store traffic is
excluded — states the same thing in a form that has to be kept correct by hand as
the system grows a message. Topology is the durable statement; scope is what a
particular run is entitled to break.
With no topology declared at all, every link is faultable, so place/2 is opt-in.
Link events
A link failure is not only lost messages. Real distribution delivers two things
the schedule has to carry:
	Node signals. partition/3, heal_partition/3 and kill_node/2 take a
signal, which reaches every located process on the affected side. See
partition/3 for the derived and literal forms.
	Synthetic noconnection DOWNs. Every monitor held across a failing link
fires {'DOWN', Ref, process, Object, noconnection}. Under eta_net the target
is still alive in the same VM, so the VM's own monitor never fires and nothing
substitutes for it — which leaves every system whose failure detection runs on
monitors untestable against a partition, even though the link fault itself
works. monitor/2 fixes that. See monitor/2 and kill_node/2.

Both are delivered directly rather than routed, because a cut channel must not
be able to swallow the event that announces the cut, and both are enqueued
synchronously by the calling driver in a deterministic order — so the schedule
owns when they are seen, exactly as it does for any other message. Neither
draws from the fault RNG: adding a signal must not shift the fault schedule for
the traffic that can be faulted.
Not net_kernel
A simulated node is a name in a table, not a node. nodes() will not list one,
net_kernel:monitor_nodes/1 will not report one, connect_node/1 will not reach
one, and node(Pid) still answers with the real node. This module delivers the
events a link or node failure produces and nothing else; a system under test
receives its nodedown because a harness sent it, not because distribution did.
A connector-shaped process that calls net_kernel:monitor_nodes/1 therefore has
to be told about simulated nodes some other way — a -ifdef(DST) seam, or a
subscription function the harness can call. There is no way around it: emulating
net_kernel would mean emulating distribution, which eta does not do.
Delay is virtual — a delayed message becomes a deadline in eta_time's wheel — so
waiting one out costs no real time.
This documentation is LLM-generated. See the AI disclosure in README.md.
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        attach(Node, Pids)

      


        Puts processes on a simulated node without putting them on the wire: they
receive the node's link events and die with it, and their traffic is never
faulted.



    


    
      
        call(Dest, Req)

      


        gen_server:call/2,3 and gen_statem:call/2,3, with both legs on the
network. One target for both, because the request is the same
{'$gen_call', From, Request} either way.



    


    
      
        call(Dest, Req, Timeout0)

      


    


    
      
        cast(Dest, Msg)

      


        gen_server:cast/2, routed. Never raises, including for an unregistered name.



    


    
      
        cut(From0, To0)

      


        Drops everything sent from From to To until heal/2. One direction.



    


    
      
        demonitor(Ref)

      


        erlang:demonitor/1. See monitor/2.



    


    
      
        demonitor(Ref, Opts)

      


        erlang:demonitor/2, including flush and info. See monitor/2.



    


    
      
        drop_matching(From0, To0, Tag, Skip, K)

      


        On the From -> To channel, lets the next Skip messages tagged Tag through,
then drops the following K of them. Other traffic is untouched.



    


    
      
        drop_next(From0, To0, K)

      


        Drops exactly the next K messages from From to To, then resumes. Asks what a
probability cannot: "lose the reply to this one operation".



    


    
      
        faultable(Dest)

      


        Whether the network may fault this process's traffic.



    


    
      
        heal(From0, To0)

      


        Restores a channel previously cut/2.



    


    
      
        heal_all()

      


        Removes every cut and every pending drop_next/3 or drop_matching/5.



    


    
      
        heal_partition(A, B)

      


        Heals both directions. See heal_partition/3.



    


    
      
        heal_partition(A, B, Opts)

      


        Heals both directions, optionally delivering a link-up signal — #{signal => nodeup}, or any of the forms partition/3 takes. See partition/3 for why that
matters, and learns for delivering it to one side only.



    


    
      
        in_flight()

      


        How many messages are delayed but not yet delivered.



    


    
      
        inherit(Parent, Child)

      


        Places Child where Parent is, with the same faultability. Called by
eta_sched as it adopts a process; a harness does not call this. See place/2.



    


    
      
        kill_node(Node)

      


        Kills a simulated node with no signal. See kill_node/2.



    


    
      
        kill_node(Node, Opts)

      


        "Node N is gone": every process located on it dies, and every survivor gets the
events that death produces.



    


    
      
        monitor(Type, Item)

      


        erlang:monitor/2, aware of the simulated network.



    


    
      
        monitor/3

      


    


    
      
        node_of(Dest)

      


        The simulated node a process is on, or undefined. See place/2.



    


    
      
        notify_exit(Pid, Reason)

      


        Tells the network a process has exited, so simulated monitors on it can fire.



    


    
      
        partition(A, B)

      


        Cuts both directions — which is what a lost link actually is. See partition/3.



    


    
      
        partition(A, B, Opts)

      


        Cuts both directions, delivers the noconnection DOWNs the failure produces, and
optionally a link-down signal.



    


    
      
        place(Node, Pids)

      


        Puts processes on a simulated node, on the wire — how a system says where its
network is.



    


    
      
        policy()

      


        The policy currently in force.



    


    
      
        register_name(Node, Name, Dest)

      


        Registers Name on simulated node Node, so {Name, Node} resolves the way
{Name, node()} does in a real cluster.



    


    
      
        reply/1

      


        gen_statem:reply/1, routed. Takes one {reply, From, Reply} or a list of them,
and puts each on the network through reply/2.



    


    
      
        reply/2

      


        gen_server:reply/2 and gen_statem:reply/2, routed — so a reply can be lost
independently of the request that caused it.



    


    
      
        running()

      


        Whether a network is running. When false, every function here delegates.



    


    
      
        send(Dest, Msg)

      


        Sends a message, subject to the network.



    


    
      
        send(Dest, Msg, Opts)

      


        erlang:send/3. The options are for distribution and have no meaning between two
processes in one VM, so a routed send ignores them.



    


    
      
        set_policy(Policy)

      


        Sets the random fault policy. Anything omitted keeps its current value.



    


    
      
        start()

      


        Starts a network with a perfect policy. See start/1.



    


    
      
        start(Opts)

      


        Starts the network.



    


    
      
        statem_return/1

      


        Puts the reply leg of a gen_statem:call on the network, given a state
callback's return value.



    


    
      
        stats()

      


        Message counts by disposition.



    


    
      
        stop()

      


        Stops the network. Safe to call when none is running.



    


    
      
        unregister_name(Node, Name)

      


        Removes a simulated registration. See register_name/3.



    


    
      
        unsupported/2

      


        What eta_transform points the messaging functions this module does not
implement at: broadcasts and multi-node calls, the asynchronous
request/response interface, and the gen_event client API. The list is
?NET_UNSUPPORTED in eta_transform.



    


    
      
        whereis_name(Node, Name)

      


        The pid registered as Name on simulated node Node, or undefined.



    





      


      
        Types


        


  
    
      
    
    
      dest()



    

  


  

      

          -type dest() :: pid() | atom().


      



  



  
    
      
    
    
      event_opts()



    

  


  

      

          -type event_opts() :: #{signal => signal(), learns => learns()}.


      



  



  
    
      
    
    
      learns()



    

  


  

      

          -type learns() :: both | a | b.


      



  



  
    
      
    
    
      policy()



    

  


  

      

          -type policy() :: #{drop_p => float(), delay_p => float(), max_delay => pos_integer(), scope => scope()}.


      



  



  
    
      
    
    
      scope()



    

  


  

      

          -type scope() :: all | {tags, [term()]} | fun((pid(), dest(), term()) -> boolean()).


      



  



  
    
      
    
    
      signal()



    

  


  

      

          -type signal() :: atom() | {literal, term()} | term().


      



  


        

      

      
        Functions


        


  
    
      
    
    
      attach(Node, Pids)



    

  


  

      

          -spec attach(term(), [dest()]) -> ok.


      


Puts processes on a simulated node without putting them on the wire: they
receive the node's link events and die with it, and their traffic is never
faulted.
eta_net:place(node_a, [MemberA]),          %% talks to peers over the network
eta_net:attach(node_a, [ElectorA, ConnA]). %% on the node, off the wire
This is the honest way to model a process whose "messages" are not messages. An
elector that coordinates through a durable store, a connector that only watches
node liveness — dropping their sends injects a failure the real system cannot
have, and the divergence that follows is an artefact that reads exactly like a
replication defect. But both must still learn when their node's peers go away,
and both must die when the node does, so leaving them unplaced is wrong too.
Faultability is per process, not per channel: a send is faulted only when both
ends are faultable, so an attached process is safe in either direction.
Otherwise identical to place/2 — same node names, same inheritance, same
participation in partition/3 and kill_node/2.

  



  
    
      
    
    
      call(Dest, Req)



    

  


  

      

          -spec call(dest() | term(), term()) -> term().


      


gen_server:call/2,3 and gen_statem:call/2,3, with both legs on the
network. One target for both, because the request is the same
{'$gen_call', From, Request} either way.
The request is an ordinary send this module routes. The reply cannot be reached
from here — gen:reply sends it from inside OTP — so eta_transform brings it
on from the other end, rewriting the callee's returns: a gen_server's
{reply, R, S} becomes eta_net:reply(From, R) plus {noreply, S}, and a
gen_statem's {reply, From, R} action is taken out of the action list and sent
through here instead. See statem_return/1.
Both legs can therefore be dropped or delayed independently, which is what makes
the asymmetric fault reachable: the work happened, the caller never learned it
did.
Monitors the callee and takes a timeout, as gen_server:call/3 does, with two
differences:
	The timeout is virtual, so waiting one out on a dropped request costs no
real time and fires where the schedule chose. See below for when.
	The monitor is eta_net's own and is deliberately left real, rather than
going through monitor/2. It exists to notice a callee that died, and it has
to work whatever the scheduler is or is not reporting — this is the path that
turns a dead callee into an exit instead of a hang. The cost is that a call
outstanding across a partition/3 ends in its (virtual) timeout rather than in
noconnection, which is a known simplification. Monitors the system holds
are simulated and do get noconnection; see monitor/2.

Raises unrouted_reply if the callee was not built with the transform, since
its reply then comes around the network and one direction of the channel is
silently unfaultable. Only on the routed path — with no network there is nothing
to route and nothing to come around.
Three paths, and the timeout is virtual on two of them
The network is not what decides whether the timeout is real. The clock is,
which is a distinction that used to be got wrong here and is worth stating
plainly, because the default run (net => false) took the wrong branch.
	Network running — the request is routed, and the wait is on the virtual
clock.
	No network, but a virtual clock — the request is an ordinary send and the
wait is still on the virtual clock. This is gen:call's own protocol with
the deadline moved, alias and all, so a reply that loses the race to the
timeout is dropped by the VM exactly as it is outside a simulation.
	Neither — a plain gen_server:call/3, real timeout, which is what the
module does about everything when it is inert.

What made the old gating a bug rather than a gap: a transformed system with the
scheduler and the clock up and no network is the ordinary configuration, and
every gen_server:call in it was waiting out a real 5-second after inside OTP
while the driver did other work. When it fired was decided by machine load, so a
seed did not reproduce its own run, and nothing reported it.
A virtual deadline is only armed for a process the scheduler is stepping.
eta_run advances the clock only to deadlines belonging to a process it owns and
steps over every other one as a stray (eta_time:advance_to_next/1), so a
virtual timeout armed by anything else — the driver, a harness execute/2 that
calls instead of spawning — is a deadline nothing will ever reach, and a hang
with no timeout to end it. Those callers keep the real one. The check is a read
of eta_sched:stepping/0, and it fails towards the real timeout: an owned caller
this misses gets nondeterminism, which is bad, where an unowned caller it wrongly
claimed would get a stalled run, which is worse.

  



  
    
      
    
    
      call(Dest, Req, Timeout0)



    

  


  

      

          -spec call(dest() | term(), term(), timeout() | {clean_timeout | dirty_timeout, timeout()}) -> term().


      



  



  
    
      
    
    
      cast(Dest, Msg)



    

  


  

      

          -spec cast(dest() | term(), term()) -> ok.


      


gen_server:cast/2, routed. Never raises, including for an unregistered name.

  



  
    
      
    
    
      cut(From0, To0)



    

  


  

      

          -spec cut(dest(), dest()) -> ok.


      


Drops everything sent from From to To until heal/2. One direction.
Messages already in flight on that channel are cancelled, as a failing link loses
what was on it, and counted as both dropped and cancelled.
No link events. This is a message fault, not a node failure: nothing is
signalled and no monitor fires. A one-way loss of messages is not something a
lost connection produces — real distribution tears the whole connection down
when either end's tick times out, and both ends then find out. partition/3 is
that event; cut/2 is the narrower fault of a channel that swallows traffic
while both ends still believe the link is up. Use it when that is what you mean,
and partition/3 when a node has gone.

  



  
    
      
    
    
      demonitor(Ref)



    

  


  

      

          -spec demonitor(reference()) -> true.


      


erlang:demonitor/1. See monitor/2.

  



  
    
      
    
    
      demonitor(Ref, Opts)



    

  


  

      

          -spec demonitor(reference(), list()) -> boolean().


      


erlang:demonitor/2, including flush and info. See monitor/2.
A simulated monitor that has already fired behaves as a real fired one does:
true, or false under info, and never a raise.

  



  
    
      
    
    
      drop_matching(From0, To0, Tag, Skip, K)



    

  


  

      

          -spec drop_matching(dest(), dest(), term(), non_neg_integer(), non_neg_integer()) -> ok.


      


On the From -> To channel, lets the next Skip messages tagged Tag through,
then drops the following K of them. Other traffic is untouched.
Counts within one kind of message, which a raw message count cannot: a batch
interleaves on the wire with acks and replies, so "drop messages 2..4 of this
batch" is only expressible by tag. Losing a strict subset of one batch is a
materially different fault from losing a whole channel — it can leave no
discontinuity for the receiver to detect.
See set_policy/1 for what a tag is.

  



  
    
      
    
    
      drop_next(From0, To0, K)



    

  


  

      

          -spec drop_next(dest(), dest(), non_neg_integer()) -> ok.


      


Drops exactly the next K messages from From to To, then resumes. Asks what a
probability cannot: "lose the reply to this one operation".

  



  
    
      
    
    
      faultable(Dest)



    

  


  

      

          -spec faultable(dest()) -> boolean().


      


Whether the network may fault this process's traffic.
false for an unplaced process and for one added with attach/2; true for a
placed one, and for everything when no topology has been declared at all. See
place/2.

  



  
    
      
    
    
      heal(From0, To0)



    

  


  

      

          -spec heal(dest(), dest()) -> ok.


      


Restores a channel previously cut/2.

  



  
    
      
    
    
      heal_all()



    

  


  

      

          -spec heal_all() -> ok.


