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ETAPS Foreword

Welcome to the 28th ETAPS! ETAPS 2025 took place in Hamilton, Canada. It is the
first time ETAPS was held outside of Europe.

ETAPS 2025 was the 28th instance of the International Joint Conferences on Theory
and Practice of Software. ETAPS is an annual federated conference established in 1998,
and consists of four conferences: ESOP, FASE, FoSSaCS, and TACAS. Each conference
has its own Program Committee (PC) and its own Steering Committee (SC). The con-
ferences cover various aspects of software systems, ranging from theoretical computer
science to foundations of programming languages, analysis tools, and formal approaches
to software engineering. Organizing these conferences in a coherent, highly synchro-
nized conference programme enables researchers to participate in an exciting event,
having the possibility to meet many colleagues working in different directions in the
field, and to easily attend talks of different conferences. On the weekend before the main
conference, numerous satellite workshops took place that attracted many researchers
from all over the globe.

ETAPS 2025 received 329 submissions in total, 106 ofwhichwere accepted, yielding
an overall acceptance rate of 32.2%. I thank all the authors for their interest in ETAPS,
all the reviewers for their reviewing efforts, the PC members for their contributions,
and in particular the PC (co-)chairs for their hard work in running this entire intensive
process. Last but not least, my congratulations to all authors of the accepted papers!

ETAPS 2025 featured the unifying invited speakers Ina Schaefer (Karlsruhe Institute
of Technology, Germany) and Matthew B. Dwyer (University of Virginia, USA), and
the invited speakers Amal Ahmed (Northeastern University, USA) for ESOP and José
Meseguer (University of Illinois Urbana-Champaign, USA) for FASE. Invited tutorials
were provided by Suguman Bansal (Georgia Institute of Techology, USA) on reinforce-
ment learning from logical specifications and Arun Ross (Michigan State University,
USA) on biometrics.

ETAPS 2025 was organized by McMaster University. The Faculty of Engineering at
McMaster University has a reputation for innovative programs, cutting-edge research,
leading faculty, and aspiring students. It has earned a strong reputation as a center for aca-
demic excellence and innovation. The Faculty has approximately 180 faculty members,
along with close to 4,500 undergraduate and 1,000 graduate students. The local organi-
zation team consisted of Claudio Menghi and Mark Lawford (general chairs), Melissa
Alzaeim (event organizer), Alan Wassyng and Angelo Gargantini (workshop chairs),
Sébastien Mosser and Matt Luckcuck (publicity chairs), Patrizio Pelliccione (sponsor
chair), Silvia Bonfanti and Andrea Bombarda (web chairs), Jacques Carette and Chris-
tos Tsigkanos (local proceedings chair), Lena Liberale and Martin von Mohrenschildt
(finance chairs), Damiano Torre and LinaMarsso (registration chairs), and Vera Pantelic
and Denise Geiskkovitch (student volunteer chairs).
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ETAPS 2025 is further supported by the following associations and societies: ETAPS
e.V., EATCS (European Association for Theoretical Computer Science), EAPLS (Euro-
pean Association for Programming Languages and Systems), and EASST (European
Association of Software Science and Technology).

The ETAPS Steering Committee consists of an Executive Board, and representatives
of the individual ETAPS conferences, as well as representatives of EATCS, EAPLS, and
EASST. The Executive Board consists of Marieke Huisman (Twente, chair), Andrzej
Wa̧sowski (Copenhagen), Thomas Noll (Aachen), Jan Kofroň (Prague), Barbara König
(Duisburg-Essen), Arnd Hartmanns (Twente), Caterina Urban (Inria), Jan Křetínský
(Munich), Elizabeth Polgreen (Edinburgh), and Lenore Zuck (Chicago).

Other members of the steering committee are: Elvira Albert (Madrid), Maurice ter
Beek (Pisa), Nathalie Bertrand (Rennes), Dirk Beyer (Munich), Artur Boronat (Leices-
ter), Luís Caires (Lisboa), Ferruccio Damiani (Torino), Gordon Fraser (Passau), Arie
Gurfinkel (Waterloo), Reiner Hähnle (Darmstadt), Reiko Heckel (Leicester), Marijn
Heule (Pittsburgh), Sebastian Junges (Nijmegen), Joost-Pieter Katoen (Aachen and
Twente), Guy Katz (Jerusalem), Delia Kesner (Paris), Fabrice Kordon (Paris), Robbert
Krebbers (Nijmegen), Kim Guldstrand Larsen (Aalborg), Mark Lawford (Hamilton),
Claudio Menghi (Hamilton and Bergamo), StefanMilius (Erlangen-Nürnberg), Andrzej
Murawski (Oxford), Corina Păsăreanu (Ames), Laure Petrucci (Paris), Peter Y.A. Ryan
(Luxembourg), Don Sannella (Edinburgh), Viktor Vafeiadis (Kaiserslautern), and Anton
Wijs (Eindhoven).

I would like to take this opportunity to thank all authors, keynote speakers, attendees,
organizers of the satellite workshops, and Springer Nature for their support. ETAPS
2025 was also generously supported by Tourism Hamilton and the Tutte Institute for
Mathematics and Computing. I hope you all enjoyed ETAPS 2025.

Finally, a big thanks to Claudio, Mark and Melissa and their local organization team
for all their enormous efforts to make ETAPS a fantastic event.

May 2025 Marieke Huisman
ETAPS SC Chair

ETAPS e.V. President



Preface

This three-volume proceedings contains the papers presented at the 31st International
Conference on Tools and Algorithms for the Construction and Analysis of Systems
(TACAS 2025). TACAS 2025 was part of the 28th International Joint Conferences on
Theory and Practice of Software (ETAPS 2025), which was held in Hamilton, Ontario,
Canada.

TACAS is a forum for researchers, developers and users interested in rigorous tools
and algorithms for the construction and analysis of systems. The conference aims to
bridge the gaps between different communities with this common interest and to sup-
port them in their quest to improve the utility, reliability, flexibility, and efficiency of
tools and algorithms for building systems. TACAS 2025 interleaves and integrates var-
ious disciplines, including formal verification of software and hardware systems, static
analysis, probabilistic programming, program synthesis, concurrency, testing, simula-
tions, verification of machine learning/autonomous systems, Cyber-Physical Systems,
SAT/SMT solving, automated and interactive theorem proving, and proof checking.

There were four submission categories for TACAS 2025:

1. Regular research papers identifying and justifying a principled advance to the
theoretical foundations for the construction and analysis of systems.

2. Case study papers describing the application of techniques developed by the com-
munity to a single problem or a set of problems of practical importance, preferably
in a real-world setting.

3. Regular tool papers presenting a novel tool or a new version of an existing tool built
using novel algorithmic and engineering techniques.

4. Tool demonstration papers demonstrating a new tool or application of an existing
tool on a significant case-study.

Regular research, case study, and regular tool paper submissions were restricted to
16 pages, whereas tool demonstration papers were restricted to 6 pages, excluding the
bibliography and appendices.

TACAS 2025 received 148 submissions, consisting of 103 regular research papers,
6 case study papers, 29 regular tool papers, and 10 tool demonstration papers. Each
submission was assigned for review to at least three Program Committee (PC) members,
whomade use of sub-reviewers. Regular research papers were reviewed as double-blind,
whereas case study, regular tool, and tool-demonstration papers were reviewed using a
single-blind reviewing process.

As in previous years, authors had the option to submit an artifact alongside their
paper. For TACAS 2025, artifact submission was mandatory for regular tool and tool
demonstration papers, and optional for regular research and case study papers. Artifacts
could include tools, models, proofs, or any other data necessary to validate the paper’s
results. The Artifact Evaluation Committee (AEC), which was composed of 89members
of the community, was responsible for reviewing these submissions, assessing their
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documentation, usability, and, most importantly, whether the results presented in the
corresponding paper could be successfully reproduced.Most evaluationswere conducted
using a standardized virtual machine or a Docker image to ensure consistency, except in
cases where specific hardware or software requirements applied. Artifact evaluation at
TACAS 2025 was carried out in two rounds. The first round, which took place alongside
the work of the Program Committee (PC), involved the mandatory evaluation of regular
tool and tool demopapers. Thedecisions of theAECwere sharedwith thePCand factored
into their discussions. The second round focused on the voluntary evaluation of regular
research and case study papers and was conducted after paper acceptance notifications
were issued. In both rounds, each artifact received three reviews, and authors had the
opportunity to anonymously communicate with the AEC to resolve technical issues.
In total, 65 artifacts (39 were mandatory as they were associated with tool papers, and
26 were voluntary) were evaluated for their availability, functionality, and re-usability.
Papers with successfully assessed artifacts were awarded one or more badges which are
placed on the first page of the corresponding paper, certifying the relevant claims and
properties of the tool.

Selected papers were requested to provide a rebuttal in case a PC review gave rise
to questions. Using the review reports and rebuttals, the PC had a thorough discussion
on each paper. For regular tool and tool demonstration papers, the PC also discussed the
corresponding artifact, using the AEC recommendations. As a result, the PC decided to
accept 46 papers, out of which there were 28 regular research papers, 11 regular tool
papers, 3 case study papers, and 4 tool demonstration papers. This corresponds to an
overall acceptance rate of 31%.

TACAS 2025 also hosted SV-COMP 2025, the 14th International Competition on
Software Verification. This event evaluated 62 tools for automatic verification of C and
Java programs and 18 tools forwitness validation,where 35 verification and 13 validation
tools were registered and actively supported by development teams. The TACAS 2025
proceedings contain a competition report by the SV-COMP chairs and 13 short papers
selected by the competition jury. One short paper deals with reproduction aspects of the
competition and the remaining short papers describe 12 out of the tools participatingwith
active team support. The 13 short paperswere reviewed by a separate program committee
(jury); each was assessed by at least four jury members. Two sessions in the TACAS
2025 program were reserved for SV-COMP: (1) a presentation session with a report by
the competition chairs and summaries by the development teams of participating tools,
and (2) an open community meeting in the second session.

We would like to thank everyone who helped to make TACAS 2025 successful. We
thank the authors for submitting their papers to TACAS 2025. The PC members and
additional reviewers did an excellent job in reviewing papers: they provided detailed
reports and engaged in the PC discussions. We thank the TACAS steering committee,
and especially its chair, Joost-PieterKatoen, for his valuable advice.Weare grateful to the
ETAPS steering committee, and in particular its chair, Marieke Huisman, for supporting
our changes and suggestions on the TACAS 2025 review process and final program. We
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also acknowledge the invaluable support provided by the EasyChair developers. Lastly,
we would like to thank the overall organization team of ETAPS 2025.

May 2025 Arie Gurfinkel
Marijn Heule

PC Chairs

Daniela Kaufmann
Mark Santolucito

AEC Chairs

Dirk Beyer
Jan Strejček

SV-COMP Chairs
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Abstract This paper introduces the QCheck-STM plugin for Ortac, a
framework for dynamic verification of OCaml code. Ortac/QCheck-STM
consumes OCaml module signatures annotated with behavioural specific-
ation contracts expressed in the Gospel language, extracts a functional
model of a mutable data structure from it, and generates code for auto-
mated runtime assertion checking. We report on the implementation of
the tool, the structure of the generated code, and on errors found in
established OCaml libraries.
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1 Introduction

OCaml is an industrial strength, multi-paradigm programming language. While
fundamentally functional at its core, OCaml includes many imperative features,
such as references, mutable arrays, I/O, and exceptions. These pose unique chal-
lenges when trying to test and verify programs written in it.

While OCaml has been used as a platform for the implementation of various
code analysis and verification tools, e.g., the interactive theorem prover Coq [44]
and the C code analysis framework Frama-C [15], there is a lack of general
purpose tools for the verification of OCaml programs themselves. In order to
remedy this void, the Gospel project [9] equips OCaml with its own behavioural
specification language.

The Gospel language is tool-agnostic, it only offers a way of expressing formal
contracts, which can be leveraged by separate tools in order to perform analy-
sis and verification tasks. Different such tools have been developed, including
Cameleer [39], a deductive verification tool, and gospel2cfml4, a translator of
4 https://github.com/ocaml-gospel/gospel2cfml
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annotated OCaml module signatures into separation logic terms embedded in
Coq. In this paper, we focus on another tool consuming Gospel annotations called
Ortac. Ortac provides a framework for automated runtime assertion checking,
and is therefore a member of the family of dynamic verification tools. Ortac offers
a modular architecture, where analysis and verification tasks are implemented
as plugins. This paper highlights the QCheck-STM plugin, which focuses on
black-box, model-based state-machine testing in the style of QuickCheck [3,26].

Given its multi-paradigm nature, OCaml is naturally suited to a number of
different verification strategies. While it is possible to test purely functional code
with Ortac/QCheck-STM, its strength lies in the verification of specifications
relating to mutable data structures. Therefore, this paper will put emphasis on
such programs. It is customary to refer to such a data structure as the System
Under Test (SUT), and the functions provided to work with it as its Application
Programming Interface (API).

This paper provides an overview of how Ortac/QCheck-STM is implemented,
and how it may be used as a dynamic verification tool. To do so, we demonstrate
the translation of specifications for a simple array library. The OCaml interface
for the library is introduced in Section 2, the Gospel contracts for it in Section 3.
After a short overview of Ortac and its plugin structure in Section 4 we showcase
the generated code for the array example in Section 5. In Section 6 we evaluate
the approach and share examples of bugs found in existing OCaml libraries.
Finally, we discuss related work in Section 7, before we remark on future work
and conclude in Section 8.

Ortac is an open-source project and its source code is available from the
following URL:

https://github.com/ocaml-gospel/ortac

2 Running Example: Array

For illustration, we will test a library providing mutable arrays, which is an
excerpt from OCaml’s standard library Array module:

type 'a t

val make : int -> 'a -> 'a t
val length : 'a t -> int
val get : 'a t -> int -> 'a
val set : 'a t -> int -> 'a -> unit

For those unfamiliar with the syntax of OCaml, the code above defines a
type 'a t representing arrays of a parametric type 'a. In addition, this lists
the type signatures of four OCaml functions. The first function make creates a
fresh array from a given size and initialisation element. Function length accepts
an array parameter and returns the size of it. Finally, get and set both take
an array parameter and return and modify the element of an array at a given
index, respectively.

https://github.com/ocaml-gospel/ortac
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3 Gospel by Example

In order to test the array library, the type and function signatures need to be
annotated with Gospel specifications. To start, the type must be annotated with
a model. In the tradition of other specification languages [6,29], annotations are
added as special comments:

type 'a t
(* @ model size : integer

mutable model contents : 'a sequence *)

An array can conceptually be thought of as a fixed capacity container. This
logical model can be directly translated to Gospel by annotating type 'a t with
two model fields, one for the immutable size and one for the mutable contents
of the array. The types integer and ’a sequence are part of the Gospel standard
library and describe arbitrary precision integers and lists of values of type 'a,
respectively.

The make function creates new array instances given a size and an initial
element:

val make : int -> 'a -> 'a t
(* @ t = make size a

checks size >= 0
ensures t.size = size
ensures t.contents = Sequence.init size ( fun j -> a ) *)

The checks clause introduces a pre-condition that must hold at function
entry. The two ensures clauses express that the resulting array has the expected
size and that all entries are initialised to the given element a. In addition to a
checks clause, Gospel also offers a requires clause. Unlike a requires clause,
with the above checks clause the behaviour of make is well-defined in case the
pre-state does not meet the condition, as it means that the function raises an
Invalid_argument exception in that case. The function Sequence.init is again
part of the Gospel standard library.

The set function changes the value at a given position in the array:

val set : 'a t -> int -> 'a -> unit
(* @ set t i a

checks 0 <= i < t.size
modifies t.contents
ensures t.contents = Sequence.set ( old t.contents ) i a *)

Again, the function Sequence.set is part of the Gospel standard library. The
specification of set checks if the given index i is within the array bounds and
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modifies the contents of the argument array, which is indicated by the modifies
clause. For each model field marked as modified, the user needs to provide a
corresponding ensures clause specifying how to construct the modified model.
Note that it is implicitly assumed that in case the check fails, the argument
SUT remains unchanged. It is possible to define custom exceptions and give
equations for the model state after such an exception has been raised. For further
information about other Gospel features, the interested reader is referred to the
documentation5.

For brevity, we will not explain all function contracts here, as both length
and get follow analogously. The full specification of the example array library
is shown below:

type 'a t
(* @ model size : integer

mutable model contents : 'a sequence *)

val make : int -> 'a -> 'a t
(* @ t = make size a

checks size >= 0
ensures t.size = size
ensures t.contents = Sequence.init size ( fun j -> a ) *)

val length : 'a t -> int
(* @ i = length t

ensures i = t.size *)

val get : 'a t -> int -> 'a
(* @ a = get t i

checks 0 <= i < t.size
ensures a = t.contents[i] *)

val set : 'a t -> int -> 'a -> unit
(* @ set t i a

checks 0 <= i < t.size
modifies t.contents
ensures t.contents = Sequence.set ( old t.contents ) i a *)

4 Ortac

Gospel itself does not perform any kind of verification. It is the job of other tools
to take the provided specifications and perform further analysis.

The Ortac [18] tool provides functions for converting the given annotations
into OCaml code. Ortac is extensible through plugins, which can make use of
5 https://ocaml-gospel.github.io/gospel/

https://ocaml-gospel.github.io/gospel/
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Figure 1. Inner architecture of Ortac/QCheck-STM.

these functions to check specifications. Currently, three different plugins are im-
plemented: Wrapper, Monolith, and QCheck-STM. The original Ortac prototype
was developed as part of Clément Pascutto’s PhD work [38].

Ortac/Wrapper generates a wrapper module from an annotated module sig-
nature, which instruments each function with assertions on the argument and
result values according to the given specifications. Ortac/Monolith [35] generates
code to interface with Monolith [40], a fuzzing tool for OCaml. However, both
the Wrapper and Monolith plugins currently do not support the definition of
models. Therefore, they are of limited use when testing mutable data structures.
The new QCheck-STM plugin lifts this limitation, by translating Gospel spe-
cifications into tests using the QCheck-STM framework. The basic idea behind
Ortac/QCheck-STM is to extract a purely functional model of the SUT from the
provided Gospel specifications and compare the behaviour of both while running
random call sequences of the associated API.

5 Implementation

In this section, we describe the overall architecture of Ortac/QCheck-STM. We
then describe how to generate code for testing a single SUT, and finally, how to
generalise this approach to support multiple SUTs.

5.1 Ortac Underneath the Hood

In order to understand the working of Ortac/QCheck-STM, it is insightful to
look at its constituent parts, as illustrated in Figure 1. At its core, it uses the
QCheck library6, which offers utilities for randomised property-based testing. If
a user provides a random generator for a type 'a and a property as a function
'a -> bool, QCheck can then run a sequence of tests by randomly generating
test inputs of the given type and checking that the property holds for each of
6 https://github.com/c-cube/qcheck

https://github.com/c-cube/qcheck


8 N. Huber et al.

Figure 2. Comparing the behaviour of the SUT and model on randomly generated
API call sequences.

them. In case of a violation, QCheck automatically shrinks the given test input
to show a minimised counterexample to the user.

QCheck-STM [32] builds upon this functionality by providing a framework
for testing a mutable data structure (the SUT) against an immutable reference
model, as illustrated in Figure 2. It generates random API call sequences, and
then checks the property that the behaviour of the SUT and its functional model
coincide for each such test input. In case of a violation of that property, QCheck-
STM also reports minimised call sequence traces.

To test a particular data structure and its API with QCheck-STM, the user
has to write the model manually. Ortac/QCheck-STM offers the ability to gener-
ate the functional model automatically from the Gospel specification. It uses the
model annotations in order to generate the functional model, and the modifies
and ensures clauses to update the model on each function call.