      


Removes every cut and every pending drop_next/3 or drop_matching/5.
Does not touch the random policy — heal_all/0 plus
set_policy(#{drop_p => 0.0, delay_p => 0.0}) is the perfect network to converge
into.
Does not touch monitors or topology either. A monitor retired by a noconnection
DOWN stays retired, exactly as heal_partition/3 leaves it, and a node killed by
kill_node/2 stays dead. This restores a network; it does not rewind a run.

  



  
    
      
    
    
      heal_partition(A, B)



    

  


  

      

          -spec heal_partition(dest(), dest()) -> ok.


      


Heals both directions. See heal_partition/3.

  



  
    
      
    
    
      heal_partition(A, B, Opts)



    

  


  

      

          -spec heal_partition(dest(), dest(), event_opts()) -> ok.


      


Heals both directions, optionally delivering a link-up signal — #{signal => nodeup}, or any of the forms partition/3 takes. See partition/3 for why that
matters, and learns for delivering it to one side only.
Resurrects nothing. A monitor that fired noconnection is gone, exactly as
it would be in real Erlang, and a system that wants to keep watching its peer has
to monitor it again. Healing a link is not undoing the failure; it is a second
event.

  



  
    
      
    
    
      in_flight()



    

  


  

      

          -spec in_flight() -> non_neg_integer().


      


How many messages are delayed but not yet delivered.
The network's analogue of a stray timer: non-zero at the end of a run means a
message was decided on and never arrived, usually because the run ended or its
destination died first.

  



  
    
      
    
    
      inherit(Parent, Child)



    

  


  

      

          -spec inherit(pid(), pid()) -> ok.


      


Places Child where Parent is, with the same faultability. Called by
eta_sched as it adopts a process; a harness does not call this. See place/2.

  



  
    
      
    
    
      kill_node(Node)



    

  


  

      

          -spec kill_node(term()) -> ok.


      


Kills a simulated node with no signal. See kill_node/2.

  



  
    
      
    
    
      kill_node(Node, Opts)



    

  


  

      

          -spec kill_node(term(), event_opts()) -> ok.


      


"Node N is gone": every process located on it dies, and every survivor gets the
events that death produces.
eta_net:kill_node(nb, #{signal => nodedown}).
Five things happen, in this order, and the order is the point — a harness that
hand-rolls this from place/2, exit/2 and partition/3 gets it subtly wrong,
usually by killing first:
	Every simulated monitor held from another node on a process that is about
to die fires {'DOWN', Ref, process, Object, noconnection}.
	Every monitor with either end on the node is retired.
	Messages in flight to or from the node are cancelled, as a failing node loses
what was on the wire.
	Every located process on the node — placed and attached — is killed.
	Surviving located processes receive {Signal, Node}.

The asymmetry in step 1
Real distribution reports a lost node as noconnection to a remote monitor while
a monitor on the same machine sees the true exit reason. One VM cannot do that on
its own: a killed process yields killed to every monitor it has. So the remote
monitors are retired before the process dies, and the DOWN they receive is the
one distribution would have sent. Monitors held by anything not located — a
client, a harness, an observer — are untouched real monitors and see killed,
which is the same asymmetry seen from the other side.
Step 1 must precede step 4 for a second reason: once the exit signal is out, the
scheduler may report it at any moment, and a monitor still on the books then
would fire with the real reason.
Atomicity
The whole sequence runs in the driver, between steps, while every process the
scheduler owns is suspended. No survivor can observe a half-dead node, because no
survivor runs until it is a fully dead one.
Restarting
A killed node's name survives; its processes do not. place/2 or attach/2 on
the same name afterwards is how a restart is expressed, and the new processes are
ordinary members of that node — they get a fresh position in the link-event
fan-out, since the ones they replace are gone.
Two things deliberately do not reset. Any cut involving the node is still in
force, so a node that was partitioned and then died comes back partitioned until
it is healed; and nothing re-monitors on a survivor's behalf. Both follow from
the same rule as everywhere else here: an event says what just happened, it does
not undo what happened before.

  



  
    
      
    
    
      monitor(Type, Item)



    

  


  

      

          -spec monitor(process | port | time_offset, term()) -> reference().


      


erlang:monitor/2, aware of the simulated network.
Most systems detect a failed peer with a monitor rather than with a timeout, so
without this a partition is invisible to exactly the code it should be exercising:
the target is alive in the same VM, the VM's monitor stays armed, and the link
fault drops messages into a system that never learns why.
eta_transform points a module's erlang:monitor/2,3 and demonitor/1,2 here,
so ordinary code needs no change.
What is simulated, and what is left to the VM
A monitor is simulated when, at the moment it is created, watcher and target
are located on different simulated nodes. Everything else — same node, either
end unplaced, no topology at all, a monitor on a port or a time_offset, or one
asking for an alias — is a plain erlang:monitor and behaves exactly as it
always did.
That line is deliberately narrow, and the reason is which way each choice fails.
A simulated monitor is the only kind that can be made to fire noconnection,
because the VM will not let one process cancel another's monitor and will not let
anyone rewrite a DOWN already on its way — so a monitor that stayed real would
report killed to a remote watcher, or report twice. But a simulated monitor
depends on this module being told the target died (see notify_exit/2), and if
that ever fails to arrive the watcher waits forever. Simulating only the monitors
that need it keeps that exposure to the pairs a partition can actually sever, and
leaves everything else on machinery that cannot go wrong.
The consequence worth stating: a monitor created before its ends are placed is
a real one and will not fire noconnection. Place the topology before the system
starts monitoring — init/2, alongside registration — which is where it belongs
anyway.
When a simulated monitor fires
Exactly once, then it is gone, as a real one is:
	{'DOWN', Ref, process, Object, noconnection} when partition/3 or
kill_node/2 severs the link between watcher and target.
	{'DOWN', Ref, process, Object, Reason} when the target exits, with the real
reason, reported by eta_sched. See notify_exit/2.
	{'DOWN', Ref, process, Object, noproc} immediately, if the target is already
dead when the monitor is created.
	{'DOWN', Ref, process, Object, noconnection} immediately, if the link between
watcher and target is already down when the monitor is created.

Object follows erlang:monitor/2: the pid for a pid, {Name, node()} for a
registered name. {tag, Tag} in the options replaces 'DOWN', as it does for the
BIF.
The last two are one rule: a monitor that cannot be established says so at
once, rather than never. The BIF answers both that way, and code that waits for
a DOWN it will not otherwise get depends on it — an agent that monitors a peer to
find out it is unreachable waits forever otherwise, and the run looks healthy
while it does.
A noconnection DOWN is terminal. Real Erlang does not re-arm a monitor
after one, and neither does this: heal_partition/3 resurrects nothing, and a
system that wants to keep watching must monitor again. The immediate
noconnection above is not an exception to that, because it is not the old
failure being replayed. Nothing here is retroactive. It reports the topology
now, which is the same thing the BIF reports when it is asked to monitor across
a connection it cannot make.
"Already down" means both directions cut at the node level — the state
partition/3 leaves behind, and the only one that models a lost connection: real
distribution has no one-way link failure, since either end's tick timing out
tears the whole connection down. A one-way cut/2, and a cut/2 between two
processes, leave the link up by definition; a monitor created across one is
established and fires nothing, which is the whole point of that fault. See
cut/2.
One approximation, and it is visible only through learns: this reads the
topology, not who has noticed it. partition/3 with learns => a leaves side B
believing its peer is reachable, and a monitor B creates afterwards still gets
the immediate noconnection — the cut is in the table, and B's ignorance of it
is not.

  



  
    
      
    
    
      monitor/3



    

  


  

      

          -spec monitor(process | port | time_offset, term(), list()) -> reference().


      



  



  
    
      
    
    
      node_of(Dest)



    

  


  

      

          -spec node_of(dest()) -> term() | undefined.


      


The simulated node a process is on, or undefined. See place/2.

  



  
    
      
    
    
      notify_exit(Pid, Reason)



    

  


  

      

          -spec notify_exit(pid(), term()) -> ok.


      


Tells the network a process has exited, so simulated monitors on it can fire.
Called by eta_sched from the exit trace event, not by a harness. Inert when no
network is running.
Why the scheduler is the source
A simulated monitor has no VM monitor behind it, so something has to notice the
target died. Every candidate but this one is worse:
	A broker process holding real monitors would learn at the right moment and
forward at the wrong one — it is not a process the scheduler owns, so its
forwarded DOWN lands whenever the BEAM happens to run it. That is a message
ordered by wall clock, which is the thing this framework exists to remove.
	A real monitor in the watcher, under a private tag, would land at exactly
the right moment in exactly the wrong shape, and no one can rewrite another
process's mailbox.
	Polling would fire on whichever driver call happened next.

eta_sched is already the tracer for every process in a run and already calls
inherit/2 from the same handler, so it learns of an exit synchronously with the
step that caused it, in a process whose mailbox is read at points the schedule
fixes. Delivery from there is exact: only one process runs during a step, so a
DOWN raised at the end of it sits behind every message the dying process sent
during it, which is the order the VM would have produced.
The boundary this leaves: a target the scheduler does not own reports nothing,
so a simulated monitor on one never fires. Every process a run schedules is owned
by construction — that is processes/1's contract — so this is a statement about
processes outside the run, and it is another reason simulation is confined to
monitors that cross a declared link.

  



  
    
      
    
    
      partition(A, B)



    

  


  

      

          -spec partition(dest(), dest()) -> ok.


      


Cuts both directions — which is what a lost link actually is. See partition/3.

  



  
    
      
    
    
      partition(A, B, Opts)



    

  


  

      

          -spec partition(dest(), dest(), event_opts()) -> ok.


      


Cuts both directions, delivers the noconnection DOWNs the failure produces, and
optionally a link-down signal.
eta_net:partition(na, nb, #{signal => nodedown}).
The signal
Prefer the signalling form. A real link failure is never only lost messages:
it delivers nodedown/nodeup to both ends and systems hang recovery off those.
Dropping without signalling injects something no network produces — messages
vanishing while both ends still believe the link is up — and the unrecovered state
that follows is an artefact rather than a defect.
The opposite trap is real too: recovery driven by the signal may repair the very
divergence under test, so a run asserting a property during a fault restricts
loss by scope instead. Neither is right in every situation, which is why there
is no default.
Three forms, and the first is the one to reach for:
	signal	side A receives	side B receives
	nodedown (any atom)	{nodedown, B}	{nodedown, A}
	{literal, Term}	Term	Term
	any other term	itself	itself

An atom names a kind and is derived per side, because that is what a partition
actually says: processes on A learn that B is gone, and processes on B learn that
A is gone. One undifferentiated term tells both sides the same thing, which is
never what happened. A and B here are the arguments as resolved — a node name
if the argument named a node, the pid otherwise.
The literal forms are what a term that is already complete uses, and
#{signal => {nodedown, node()}} keeps meaning exactly what it always did.
{literal, _} exists for the one case the bare form cannot express: a signal
that is a single atom.
Which side learns
learns says which side of the partition observes the failure: both (the
default), a, or b. It governs the signal and the DOWNs together, since they
are the same event seen twice.
eta_net:partition(na, nb, #{signal => nodedown, learns => a}).
is "A finds out that B is gone, and B does not notice" — an asymmetry real
distribution produces constantly, since the two ends time out independently, and
one that had to be hand-rolled from two cut/2 calls and a fan-out before. The
cut itself stays symmetric: a lost link loses both directions whether or not
anyone has realised.
Monitors
Every simulated monitor held across the partition fires exactly one
{'DOWN', Ref, process, Object, noconnection} and is retired. See monitor/2
for which monitors those are and why the DOWN is terminal.
Delivery
DOWNs first, then signals; side A's fan-out before side B's; each in placement
order. Everything is delivered directly rather than routed, so a cut channel
cannot swallow it, and everything is enqueued before this call returns — no
process the scheduler owns runs in between, so no one can observe half of it.

  



  
    
      
    
    
      place(Node, Pids)



    

  


  

      

          -spec place(term(), [dest()]) -> ok.


      


Puts processes on a simulated node, on the wire — how a system says where its
network is.
Faults apply to a send only when both ends are placed and their nodes differ, so
the fault model follows the topology rather than a predicate the harness has to
keep correct.
eta_net:place(node_a, [MemberA]),
eta_net:place(node_b, [MemberB]).
A placed process is both located and faultable: it receives its node's link
events and dies with it (kill_node/2), and its traffic can be dropped, delayed
or cut. attach/2 gives the first without the second; see the module doc on why
those come apart.
Unplaced means not on the network: never faulted, in either direction, and it
receives no link events. That is the safe default and also keeps a network inert
for processes it does not know about, such as leftovers from an earlier test in
the same VM. It is not the way to say "on this node but not on the wire" —
attach/2 is, because an unplaced process is not on any node at all and so
learns nothing when one fails.
If nothing at all is placed, every link is faultable, so place/2 is opt-in.
Children inherit their parent's node and its faultability as eta_sched
adopts them, so a worker spawned mid-run does not send across a link the network
was never told about — nor acquire one its parent was deliberately kept off.
Placing a process that is already placed moves it and keeps its position in the
link-event fan-out; see partition/3.

  



  
    
      
    
    
      policy()



    

  


  

      

          -spec policy() -> policy().


      


The policy currently in force.

  



  
    
      
    
    
      register_name(Node, Name, Dest)



    

  


  

      

          -spec register_name(term(), atom(), dest()) -> ok.


      


Registers Name on simulated node Node, so {Name, Node} resolves the way
{Name, node()} does in a real cluster.
eta_net:place(node_a, [ServerA]),
eta_net:register_name(node_a, my_server, ServerA),
eta_net:cast({my_server, node_a}, hello).   %% reaches ServerA
This is what lets a system keep its own addressing. A distributed Erlang
program says {RegisteredName, Node} and lets the VM find the process; there is
no way to write that against simulated nodes, because one VM holds one registry
and a second gen_server:start_link({local, Name}, ...) fails with
already_started. Without this, {Name, SomeSimulatedNode} normalizes to
undefined and the send falls through to erlang:send/2, which on a
non-distributed VM drops it silently — a whole cluster's traffic vanishing
with nothing raised and nothing counted.
The name is scoped to the node, so the same name on two nodes is two processes,
which is the point: a per-node singleton is exactly the shape that cannot be
expressed otherwise.
Registration is independent of placement — this only answers "who is Name on
Node" — but registering without placing is almost always a mistake, since an
unplaced process is on no node and is never faulted. Register the pid you
placed.
A pid may hold several names, and re-registering a name moves it. Nothing is
removed when a process dies: a name whose process is gone resolves to a dead pid,
which routes and fails exactly as a stale {Name, Node} does against a real node
that has restarted. Use unregister_name/2 to model deregistration.

  



  
    
      
    
    
      reply/1



    

  


  

      

          -spec reply([{reply, term(), term()}] | {reply, term(), term()}) -> ok.


      


gen_statem:reply/1, routed. Takes one {reply, From, Reply} or a list of them,
and puts each on the network through reply/2.

  



  
    
      
    
    
      reply/2



    

  


  

      

          -spec reply(term(), term()) -> ok.


      


gen_server:reply/2 and gen_statem:reply/2, routed — so a reply can be lost
independently of the request that caused it.
Addressed to the caller's pid rather than to the alias in the tag. Both land in
the same mailbox and the caller's selective receive matches on the tag either
way.
eta_transform also rewrites a gen_server's handle_call/3 returns and a
gen_statem's reply actions to reach this, which is how the reply leg of
call/3 gets onto the network.
A reply to a caller that already timed out is dropped, which is what the
alias gen:call waits on does outside a simulation. See call/3.

  



  
    
      
    
    
      running()



    

  


  

      

          -spec running() -> boolean().


      


Whether a network is running. When false, every function here delegates.

  



  
    
      
    
    
      send(Dest, Msg)



    

  


  

      

          -spec send(dest() | term(), term()) -> term().


      


Sends a message, subject to the network.
Returns Msg, so it is a drop-in for both Dest ! Msg and erlang:send/2.
A destination this module cannot identify as a local process — {global, _},
{via, _, _}, a remote node — is passed through untouched. eta does not
simulate distribution.

  



  
    
      
    
    
      send(Dest, Msg, Opts)



    

  


  

      

          -spec send(dest() | term(), term(), list()) -> ok | nosuspend | noconnect.


      


erlang:send/3. The options are for distribution and have no meaning between two
processes in one VM, so a routed send ignores them.

  



  
    
      
    
    
      set_policy(Policy)



    

  


  

      

          -spec set_policy(policy()) -> ok.


      


Sets the random fault policy. Anything omitted keeps its current value.
	drop_p — probability that an in-scope message is lost.
	delay_p — probability that it is instead delivered late.
	max_delay — upper bound, in virtual milliseconds, on a delay.
	scope — which traffic the probabilities apply to:	all (the default),
	{tags, [Tag]} — messages carrying one of these tags,
	fun(From, Dest, Tag) -> boolean().



A message's tag is its leading element, except that cast/2 and reply/2
name the payload rather than OTP's envelope: a cast of {prepare, TxId} is
tagged prepare, not '$gen_cast', and every reply is tagged '$gen_reply'.
Scope states which recovery paths a run is entitled to exercise, rather than
tuning how hard it tries. Loss on a channel whose recovery depends on a node
event cannot be asserted against mid-run, because nothing delivers that event
until the heal; a run that checks a property during a fault has to restrict
loss to a channel that repairs itself, such as a replication stream a follower
rejoins from a version discontinuity.
An out-of-scope message draws nothing from the RNG, so narrowing the scope does
not shift the fault schedule for the traffic still inside it.

  



  
    
      
    
    
      start()



    

  


  

      

          -spec start() -> ok.


      


Starts a network with a perfect policy. See start/1.

  



  
    
      
    
    
      start(Opts)



    

  


  

      

          -spec start(#{seed => integer(), policy => policy()}) -> ok.


      


Starts the network.
Options:
	seed — seeds the fault schedule, so a run replays.
	policy — see set_policy/1. Defaults to a perfect network, which is what a
cluster needs while it is still starting up.

One network per VM, as with eta_time and eta_log, so runs must be serial.
Starting over a running network resets it; starting over one another live process
owns raises.

  



  
    
      
    
    
      statem_return/1



    

  


  

      

          -spec statem_return(term()) -> term().


      


Puts the reply leg of a gen_statem:call on the network, given a state
callback's return value.
The gen_server half of this job needs the From out of the callback's
arguments, so eta_transform generates a per-module helper for it. A
gen_statem names its caller inside the return instead — a {reply, From, Msg}
action — so the whole job is a function of the return value alone and lives
here.
Every action-carrying return shape is recognised. Each {reply, From, Msg}
action is sent through reply/2 and removed from the list, so gen_statem does
not also send it directly:
{next_state, S, D, [{reply, From, R}, Other]}  %% -> eta_net:reply(From, R),
                                               %%    {next_state, S, D, [Other]}
{stop_and_reply, Reason, [{reply, From, R}]}   %% -> eta_net:reply(From, R),
                                               %%    {stop_and_reply, Reason, []}
Anything else is returned untouched, including a return with no actions and a
return shape this does not know. Idempotent, so a return that has already passed
through — from a helper function the transform also wrapped — is unchanged the
second time.
Actions may be a single action rather than a list, which is why the bare
{reply, _, _} clause exists.

  



  
    
      
    
    
      stats()



    

  


  

      

          -spec stats() -> #{atom() => non_neg_integer()}.


      


Message counts by disposition.
dropped is what a non-vacuity guard asserts on: a run whose network never lost
anything tested the same system a perfect one would, and reports the same ok.
unmanaged counts sends made by a process other than the one the scheduler was
stepping, into a process the scheduler owns — see eta_sched:stepping/0.
Non-zero means part of the run was ordered by wall clock, and nothing else
reports it. Traffic between two processes the run does not own is delivered
untouched and not counted.
signalled and noconnection count link events rather than traffic: node
signals delivered, and synthetic noconnection DOWNs fired. They are the
non-vacuity guard for a partition, the way dropped is for a lossy policy — a
run that partitioned a node nothing was on, or severed no monitor, exercised no
recovery and reports the same ok.

  



  
    
      
    
    
      stop()



    

  


  

      

          -spec stop() -> ok.


      


Stops the network. Safe to call when none is running.
Messages already in flight are ordinary eta_time timers by then, and are still
delivered by whatever advances the clock next.

  



  
    
      
    
    
      unregister_name(Node, Name)



    

  


  

      

          -spec unregister_name(term(), atom()) -> ok.


      


Removes a simulated registration. See register_name/3.

  



  
    
      
    
    
      unsupported/2



    

  


  

      

          -spec unsupported({module(), atom(), arity()}, [term()]) -> term().


      


What eta_transform points the messaging functions this module does not
implement at: broadcasts and multi-node calls, the asynchronous
request/response interface, and the gen_event client API. The list is
?NET_UNSUPPORTED in eta_transform.
Raises while a network is running, and calls the original otherwise — so a module
holding one on a path no simulation reaches still builds and behaves normally.
Raising rather than passing through is deliberate: a run states a fault model,
and a channel the model silently fails to cover makes the suite green for the
wrong reason.

  



  
    
      
    
    
      whereis_name(Node, Name)



    

  


  

      

          -spec whereis_name(term(), atom()) -> pid() | undefined.


      


The pid registered as Name on simulated node Node, or undefined.
erlang:whereis/1 for the simulated registry. See register_name/3.

  


        

      


  

    
eta_observe 
    



      
Reading a process's state without asking it — the observability half of the DST
framework (design: docs/design.md).
An invariant runs against a system the scheduler has frozen. Every process it owns
is suspended, so anything that sends a message and waits cannot be served. That
rules out the natural way to observe a gen_server, and it does so in the worst
possible manner: a client API that catches its own call timeout answers plausibly
rather than failing. A registry status/1 that returns undefined on exit:_
leaves a split-brain invariant built on it computing over "no member believes it leads" and
passes, having checked nothing.
The fix is for the process to publish rather than be asked.
eta_transform's observability pass makes that automatic: a module declares what to expose and
every callback return republishes it, into the process dictionary, where
erlang:process_info/2 can read it from outside — including while suspended, in a
couple of microseconds, regardless of mailbox depth.
gen_server and gen_statem are both covered. For a state machine the observed
term is the data, not the state name: the state name is one atom a trace
already carries, and the data is what an invariant is about.
-ifdef(DST).
-compile({parse_transform, eta_transform}).
-endif.
-eta_observe({state, [leader, epoch]}).
#{leader := L, epoch := E} = eta_observe:read(my_registry).
Why the process dictionary
It is the only place that satisfies all of the constraints at once. ETS needs a
table, and a table needs a name — deriving one per process grows the atom table
without bound, which no long-running system can afford, while sharing an
existing table means putting foreign rows in a structure that is often load-bearing
(the registry's names table is its replication payload). persistent_term writes
trigger a global scan. The process dictionary needs no name, belongs to exactly the
process being observed, dies with it, and costs ~7ns to write a term already on the
heap.
Cost, and why it is acceptable
Publishing happens on every callback return, which is what makes staleness
impossible — there is no assignment site to forget, because the transform does not
track assignments. Measured at ~7ns per publish for a large state, because put/2
stores a reference rather than copying.
And it is absent from production entirely: the transform is applied under
-ifdef(DST), so a release build has no publishing in it at all. The -eta_observe
attribute itself is inert — an ordinary module attribute the compiler ignores.
What to declare
Two forms, and neither guesses.
{RecordName, Fields} publishes those fields of that record as a map. Name the
record. It is not inferred, so a state record called #st{} works the same as
one called #state{}, and a field that does not exist is a compile error rather
than a silently wrong element/2 offset. This is the form to prefer.
all publishes whatever the callback returned, whatever its shape, including a
map or a bare term. It costs nothing to write and makes every read/1 copy the
entire state to the reader, which is usually the wrong trade: read/1 is called
after every step of a simulation, and a state holding an inverted index or a
queue is not something to copy thousands of times.
There used to be a third form, a bare field list, which meant "these fields of
#state{}". It is gone. A module whose record was named anything else failed at
compile time complaining about a record it had never declared, and a reader had
to know the convention to see why.
This documentation is LLM-generated. See the AI disclosure in README.md.
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        key()

      


        The process-dictionary key the transform publishes under.



    


    
      
        read/1

      


        What Target last published, or undefined if it has published nothing or is not
running.



    





      


      
        Functions


        


  
    
      
    
    
      key()



    

  


  

      

          -spec key() -> atom().


      


The process-dictionary key the transform publishes under.

  



  
    
      
    
    
      read/1



    

  


  

      

          -spec read(pid() | atom()) -> term() | undefined.


      


What Target last published, or undefined if it has published nothing or is not
running.
Works on a suspended process: erlang:process_info/2 reads the target's heap
rather than asking it anything. That is the entire point — see the module doc.
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The run driver — Phase 3 of the DST framework
(design: docs/design.md).
Turns a seed into a run: start the clock, start the system, then alternate between
injecting client operations, stepping one process at a time, and letting virtual
time pass — checking the invariants throughout, and recording enough to replay the
whole thing exactly.
The system under test supplies six callbacks; see eta_harness.
#{outcome := ok} = eta_run:run(my_sut, #{seed => 7, max_ops => 40}).
The three things a run can do, and why the choice matters
At every iteration the driver picks one of:
	step a runnable process, chosen from the seeded RNG;
	inject the next generated operation;
	advance the clock to the next timer deadline.

The interesting knob is what to do when nothing is runnable. Always injecting
there is the obvious choice and it is wrong: it means the system is never left
alone with only its own timers for company, and a whole class of defect lives
exactly there. A replicated registry's traffic-triggered resync gap only shows when
nothing else is happening — a follower that lost the tail of the replication
stream detects it on the next batch, so with a client always poking the system the
gap is papered over before it can be observed. quiet_p is the probability of
letting time pass instead, and it is the reason that class of bug is reachable.
Determinism
Everything that varies is drawn from one seeded rand state: the scheduling
choices, the decision between stepping and injecting, and whatever generate/2
draws. Given the same seed and the same system, a run is reproducible.
Replay does not depend on that reproducibility. replay/3 follows a recorded
trace — {step, Id}, {op, Op} and {clock, Ms} entries, in order — so a trace
that has been edited or shrunk replays as faithfully as one straight from a seed,
which is what Phase 4 needs. A recorded step naming a process that is not runnable
is reported as a divergence rather than skipped, because a "replay" that quietly
does something else is worse than no replay.
An entry that created processes also records their ids, as a third element:
{op, Op, [3, 4]}. A replay hands those back to the scheduler rather than
recounting, so deleting one entry cannot rename the processes another entry names
— which is what lets eta_shrink delete an operation and have the rest of the
trace still mean what it meant. Entries that created nobody keep the plain two
element shape, so match with action/1 rather than on the tuple. See
eta_sched:pin/2.
All three of the driver's actions are entries, letting time pass included. A
trace missing the clock advances is not a trace of a system that has timers: replay
walks only what it is given, so the clock never moves, nothing ever becomes
runnable, and every recorded step is refused. See idle/1.
Ordering at startup
The clock starts before the system, always. A timer armed while eta_time is
inert goes to the real clock and stays there until it fires and re-arms, so
long-period timers — the interesting ones — would silently never be virtual. This
is why init/2 is called by the driver rather than by the caller beforehand.
This documentation is LLM-generated. See the AI disclosure in README.md.
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        entry()

      


    


    
      
        fixture()

      


    


    
      
        outcome()

      


    


    
      
        result()

      


    





  
    Functions
  


    
      
        action/1

      


        What an entry did, without who it created: {op, Op}, {step, Id},
{clock, Ms} or {final, Settled}.



    


    
      
        audit/1

      


        Whether this run's seed means anything.



    


    
      
        check_fixture(Path)

      


        Replays a fixture and compares the outcome with the one recorded when it was
saved.



    


    
      
        created/1

      


        The processes an entry created, oldest first, and [] for the entries that
created none.



    


    
      
        load_fixture(Path)

      


        Reads a fixture without running it. Raises on an unreadable or stale file.



    


    
      
        preload/1

      


        Load every module of the named applications, plus kernel, stdlib and eta.



    


    
      
        replay(Mod, Trace, Opts)

      


        Replays a recorded trace instead of generating one.



    


    
      
        replay_fixture(Path)

      


        Replays a fixture and returns the full result, using the harness and options it
was saved with.



    


    
      
        run(Mod, Opts)

      


        Runs Mod under a seed and returns what happened.



    


    
      
        save_fixture(Path, Mod, Trace, Opts)

      


        Writes a trace to disk as a self-contained reproduction, after checking that it
still reproduces.



    


    
      
        spawn_op(Fun)

      


        Spawns a process to carry out an operation. Call this from execute/2 rather than
spawn/1.



    


    
      
        summary/1

      


        Any trace-carrying result, with the trace replaced by its length. What you want
when printing.
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      created()



    

  


  

      

          -type created() :: [eta_sched:id()].


      



  



  
    
      
    
    
      entry()



    

  


  

      

          -type entry() ::
          {op, eta_harness:op()} |
          {op, eta_harness:op(), created()} |
          {step, eta_sched:id()} |
          {step, eta_sched:id(), created()} |
          {clock, integer()} |
          {clock, integer(), created()} |
          {final, eta_harness:settled()}.


      



  



  
    
      
    
    
      fixture()



    

  


  

      

          -type fixture() ::
          #{version := pos_integer(),
            harness := module(),
            trace := [entry()],
            opts := map(),
            outcome := outcome(),
            saved := calendar:datetime()}.