5.2 Generated code

To illustrate the working of Ortac/QCheck-STM, we will show parts of the gener-
ated code from the array specifications introduced in Section 2. First, however,
Ortac/QCheck-STM needs another input besides the annotated interface file,
which is the configuration of the SUT:

type sut = char Array.t
let init_sut = Array.make 16 'a'

A minimal configuration needs to provide the type sut and a value of that
type named init_sut. As the name suggests, type sut defines the particular
type we would like to test, which needs to be fully instantiated. E.g., here we
instantiate the polymorphic array type to char. The init_sut value specifies the
initial SUT value from which to start each test. If the Gospel annotated interface
is in a file array.mli and the configuration in config.ml, Ortac/QCheck-STM can
be invoked as follows:
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ortac qcheck-stm array.mli config.ml

The generated code consists of multiple functor specifications and error re-
porting information. We will simplify the shown code examples to aid concise-
ness. As a starting point, the SUT and model are defined:

Generated
type sut = char Array.t
let init_sut () = Array.make 16 'a'
type state = {

size : integer;
contents : char sequence;

}
let init_state = {

size = integer_of_int 16;
contents = Sequence.init (integer_of_int 16) (fun _ -> 'a');

}

The astute reader will have realised that the definitions of type sut and
init_sut are taken from the provided configuration module (init_sut is turned
into a function here, as the generated test executable will run multiple instances
of random API sequences, for which fresh initial SUT values need to be cre-
ated). The type state defines the two model fields from the specification of
type 'a t shown in Section 2, where the type variable 'a has been instantiated
to char according to the configuration. The initial state value has been synthes-
ised from the given specification of the make function by comparing its signature
to the init_sut function from the configuration module. It does not need to
be turned into a function, since it is immutable. The functions integer_of_int
and Sequence.init are provided by the Gospel standard library.

Next, the type of available function calls (i.e., commands) is defined:
Generated

type cmd =
| Length
| Get of int
| Set of int * char

Each constructor carries argument values according to the formal arguments
of the respective signature. Notice, that the SUT argument is missing, as it is
not randomly generated, but rather kept and updated by the testing runtime.
Furthermore, the make function is not present, as it returns a new SUT. This
will be amended in Section 5.3.

In order to perform randomised property-based testing with QCheck-STM,
a QCheck generator for the cmd type is defined:
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Generated
let arb_cmd state = QCheck.make show_cmd Gen.(oneof [

pure Length;
pure (fun i -> Get i) <*> int;
pure (fun i a -> Set (i, a)) <*> int <*> char;

])

This definition needs some explanation. The function arb_cmd takes as the
only input the current state (i.e., the functional model). This is currently unused,
but might be used in the future to define smarter random command generators
(see Section 8). QCheck.make creates new instances of random generators for
a given type by taking both a function that can print values (here defined by
show_cmd which is left out for brevity) and a generator which can create random
values of that type. The Gen module provides basic generators and combinat-
ors to define new ones. Gen.oneof randomly selects from a list of generators.
Gen.pure always returns its argument value. For simple cases like Length, this
is enough, however, some command constructors carry fields for their argument
values, which need to be provided by random generators as well. For example, the
Get constructor needs an integer for the index it shall fetch from the array. The
infix operator val ( <*> ) : ('a -> 'b) Gen.t -> 'a Gen.t -> 'b Gen.t
can be used to turn a function generator into a generator of its return type by
providing a generator of its argument type. This is done by using the provided
generators of base types such as int and char.

Next, we generate a function that can run a command on a given SUT:
Generated

let run cmd sut = match cmd with
| Length -> Res (int, length sut)
| Get i -> Res ((result char exn), protect (get sut i))
| Set (i, a) -> Res ((result unit exn), protect (set sut i a))

The function run matches on the current command and calls the respective
array function. The result constructor Res is provided by QCheck-STM and car-
ries as fields the returned value and a pretty-printer for its respective type (e.g.,
int and result char exn). The function protect turns functions raising ex-
ceptions into functions returning values of type result (in OCaml all exceptions
are part of the extensible variant type exn).

As the SUT value is mutable, its internal state will change in-place during the
execution of run. The functional model of the SUT has to be updated separately.
Therefore, a function next_state is defined:

Generated
let next_state cmd state = match cmd with

| Length -> state
| Get _ -> state
| Set (i, a) ->
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if (0 <= i) && (i < state.size) then
{

size = state.size;
contents = Sequence.set state.contents i a;

}
else state

Functions length and get do not mutate the array, and therefore they return
the argument state unchanged. When setting a value at a particular index, the
next state depends on if the index is within the array bounds. If so, the new state
has the same size as the old one, and the contents are the same besides at the
given index (Sequence.set is again part of the Gospel standard library). If the
check fails, the underlying array stays unchanged. The individual cases within
next_state are extracted from the ensures clauses of the respective function
contract in Section 3. This is why each field that is marked as modified needs to
provide a corresponding post-condition describing the model of the post-state.

Finally, a post-condition function is generated:
Generated

let ortac_postcond cmd state res =
let new_state = next_state cmd state in
match (cmd, res) with

| Length, Res (_, i) ->
if i = new_state.size then None
else (* error report *)

| Get i, Res (_, a) ->
if (0 <= i) && (i < new_state.size) then

(match a with
| Ok a -> if a = Sequence.get new_state i then None

else (* error report *)
| _ -> (* error report *) )

else
(match a with

| Error (Invalid_argument _) -> None
| _ -> (* error report *) )

(* further cases *)

The function ortac_postcond takes the current command, the current state,
and the result after calling run as input, and returns an optional error report.
As all post-conditions refer to the state after executing a given command, it first
defines the new state by calling next_state (Gospel offers the old operator to
refer to the pre-state, which we utilise in the specification of the set function).
We only show the post-conditions for the length and get functions, the others
follow analogously.

In the case of length we expect the returned integer to coincide with the size
field of new_state. For get the returned value depends on if the given index was
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within bounds. If it was, the returned character should be the same as the one
taken from the functional model, and otherwise we expect an Invalid_argument
exception.

We have left out the actual error reporting mechanism for brevity. The careful
reader may have realised that there are in fact two different categories of post-
conditions. In the case of make and set, the ensures clauses define the model
after executing the respective function, which is used in next_state. For length
and get they state a property of the return value, which can be checked in
ortac_postcond.

5.3 Functions returning and consuming multiple SUTs

Thus far, all testable functions only took one SUT argument as input, and did
not return a SUT value as an output (recall that the make function was tem-
porarily omitted). Let us extend the available array API with another function
append from the OCaml standard library’s Array module. The function append
takes two arrays, and returns a fresh array with the contents of both arguments
appended. The specification is straightforward, when utilising the sequence con-
catenation operator ( ++ ) from the Gospel standard library:

val append : 'a t -> 'a t -> 'a t
(* @ t = append a b

ensures t.size = a.size + b.size
ensures t.contents = a.contents ++ b.contents *)

In order to allow testing functions that take multiple arguments of the SUT
type, or likewise return a value of that type, the generated code is adapted:

Generated
type sut = char Array.t Stack.t
let init_sut () =

let s = Stack.create () in
for _ = 0 to max_sut - 1 do

Stack.push (Array.make 16 'a') s
done;
s

type element = {
size : integer;
contents : char sequence;

}
type state = element list
let init_state = List.init max_sut (fun _ -> {

size = integer_of_int 16;
contents = Sequence.init (integer_of_int 16) (fun _ -> 'a');

})
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The type sut is not a single SUT any more, it represents a (mutable) stack
of SUT values (Stack is part of the OCaml standard library). Correspondingly,
type state must describe a functional model of the SUT stack, as is done here
through a list of model elements.

The variable max_sut is defined as the maximum number of SUT arguments
ever needed by any single function of the API under test. For our running array
example, max_sut is 2, as append expects two arguments of type t. This number
can easily be determined during code generation. By starting with a SUT stack
already filled with the maximum number of initial elements ever needed by any
API call, each available function can immediately be used.

The generator for arbitrary commands now includes the full API:
Generated

let arb_cmd state = QCheck.make show_cmd Gen.(oneof [
pure (fun s a -> Make (s, a)) <*> small_signed_int <*> char;
pure Length;
pure (fun i -> Get i) <*> int;
pure (fun i a -> Set (i, a)) <*> int <*> char;
pure Append

])

Notice, that the size argument s to Make is not provided by the int gener-
ator. Ortac/QCheck-STM uses a simple heuristic of classifying functions that
produce a SUT but take no SUT argument as initialisation functions, i.e., func-
tions that create new SUT instances. For these functions, any int generator is
automatically changed to small_signed_int in order to keep the runtime of the
generated test executable low.

For brevity, we will not show all the adapted code examples from the previous
section again, but only describe the overall behaviour. When a function requires
multiple SUT arguments, the required amount of SUTs is popped from the stack,
the function is run, and the SUTs pushed back onto the stack in reverse order
(this allows to capture changes to the argument SUTs in the post-condition). If
a function returns a SUT, this value is pushed on the stack as well (so that the
post-condition has access to it). This is illustrated in Figure 3 for the append
function.

Figure 3. Function call with arguments and return value on the SUT stack.
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Figure 4. Number of API functions covered by the generated code.

6 Evaluation

We have used Ortac/QCheck-STM to test 6 OCaml modules as summarised in
Figure 4, including the Array, Stack, Queue, and Hashtbl modules from the
OCaml standard library. We have found 5 crashing bugs, and 1 function from
the standard library needing a documentation fix (the source code for these tests,
including the respective Gospel contracts, is available online [25]). Resolving the
reported issues later revealed 2 additional unexpected exceptions in one of the
tested modules. We will elaborate further on these findings later in this section.

Figure 4 displays the number of API functions covered by the generated
testing code. With Ortac/QCheck-STM version 0.3 without the extension de-
scribed in Section 5.3, this covers 11% (7/65) to 58% (11/19) of the module
APIs. Ortac/QCheck-STM version 0.4 adds support for testing functions that
take multiple SUT arguments and return new SUT values, as described in Sec-
tion 5.3. Doing so increases the module API coverage further to 24% (11/46) to
74% (14/19). Interestingly, 7 out of 8 of the reported errors in this paper are
all due to functions that were not testable with version 0.3. Ortac automatic-
ally skips a function for which no suitable Gospel annotation is provided. The
biggest remaining contributor to untested functions is higher-order functions,
such as map and iter. We expand on lifting this restriction in Section 8.