      



  



  
    
      
    
    
      outcome()



    

  


  

      

          -type outcome() :: ok | {violation, eta_harness:violation()} | {error, term()}.


      



  



  
    
      
    
    
      result()



    

  


  

      

          -type result() ::
          #{outcome := outcome(),
            seed := integer(),
            trace := [entry()],
            steps := non_neg_integer(),
            ops := non_neg_integer(),
            clock_ms := integer(),
            skipped := non_neg_integer(),
            modules_loaded := [module()],
            stray_timers := non_neg_integer(),
            net := #{atom() => non_neg_integer()},
            sched := #{atom() => term()}}.
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      action/1



    

  


  

      

          -spec action(entry()) -> tuple().


      


What an entry did, without who it created: {op, Op}, {step, Id},
{clock, Ms} or {final, Settled}.
Match on this rather than on the entry, because an entry that created processes
carries a third element and one that did not does not:
Ops = [Op || E <- Trace, {op, Op} <- [eta_run:action(E)]].
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          -spec audit(result()) -> ok | {suspect, [{atom(), term()}]}.


      


Whether this run's seed means anything.
ok = eta_run:audit(eta_run:run(my_harness, Opts)).
Several fields in a result say "part of this interleaving was decided by wall
clock rather than by the schedule", and a run with any of them set is one whose
seed will not reproduce. They are all silent — nothing fails, nothing is logged
except the scheduler's own timeout warning, and the invariants stay green.
Rather than asking every caller to know which fields those are, and to keep
knowing as more are added, this checks them:
	modules_loaded — code loaded mid-run, so a scheduled process made a
synchronous call into code_server. Fix with preload.
	sched.cold_code — the other half of that: a process still waiting on the
code server when the run ended, so the run's quiescence was a lie and the load
finished too late to be in modules_loaded at all. Same fix, and each entry
names the line that reached the cold module.
	sched.adopted_late — processes that ran before the scheduler owned them.
Fix by spawning through eta_run:spawn_op/1 and eta_sched:spawn/1.
	sched.timeouts — steps that ended without the process reaching a receive,
so it was suspended wherever it happened to be.

{suspect, Reasons} rather than {error, _} deliberately: the run happened and
its violation, if any, is real. What you cannot do is trust the seed to give it
back.
Assert on this next to your invariants. It is the single most valuable line in a
simulation suite after the determinism gate itself.

  



  
    
      
    
    
      check_fixture(Path)



    

  


  

      

          -spec check_fixture(file:name_all()) -> ok | {changed, #{expected := outcome(), actual := outcome()}}.


      


Replays a fixture and compares the outcome with the one recorded when it was
saved.
ok means the reproduction still holds. {changed, _} means the system no
longer does what it did, which is what you want to see when a fix lands — though
note that a genuine fix usually shows up as a divergence rather than a clean
run, for the reason given in save_fixture/4.

  



  
    
      
    
    
      created/1



    

  


  

      

          -spec created(entry()) -> created().


      


The processes an entry created, oldest first, and [] for the entries that
created none.
This is what makes a shrunk trace mean the same thing as the trace it came from —
see eta_sched:pin/2. Reading it is for diagnosis; nothing needs to write it.

  



  
    
      
    
    
      load_fixture(Path)



    

  


  

      

          -spec load_fixture(file:name_all()) -> fixture().


      


Reads a fixture without running it. Raises on an unreadable or stale file.

  



  
    
      
    
    
      preload/1



    

  


  

      

          -spec preload([atom()] | false) -> ok.


      


Load every module of the named applications, plus kernel, stdlib and eta.
run/2 does this for you from its preload option; it is exported for code that
drives eta_sched directly, which is otherwise in exactly the position a run with
preload => false is in — and which has no modules_loaded to report the damage
afterwards.
Call it once, before there is a scheduler to be outside of. false is accepted
and does nothing, so the option value can be passed straight through.
setup_all do
  :ok = :eta_run.preload([:my_app])
end

  



  
    
      
    
    
      replay(Mod, Trace, Opts)



    

  


  

      

          -spec replay(module(), [entry()], map()) -> result().


      


Replays a recorded trace instead of generating one.
The seed still seeds the system, but no choices are drawn from it: every step and
every operation comes from Trace.
lenient => true skips a recorded step whose process is not runnable instead of
reporting a divergence, and counts them in the result's skipped. That is what
shrinking needs and what verification must not use: removing an operation strands
the steps that belonged to it, so a strict replay answers diverged for nearly
every candidate and the shrinker learns nothing. A lenient replay's own trace is
the schedule that actually ran, which is how eta_shrink recovers a trace that
replays strictly again.

  



  
    
      
    
    
      replay_fixture(Path)



    

  


  

      

          -spec replay_fixture(file:name_all()) -> result().


      


Replays a fixture and returns the full result, using the harness and options it
was saved with.
The whole point is that a test names a file and nothing else:
#{outcome := {violation, #{property := atomicity}}} =
    eta_run:replay_fixture("test/fixtures/atomicity.eta").

  



  
    
      
    
    
      run(Mod, Opts)



    

  


  

      

          -spec run(module(), map()) -> result().


      


Runs Mod under a seed and returns what happened.
Options, all with defaults:
	seed (0) — fixes the whole run.

	config (#{}) — passed through to init/2.

	max_ops (50) — how many operations to inject before letting the system settle.

	max_steps (10000) — the safety bound on steps and clock advances together;
hitting it is reported as {error, step_budget_exhausted}.

	settle_steps (2000) — how much longer to run once every operation has been
injected. A system whose timers never stop — anything with a heartbeat — has no
natural quiescence to wait for, and without this the only
way such a run can end is the safety bound. Reaching the end of the settle phase
is a normal ok.

	op_p (0.3) — chance of injecting rather than stepping when both are possible.

	quiet_p (0.3) — chance of letting time pass rather than injecting when nothing
is runnable. See the module doc; this is not a tuning knob so much as the thing
that makes quiet-period bugs reachable.

	check_every (1) — run the invariants every N actions.

	log (true) — collect a eta_log record of the run. false suppresses the
events but not the sequence numbers log/1 hands out, so a harness that
stamps its operations from them keeps working. See eta_log.

	net (false) — install a simulated network for the run. true for a
perfect one, or #{policy => ...} to inject loss and delay; see eta_net. It
is started before init/2, seeded from the run's seed, so a fault schedule
is a function of that seed and nothing else. A harness whose cluster must sync
before it can survive faults leaves the policy perfect here and calls
eta_net:set_policy/1 at the end of init/2.

	preload ([]) — applications whose modules to load before the run starts.
Name your own application here. kernel, stdlib and eta are always
included; anything you add is loaded on top. false disables it entirely.
This is the fix for modules_loaded, and the only reliable one, because
warming is per code path rather than per VM: running one seed does not warm
the branch a later seed takes, so "run it twice" fixes one seed and not the
next. Loading your application up front warms all of it.


Fields that mean the run was not deterministic
stray_timers counts timers held by a process the scheduler does not own, or
that has died. A deadline like that cannot make anything runnable, so advancing
to it would move the clock on behalf of something that can never take a step. The
driver steps over them, and reports how many it found — a non-zero count means
your system holds a timer outside the schedule, usually from a process spawned in
init/2 or one killed while blocked in a receive ... after.
sched.adopted_late counts processes that ran before the scheduler owned them,
and sched.timeouts counts steps that ended without the process reaching a
receive.
modules_loaded lists modules that were loaded while the run was in
progress, and it should be empty. Loading a module on demand is a synchronous
call into code_server, which the scheduler does not own, so a scheduled
process that reaches a module it has not touched yet blocks on something
outside the schedule. The scheduler reads that as the step ending, code_server
makes the process runnable again at a moment decided by wall clock, and every
choice after that point shifts.
The symptom is that the first run in a fresh VM produces a different trace
from every later run of the same seed. Nothing is logged, no scheduler warning
fires, and adopted_late stays 0 throughout, which is why this is reported
rather than left for you to deduce.
The fix is the preload option above. The names reported here tell you which
application to name in it, and the rule that usually identifies the culprit is
that the module which bites is the one only reachable from a scheduled
process — anything init/2 itself touches has already been loaded by the time
it matters.
The worse failure, and why preload is on by default
A process waiting on code_server is, to eta_sched, a process blocked in a
receive. It is not runnable. So if enough of the system reaches for cold code at
once, nothing is runnable, no timer is pending, and the run ends at what looks
exactly like quiescence — having done almost nothing, and reporting ok.
Measured on the 2PC harness with preloading disabled and a cold module every
client touches: 5 operations, 5 steps, nothing exited, outcome => ok. A
healthy run of the same workload takes around a hundred steps.
modules_loaded does not catch that one, because the loads complete after the
run has finished — there is nothing to report by the time the run is over. It is
the reason preload defaults to loading kernel, stdlib and eta rather than
waiting to be asked, and the reason to name your own application there even when
runs look fine.
sched.cold_code does catch it, from the other side. The scheduler looks once,
at the moment a run finds nothing runnable and is about to return, for a process
parked inside the code server's own call function — which is where a process
waiting on the code server always is, since that function is a send followed by a
one-clause receive. Each entry names the process and the frame that reached the
cold module:
#{sched := #{cold_code := [#{id := 3, pid := _, at := {my_client, commit, 2}}]}}
so the symptom is no longer "a run that ended far too early with ok" and a
hunch, but a name and a line. A warning is logged too, because a run this
damaged is worth noticing without being asked.
This does not make preload optional. Detection is after the fact: the run is
already spoiled, and all cold_code buys you is knowing rather than guessing.
audit/1 checks these for you, and keeps checking them as more are added:
ok = eta_run:audit(eta_run:run(Mod, Opts)).
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          -spec save_fixture(file:name_all(), module(), [entry()], map()) -> {ok, outcome()} | {error, term()}.


      


Writes a trace to disk as a self-contained reproduction, after checking that it
still reproduces.
Why not just pin the seed
Because a seed names a schedule only in the context of a particular
generate/2. Change the operation mix and every seed you pinned quietly
starts testing something else. If the test asserts on a violation it fails and
you find out; if it asserts ok it goes vacuous without a word, which is the
same silent failure as a quiescence-gated invariant that never evaluates.
A trace has no such coupling. replay/3 never calls generate/2 — it walks the
entries it is given — so a saved trace survives a rewritten workload entirely.
It also survives a different seed, since nothing is drawn from one.
Pin a seed to test that seeds reproduce. Pin a trace to regress a bug.
What is saved
The trace, the harness module, and the options. The options matter as much as
the trace: a reproduction that needs config => #{mode => broken} and is
replayed without it does not reproduce, and eta_shrink reports "nothing to
shrink" for a failure that just happened. Carrying them means a test cannot get
that wrong.
What is checked
The trace is replayed strictly before anything is written, and the outcome
it produced is stored with it. So a fixture on disk is one that has been
demonstrated to reproduce, rather than one that was believed to.
Take the trace from a eta_shrink:shrink/3 result whose verified is true,
which is eta_shrink's own version of this check.
What you cannot do with it
Write the mirror test. Replaying a failing trace against a fixed
implementation does not report ok — the fix changes which messages exist, so
recorded step ids stop being runnable and you get {error, {diverged, _, _}}.
"The fix works" is a claim about the whole system, and a seed sweep is the right
shape for it.
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          -spec spawn_op(fun(() -> term())) -> pid().


      


Spawns a process to carry out an operation. Call this from execute/2 rather than
spawn/1.
A plain spawn is a determinism hole, and a quiet one. The driver is not
traced, so a process it creates is not adopted by eta_sched until the driver
registers it — and in that window the new process runs on the real scheduler. One
op process racing alone is usually harmless; two of them, from operations injected
close together, race each other to deliver their first message, and the order they
arrive in is real-world timing rather than anything the seed controls. It shows up
as a seed producing two different traces, which is the framework failing at the one
thing it exists to do.
The process spawned here blocks before running Fun, so it cannot act before it is
owned. eta_run releases it once registration is done, and from that point the
scheduler decides when it runs, like every other process.
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          -spec summary(map()) -> map().


      


Any trace-carrying result, with the trace replaced by its length. What you want
when printing.
Inspecting one whole is the first thing anybody does after a first successful
run, and it is useless: a 20-operation run produces a few hundred trace entries,
so a shell renders the schedule and elides the fields you were looking for
underneath it.
#{outcome := ok, steps := 97, trace_length := 213, modules_loaded := []} =
    eta_run:summary(eta_run:run(my_harness, #{seed => 1})).
Takes a eta_shrink:result/0 too, and there trace_length says something the
other fields do not: which trace you were handed. It matches shrunk when
verified is true and original when it is false, because an unverified shrink
gives the original back.
The trace itself is for later, and even then it is not what you read. eta_log
is.

  


        

      


  

    
eta_sched 
    



      
A serializing scheduler for BEAM processes — Phase 0 of the DST framework
(design: docs/design.md).
Runs exactly one process at a time, to quiescence, so the interleaving of a
concurrent system is determined entirely by this scheduler's sequence of choices.
A seeded choice sequence therefore replays bit-for-bit.
This module is system-agnostic: it knows about pids, mailboxes, and scheduling,
and nothing about what the processes do. A replicated process registry was its
first consumer, not its subject.
Why controlling who runs is enough
It is tempting to think a deterministic scheduler must intercept every message to
control delivery order. It does not. Erlang already guarantees FIFO between an
ordered pair of processes, so once only one process runs at a time, the global
order of message delivery follows from the order in which senders were stepped.
Controlling scheduling alone determinises the whole system, which is what makes
this approach tractable without rewriting the code under test.
Quiescence, and why the naive check is wrong
A process has finished its step when it is blocked on a receive it cannot
satisfy. The obvious test — status waiting and an empty mailbox — is wrong, and
wrong in a way that matters: a process blocked in
receive {reply, Ref, V} -> V end
with a non-matching message queued is waiting with a non-empty mailbox. That
is not an edge case; it is what every gen_server:call/3 does. Treating it as
runnable makes the scheduler spin on a process that can never progress, and makes
"no runnable process" — the termination condition — unreachable.
The two questions are separated properly:
	Quiescent? waiting is definitive: the process is blocked in a receive.
Detected from running trace events, not by polling. Checking status straight
after erlang:resume_process/1 is a trap — a blocked process still reads
waiting before it has been scheduled in, so the step would conclude without
the process ever running. in is awaited first, as proof it got the CPU.
	Runnable? Has messages, and is not known to be blocked at this exact mailbox
state. A receive blocks only after failing to match every queued message, so
after any step the remaining mailbox is known not to match; the process is
recorded as blocked at that queue length and skipped until the queue grows.
Selective receive is then handled by construction, and the skip is
self-correcting: a new non-matching message costs one wasted step and re-arms
the block.

Measuring progress
Consumption is computed from the queue-length delta, corrected for messages the
process sent to itself (nothing else runs, so those are the only arrivals).
The 'receive' trace flag cannot be used for this, which is worth stating because
the opposite is the natural assumption: it fires when a receive scans a message,
matching or not, so a non-matching message produces a 'receive' event and stays
in the queue.
The scheduler owns its own process and mailbox
It runs as a gen_server and is the tracer for every process it owns, so trace
events land in its mailbox rather than the driver's.
That was not always so, and the reason it changed is worth keeping. Phase 0 ran
the scheduler in the calling process, on the argument that a scheduler process
would itself need scheduling — which is false: nothing under test ever calls the
scheduler, so it is never part of the system being serialized. The cost of the
original arrangement was a whole class of bug that only discipline prevented. An
early version used a catch-all receive while awaiting trace events, which
consumed and discarded whatever the system under test had sent the driver — a
gen_server reply, vanishing, with its caller exiting :normal. Every receive
here still matches trace-shaped messages only, but that is now a tidiness
property rather than the only thing standing between the framework and a
mystifying failure.
It also matters for the driver. A eta_run-style helper that waits on a
predicate has to interleave stepping with checks on the system under test, so it
needs a mailbox the scheduler is not also reading.
sched() is a handle, not a value
The API threads a sched() through, and every function that took one still
returns one, so call sites read as they always did. It now names a process rather
than carrying state, and the value returned is the same handle rather than an
updated copy.
This removes a false affordance rather than adding one. The old record was never
usable as a value: the scheduler's real state is the suspend/resume status of live
OS processes, so holding on to an earlier sched() and stepping it again was
never going to replay anything — the processes had already moved.
release/1 ends the scheduler's life, so inspect (choices/1, stats/1) before
releasing, not after.
Determinism boundary
	Timers. A process blocked in receive ... after N wakes on the real clock
unless its module declares -eta_after(true) alongside eta_transform, which
puts the timeout on the virtual clock. Without it, a system under test must
avoid real-time-dependent receives (use infinity in simulation).

	Spawn races. A child spawned with a plain erlang:spawn is adopted via
set_on_spawn tracing, which reports the spawn after the child exists — so it
runs briefly, on the real scheduler, before it is suspended. stats/1's
adopted_late counts these. spawn/1 and friends close the window by starting
the child blocked; eta_transform points a transformed module's spawns there, so
a system under simulation should show adopted_late at or near zero. A run with
a high count is a run whose interleaving is partly wall-clock.

	Steps that never finished. A step ends when the process blocks in a receive.
If no scheduling event arrives for it at all, the scheduler eventually suspends
it wherever it happens to be, and that suspension point was chosen by wall clock
rather than by the schedule. stats/1's timeouts counts these and a warning is
logged for each. It should be 0; anything else means the run is not replayable.
The wait is deliberately generous and condition-based rather than a deadline —
the scheduler keeps waiting while the process is alive and not suspended, since
the event is then in flight. Only a process that is dead, or that did not resume
at all, ends a step this way in practice.

	Cold code. A process that reaches a module it has not loaded yet makes a
synchronous call into code_server, which this scheduler does not own. From
here that is indistinguishable from a process blocked in a receive, so if it is
the last thing standing the run ends at what looks exactly like quiescence,
having done a fraction of the work, and reports success. stats/1's
cold_code names the processes caught doing it and the line each was on; it
should be [], and the fix is eta_run:preload/1.


This documentation is LLM-generated. See the AI disclosure in README.md.
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        gen_server:start_monitor/3 for a system under simulation: the child is gated, so
the scheduler owns it before it runs a line of init/1.



    


    
      
        start_monitor(Name, Mod, Args, Options)

      


    


    
      
        statem_start(Mod, Args, Options)

      


    


    
      
        statem_start(Name, Mod, Args, Options)

      


    


    
      
        statem_start_link(Mod, Args, Options)

      


    


    
      
        statem_start_link(Name, Mod, Args, Options)

      


    


    
      
        statem_start_monitor(Mod, Args, Options)
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        Run statistics: steps taken, processes known, how many have exited, how many
children were adopted after they had already started running, how many steps
ended without the process reaching a receive, and any process caught waiting on
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        step/2 and take_adopted/1, in one round trip. See register_adopting/2.
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          -type cold() :: #{id := id(), pid := pid(), at := mfa() | undefined}.
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          -type id() :: non_neg_integer() | {fresh, non_neg_integer()}.
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          -type outcome() :: progress | no_progress | exited.
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          -spec active() -> boolean().


      


Whether a scheduler is running in this VM. When false, spawn/1 and friends are
plain erlang spawns.
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          -spec choices(sched()) -> [id()].


      


The choice sequence, oldest first. Feed to replay/2.
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          -spec current() -> sched() | undefined.


      


The scheduler running in this VM, or undefined.
For code that is handed no sched() and still has to ask the scheduler something —
in practice, an invariant asking whether the system is quiescent. A property
that only holds once the system has stopped moving (a registry's replicas agree
only after speculation settles) is otherwise unstateable: check/1 receives
the system under test, not the schedule, so it cannot tell "diverged" from "still
in flight" on its own.
Safe to call from an invariant. The scheduler is never part of the system it
serializes, so it is not suspended, and runnable/1 is a read.
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          -spec ids(sched()) -> [id()].


      


Every known process id, ascending. Ids are assigned in registration order, or
taken from the trace when one is driving — see pin/2.
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          -spec new() -> sched().


      


A fresh scheduler with the default seed. See new/1.
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          -spec new(#{seed => integer()}) -> sched().


      


Starts a scheduler and returns a handle to it. seed fixes the choice sequence.
Linked to the caller, so a driver that dies takes the scheduler with it — and with
it every suspend it holds, which lets the system under test run free rather than
leaving it frozen for the rest of the VM's life.
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          -spec pid(sched()) -> pid().


      


The scheduler's pid. For tests that need to assert on the process itself.
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          -spec pin(sched(), [id()]) -> ok.


      


Hands the scheduler the ids to give the next processes it adopts.
Ids are otherwise assigned by counting, and a counter is positional: it makes an
id mean "the Nth process this run created", so deleting the operation that created
the third one renumbers every process after it. That is survivable in a run and
fatal in a shrink, where eta_shrink deletes entries and replays what is left —
the surviving {step, Id} entries stop naming what they named, the replay skips
them, and the shrinker concludes the deletion mattered when all that happened was
arithmetic.
So a replay does not recount. eta_run records, on each trace entry, the ids that
entry created, and hands them back here before replaying it. An id then means
"the process the trace called 7", which no deletion elsewhere can change.
Ids is consumed in adoption order and is not an obligation: leftovers are
discarded when the entry closes, which is what removing an operation looks like
from here — the processes it would have created never arrive, and nothing else
moves. An entry that creates nobody therefore need not call this at all; the
supply is already empty.
Only meaningful under pin_mode/2; a generating run has nothing to pin.
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          -spec pin_mode(sched(), boolean()) -> ok.


      


Whether ids come from the trace (true) or from the counter (false, the
default).
The mode is per run rather than per entry because an entry that pins nothing is
ambiguous on its own: it means "this one created nobody" in a recorded trace and
"this trace predates pinning" in one that has no id information at all. eta_run
decides once, by looking at the trace it was given.
Under true, a process adopted with nothing left to pin gets a {fresh, _} id
rather than the next integer, so it cannot collide with an id a later entry is
still going to hand out.
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          -spec plib_spawn(fun(() -> term())) -> pid().
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          -spec plib_spawn(module(), atom(), [term()]) -> pid().
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          -spec plib_spawn_link(fun(() -> term())) -> pid().
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          -spec plib_spawn_link(module(), atom(), [term()]) -> pid().
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          -spec plib_spawn_opt(fun(() -> term()), list()) -> pid() | {pid(), reference()}.
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          -spec plib_spawn_opt(module(), atom(), [term()], list()) -> pid() | {pid(), reference()}.
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          -spec procs(sched()) -> #{id() => pid()}.


      


Every known process, by id.
Ids are what a trace records and pids are what a caller recognises, so anything
that wants to say something about a recorded step needs this mapping. eta_run
uses it to turn {step, 7} into a name at teardown.
Includes processes that have exited, because a trace can name one.

  



  
    
      
    
    
      register(S, Pids)



    

  


  

      

          -spec register(sched(), pid() | [pid()]) -> sched().


      


Takes ownership of a pid (or a list of them): suspends it and begins tracing it.
Register every process before any of them is allowed to run, or the run starts
from a state this scheduler did not choose.
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          -spec register_adopting(sched(), pid() | [pid()]) -> {sched(), [id()]}.


      


register/2 and take_adopted/1, in one round trip.
Two calls are not two calls' worth of latency here, they are two drains: the
second waits behind every trace event the first one's work produced, which is time
the caller spent doing nothing, and how much of it depends on how many processes
the system has. The driver asks this after every operation and step_adopting/2
after every step, so a trace costs one round trip per entry rather than two.
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          -spec release(sched()) -> ok.


      


Resumes every process, stops tracing, and shuts the scheduler down.
The system runs freely again. Inspect (choices/1, stats/1) before calling
this — the handle is dead afterwards.
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          -spec replay(sched(), [id()]) -> {ok | {error, {diverged, id(), [id()]}}, sched()}.


      


Replays a recorded choice sequence exactly, ignoring the RNG.
A choice naming a process that is not currently runnable is a divergence — the
run did not follow the same path — and is reported rather than skipped, because
silently continuing would produce a "replay" that is not one.

  



  
    
      
    
    
      run(S)



    

  


  

      

          -spec run(sched()) -> sched().


      


Steps up to 10000 times. See run/2.
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          -spec run(sched(), non_neg_integer()) -> sched().


      


Steps processes, choosing from the seeded RNG, until nothing is runnable or
MaxSteps is reached.
choices/1 then gives the sequence to replay.
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          -spec run(sched(), non_neg_integer(), fun(() -> boolean())) -> sched().


      


run/2 with an idle callback — the discrete-event loop.
OnIdle is invoked only when nothing is runnable, and returns whether it
created new work. That is the hook virtual time plugs into:
eta_sched:run(Sched, MaxSteps, fun eta_time:advance_to_next/0)
so the clock jumps straight to the next deadline once the current instant has
nothing left to do, and the run ends when neither processes nor timers have
anything pending. Time therefore advances in jumps between events rather than in
ticks, and never while work remains at the current instant — which is both what
makes the ordering deterministic and why waiting out a long timeout is free.
The scheduler deliberately knows nothing about time: it asks "is there more work?"
and the caller decides what that means. An idle callback that returns true
counts against MaxSteps, so a callback that always says yes terminates rather
than spinning.
OnIdle runs in the scheduler's process, not the caller's. eta_time is ETS
and callable from anywhere, so the usual callback is unaffected; a callback that
wants the driver's mailbox is not, and should not be one.
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          -spec runnable(sched()) -> [id()].


      


Ids that have work to do: a non-empty mailbox they are not known to be blocked
against. See the module doc on selective receive.
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          -spec spawn(fun(() -> term())) -> pid().


      


erlang:spawn/1 for a system under simulation: the child starts blocked and
runs only once the scheduler owns it.
set_on_spawn tracing adopts a child after the fact, which is not the same thing
and is not enough. Between the spawn and the scheduler handling the trace event the
child runs on the real scheduler, so anything it does in that window is ordered by
wall clock rather than by the schedule. Porting a distributed registry measured the
cost: 1212 of a run's 1233 processes were adopted late, because that system spawns a
short-lived helper for almost every operation — and a seed consequently did not
reproduce its own schedule.
Gating closes it. The child blocks on a token before running anything, so there is
no window; the scheduler suspends it, adopts it, and sends the token, after which it
is runnable and stepped like anything else. stats/1's adopted_late then counts
only genuinely ungated children.
The child is spawned by MFA rather than as a fun so that the spawn trace event
carries {eta_sched, gated, _} — that is how the scheduler tells a gated child from
one it must chase. gated_plib and statem_gated are recognised the same way;
adding a gated entry point means adding it to is_gated/1 and to handle_trace/2
as well, or its children wait on a token nobody sends.
Inert with no scheduler running, exactly as eta_time is with no clock, so a
transformed module behaves normally outside a simulation.
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          -spec spawn(module(), atom(), [term()]) -> pid().
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          -spec spawn_link(fun(() -> term())) -> pid().
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          -spec spawn_link(module(), atom(), [term()]) -> pid().
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          -spec spawn_monitor(fun(() -> term())) -> {pid(), reference()}.
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          -spec spawn_monitor(module(), atom(), [term()]) -> {pid(), reference()}.
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          -spec spawn_opt(fun(() -> term()), list()) -> pid() | {pid(), reference()}.
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          -spec spawn_opt(module(), atom(), [term()], list()) -> pid() | {pid(), reference()}.
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          -spec start(module(), term(), list()) -> {ok, pid()} | ignore | {error, term()}.
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          -spec start(gen_server:server_name(), module(), term(), list()) ->
               {ok, pid()} | ignore | {error, term()}.
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          -spec start_link(module(), term(), list()) -> {ok, pid()} | ignore | {error, term()}.
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          -spec start_link(gen_server:server_name(), module(), term(), list()) ->
                    {ok, pid()} | ignore | {error, term()}.
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          -spec start_monitor(module(), term(), list()) -> {ok, {pid(), reference()}} | ignore | {error, term()}.


      


gen_server:start_monitor/3 for a system under simulation: the child is gated, so
the scheduler owns it before it runs a line of init/1.
Why this exists rather than a shadowed proc_lib
The child of a gen_server:start_* is spawned inside OTP —
gen:do_spawn/5 calls proc_lib:start_monitor/5, which calls
erlang:spawn_opt(proc_lib, init_p, …). No transform of the system under test
reaches that, so its children are adopted late and the run stops being replayable.
On that registry it was one child per group commit, and that alone was enough to
make a seed produce a different schedule each time.
The obvious fix is to shadow proc_lib with a transformed copy. It is worse than
it sounds:
	stdlib is sticky. Loading a replacement fails with sticky_directory; it
takes a deliberate code:unstick_dir/1 on stdlib's ebin first.
	The blast radius is the VM. Every OTP process start goes through proc_lib,
including ExUnit's and Logger's. With a deliberately broken copy loaded,
Agent.start_link/1 fails immediately with undef.
	It is 1600 lines of copied OTP that must track releases, and a mismatch is a
subtle breakage rather than a loud one.