While no bugs were found within the standard library modules, one curiosity
was discovered: The function Hashtbl.create is documented in the following
way7:
7 https://ocaml.org/manual/5.2/api/Hashtbl.html

https://ocaml.org/manual/5.2/api/Hashtbl.html
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val create : ?random:bool -> int -> ('a, 'b) t
(* * [Hashtbl.create n] creates a new, empty hash table, with

initial size [n]. For best results, [n] should be on the
order of the expected number of elements that will be in
the table. The table grows as needed, so [n] is just an
initial guess. ... *)

A natural Gospel specification would therefore be to model the hash table
type as an association list (similar to dictionaries in other languages). The spe-
cification of the create function could then look similar to the following:

type ('a, 'b) t
(* @ mutable model contents : ( 'a * 'b ) list *)

val create : ?random:bool -> int -> ('a, 'b) t
(* @ h = create ?random size

checks size >= 0
ensures h.contents = [] *)

Running the test generated by Ortac/QCheck-STM reveals the following:

Gospel specification violation in function create

File "hashtbl.mli", line 7, characters 11-20:
size >= 0

when executing the following sequence of operations:

[@@@ocaml.warning "-8"]
open Hashtbl
let protect f = try Ok (f ()) with e -> Error e
let sut0 = create ~random:false 16
let r = protect (fun () -> create true (-8))
assert (match r with

| Error (Invalid_argument _) -> true
| _ -> false)

(* returned Ok (<sut>) *)

It turns out, that the initial guess can be negative, in which case it has the
same effect as providing zero. After reporting this, the documentation for the
create function has been revised in OCaml 5.38.
8 https://github.com/ocaml/ocaml/pull/13535

https://github.com/ocaml/ocaml/pull/13535
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Outside of the standard library, 2 libraries from the official OCaml package
repository have been tested as well, which revealed errors in both of them:

The Bitv library9 is a mature, 25-year-old OCaml library implementing mut-
able bit-vectors of arbitrary but fixed length, with an API very similar to ar-
rays. In three of its functions (fill, sub, and blit) Ortac/QCheck-STM tests
discovered that their index-bound checking could lead to an integer overflow,
resulting in a segmentation fault on at least one tested platform (the usage of
unsafe language features or external code can lead to diverging behaviour on
different operating systems or processor architectures). The issue has been re-
ported and fixed10 consequently. Furthermore, Ortac/QCheck-STM found two
cases of unexpected exceptions being raised when trying to rotate a zero-length
vector. The issue has been reported11 and fixed12 as well.

The Varray library13 implements extensible arrays. It uses an intricate data
structure [22] along with some unsafe OCaml tricks in order to obtain good
amortised performance, of which many can lead to crashing programs if used
incorrectly. Such a crashing scenario was found when starting from an empty ar-
ray and then adding and removing an element from different ends of the array14.
Anecdotally, tests of the Varray library have been part of the Ortac code-base
almost from the initial release for internal testing. These discovered an initial
bug early on15. The latest error, however, was only recently discovered when
Ortac/QCheck-STM was extended to cover functions returning SUT values as
described in Section 5.3.

Given the automated nature of the code generated by Ortac/QCheck-STM,
it is particularly suited to be included in a Continuous-Integration (CI) pipeline,
as is demonstrated by the CI used in Ortac’s GitHub repository16. So far, all
observed test runs have shown runtimes in the range of hundreds of milliseconds,
even with the extension described in Section 5.3. Despite these tests still not
reaching full API coverage, we believe this highlights the tool’s usability in CI.

7 Related Work

Fundamental ideas within modern verification can be traced back to Hoare.
This is the case for invariants and pre- and post-conditions as found in Hoare
logic triples [23] as well as proving an implementation correct with respect to
a model [24]. Meyer later put the concepts into use in the design-by-contract
methodology of the Eiffel programming language [31]. The require(s) and
ensure(s) keywords of modern specification languages such as Gospel thus have
roots in Eiffel.
9 https://github.com/backtracking/bitv

10 https://github.com/backtracking/bitv/pull/32
11 https://github.com/backtracking/bitv/issues/33
12 https://github.com/backtracking/bitv/commit/f30e7a8
13 https://github.com/art-w/varray
14 https://github.com/art-w/varray/issues/2
15 https://discuss.ocaml.org/t/ann-varray-0-2/13492
16 https://github.com/ocaml-gospel/ortac

https://github.com/backtracking/bitv
https://github.com/backtracking/bitv/pull/32
https://github.com/backtracking/bitv/issues/33
https://github.com/backtracking/bitv/commit/f30e7a8
https://github.com/art-w/varray
https://github.com/art-w/varray/issues/2
https://discuss.ocaml.org/t/ann-varray-0-2/13492
https://github.com/ocaml-gospel/ortac
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The Gospel specification language for OCaml follows a line of specification
languages such as the Java Modeling Language (JML) for Java programs [29],
the ANSI/ISO C Specification Language (ACSL) for C programs [6], and Spec#
for C# programs [5].

Software engineering tools to validate program specifications can roughly
be divided into two categories: One group of tools works by dynamic runtime
assertion checking, whereas another group of tools performs static verification.
The JML-consuming ESC/Java tool [21] targets both of these categories. The
ACSL-consuming Frama-C tool [15] targets the latter. The Gospel-consuming
Ortac tool targets the former, but other Gospel tools (under development) [39]
target the latter.

Whereas the above specification languages and verification tools have been
developed for existing programming languages a posteriori, a newer class of pro-
gramming languages have verification fundamentally built in from the beginning.
This is the case for Lean [33], Why3 [19], F* [43], and Dafny [30], among others.

Another approach to formally verified software development is correct-by-
construction techniques. Filliâtre et al. [17] describe a development process that
builds upon both Gospel and Why3 as part of the VOCAL [10] project. The user
provides an OCaml module signature with Gospel annotations, which is trans-
lated to a WhyML specification. The module is then implemented in WhyML,
proven correct with respect to the translated specification by Why3, and auto-
matically translated back to OCaml code.

The term property-based testing was introduced by Fink and Bishop [20]
originally. It became popular with QuickCheck, an embedded domain-specific
language for the functional programming language Haskell [12], and has since
been ported to numerous other languages, including OCaml [46]. QuickCheck
introduced modular combinators for building up generators of complex test in-
puts, how each input is tested on properties in the form of Boolean-valued func-
tions, and test input shrinking when finding a counterexample. Whereas the ori-
ginal QuickCheck formulation targeted purely functional code, in follow-up work
Claessen and Hughes presented extensions to target monadic, effectful Haskell
code, including the idea of model-based testing [13]. While QuickCheck was
primarily conceived as a testing tool, the method has since been introduced in
various interactive theorem provers in order to quickly provide counterexamples
during the proof development process. Examples of this can be found in Isa-
belle [7,8], Coq [37], and Agda [16].

With roots in model-based testing from outside the functional programming
language community [45], the Gast framework for the Clean programming lan-
guage offered state machines to specify the intended behaviour of stateful react-
ive systems [27]. The design of the state-machine framework for the commercial
Erlang QuickCheck [3,26] has since influenced framework ports for other lan-
guages, e.g., for Scala [34] and QCheck-STM for OCaml as used in this work [32].
The state-machine approach furthermore extends to testing stateful code for race
conditions under concurrent usage [14].
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In an impressive feat, Arts et al. [4] have developed state-machine models of
the AUTOSAR specification to test automotive software. The range of defects
found in doing so underlines the usefulness of the approach. Other successful
QuickCheck applications include testing of telecommunication software [3], data
structures [2], election software [28], computational geometry algorithms [41],
compilers [36], and run-time systems [32].

8 Conclusion and Future Work

In this paper, we have presented Ortac/QCheck-STM, a tool that consumes
behavioural contracts expressed in the Gospel specification language, and ge-
nerates code to automatically test a given OCaml module against a functional
reference model derived from these contracts. Despite being a relatively young
tool with the first version released in October 2023, Ortac/QCheck-STM has
already proven useful in finding bugs in established OCaml libraries, as well as
pointing out inconsistencies in documentation. We expect to find more errors
with it as we continue annotating more libraries with Gospel contracts.

While this paper focuses on Ortac/QCheck-STM, previous work [42] has in-
vestigated verification of OCaml code by leveraging both static and dynamic
verification tools for Gospel, including Ortac. In that work, the authors remark
on various limitations of Ortac, of which many have been lifted (including, for ex-
ample, the verification of functions taking multiple SUT arguments, or returning
SUT values). However, Ortac/QCheck-STM still has various limitations, which
we would like to lift in future work:

Given its nature as a dynamic verification tool, Ortac is inherently restricted
to the executable fragment of the Gospel specification language. At times, this
results in contracts that are not as natural as their purely logical counterpart.
By extending the accepted syntactic forms, contracts could be written in ways
that would make them more amenable to other forms of verification (and their
respective tools) as well.

By design, the Gospel specification language implicitly requires that mutable
arguments do not alias, i.e., that they occupy separate memory locations in the
OCaml heap [9]. Therefore, Ortac/QCheck-STM does not attempt to generate
calls with aliased SUTs. Once Gospel is enhanced to express aliasing properties,
we would like to extend Ortac/QCheck-STM accordingly to exercise such speci-
fications.

The majority of functions in Figure 4 currently not covered by the generated
code comprise idiomatic higher-order functions such as map, fold, and iter.
Gospel currently does not have a way of specifying effectful function arguments,
whereas it is possible to specify the behaviour of functions accepting pure func-
tion arguments [9]. As a first step, Ortac should be able to lift a restriction for
the latter, e.g., using Claessen’s approach to function generation [11]. Secondly,
once Gospel has set on a way for specifying effectful function arguments, we
hope to extend Ortac to cover such API calls as well.
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Currently, preconditions introduced by requires clauses are not considered
during the generation of arbitrary command lists on which to test the SUT and
the model. During the execution of each test case, if a given pre-state does not
fulfil the stated pre-condition for a particular command, it is simply skipped. The
random generator could be extended to take requires clauses into account while
generating random sequences of commands, which would increase the efficiency
of the tool.

QCheck-STM was originally developed to test the new multicore runtime
arriving with OCaml 5 [32]. It can therefore also produce parallel sequences of
random API calls, and test if the observed behaviour is sequentially consistent
by reconciling each run with a sequential execution of a given model. By ex-
tending Ortac to use the parallel test generator, it would be possible to also test
concurrent data-structures (as for example done by Artho et al. [1]).