So the child is built rather than intercepted. A gated process sets up the two
process-dictionary entries init_p/3 in proc_lib would have set, runs init/1
itself, acknowledges, and then becomes the gen_server through
gen_server:enter_loop/3. Verified to produce a genuine OTP process: sys:get_state/1,
sys:get_status/1 and sys:suspend/1 all work on it, and $initial_call reads
as it should.
What it covers, and what it refuses
init/1 returning {ok, State}, {ok, State, {continue, C}} — including a
continue chaining into another, which enter_loop/3 does not do for you —
{stop, Reason} and ignore. Anything else raises rather than guessing: this is
a stand-in for a start path, and a stand-in that silently mishandles a shape is
worse than one that stops.
A start timeout in Options is ignored. Waiting on one would be a real-clock
dependency in the middle of a simulated run, which is the thing the framework
exists to remove, and no caller seen so far passes one.
Inert with no scheduler running: delegates straight to gen_server.
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          -spec start_monitor(gen_server:server_name(), module(), term(), list()) ->
                       {ok, {pid(), reference()}} | ignore | {error, term()}.
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          -spec statem_start(module(), term(), list()) -> {ok, pid()} | ignore | {error, term()}.
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          -spec statem_start(gen_statem:server_name(), module(), term(), list()) ->
                      {ok, pid()} | ignore | {error, term()}.
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          -spec statem_start_link(module(), term(), list()) -> {ok, pid()} | ignore | {error, term()}.
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          -spec statem_start_link(gen_statem:server_name(), module(), term(), list()) ->
                           {ok, pid()} | ignore | {error, term()}.
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          -spec statem_start_monitor(module(), term(), list()) ->
                              {ok, {pid(), reference()}} | ignore | {error, term()}.


      


gen_statem:start_link/3 for a system under simulation — the gen_statem half
of start_link/3, on the same terms and for the same reasons.
The child is gated identically: it waits for the scheduler's token, sets the two
process-dictionary entries proc_lib would have set, registers its name, runs
init/1 itself, acknowledges, and then becomes the state machine through
gen_statem:enter_loop/6 — which is the same enter/8 gen_statem's own
init_it/6 converges on, so the callback mode is read and the initial state
enter call is made exactly as in a real start.
init/1 returning {ok, State, Data} and {ok, State, Data, Actions} is
covered, along with {stop, Reason} and ignore. Anything else raises rather
than being guessed at.
Inert with no scheduler running: delegates straight to gen_statem.
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          -spec statem_start_monitor(gen_statem:server_name(), module(), term(), list()) ->
                              {ok, {pid(), reference()}} | ignore | {error, term()}.
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          -spec stats(sched()) -> #{atom() => term()}.


      


Run statistics: steps taken, processes known, how many have exited, how many
children were adopted after they had already started running, how many steps
ended without the process reaching a receive, and any process caught waiting on
the code server at the moment a run gave up.
adopted_late, timeouts and cold_code are all determinism failures, and
should read 0, 0 and []. See the module doc's determinism boundary.
cold_code is a list of cold/0 — the process, and the frame in the system
under test that reached a module it had not loaded yet:
#{cold_code := [#{id := 3, pid := Pid, at := {my_client, commit, 2}}]} =
    eta_sched:stats(Sched).
A non-empty list means the run's quiescence was a lie: at least one process was
about to be woken by the code server rather than by anything the schedule chose,
so a run that ended here ended early and everything after this point is wall
clock. The fix is eta_run:preload/1, and at names the application to give
it. See note_cold_code/1.
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          -spec step(sched(), id()) -> {outcome(), sched()}.


      


Runs one process until it blocks, then suspends it again.
Returns progress (it consumed at least one message), no_progress (it blocked
without consuming — a selective receive that matched nothing), or exited.
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          -spec step_adopting(sched(), id()) -> {outcome(), [id()], sched()}.


      


step/2 and take_adopted/1, in one round trip. See register_adopting/2.
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          -spec stepping() -> pid() | undefined.


      


The process the scheduler is stepping right now, or undefined between steps.
Exactly one process runs during a step — every other one the scheduler owns is
suspended — so this is the sharpest available statement of "on the schedule". A
side effect caused by any other process while this is set happened at a moment
wall-clock timing chose, not one the seed did.
undefined is not the opposite of that. Between steps the driver itself is
running, and a harness injecting an operation there is doing something the trace
records; nothing is off-schedule merely because no step is in progress.
Read out of band, from ETS, because the answer is wanted by processes that could
not ask for it: the scheduler is a gen_server and a call into it from inside a
step would deadlock against the step.
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          -spec take_adopted(sched()) -> [id()].


      


The ids adopted since the last call, oldest first, and clears the record.
This is the recording half of pin/2: what a run writes into its trace so that a
later replay can give the same processes the same names. Reading it takes it,
because the question is always "since when" and the answer is always "since I last
asked".
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Delta-debugging a failing trace down to one a human can read — Phase 4 of the DST
framework (design: docs/design.md).
A run that finds a violation hands back the trace that produced it, and for a real
system that is not a bug report: a three-member registry cluster produces around
1900 entries, of
which almost all are heartbeats and unrelated members making progress. Shrinking
searches for the shortest trace that still fails.
#{outcome := {violation, _}, trace := Trace} = eta_run:run(my_sut, #{seed => 3}),
#{trace := Minimal} = eta_shrink:shrink(my_sut, Trace, #{seed => 3}).
The oracle has three answers, not two
This is the part that decides whether a shrinker is any good.
A candidate trace is tested by replaying it, and the result is one of:
	Result	Meaning
	the same violation	the removal was safe — keep the shorter trace
	a clean run	the removed entries mattered — put them back
	a divergence	the candidate is not a valid schedule; no evidence either way

Conflating the last two is the classic way to build a shrinker that appears to work
and quietly discards the minimal case: a candidate that diverges gets recorded as
"still fails? no", so a removal that was in fact safe is reverted.
Here divergence is avoided rather than classified. eta_run:replay/3 runs candidates
in lenient mode, where a step naming a process that is not currently runnable is
skipped instead of reported. That matters because entries are not independent:
removing an operation necessarily strands the steps belonging to the process it
spawned, so under a strict replay nearly every candidate would diverge and the
search would learn nothing.
Why the result is re-recorded
A lenient replay is not a faithful one — it silently dropped entries — so the
shrunk candidate is not a trace anyone should be handed. What the run actually
executed is, and eta_run records exactly that. So the last step of a shrink is to
take the surviving candidate's own recorded trace and verify it strictly: a
minimal trace that does not replay is not a repro.
That verification is not a formality. It is the only thing standing between this
and a shrinker that reports a beautifully small trace nobody can reproduce.
What it shrinks, and what it cannot
Both dimensions at once, since both are entries in the same list: operations
disappear entirely, and so do scheduling decisions. Removing an operation is the
larger win and usually happens first because ddmin works coarse-to-fine; what
survives at the end is close to a minimal interleaving.
A shrunk trace is not an explanation, and this doc used to claim otherwise.
It said the result was "nearly a proof sketch of the defect", which is true for
somebody who already knows the protocol and how ids were assigned, and false for
everybody else. {step, 8} names a position, not a process, and says nothing
about what that process did. Reading one means reconstructing every mailbox
state by hand.
Pinning ids fixed which process an entry names, and that is not the same as
saying what it did — {step, 8} is a stable name and still a number. What
shrinking gives you is a trace short enough to be worth narrating. eta_log is
what narrates it, and the order matters:
#{trace := Minimal} = eta_shrink:shrink(Mod, Trace, Opts),
eta_run:replay(Mod, Minimal, Opts),
eta_log:analyze().
The replay is not optional. eta_log collection restarts with every run,
and a shrink has just performed several hundred of them, so the log currently
holds whatever its last candidate did. Replaying the surviving trace is what
puts your failure in the log and nothing else.
It cannot shrink below what the system needs to reach the violation at all, and it
does not try to simplify the contents of an operation (a smaller name, fewer
participants). That is a separate axis and the one now worth doing next.
Ids used to be positional, and that used to bound the whole search
An id named a process by counting — "the Nth process this run adopted" — so
deleting an operation renumbered every process created after it and the surviving
{step, Id} entries stopped naming what they named. The oracle then read a clean
run and concluded the removal mattered, when all that had happened was arithmetic.
It was the single largest thing holding results back, and it is closed:
eta_run records on each entry the ids that entry created, and eta_sched:pin/2
hands them back on replay instead of recounting. An id now means "the process the
trace called 7", which no deletion elsewhere can change.
Measured by deleting a trace's leading operation and counting how many of the steps
behind it still ran — 76/105, 84/96 and 73/107 on three 2PC seeds before, 101/105,
94/96 and 100/107 after. End to end over 30 failing 2PC seeds: mean result 9.4
entries down to 7.6, the worst seed from 22 entries to 7, and the max_tests
budget went from binding on one seed to binding on none, the hungriest search now
using 336 of its 500.
Not every seed improved — one went from 7 entries to 8. ddmin's path through the
partitions depends on the oracle's answers, so answering more of them correctly
can still land somewhere marginally worse; nothing about that is unsound, and the
result is verified either way.
What remains is the real bound, and it is smaller. Removing an operation still
strands the steps belonging to the processes it created, because those processes
genuinely never exist — no naming scheme fixes that, and it is the correct
behaviour. So minimality is still approximate; it is now approximate for a reason
that is about causality rather than about counting.
This documentation is LLM-generated. See the AI disclosure in README.md.
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        Shrinks Trace to the shortest prefix-free subsequence that still violates.
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          -type result() ::
          #{trace := [eta_run:entry()],
            original := non_neg_integer(),
            shrunk := non_neg_integer(),
            tests := non_neg_integer(),
            outcome := eta_run:outcome(),
            verified := boolean()}.
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          -spec shrink(module(), [eta_run:entry()], map()) -> result().


      


Shrinks Trace to the shortest prefix-free subsequence that still violates.
Opts are eta_run:run/2's, plus:
	match — a predicate on the violation deciding whether a candidate counts as
"the same failure". The default is derived from the original: if the violation is
a map carrying a property key, a candidate must report the same property;
otherwise any violation counts.
Overriding this matters for a system with more than one invariant, where the
default's fallback would happily shrink one bug into a different one — a smaller
trace for a failure you were not investigating, which is worse than no shrink
because it looks like progress.

	max_tests (500) — bound on candidate replays. Shrinking is a search, and on a
large trace it is the expensive part of a run. It used to be binding, back
when a deletion could renumber the trace and the search spent its budget
relearning that; over the same 30 failing 2PC seeds the hungriest now finishes in
336 candidates. Still worth raising when a result looks larger than it should —
a system with more processes than 2PC has more schedule to search.


Returns the minimal trace as executed, verified to replay strictly. verified => false means the search found something smaller but it did not survive strict
replay, and the reported trace is the original — see the module doc.
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gen_statem's own time-outs, on the virtual clock.
A parse_transform reaches a module's calls. It does not reach gen_statem,
and a state time-out is armed by erlang:start_timer/4 inside gen_statem —
so a state machine under simulation held one real-clock dependence that no
amount of rewriting its own code could remove.
Worse than a slow run. The timer lands in the VM's wheel rather than
eta_time's, so strays/0 cannot see it and nothing reports it: the driver
finds nothing runnable, finds no deadline to advance to, and the run either ends
early or waits out the wall clock, with the interleaving from that point decided
by the machine rather than by the seed.
This module takes the time-out away from gen_statem instead, through the one
seam it does offer — the action list a callback returns, which is an
ordinary term the transform can read before OTP ever sees it.
Three pieces, and none of them works without the other two
	Arming. eta_transform wraps every state callback so its return passes
through return/3. A {state_timeout, Time, Content} action is taken out of
the list and a virtual deadline armed in its place, so gen_statem never
learns a time-out was asked for and never starts a timer of its own.
	Delivery. The deadline sends {'$eta_statem', Ref} to the machine, where
it arrives as an ordinary info event. A clause eta_transform prepends
to every state callback catches it — before the module's own clauses, which
is the whole point, since they would not match it and the machine would die of
function_clause — and returns
{keep_state_and_data, [{next_event, state_timeout, Content}]}. gen_statem
then delivers a genuine state_timeout event through its own machinery, so
the callback sees exactly the event type and content it would have seen.
	Cancelling. return/3 compares the state the callback was called in with
the state its return names, and cancels on a change. That is gen_statem's
rule, and getting it wrong in either direction is a bug you would not spot:
cancel too eagerly and a heartbeat stops rearming, too lazily and a machine
fires an election it already won.

Except for Time = 0, which stays gen_statem's
A zero time-out consults no clock. gen_statem registers it against a ref that
is not a timer ref and queues it, so there is nothing in it to virtualise, and it
is passed straight through.
That is not a shortcut, it is the only faithful option. A zero time-out is
delivered when the event queue drains and before the next message is taken from
the mailbox — after inserted and postponed events, and before anything new. It is
also still cancellable while it waits: loop_t0q/5 re-checks the timer table
before delivering, so an inserted or postponed event that changes state first
means it never arrives at all. "Do this next, unless I leave the state before I
get to it" is the whole reason the idiom exists, and neither substitution
available here reproduces it — {next_event, ...} goes to the head of the queue
and can no longer be cancelled, and a message to self goes behind whatever is
already in the mailbox.
The cost is that the single state time-out is sometimes gen_statem's and
sometimes this module's, so this module tracks which. When it is gen_statem's,
a cancel or a replacement is put back into the action list for gen_statem to
apply to itself rather than being applied here. Split ownership with nobody
tracking it was the first version, and it fires the time-out twice: the machine
arms a zero, an inserted event replaces it with a real one, and both go off.
Forging gen_statem's own timer message was tried first and cannot work. It
matches {timeout, TimerRef, TimeoutType} and then looks TimerRef up in a
timers map held in its private loop state, so a message from outside is never
recognised as a time-out and falls through to info.
The cancellation rules, exactly
Taken from gen_statem's implementation rather than from its documentation,
because two of them are not written down anywhere near each other:
	A state change cancels it. A change is NextState =/= State, compared with
=:=. So keep_state, keep_state_and_data, repeat_state,
repeat_state_and_data and {next_state, SameState, _} all leave it running.
A machine that rearms on every heartbeat with {keep_state, D, [{state_timeout, T, election}]} depends on both halves of that: no cancel from the return, and
a fresh deadline from the action.
	Setting one cancels any running one. There is at most one per machine.
	Time = infinity cancels and starts nothing, and {state_timeout, cancel}
is the same thing said clearly.
	{state_timeout, update, Content} changes the content and leaves the clock
alone — and if nothing is running it is not an error. It inserts the event
immediately, which gen_statem documents as "a time-out autostart with
immediate expiry, so there will be noise for example if a generic time-out name
was misspelled". Mirrored rather than improved on.
	A cancelled time-out that had already fired produces no event at all.
gen_statem parks the ref and drops the message when it arrives, without
invoking a callback. eta_time:disarm_self/2 flushes it from the mailbox
instead, which reaches the same place: return/2 runs in the machine's
process, between two of gen_statem's receives, so the message is sitting in
the mailbox where a selective receive can take it.

What is not owned here, and what happens if you ask
Event time-outs ({timeout, Time, Content}, or a bare integer action) and
generic time-outs ({{timeout, Name}, Time, Content}) are not virtualised,
and raise while a clock is running rather than quietly staying on the wall
clock. Same position eta_net takes on the messaging it cannot route: the
boundary is discoverable by using it rather than by reading a table.
They are not merely unimplemented, they are unsafe to leave alone here. Every
event gen_statem processes cancels a running event time-out, and delivery
above spends one — the info event carrying {'$eta_statem', Ref}. So a
machine holding both would find its event time-out cancelled by this module's
own traffic. Raising is the honest answer until they are owned too, and the
shape of this module is meant to take them: the arming table is keyed by
time-out type, and {timeout, Name} is a key like any other.
hibernate is untouched and unsupported for the same reasons as before.
Inert unless a clock is running
return/2 hands the term straight back when there is none, so every action goes
to gen_statem and behaves exactly as it always did. A module built with the
transform is therefore unchanged outside a simulation — including in the
ordinary test suite that runs alongside one.
The one hazard is the same one timers have always had here: a state time-out
armed before the clock started belongs to gen_statem, and this module will
not know about it. Start the clock before the system, which is what eta_run
does.
This documentation is LLM-generated. See the AI disclosure in README.md.
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        The time-outs this process currently has armed, as #{Type => Content}.



    


    
      
        fire(Ref)

      


        Turns a delivered deadline into the event gen_statem would have produced.



    


    
      
        init_return(Ret)

      


        The same for init/1's return, which can carry actions and therefore a state
time-out.
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        What a state callback's return means for the time-outs this module owns, given
the state the callback was called in.
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        The atom heading the message a virtual deadline delivers.
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          -type timeout_type() :: state_timeout.
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          -spec armed() -> #{timeout_type() => term()}.


      


The time-outs this process currently has armed, as #{Type => Content}.
For a test that wants to state "the election deadline is still running" without
waiting to find out. Empty when none are, which is also what a process with no
state machine in it reports.
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          -spec fire(reference()) -> gen_statem:event_handler_result(term()).


      


Turns a delivered deadline into the event gen_statem would have produced.
Called from the clause eta_transform prepends to every state callback. Returns
{keep_state_and_data, [{next_event, state_timeout, Content}]} for a deadline
that is still armed, and plain keep_state_and_data for one that is not.
The second case should be unreachable — cancelling flushes the message — and is
answered rather than raised on, because the cost of being wrong is a state
machine that dies on a message it was never meant to see.
The entry is taken, not read. When a real time-out fires gen_statem removes
it from its timer table before delivering the event, so a callback handling a
state time-out has none running; {state_timeout, update, _} in that callback
autostarts rather than updating, and this has to agree.
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          -spec init_return(Ret) -> Ret.


      


The same for init/1's return, which can carry actions and therefore a state
time-out.
Separate from return/2 because there is no state to have changed — the machine
is entering its first one — so there is nothing to cancel and no previous state
to compare against. eta_sched:statem_start_link/3 hands init/1's actions
straight to gen_statem:enter_loop/6, so a time-out set here would otherwise be
armed by OTP on the real clock before the machine had processed a single event.

  



  
    
      
    
    
      return(EventType, State, Ret)



    

  


  

      

          -spec return(term(), term(), Ret) -> Ret.


      


What a state callback's return means for the time-outs this module owns, given
the state the callback was called in.
eta_transform wraps every state callback with this. Two jobs, in gen_statem's
own order: a state change cancels the state time-out, and then the action list
is read for new ones. Returns the value with the actions it consumed removed.
State is the state the callback ran in — the third argument in
handle_event_function mode, and the function's own name in state_functions
mode, where the transform supplies it as a literal.

  



  
    
      
    
    
      tag()



    

  


  

      

          -spec tag() -> atom().


      


The atom heading the message a virtual deadline delivers.
Read by eta_transform at compile time to build the clause it prepends, so
the pattern that catches the message and the code that sends it cannot drift
apart. Same trick, and the same reason, as eta_observe:key/0.
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A virtual clock and timer wheel — Phase 1 of the DST framework
(design: docs/design.md).
Drop-in replacements for the erlang timer and clock BIFs, backed by a clock that
only moves when the driver moves it. eta_transform rewrites a module's calls to
point here; nothing else about the module changes.
Two things follow, and the second is the one that pays for the phase:
	Determinism. A timeout fires at a point the schedule chooses, not whenever
the machine happens to get there, so a run replays identically.
	Speed. Waiting out a one-second timeout costs nothing: with no process
runnable, the driver jumps the clock straight to the next deadline. A run that
spends most of its wall clock waiting collapses to the work it actually does.

No process of its own
State lives in ETS, and every operation is a direct table access from whichever
process is calling. That is deliberate. A gen_server here would make every
send_after/3 a blocking call, and a blocking call is quiescence as far as
eta_sched is concerned — so each timer set would end a step, cost a scheduling
choice, and pollute the recorded schedule with the framework's own traffic.
Concurrent access is safe because eta_sched guarantees only one process under
test runs at a time, with the driver the only other participant.
Inert unless started
Every function falls back to its real erlang counterpart when no clock is
running. A module compiled with the transform therefore behaves exactly as it did
before outside a simulation, which is what makes the transform safe to leave
enabled in a build that also runs ordinary tests.
The event loop
The driver alternates between stepping processes and advancing time:
eta_sched:run(Sched, MaxSteps, fun eta_time:advance_to_next/0)
advance_to_next/0 is called only when nothing is runnable, and moves the clock
to the earliest pending deadline — so time advances in jumps between events, never
in ticks, and never while work remains to be done at the current instant.
Single instance
The tables are named, so one clock exists per VM. Simulations must not run
concurrently in the same node.
This documentation is LLM-generated. See the AI disclosure in README.md.

      


      
        Summary


  
    Types
  


    
      
        fault_opts()

      


    





  
    Functions
  


    
      
        advance(Ms)

      


        Advances the clock by Ms, firing every timer that becomes due. Returns how many
fired.



    


    
      
        advance_to_next()

      


        Advances the clock to the earliest pending deadline and fires every timer due at
it, in creation order.



    


    
      
        advance_to_next(Schedulable)

      


        Advances to the earliest deadline whose destination Schedulable accepts.



    


    
      
        arm_after/2

      


        Arms the virtual timeout behind a rewritten receive ... after.



    


    
      
        arm_self(Time, Msg)

      


        Arms a deadline a process sets for itself, delivered as Msg.



    


    
      
        cancel_timer(Ref)

      


        Cancels a timer, returning the milliseconds that were left, or false if it had
already fired or never existed — the same contract as erlang:cancel_timer/1.



    


    
      
        cancel_timer(Ref, Opts)

      


    


    
      
        disarm_after/2

      


        Cancels an armed timeout and removes its message if it already landed.



    


    
      
        disarm_self/2

      


        Cancels a deadline armed by arm_self/2, removing its message if it already
landed.



    


    
      
        monotonic_time()

      


    


    
      
        monotonic_time(Unit)

      


    


    
      
        next_deadline()

      


        The earliest pending deadline, or infinity if no timers are set.



    


    
      
        next_deadline(Schedulable)

      


        The earliest pending deadline whose destination Schedulable accepts.



    


    
      
        now_ms()

      


        The virtual clock in milliseconds. Raises if no clock is running.



    


    
      
        pending()

      


        How many timers are currently pending.



    


    
      
        read_timer(Ref)

      


    


    
      
        running()

      


        Whether a virtual clock is running. When false, every call here delegates to erlang.



    


    
      
        send_after(Time, Dest, Msg)

      


    


    
      
        send_after(Time, Dest, Msg, Opts)

      


    


    
      
        set_faults(Faults)

      


        Sets the timer fault policy.



    


    
      
        sleep/1

      


        What eta_transform rewrites timer:sleep/1 to.



    


    
      
        start()

      


        Starts a clock with default options. See start/1.



    


    
      
        start(Opts)

      


        Starts the virtual clock.



    


    
      
        start_timer(Time, Dest, Msg)

      


    


    
      
        start_timer(Time, Dest, Msg, Opts)

      


    


    
      
        stats()

      


        Clock value, pending timer count, and how many timers have fired or been dropped.



    


    
      
        stop()

      


    


    
      
        strays()

      


        How many distinct timers the clock has refused to advance to — see
advance_to_next/1.



    


    
      
        system_time()

      


    


    
      
        system_time(Unit)

      


    


    
      
        timestamp()
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      fault_opts()



    

  


  

      

          -type fault_opts() :: #{drop_p => float(), skew_ms => non_neg_integer()}.


      



  


        

      

      
        Functions


        


  
    
      
    
    
      advance(Ms)



    

  


  

      

          -spec advance(non_neg_integer()) -> non_neg_integer().


      


Advances the clock by Ms, firing every timer that becomes due. Returns how many
fired.
advance_to_next/0 is usually what a run wants; this is for a test that needs to
say "and then a second passed" regardless of what is pending.

  



  
    
      
    
    
      advance_to_next()



    

  


  

      

          -spec advance_to_next() -> boolean().


      


Advances the clock to the earliest pending deadline and fires every timer due at
it, in creation order.
Returns true if the clock moved, false if nothing was pending — which is the
signal the event loop uses to decide a run is over. Suitable as eta_sched:run/3's
idle callback.

  



  
    
      
    
    
      advance_to_next(Schedulable)



    

  


  

      

          -spec advance_to_next(fun((pid() | atom()) -> boolean())) -> boolean().


      


Advances to the earliest deadline whose destination Schedulable accepts.
A timer is owned by a process, and the scheduler is not obliged to own that
process. A deadline belonging to one it does not own cannot make anything
runnable, so advancing to it moves the clock and records an entry on behalf of
something that can never take a step. Two runs of one seed then differ by an
inserted {clock, Ms} with no step behind it, which is a schedule decided by
something other than the seed.
There are 2 ordinary ways to get such a timer. A process killed while blocked in
a rewritten receive ... after never reaches the clause head that disarms it, so
its deadline outlives it. And a process spawned before the scheduler existed —
anything a system starts during init/2 — is outside the schedule by
construction.
Rejected timers are skipped, not cancelled. Cancelling would silently
disarm a live process's timer, and the goal is only that a stray stops deciding
when the clock moves. If time passes far enough for another reason, fire_due/1
delivers it as before.
advance_to_next/0 accepts everything, which is what you want when driving the
clock by hand with no scheduler to ask.

  



  
    
      
    
    
      arm_after/2



    

  


  

      

          -spec arm_after(timeout(), reference()) -> term().


      


Arms the virtual timeout behind a rewritten receive ... after.
eta_transform turns the after block into an ordinary receive clause
waiting on {'$eta_after', Ref}, and this is what makes that message arrive. The
handle it returns is opaque and belongs to disarm_after/2.
infinity arms nothing — the generated clause then simply cannot match, which is
exactly receive ... end.
A zero timeout is delivered immediately rather than through a timer. after 0 is
a mailbox poll, not a wait: routing it through the timer wheel would block until
something advanced the clock, turning a non-blocking poll into a wait. Appending to
our own mailbox also keeps the ordering right, since a selective receive scans in
arrival order and therefore still prefers anything already queued.
Exempt from drop_p
Skewed like anything else, never dropped. drop_p models a timer lost with the
process or connection it belonged to (see set_faults/1), and this timer has
neither: a process arms it for itself, and the BEAM does not lose a receive
timeout. eta_net:call/3 arms its call deadline through here for the same
reason.
Dropping one is not a fault, it is a hang. The waiting process has nothing left
that can wake it, so the run stalls or burns its step budget, and the trace says
a timeout never fired rather than that a message was lost — a finding about the
framework wearing the shape of a finding about the system. send_after/3 and
start_timer/3 stay faultable, because a timer a system sets to fire at another
process is exactly the thing that can go missing with it.

  



  
    
      
    
    
      arm_self(Time, Msg)



    

  


  

      

          -spec arm_self(non_neg_integer(), term()) -> reference().


      


Arms a deadline a process sets for itself, delivered as Msg.
arm_after/2 with the message chosen by the caller instead of fixed, and the
same reasoning applies to all of it: exempt from drop_p because a process
cannot lose a timer it armed for itself, subject to skew_ms because when it
lands relative to other work is a real question.
eta_statem is the caller — a gen_statem state time-out is exactly this
shape, a deadline the machine sets for itself. Pair with disarm_self/2.

  



  
    
      
    
    
      cancel_timer(Ref)



    

  


  

      

          -spec cancel_timer(reference()) -> non_neg_integer() | false.


      


Cancels a timer, returning the milliseconds that were left, or false if it had
already fired or never existed — the same contract as erlang:cancel_timer/1.

  



  
    
      
    
    
      cancel_timer(Ref, Opts)



    

  


  

      

          -spec cancel_timer(reference(), list()) -> non_neg_integer() | false | ok.


      



  



  
    
      
    
    
      disarm_after/2



    

  


  

      

          -spec disarm_after(term(), reference()) -> ok.


      


Cancels an armed timeout and removes its message if it already landed.
The transform calls this at the head of every ordinary receive clause rather
than after the receive, which is what keeps the clause bodies in tail position —
see eta_transform. Flushing is not optional: a timer that fired before its
receive matched something else leaves a {'$eta_after', Ref} nothing will ever
match again.

  



  
    
      
    
    
      disarm_self/2



    

  


  

      

          -spec disarm_self(reference() | undefined, term()) -> ok.


      


Cancels a deadline armed by arm_self/2, removing its message if it already
landed.
The flush is what makes a cancel a cancel rather than a race. A deadline that
fired just before this ran has already put Msg in the mailbox, and the caller
has by definition stopped expecting it — for a gen_statem that message would
otherwise arrive as an info event for a time-out that was called off.
Skipped when the cancel succeeded, since a timer removed before it fired never
sent anything, and the flush is a selective receive that walks the whole mailbox
before giving up.

  



  
    
      
    
    
      monotonic_time()



    

  


  

      

          -spec monotonic_time() -> integer().


      



  



  
    
      
    
    
      monotonic_time(Unit)



    

  


  

      

          -spec monotonic_time(erlang:time_unit()) -> integer().


      



  



  
    
      
    
    
      next_deadline()



    

  


  

      

          -spec next_deadline() -> integer() | infinity.


      


The earliest pending deadline, or infinity if no timers are set.

  



  
    
      
    
    
      next_deadline(Schedulable)



    

  


  

      

          -spec next_deadline(fun((pid() | atom()) -> boolean())) -> integer() | infinity.


      


The earliest pending deadline whose destination Schedulable accepts.
Timers it rejects are stepped over and left in the wheel. They no longer
decide when the clock moves, but if it reaches them for some other reason they
still fire. See advance_to_next/1 for why that distinction matters.

  



  
    
      
    
    
      now_ms()



    

  


  

      

          -spec now_ms() -> integer().


      


The virtual clock in milliseconds. Raises if no clock is running.