Acknowledgments. This work was funded by ANR grant ANR-22-CE48-0013 and
Tarides.
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Abstract. Ordered binary decision diagrams (OBDDs) are a funda-
mental data structure for the manipulation of Boolean functions, with
strong applications to finite-state symbolic model checking. OBDDs al-
low for efficient algorithms using top-down dynamic programming. From
an automata-theoretic perspective, OBDDs essentially are minimal de-
terministic finite automata recognizing languages whose words have a
fixed length (the arity of the Boolean function). We introduce weakly
acyclic diagrams (WADs), a generalization of OBDDs that maintains
their algorithmic advantages, but can also represent infinite languages.
We develop the theory of WADs and show that they can be used for
symbolic model checking of various models of infinite-state systems.

Keywords: binary decision diagrams · weakly acyclic languages · par-
tially ordered automata · well-structured transition systems.

1 Introduction

Ordered binary decision diagrams (OBDDs) are a fundamental data structure
for the manipulation of Boolean functions [8,13], widely used to support sym-
bolic model checking of finite-state systems [14,16]. In this approach to model
checking, sets of configurations of a system are encoded as Boolean functions
of fixed arity, say n, and the transition relation is encoded as a Boolean func-
tion of arity 2n. After fixing a total order on the Boolean variables, the OBDD
representation of a Boolean function is unique up to isomorphism, and one can
implement different model checking algorithms on top of an OBDD library.

The fundamental operations on sets and relations used by symbolic model-
checking algorithms are—besides union, intersection, and complement of sets and
relations—the pre and post operations that return the immediate predecessors or
successors of a given set of configurations with respect to the transition relation.
All of them are efficiently implemented on OBDDs using top-down dynamic
programming: a call to an operation for functions of arity n invokes one or more
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calls to the same or other operations for functions of arity n − 1; intermediate
results are stored using memoization [9,14,16].

OBDDs can be presented in automata-theoretic terms. A Boolean function
f(x1, . . . , xn) with order x1 < · · · < xn is representable by the language Lf :=
{b1 · · · bn ∈ {0, 1}n : f(b1, . . . , bn) = true}. The OBDD for f with this variable
order is very close to the minimal DFA (MDFA) for Lf .4 From this point of view,
OBDDs are just MDFAs recognizing fixed-length languages—languages whose
words have all the same length—and operations on OBDDs are just operations
on fixed-length languages canonically represented by their unique MDFAs.

The automata-theoretic view of OBDDs immediately suggests a generaliza-
tion from fixed-length languages to arbitrary regular languages: canonically rep-
resent a regular language by its unique MDFA, and manipulate MDFAs using
automata-theoretic operations. (This is for example the approach of the tool
MONA [28].) However, in this generalization crucial advantages of OBDD algo-
rithms get lost. Consider the implementation of the post operation that, given
a MDFA A recognizing a set of configurations and the MDFA T recognizing
the transition relation, computes the MDFA for the set of immediate successors
of L(A) with respect to L(T ) (see e.g. [20, Chap. 5]). The algorithm proceeds
in three steps. First, it constructs an NFA A′ recognizing the set of immediate
successors; then, it applies the powerset construction to determinize A′ into a
DFA A′′; finally, it minimizes A′′ to yield the final MDFA A′′′. The crucial point
is that the intermediate DFA A′′ can be exponentially larger than A′′′, and so,
in the worst case, post uses exponential space in the size of A′′′, the final output.
This is not the case for the OBDD implementation for fixed-length languages,
which constructs A′′′ directly from A and T , using only space O(|A′′′|).

This observation raises the question of whether OBDDs can be generalized
beyond fixed-length languages while maintaining the advantages of OBDD algo-
rithms. We answer it in the affirmative. We introduce weakly acyclic diagrams
(WADs), a generalization of OBDDs for the representation of weakly acyclic lan-
guages. A language is weakly acyclic if it is recognized by a weakly acyclic DFA,
and a DFA is weakly acyclic if every simple cycle of its state-transition diagram
is a self-loop. So, for example, the language a∗ba∗ is weakly acyclic. Note that,
contrary to fixed-length languages, weakly acyclic languages can be infinite.

We develop the theory of WADs and in particular show that small modifica-
tions to the top-down dynamic programming algorithms for OBDDs generalize
them to WADs. We also present a first application of WADs to symbolic infinite-
state model checking. A fundamental technique in this area is the backwards
reachability algorithm for well-structured transition systems [23,3]. The algo-
rithm computes the set of all predecessors of a given upward-closed set of config-
urations (with respect to the partial order making the system well-structured).
For that, it iteratively computes the immediate predecessors of the current set
of configurations, until a fixpoint is reached. Well-structuredness ensures that
all intermediate sets remain upward-closed, and termination. We show that for

4 See e.g. [20, Chap. 6], which even introduces a slight generalization of DFAs such
that the OBDD is the unique minimal deterministic generalized automaton for Lf .
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many well-structured transition systems, including lossy channel systems [4,6],
Petri nets [31], and broadcast protocols [21], upward-closed sets of configura-
tions can be easily encoded as weakly acyclic languages, and so the backwards
reachability algorithm can be implemented with WADs as data structure.

We implemented our algorithms in wadl, a prototype library for weakly
acyclic diagrams. We conduct experiments on over 200 inputs for the backwards
reachability algorithm, including instances of lossy channel systems, Petri nets,
and broadcast protocols. We compare with some established tools using dedi-
cated data structures and show that our generic approach is competitive.

Related work. Weakly acyclic automata have been studied extensively. How-
ever, past work has focused on algebraic, logical, and computational complexity
questions, not on their algorithmics as a data structure.

In [15], Brzozowski and Fich showed that weakly acyclic automata, called par-
tially ordered automata there, capture the so-called R-trivial languages. They
credit Eilenberg for earlier work on R-trivial monoids [19]. Weakly acyclic au-
tomata have also been called extensive automata, e.g. in [32].

Weak acyclicity has also been defined in terms of nondeterministic automata.
As we shall see, one such definition yields a model as expressive as the determin-
istic one, while another one is more expressive. These models have sometimes
been called restricted partially ordered NFAs (rpoNFAs) and partially ordered
NFAs (poNFAs). Schwentick, Thérien and Vollmer have shown that poNFAs
characterize level 3/2 of the Straubing-Thérien hierarchy [34]. Bouajjani et al.
characterized the class of languages accepted by poNFAs as languages closed
under permutation rewriting, i.e., languages described by so-called alphabetic
pattern constraints [12]. As mentioned, e.g., in the introduction of [30], further
equivalences are known in first-order logic.

More recently, Krötzsch, Masopust and Thomazo have studied the compu-
tational complexity of basic questions for several types of partially ordered au-
tomata [29,30], and Ryzhikov and Wolf have studied the complexity of problems
for upper triangular Boolean matrices [33]; these matrices arise naturally from
the transformation monoid of partially ordered automata.

In the context of symbolic verification, there is work on dedicated data struc-
tures for the representation of configuration sets for specific systems. In particu-
lar, Delzanno et al. introduced covering sharing trees to represent upward-closed
sets of Petri net markings [18], which were later extended to interval sharing trees
by Ganty et al. [24]. Boigelot and Godefroid studied queue-content decision di-
agrams to analyze channel systems [11].

Structure of the paper. In Section 2, we introduce and study weakly acyclic lan-
guages. In Sections 3 and 4, we introduce weakly acyclic diagrams and explain
how to implement many operations. In Section 5, we explain how our frame-
work can be used for infinite-state symbolic verification, and we then report on
experimental results in Section 6. We conclude in Section 7. Some proofs and
experimental results are deferred to the appendix of the full version [10].
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2 Weakly acyclic languages

We assume familiarity with basic automata theory. Let us recall some notions.
Let A = (Q,Σ, δ, q0, F ) be a deterministic finite automaton (DFA). We write
L(A) to denote the language accepted by A. The language accepted by a state
q ∈ Q, denoted L(q), is the language accepted by the DFA (Q,Σ, δ, q, F ). We
write Σ+ to denote the set of all nonempty words over alphabet Σ.

For every word w ∈ Σ∗, we define α(w) as the set of letters that occur within
w, e.g. α(baacac) = {a, b, c}. The residual of a language L ∈ Σ∗ with respect
to a word u ∈ Σ∗ is Lu := {v ∈ Σ∗ : uv ∈ L}. Recall that a language is
regular iff it has finitely many residuals. Moreover, every regular language has a
unique minimal DFA. The states of a minimal DFA A accept distinct residuals
of L(A), and each residual of L(A) is accepted by a state of A. For example, let
L ⊆ {a, b}∗ be the language described by (ab∗+ b+ ε)ab∗. The minimal DFA for
L is depicted in Figure 1. Its residuals are Lε, La, Lb, Laa and Laaa.

a a a

b a

b b a, b

b

Fig. 1. Example of a minimal DFA (whose language is weakly acyclic).

We say that a DFA A = (Q,Σ, δ, q0, F ) is weakly acyclic if for every q ∈ Q,
w ∈ Σ+ and a ∈ α(w), it is the case that δ(q, w) = q implies δ(q, a) = q. For
example, Figure 1 depicts a weakly acyclic DFA. Equivalent definitions of weak
acyclicity are as follows:

– the binary relation ⪯ over Q given by “q ⪯ q′ if δ(q, w) = q′ for some word
w” is a partial order;

– each strongly connected component of the underlying directed graph of A
contains a single state; and

– the underlying directed graph of A does not have any cycle beyond self-loops.

Analogously, a nondeterministic finite automaton (NFA) A = (Q,Σ, δ, q0, F )
is weakly acyclic if q ∈ δ(q, w) implies δ(q, a) = {q} for all a ∈ α(w). In other
words, the underlying directed graph does not contain any simple cycle beyond
self-loops, and nondeterminism with a letter a can only occur from states without
self-loops labeled by a.

We make some observations whose proofs appear in the appendix of the long
version of this work. Let us observe that the powerset construction (determiniza-
tion), and DFA minimization, both preserve weak acyclicity.

Proposition 1. Applying the powerset construction to a weakly acyclic NFA
yields a weakly acyclic DFA.
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Proposition 2. Let A be a weakly acyclic DFA. The minimal DFA that accepts
L(A) is also weakly acyclic.

We say that a language is weakly acyclic if it is accepted by a weakly acyclic
automaton A. By the above propositions, this means that A can interchangeably
be an NFA, a DFA, or a minimal DFA. The lemma below yields a characterization
of weakly acyclic languages in terms of residuals rather than automata.

Lemma 1. A regular language L ⊆ Σ∗ is weakly acyclic iff for all u ∈ Σ∗ and
v ∈ Σ+ it is the case that Lu = Luv implies Lu = Luw for every w ∈ α(v)∗.