  



  
    
      
    
    
      pending()



    

  


  

      

          -spec pending() -> non_neg_integer().


      


How many timers are currently pending.

  



  
    
      
    
    
      read_timer(Ref)



    

  


  

      

          -spec read_timer(reference()) -> non_neg_integer() | false.


      



  



  
    
      
    
    
      running()



    

  


  

      

          -spec running() -> boolean().


      


Whether a virtual clock is running. When false, every call here delegates to erlang.

  



  
    
      
    
    
      send_after(Time, Dest, Msg)



    

  


  

      

          -spec send_after(non_neg_integer(), pid() | atom(), term()) -> reference().


      



  



  
    
      
    
    
      send_after(Time, Dest, Msg, Opts)



    

  


  

      

          -spec send_after(non_neg_integer(), pid() | atom(), term(), list()) -> reference().


      



  



  
    
      
    
    
      set_faults(Faults)



    

  


  

      

          -spec set_faults(fault_opts()) -> ok.


      


Sets the timer fault policy.
	drop_p — probability that a timer, once set, never fires. It remains
cancellable and readable; it simply produces no message. Models a timer lost
with the process or connection it belonged to.
	skew_ms — timers are created with their deadline perturbed uniformly by up to
this many milliseconds either way (never earlier than now). Models a timeout
firing in an unlucky window relative to other work.

Skew is applied at creation rather than at firing, so the deadline remains
meaningful to read_timer/1 and cancel_timer/1.
drop_p reaches send_after/3 and start_timer/3 only. A deadline armed
through arm_after/2 — a rewritten receive ... after, a rewritten
timer:sleep/1, or eta_net:call/3's timeout — is skewed but never dropped;
see arm_after/2 for why. skew_ms
applies to everything, which is what makes it the knob for the tie between two
timeouts written with the same number.

  



  
    
      
    
    
      sleep/1



    

  


  

      

          -spec sleep(timeout()) -> ok.


      


What eta_transform rewrites timer:sleep/1 to.
A sleep is receive after T -> ok end inside OTP's timer module, where no
transform of user code reaches — so the call site is rewritten instead, to
this: the after rewrite applied to a receive with no other clauses. Arm
through arm_after/2, wait for the delivery. Under a run the sleeper is
correctly unrunnable until the virtual clock delivers the wakeup, so a
60-second sleep costs microseconds and ends at a point the schedule chose.
With no clock running, arm_after/2 falls back to erlang:send_after/3 and
this is a real sleep.
No disarm: the receive has one clause and always consumes the message.
infinity arms nothing, so the receive blocks forever — which is
timer:sleep(infinity) exactly. Exempt from drop_p like every self-armed
deadline, and subject to skew_ms like every deadline; see arm_after/2.
The one place this must not run is the driver's own process. The clock
advances only to deadlines of processes the scheduler can step, so a sleep on
the driver arms a deadline nothing will ever reach. That is the existing
boundary rule — execute/2 and check/1 must not execute transformed
blocking code — applied to one more form of blocking.

  



  
    
      
    
    
      start()



    

  


  

      

          -spec start() -> ok.


      


Starts a clock with default options. See start/1.

  



  
    
      
    
    
      start(Opts)



    

  


  

      

          -spec start(#{start_ms => integer(), seed => integer(), faults => fault_opts()}) -> ok.


      


Starts the virtual clock.
Options:
	start_ms — the clock's initial value (default 0).
	seed — seeds the fault RNG, so an injected timer fault schedule replays.
	faults — see set_faults/1.

Idempotent in the sense that starting over a running clock resets it.

  



  
    
      
    
    
      start_timer(Time, Dest, Msg)



    

  


  

      

          -spec start_timer(non_neg_integer(), pid() | atom(), term()) -> reference().


      



  



  
    
      
    
    
      start_timer(Time, Dest, Msg, Opts)



    

  


  

      

          -spec start_timer(non_neg_integer(), pid() | atom(), term(), list()) -> reference().


      



  



  
    
      
    
    
      stats()



    

  


  

      

          -spec stats() -> #{atom() => term()}.


      


Clock value, pending timer count, and how many timers have fired or been dropped.

  



  
    
      
    
    
      stop()



    

  


  

      

          -spec stop() -> ok.


      



  



  
    
      
    
    
      strays()



    

  


  

      

          -spec strays() -> non_neg_integer().


      


How many distinct timers the clock has refused to advance to — see
advance_to_next/1.
Counted at the moment one is stepped over rather than by scanning what is still
pending, because a stray is usually gone by the end: some other timer advances
the clock past it and fire_due/1 delivers it on the way. The damage is done
when it is considered, not when it fires.
eta_run reports this as stray_timers, and audit/1 treats a non-zero count
as a system holding a timer the scheduler does not own.

  



  
    
      
    
    
      system_time()



    

  


  

      

          -spec system_time() -> integer().


      



  



  
    
      
    
    
      system_time(Unit)



    

  


  

      

          -spec system_time(erlang:time_unit()) -> integer().


      



  



  
    
      
    
    
      timestamp()



    

  


  

      

          -spec timestamp() -> erlang:timestamp().
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A parse_transform that points a module's timer and clock calls at eta_time —
Phase 1 of the DST framework (design: docs/design.md).
Nothing else about the module changes, and the rewrite is a pure call-target
substitution: erlang:send_after(T, D, M) becomes eta_time:send_after(T, D, M),
and so on for the table below.
Five passes, one transform
A module never names more than one parse_transform. The extra passes are
controlled by attributes rather than by naming another transform:
	Timer and clock rewriting — the table below, applied always.
	Message sending — points ! and the cast/reply functions at
eta_net, so a simulated network can drop, delay or cut them. Applied unless
the module declares -eta_net(false); see below.
	Receive timeouts — puts receive ... after T on the virtual clock.
Applied unless the module declares -eta_after(false); see below.
	State observability — applied only to a module declaring
-eta_observe(all) or -eta_observe({Record, Fields}), which republishes the
state on every gen_server or gen_statem callback return so a simulation can
read it while the process is suspended. See eta_observe.
	gen_statem state time-outs — takes {state_timeout, ...} out of a
callback's returned action list and arms a virtual deadline instead, and
prepends the clause that delivers it. Applied to every module declaring
-behaviour(gen_statem). See eta_statem.

They live here rather than in modules of their own for a build reason, and it is
worth recording because it cost a broken CI run to find. Mix does not reliably
order a module after more than one parse_transform. With two attributes on
one module, an incremental build where both the transform and that module
changed failed with undefined parse transform roughly two times in three —
nondeterministically, so it looked intermittent before it was pinned down. One
attribute is ordered correctly; two are not.
Delegating from here to a separate module does not reliably help either. Mix
must compile a transform before anything that uses it and does not track a
runtime call as a dependency, so within this project the hazard just moves down
a level. Merging is what removes it.
So: never give a module two parse transforms. If a module needs another
pass, add it here and gate it on an attribute.
Virtualising receive ... after
On by default. The rewrite turns
receive Pat -> Body after T -> Timeout end
into a receive whose timeout is an ordinary message clause, armed through
eta_time:arm_after/2. Under eta_sched the waiting process is correctly
unrunnable until the virtual clock delivers it, so a 60-second timeout costs
microseconds instead of a minute — and, more importantly, fires at a point the
schedule chose.
after 0 is left alone. It is a mailbox poll rather than a wait, never blocks,
and never consults a clock; routing it through the timer wheel would turn a
non-blocking poll into a blocking one.
Why it is on by default. after is the one real-time dependence a system
can hold without naming a function, so leaving it to an attribute means a module
compiled with this transform can still wake on the wall clock with nothing
reporting it. The call-rewriting pass is unconditional for the same reason;
there is no principled line that puts erlang:send_after/3 on one side of it
and after on the other.
-eta_after(false). opts out, for a module where the cost is measurable. It
is a ref, an update_counter and two inserts to arm, and a take to cancel.
No mailbox scan: eta_time:disarm_after/2 skips its flush when the cancel
succeeded, because a timer removed before it fired never sent anything. Worth
knowing about before putting it on a hot receive loop, and not worth thinking
about otherwise.
Why the timeout being an ordinary clause does not change the semantics
Worth stating, because it looks as though it should. Native after is a
fallback: it fires only when no queued message matches. The rewrite makes the
timeout an ordinary clause, and a receive takes the first message matching
any clause — so it appears to compete on arrival order rather than deferring.
It does not diverge, because arrival order and time order are the same order.
The {'$eta_after', Ref} message is appended at the deadline, so any message
that would have satisfied native after before it elapsed is necessarily older
in the mailbox and is scanned first. A message arriving after the deadline sits
behind a timeout that native would already have fired. Stale timeouts from an
earlier receive cannot match, because of the ref guard, and disarm_after/2
flushes one that fired just as a real message landed.
A two-stage rewrite — poll with after 0 first, arm only on a miss — would make
that structural rather than emergent, and would skip arming when a message is
already waiting. It is deliberately not done. The poll still walks the whole
mailbox before failing, so a miss scans twice, and a miss is the deep selective
receive gen_server:call/3 produces. It also duplicates every clause body into
both receives. With the flush gone from the hit path there is little left to
win.
Enabling it
Include the header, which carries the attribute behind the DST define:
-include_lib("eta/include/eta.hrl").
and compile the simulation build with {d, 'DST'}. Per-module and opt-in, so
there is no way to ship it by accident and no runtime cost when it is off. The
same header defines ?ETA_LOG and ?ETA_LABEL; see eta_log.
Even when it is on, eta_time delegates to erlang unless a virtual clock is
running — so a module built with the transform behaves normally outside a
simulation.
What is rewritten
	From	To
	erlang:send_after/3,4	eta_time:send_after/3,4
	erlang:start_timer/3,4	eta_time:start_timer/3,4
	erlang:cancel_timer/1,2	eta_time:cancel_timer/1,2
	erlang:read_timer/1	eta_time:read_timer/1
	erlang:monotonic_time/0,1	eta_time:monotonic_time/0,1
	erlang:system_time/0,1	eta_time:system_time/0,1
	erlang:timestamp/0	eta_time:timestamp/0
	os:system_time/0,1	eta_time:system_time/0,1
	os:timestamp/0	eta_time:timestamp/0
	timer:sleep/1	eta_time:sleep/1

Sending
The network pass rewrites, unless the module declares -eta_net(false):
	From	To
	Dest ! Msg	eta_net:send(Dest, Msg)
	erlang:send/2,3	eta_net:send/2,3
	gen_server:cast/2	eta_net:cast/2
	gen_statem:cast/2	eta_net:cast/2
	gen_server:reply/2	eta_net:reply/2
	gen_statem:reply/1,2	eta_net:reply/1,2
	erlang:monitor/2,3	eta_net:monitor/2,3
	erlang:demonitor/1,2	eta_net:demonitor/1,2

! is the one rewrite that is not a call.
Why monitors are in this pass. A link failure fires every monitor held across
it, and a monitor is made by a BIF inside the system under test — so a simulated
network can only know one exists by being what creates it. Without the rewrite a
partition is invisible to the code that detects peers, which is most of the code
that matters. eta_net:monitor/2 simulates only a monitor whose ends are placed
on different simulated nodes and leaves every other one a plain erlang:monitor,
so the rewrite changes nothing for a module that is not part of a topology.
The monitor BIFs are auto-imported, so a bare monitor(process, Pid) is rewritten
too — on the same terms as the bare spawns below: only when the module does not
define that name itself. eta_net:send/2 returns Msg, which
is what ! evaluates to, so the substitution is value-preserving.
eta_net delegates to erlang:send/2 unless a network is running, so this pass
changes nothing about a run that does not start one. What it does change is who
can be faulted later: routing has to be uniform per channel, because a direct
send can overtake a delayed one, and module-granular rewriting is what makes that
safe. See eta_net.
gen_server:call/2,3 and gen_statem:call/2,3 are both rewritten to
eta_net:call/2,3, which routes the request. The reply leg is reached from
the other end, and how depends on the behaviour:
	In a module declaring -behaviour(gen_server), every handle_call/3 clause is
wrapped so a {reply, R, S} return becomes a routed eta_net:reply(From, R)
and a {noreply, S}.
	In a module declaring -behaviour(gen_statem), every state callback is wrapped
so a {reply, From, R} action in the returned action list is sent through
eta_net:reply/2 and removed from the list. See eta_net:statem_return/1.

Both legs are then ordinary network traffic and can be faulted independently —
which is what makes "the work happened, the caller never learned it did" a
reachable state. See eta_net:call/3.
gen_statem's starts are gated like gen_server's, through
eta_sched:statem_start_link/3 and friends.
State time-outs are virtualised, by the fifth pass and eta_statem. That is
a gen_statem-shaped hole the other passes cannot reach, because the timer is
armed inside gen_statem rather than by anything this transform rewrites, and
the answer is to take the action out of the callback's return before OTP sees it.
What gen_statem support still does not include. The asynchronous
send_request/wait_response interface; hibernate; and the other two kinds
of time-out — event time-outs and generic ({timeout, Name}) ones — which raise
while a clock is running rather than staying quietly on the real one. See
eta_statem for why they cannot simply be left alone. init/1 returning
something other than {ok, State, Data} or {ok, State, Data, Actions} is
refused by eta_sched:statem_start_link/3 rather than guessed at.
What raises rather than being rewritten
Everything eta_net cannot yet put on the network raises, so the boundary is
discoverable by using it instead of by reading a table.
		when
	gen_server:abcast, multi_call, send_request/wait_response/receive_response/check_response	at run time, while a network is running
	gen_statem's send_request/wait_response/receive_response/check_response	the same
	every client-side function of gen_event	the same
	a module declaring -behaviour(gen_event)	at compile time

The last one is a property of the module rather than of a code path: a handler's
reply is produced inside the event manager, which is neither the module this
transform rewrote nor a process it can reach — so every call answered by such a
module would come around the network, in every run. -eta_net(false). opts the
module out of this pass and keeps the rest.
The runtime ones are runtime because a module may hold one on a path no
simulation reaches, and refusing to compile it would block adoption over code the
run never executes. Both are inert without a network.
Only qualified calls are rewritten
erlang:monotonic_time() is rewritten; a bare monotonic_time() is not. None of
these are auto-imported, so an unqualified call is a call to a function the module
defines itself — rewriting it would break the module. Code that wants to be
simulated must therefore qualify its time calls, which is the prevailing style
anyway.
timer:sleep/1 is rewritten, to eta_time:sleep/1. It went unrewritten for
a while on the argument that code under simulation should not sleep and a hang
would surface the smell — but the hang is not reliably loud (a sleeper is simply
never runnable, so a run can end at what looks like quiescence), and a sleep is
receive after T -> ok end one module away, the exact dependence the after
pass exists to virtualise. A sleep in an untransformed module still hangs.
This documentation is LLM-generated. See the AI disclosure in README.md.
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