It can also be shown that weakly acyclic languages are precisely the languages
described by such weakly acyclic expressions : r ::= ∅ | Γ ∗ | Λ∗ar | r + r where
Γ,Λ ⊆ Σ and a ∈ Σ \ Λ (see the appendix of the full version). Note that these
expressions are essentially “R-expressions”, which are known to be equivalent to
weakly acyclic languages via algebraic automata theory. Moreover, [29, Thm. 7],
shows that weaky acyclic DFAs and NFAs are equivalent, and the proof is very
similar our conversion from weakly acyclic NFAs to expressions given in the
appendix of the full version.

Complementing a weakly acyclic DFA preserves weak acyclicity since no cycle
is created. Moreover, weakly acyclic regular expressions allow for union. Thus:

Proposition 3. Weakly acyclic languages are closed under complementation,
union and intersection.

3 A data structure for weakly acyclic languages

Note that if a language L is weakly acyclic, then so is La for all a ∈ Σ. From this
simple observation, one can imagine an infinite deterministic automaton where
each state is a weakly acyclic language L, and each a-transition leads to La. Let
us define this “master automaton” formally.

Definition 1. The master automaton over alphabet Σ is the tupleM = (QM, Σ,
δM, FM), where

– QM is is the set of all weakly acyclic languages over Σ;
– δM : QM×Σ → QM is given by δM(L, a) := La for all L ∈ QM and a ∈ Σ;
– L ∈ FM iff ε ∈ L.

Given weakly acyclic languages K and L, let K ⪯ L denote that K = Lw

for some word w. An immediate consequence of the definition of weakly acyclic
DFAs is that ⪯ is a partial order. The minimal elements of ⪯ satisfy the equation
L = La for every letter a. The equation has exactly two solutions: L = ∅ and
L = Σ∗. Moreover, we can easily show by structural induction that ⪯ has no
infinite descending chains. This allows to reason about a weakly acyclic language
recursively through its residuals until reaching ∅ or Σ∗.
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Proposition 4. Let L be a weakly acyclic language. The language accepted from
the state L of the master automaton is L.

By Proposition 4, we can look at the master automaton as a structure con-
taining DFAs recognizing all the weakly acyclic languages. To make this precise,
each weakly acyclic language L determines a DFA AL = (QL, Σ, δL, q0L, FL) as
follows: QL is the set of states of the master automaton reachable from the state
L, q0L is the state L, δL is the projection of δM onto QL, and FL := FM ∩QL.
It is easy to show that AL is the minimal DFA recognizing L.

Proposition 5. For every weakly acyclic language L, automaton AL is the min-
imal DFA recognizing L.

Proposition 5 allows us to define a data structure for representing finite sets
of weakly acyclic languages. Loosely speaking, the structure representing the
languages L = {L1, . . . , Ln} is the fragment of the master automaton containing
the states recognizing L1, . . . , Ln and their descendants. It is a DFA with multiple
initial states which we call the weakly acyclic diagram for L. Formally:

Definition 2. Let L = {L1, . . . , Ln} be weakly acyclic languages over Σ. The
weakly acyclic diagram AL is the tuple (QL, Σ, δL, Q0L, FL) where QL is the sub-
set of states of the master automaton reachable from at least one of L1, . . . , Ln;
Q0L := {L1, . . . , Ln}; δL is the projection of δM onto QL; and FL = FM ∩QL.

In order to manipulate weakly acyclic diagrams, we represent them as tables
of nodes. Let us fix Σ = {a1, a2, . . . , am}. A node is a triple q : (s, b) where

– q is the node identifier ;
– s = (q1, q2, . . . , qm) is the successor tuple of the node, where each qi is either

a node identifier or the special symbol self; and
– b ∈ {0, 1} is the acceptance flag that indicates whether q is accepting or not.

We write qai to denote qi. We write L(s, b) for the language defined recursively
as follows, where i ∈ [1..m] and w ∈ Σ∗:

ε ∈ L(q) ⇐⇒ b = 1,

aiw ∈ L(q) ⇐⇒ ((qai = self ∧ w ∈ L(q)) ∨ (qai ̸= self ∧ w ∈ L(qai))) .

For every node q : (s, b), we write L(q) to denote L(s, b).
We denote the identifiers of the nodes for languages ∅ and Σ∗ by q∅ and qΣ∗ ,

respectively, i.e., q∅ : ((self, . . . , self), 0) and qΣ∗ : ((self, . . . , self), 1).

Example 1. Let K and L be the languages over Σ = {a, b, c} described by the
regular expressions a∗(ε+ b+aΣ∗) and ab∗aΣ∗+(b+ c)Σ∗. These languages are
represented by the table depicted on the left of Figure 2, which corresponds to
the diagram on the right. It is readily seen that L(q3) = K and L(q4) = L. ⊓⊔

Note that there is a risk that two distinct nodes represent the same language.
For example, suppose Σ = {a, b} and that we create a node p : ((self, qΣ∗), 1).
We obtain the following table, where L(p) = L(qΣ∗) = {a, b}∗:



WADs: a data structure for infinite-state symbolic verification 29

identifier succ. tuple flag
a b c

q4 q2 qΣ∗ qΣ∗ 0
q3 self q2 q∅ 1
q2 qΣ∗ self q∅ 0
qΣ∗ self self self 1
q∅ self self self 0

qΣ∗

q∅q2q3

q4 Σ

Σ

a

b

c

b a

c

b, c

a

Fig. 2. Example of the representation of weakly acyclic languages.

identifier succ. tuple flag
a b

p self qΣ∗ 1
qΣ∗ self self 1

We will avoid this: we will maintain a table of nodes such that the language of
distinct nodes is distinct. The procedure make of Algorithm 1 serves this purpose.
Given a successor tuple s and an acceptance flag b, it first checks whether there
is already an entry for language L(s, b), and if not it creates one with a new
identifier. The identifiers created by make are generated in increasing order. We
assume that the table initially contains q∅ and qΣ∗ as the first two identifiers.

Algorithm 1: Algorithm to maintain nodes.
Input: s = (q1, . . . , qm) and b ∈ {0, 1} where qi = self or an existing identifier
Result: unique identifier q with language L(s, b) and q /∈ s

1 make(s, b):
2 if the table contains q : (s, b) then return q
3 else
4 q′ ← max{r ∈ s : r ̸= self}
5 s′ ← s[q′/self]

6 if the table contains q : (s′, b) then return q
7 else
8 q ← next fresh identifier
9 add q : (s, b) to the table

10 return q

Let us explain how make checks whether a node must be created. Given a
tuple s = (q1, q2, . . . , qm), we write s[r/r′] to denote the tuple obtained from s
by replacing each occurrence qi = r by r′. As already explained, when trying to
add (s, b) to the table, there might already be an entry q : (s′, b′) with L(s′, b′) =
L(s, b). It can be shown that this happens iff b′ = b and there exists q′ ∈ s such
that s′ = s[q′/self] (see the proof of Proposition 6 below in the full version [10]).
In fact, it can be shown that such a q′ must be the maximal identifier of s; hence,
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there is no need to check all elements of s. For example, in the aforementioned
problematic case, we have s = (self, qΣ∗) and s[qΣ∗/self] = (self, self) which
is already in the table, so no node is created.

The amortized time of make belongs to O(|Σ|). Further, it works as intended:

Proposition 6. A table obtained from successive calls to Algorithm 1 does not
contain nodes q ̸= q′ such that L(q) = L(q′).

4 Operations on weakly acyclic languages

4.1 Unary and binary operations

Algorithms 2 and 3 describe recursive procedures that respectively complement
a weakly acyclic language, and intersect two weakly acyclic languages. They are
very similar to the classical algorithms for negation and conjunction in OBDDs
(see [20, Chap. 6, Algorithms 27 and 26]); they essentially only differ in the usage
of self. For this reason, their correcteness and time complexity are established
with the same arguments. Let us expand for readers less familiar with OBDDs.

Procedure comp terminates because on each recursive call, qa is a smaller
identifier than q. Procedure inter terminates because on each recursive call,
either pa ̸= self and pa is a smaller identifier than p, or likewise for qa and q.

Algorithm 2: Complement.
Input: identifier q
Result: id. r : L(r) = L(q)

1 comp(q):
2 if q = q∅ then
3 return qΣ∗

4 else if q = qΣ∗ then
5 return q∅
6 else
7 for a ∈ Σ do
8 if qa = self then
9 sa ← self

10 else
11 sa ← comp(qa)

12 return make(s,¬flag(q))

Algorithm 3: Intersection.
Input: identifiers p and q
Result: id. r : L(r) = L(p) ∩ L(q)

1 inter(p, q):
2 if p = q∅ or q = q∅ then
3 return q∅
4 else if p = qΣ∗ then
5 return q
6 else if q = qΣ∗ then
7 return p
8 else
9 for a ∈ Σ do

10 p′ ← pa if pa ̸= self else p
11 q′ ← qa if qa ̸= self else q

12 if p′ = p and q′ = q then
13 sa ← self
14 else
15 sa ← inter(p′, q′)

16 return make(s, flag(p) ∧ flag(q))

The two procedures may have an exponential complexity since the recursion
may recompute the same values repeatedly. However, this is easily avoided with
memoization. This will apply to all our algorithms, i.e., each recursive procedure
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t(x) can first check in a dictionary whether the output value for x has already
been computed, and only proceed to compute it if not. To avoid cluttering the
presentation, we will not explicitly describe such memoization in our pseudocode.

The following proposition is established with standard arguments (see the
appendix of the full version).

Proposition 7. Algorithm 2 and Algorithm 3 are correct. Moreover, with mem-
oization, they respectively work in time O(|Σ|nq) and O(|Σ|npnq), where nx is
the number of nodes reachable from node x.

It is easy to adapt Algorithm 3 to other binary operations such as union: It
suffices to change the base cases and the way the acceptance flag is set.

Note that testing emptiness, universality and language equality can be done
in constant time. Indeed, as the table keeps a unique identifier for each language,
we have L(q) = ∅ iff q = q∅, L(q) = Σ∗ iff q = qΣ∗ , and L(p) = L(q) iff p = q.

4.2 Fixed-length relations: a general approach

For a relation R ⊆ Σ∗×Σ∗ and a language L ⊆ Σ∗, we define PostR(L) := {v ∈
Σ∗ : u ∈ L, (u, v) ∈ R} and PreR(L) := {u ∈ Σ∗ : (u, v) ∈ R, v ∈ L}. A relation
is said to be fixed-length if (u, v) ∈ R implies |u| = |v|.

We consider fixed-length regular relations, i.e., those that can be represented
by automata over alphabet Σ×Σ, which we call transducers. Given a fixed-length
regular relation R and a weakly acyclic language L, PostR(L) and PreR(L) may
not be weakly acyclic. For example, consider the relation R and the language
L depicted by the transducer and automata of Figure 3. We have PostR(L) =
(a+b)∗b which is not weakly acyclic (as its minimal DFA has a nontrivial cycle).

(a, a), (b, b), (c, b) a, b

c

Fig. 3. Left : A transducer T that converts each occurrence of letter c into letter b.
Right : A weakly acyclic DFA A accepting language (a+ b)∗c.

Yet, under the guarantee that the resulting language is weakly acyclic, we can
compute PostR(L) and PreR(L). The key observation is that if a DFA accepting
a weakly acyclic language has a cycle, then this cycle can be “contracted”. Thus,
given a transducer T and a node q, we apply the powerset contruction on the
pairing of T and q, and we contract cycles on the fly. Informally, cycle detection is
achieved by testing whether a successor is already on the call stack. Algorithm 4
implements this idea for PreR(L). In the pseudocode, symbols S and S′ denote
sets of pairs of states.
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Algorithm 4: General algorithm for the Pre operation
Input: transducer T = (P,Σ ×Σ, δ, p0, F ), and identifier q such that

PreL(T )(L(q)) is weakly acyclic
Result: identifier r such that L(r) = PreL(T )(L(q))

1 pre(T , q):
2 succ(q, b):
3 if qb ̸= self then return qb

4 else return q

5 pre-aux(S):
6 mark S

7 for a ∈ Σ do
8 S′ ←

⋃
b∈Σ{(p

′, q′) : (p, q) ∈ S, p′ ∈ δ(p, (a, b)), q′ = succ(q, b)}
9 if S′ is marked then sa ← self // Contract detected cycle

10 else sa ← pre-aux(S′)

11 unmark S

12 return make(s, ∃(p, q) ∈ S : p ∈ F ∧ flag(q))

13 return pre-aux({(p0, q)})

Let us analyze Algorithm 4. We write Prep(q) to denote PreL(p)(L(q)). Let
L(S) :=

⋃
(p,q)∈S Prep(q). Given S and a ∈ Σ, we write S −→a S′ where

S′ :=
⋃
b∈Σ

{(p′, q′) : (p, q) ∈ S, p′ ∈ δ(p, (a, b)), q′ = succ(q, b)} .

In words, “S −→a S′” denotes that pre-aux(S) constructs the set S′ on Line 8.
By extension, we write S −→ε S′ if S = S′, and we write S −→a1a2···an S′ if
S = S0 −→a1 S1 −→a2 S2 · · · −→an Sn = S′ for some S0, S1, . . . , Sn.

Proposition 8. Let w ∈ Σ∗. If S −→w S′, then L(S)w = L(S′).

Proposition 9. If S0 −→∗ S′ −→∗ S −→a S′ for some a ∈ Σ, and L(S0) is weakly
acyclic, then L(S) = L(S′).

Proposition 10. Algorithm 4 is correct and terminates.

Proof. Termination follows easily by the fact that only finitely many subsets can
be generated (see the appendix of the full version). Let us prove correctness.

Let S0 := {(p0, q)} be the input and let pre-aux(S) be a recursive call
made by pre(S0). Recall that L(S) =

⋃
(p,q)∈S Prep(q). So, we must show that

L(pre-aux(S)) = L(S). To do so, we must prove that, for each a ∈ Σ, Algo-
rithm 4 assigns to sa the state accepting L(S)a. Moreover, we must show that
the acceptance flag is set correctly. We show the latter first, and then the former.

We have ε ∈
⋃

(p,q)∈S Prep(q) iff there exists (p, q) ∈ S such that (ε, ε) ∈ L(p)

and ε ∈ L(q) iff there exists (p, q) ∈ S such that p ∈ F and flag(q) = true. Thus,
the flag is set correctly on Line 12.
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Let a ∈ Σ. Let S′ be the set computed on Line 8 for letter a. By definition,
we have S −→a S′. We make a case distinction on whether S′ is marked or not.

Case 1: S′ is marked. Since S′ is marked, we have S0 −→∗ S′ −→∗ S. Therefore,
S0 −→∗ S′ −→∗ S −→a S′. By Proposition 9, we have L(S) = L(S′). Moreover, by
Proposition 8, we have L(S)a = L(S′). Thus, L(S)a = L(S′) = L(S). As S′ is
marked, Algorithm 4 executes Line 9, which correctly assigns “sa ← self”.

Case 2: S′ is unmarked. By Proposition 8, L(S)a = L(S′). As S′ is unmarked,
Algorithm 4 executes Line 10, which correctly assigns “sa ← pre-aux(S′)”. ⊓⊔

Note that Algorithm 4 has exponential worse-case time complexity since
this is already the case for the particular case of OBDDs (see [20, Chap. 6.5,
pp. 148–149]). Indeed, given an arbitrary NFA A, one can find a (deterministic)
transducer and a DFA whose composition yields A, and it is well known that
determinizing an NFA blows up its size exponentially in the worst case.

4.3 Fixed-length relations: a more efficient approach

As just mentioned, pairing a transducer and an automaton can result in a non-
deterministic automaton. For this reason, Algorithm 4 determinizes on the fly
by constructing subsets of states, and minimizes on the fly by contracting cycles.

We describe a setting in which determinism is guaranteed, and hence where
cycle contraction is avoided. This allows for a polynomial-time time procedure.

Observe that a weakly acyclic language K over Σ×Σ can be represented with
our data structure. As shown in Figure 3, even if K and L are weakly acyclic, it
is not necessarily the case that PostK(L) and PreK(L) are weakly acyclic. Yet,
we provide a sufficient condition under which weak acyclicity is guaranteed.

Let K and L be weakly acyclic languages respectively over Σ × Σ and Σ.
We say that K and L are pre-compatible if for every a ∈ Σ the following holds:

– there exists at most one b ∈ Σ such that K(a,b) ̸= ∅ and Lb ̸= ∅; and
– if K(a,b) ̸= ∅ and Lb ̸= ∅, then K(a,b) and Lb are pre-compatible.

Algorithm 5 describes a procedure that computes a node accepting PreK(L).
Similarly to Algorithms 2 and 3, a simple analysis yields the following proposition
(see the appendix of the full version).

Proposition 11. Algorithm 5 is correct. Moreover, with memoization, it works
in time O(|Σ|2npnq), where nx is the number of nodes reachable from node x.

5 Weakly acyclic (regular) model checking

In this section, we present interesting examples of systems that can be modeled
with WADs. In our setting, a system has a set of configurations equipped with a
partial order ⪯ and a monotone labeled transition relation, i.e., if C −→t D and
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Algorithm 5: Algorithm for the Pre operation under pre-compatibility
Input: identifier p over Σ ×Σ, identifier q over Σ such that L(p) and L(q) are

pre-compatible
Result: identifier r such that L(r) = PreL(p)(L(q))

1 pre(p, q):
2 for a ∈ Σ do
3 if ¬(∃b ∈ Σ : p(a,b) ̸= p∅ ∧ qb ̸= q∅) then sa ← q∅
4 else
5 let b be the unique letter such that p(a,b) ̸= p∅ and qb ̸= q∅

6 p′ ← p(a,b) if p(a,b) ̸= self else p

7 q′ ← qb if qb ̸= self else q

8 if p′ = p ∧ q′ = q then sa ← self
9 else sa ← pre(p′, q′)

10 return make(s, flag(p) ∧ flag(q))

C ′ ⪰ C, then C ′ −→t D′ for some D′ ⪰ C ′. The safety verification problem asks,
given configurations C and C ′, whether C −→∗ C ′′ for some C ′′ ⪰ C ′.

For every D, let Pre(D) := {C : C −→∗ D}. We extend this notation to sets,
i.e., Pre(X) :=

⋃
C∈X Pre(C). Let Pre∗(X) :=

⋃
i≥0 Pre

i(X). A set of configu-
rations X is upward-closed if ↑X = X, where ↑X := {C ′ : C ′ ⪰ C and C ∈ X}.

Safety verification amounts to testing whether C ∈ Pre∗(↑C ′). If the system
is well structured, namely if ⪯ is a well-quasi-order, then it is well-known that
Pre∗(↑C ′) = Prei(↑C ′) for some i ≥ 0. Thus, verification can be done by the
backward algorithm : compute Pre0(↑C ′)∪Pre1(↑C ′)∪ · · · until reaching a fixed
point. So, for well-structured transition systems, the approach is as follows:

– Choose a suitable alphabet Σ;
– For each configuration D, define an encoding enc(↑D) ⊆ Σ∗ of ↑D which is

a weakly acyclic language;
– For each t, define a transducer Tt for the language {(enc(D), enc(D′)) : D −→t

D′} ⊆ (Σ ×Σ)∗;
– Create a weakly acyclic diagram for L(q0) = enc(↑C ′) and compute L(qi+1) =

PreTt
(L(qi)) iteratively until qi+1 = qi.

Since ⪯ is a well-quasi-order, any upward-closed set X of configurations
has a finite basis, i.e., there exist configurations C1, . . . , Cn such that X =⋃

i∈[1..n] ↑Ci. Thus, as weakly acyclic languages are closed under union, enc(X)

must be weakly acyclic. Moreover, since Pre(X) is upward-closed by monotonic-
ity, PreTt

(enc(X)) is necessarily weakly acyclic.

5.1 Lossy channel systems

A channel system is a finite directed graph whose nodes P are called states,
and whose arcs, called transitions, are labeled by readi(a), writei(a) or nop with
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a ∈ Γ and i ∈ [1..k]. There are m processes starting in some states, and evolving
by reading from the left and writing to the right of channels, and by moving to
other states. A lossy channel system (LCS) is a channel system where any letter
may be lost at any moment from any channel.

p

q

r

read1(a) write2(b)

nop

(p, q) (#,#) (a, X) (#,#) (#,#) (#,#)

(s, s) (s, s) (b, X) (σ, σ) (σ, σ) (σ, σ)

(q, p) (#,#) (#,#) (X, b) (#,#) (#,#)

(s, s) (s, s) (σ, σ) (σ, σ) (σ, σ)
(p, r)

(s, s) (γ, γ)

Fig. 4. Left : Example of a lossy channel system with Γ = {a, b}. Right : Transducers
encoding respectively the transitions read1(a), write2(b) and nop (under the semi-lossy
semantics), where s ∈ {p, q, r}, σ ∈ {a, b} and γ stands for any letter.

For example, consider the channel system depicted on the left of Figure 4.
Consider its configuration C := ([p, q], ab, ε, b) with two processes in states p and
q, and with three channels currently containing ab, ε and b. We have, e.g.,

C
read1(a)−−−−−−→ ([q, q], b, ε, b)

write2(b)−−−−−−−→ ([q, p], b, b, b)
nop−−→ ([q, r], b, b, b).

We encode configurations as words over Σ := P ∪ Γ ∪ {#}, e.g. the encoding
of C is pq#ab##a#. Moreover, we encode operations as transducers with an extra
letter X. Let us explain this through an example.

The transducers for the three transitions of our example are depicted on
the right of Figure 4. As a preprocessing step for operation writei(σ), we pad
channels of a configuration on the right with X∗. This way, the first occurrence
of X can be replaced by the letter to insert. This padding can then be removed
in a postprocessing step. Furthermore, we model the “lossiness” of the channels
through readi(σ): when reading an a, all letters in front of the first a may be
lost. Transducers for writei(σ) and nop are nonlossy. For safety verification, the
standard “pure lossy” semantics is equivalent to our “semi-lossy” semantics.

Let us formalize it. Given configurations C = (X,w1, . . . , wk) and C ′ = (X ′,
w′

1, . . . , w
′
k), we write C ⪯ C ′ if X = X ′ and wi ⊑ w′

i for all i ∈ [1..k], where ⊑
denotes the subword order. For example, ([p, q], ab, ε, b) ⪯ ([p, q], aab, a, baa). By
Higman’s lemma, the subword order ⊑ is a well-quasi-order. Moreover, equality
over a finite set is a well-quasi-order. As the order ⪯ over configurations is a
product of these orders, it is also a well-quasi-order. Moreover:

Proposition 12. We have C
∗−→pure-lossy C ′′ for some C ′′ ⪰ C ′ iff C

∗−→semi-lossy
C ′′ for some C ′′ ⪰ C ′. Furthermore, −→semi-lossy is monotone.
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Note that enc(↑C) is weakly acyclic. Indeed, for C = ([p1, . . . , pm], w1, . . . , wk),
the language enc(↑C) can be expressed by a weakly acyclic expression:

p1 · · · pm #
∏

i∈[1..k]

( ∏
a∈wi

(Γ \ {a})∗a
)
Γ ∗ #.

5.2 Petri nets

A Petri net is a tuple (P, T, F ) where P is a finite set of places, T is a finite set
of transitions disjoint from P , and F : (P × T ) ∪ (T ∪ P ) → N. A marking is
an assignment m : P → N of tokens to places. A transition t is enabled in m
if m(p) ≥ F (p, t) for every place p. If t is enabled, then it can be fired, which
leads to the marking m′ obtained by removing F (p, t) tokens and adding F (t, p)
tokens to each place p, i.e., m′(p) = m(p)− F (p, t) + F (t, p).

Consider, e.g., the Petri net depicted on the left of Figure 5. From the marking
[p 7→ 3, q 7→ 1], written as m := (3, 1), we have, e.g., m −→t (2, 3) −→t (1, 5).

We encode markings over Σ := { , #}, e.g. the encoding of m is # #.
Moreover, we encode operations as transducers with an extra letter X. Let us ex-
plain this through an example. The transducer for the transition of our example
is depicted on the right of Figure 5. As a preprocessing step, we pad places of a
configuration on the right with X∗. This symbol can be used to remove and add
tokens. The padding is then removed in a postprocessing step.

We write m ≤m′ if m(p) ≤m′(p) for all p. By Dickson’s lemma, ≤ is a well-
quasi-order. Note that enc(↑m) is weakly acyclic. Indeed, for m = (n1, . . . , nk),
it is the language of this weakly acyclic expression: n1 ∗# · · · nk ∗#.

5.3 Broadcast protocols

A broadcast protocol is a finite directed graph whose nodes P are called states,
and where each arc (transition) is labeled by a, b!, b?, c!! or c?? where a ∈ Γ ,
b ∈ Γ ′ and c ∈ Γ ′′ (three disjoint alphabets). There are m processes starting in
some states, and evolving by local, rendez-vous or broadcast communication:

– A local update a only changes the state of a single process;
– A rendez-vous occurs when two processes respectively take a b!-transition

and a b?-transition;

p t q

2

1 1

3 ( , ) ( , X) (#, #) ( , ) (X, ) (X, ) (#, #)

( , ) ( , )

Fig. 5. Left : Example of a Petri net where P = {p, q}, T = {t}, F (p, t) = 2, F (t, p) =
1 = F (q, t) and F (t, q) = 3. Right : Transducer encoding transition t.
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– A broadcast occurs when a process takes a c!!-transition; when this happens,
any other process that can take a c??-transition takes it.

For example, consider the broadcast protocol depicted on the left of Figure 6.
Let C := [p, p, p, p] be the configuration with four processes in state p. We have,
e.g., C −→b [q, r, p, p] −→b [q, r, q, r] −→c [p, q, p, r] −→c [p, p, p, q]. We encode config-
urations as words over Σ := P , e.g. [p, r, p, q] becomes prpq. The transducers for
our example are depicted on the middle and right of Figure 6.

p

r

q

b!

c??

b?
c!!

(p, q) (p, r)

(p, r) (p, q)

(s, s)
(s, s)

(s, s)

(s, s)

(r, q)

(q, p) (q, p)

(p, p), (r, r) (p, p), (r, r)

Fig. 6. Left : Example of a broadcast protocol with P = {p, q, r}, Γ = ∅, Γ ′ = {b} and
Γ ′′ = {c}. Middle and right : Transducers encoding the transitions, where s ∈ {p, q, r}.

6 Experimental results

We developed a prototype C++ library for weakly acyclic diagrams, which we
refer to as wadl. It implements all operations described in Section 4, and back-
wards reachability for lossy channel systems, Petri nets and broadcast protocols,
as in Section 5. To benchmark the performance, we use four different sets:

– Lossy channel systems. We collected 13 instances used by the tools BML [25]
and McScM [26,27]. They arise from a mutual exclusion algorithm and from
protocols (communication, business, etc.) The instance ring2 comes from a
parameterized family. Thus, we generalized it to ring3, ring4, etc.

– Petri nets. We collected 173 instances used in many papers on Petri net
safety verification (e.g. see [22]). They model protocols (mutual exclusion,
communication, etc.); concurrent C and Erlang programs; provenance anal-
ysis of messages of a medical messaging system and a bug-tracking system.

– Broadcast protocols. We collected 38 broadcast protocol instances from the
benchmark set of dodo, a tool for regular model checking that uses the
encoding of Section 5.3 for broadcast protocols [17,35]. The instances corre-
spond to safety properties of several cache-coherence protocols.

– Regular model checking problems. Backwards reachability can also be applied
to systems which are not well structured, as long as all the intermediate sets
of configurations remain weakly acyclic. The algorithm may not terminate,
but if it does then it yields the correct answer. We collected 35 further
instances from dodo modeling parameterized mutual exclusion algorithms,
variants of the dining philosophers, algorithms for termination detection and
leader election, and token passing algorithms.
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We carried experiments for the four above categories with the goal of testing
the potential and versatility of WADs. We used a machine with an 8-Core 11th

Gen Intel® Core™ i7-1165G7 CPU @ 2.80GHz running on Kubuntu 24.04 with
31.1GiB of memory. The time was determined with the sum of the user and sys
times given by Linux tool time. We used a timeout of 10 minutes per instance,
except for Petri nets where we used a timeout of 20 minutes5.

Lossy channel systems. We made a few optimizations compared to Section 5.
First, states are represented in binary to avoid using |P | letters. Second, we
tweaked the transducers so that they yield the pre-compatibility of Section 4.3.
The transducers of Figure 4 do not necessarily satisfy it as the initial states use
letters (x, y) and (x′, y′) with x = x′. This can be fixed, e.g. make the initial
state of the top transducer loop on (q, q) and (r, r), but not (p, p). This slightly
changes the semantics: only the first process in p can execute. Yet, as processes
in a common state are indistinguishable, only the state count matters and so the
change does not alter safety verification. Moreover, in our benchmarks, processes
evolve in disjoint subgraphs and hence can never even be in a common state.

We compared with BML [25] which runs the backward algorithm with prun-
ing (modes: csre, mof, si). Pruning can be disabled to yield the basic algorithm.
We also compared to McScM [26,27] which (in its default mode) uses an adap-
tive extrapolated backwards computation. The results are depicted on the left of
Figure 7. wadl solves the most instances and does so generally faster, although
the competition is close. We further tested the same tools on ring3, ring4, etc.
Our tool terminates on large n (e.g. ring99 in 2m38s and ring187 is the largest
solved), but the other tools did not scale, as depicted in Table 1.
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Fig. 7. Cumulative number of instances decided over time (semi-log scale) for lossy
channel systems excluding {ring3, ring4, . . .} (left), and Petri nets (right). wadl+mist
refers to the best outcome on instances solved by at least one of the two tools.

5 During the reviewing process, a reviewer requested a longer timeout for this case.
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BML BML-csre BML-mof BML-si McScM wadl

ring2 0.63 1.02 0.89 0.37 to 0.04
ring3 to to to 9.13 416.48 0.10
ring4 to to to 307.98 so 0.19
ring5 to to to to to 0.33

Table 1. Time in seconds to solve ringn (to = timeout, so = stack overflow).

Petri nets. We compared with mist [18,24], an established efficient tool that, in
particular, offers an implementation of the backward algorithm without pruning,
as in our case, but using interval sharing trees as the data structure. The results
are depicted on the right of Figure 7. mist is competitive, but we solved more
instances in total. There are 31 instances that we solved that mist did not;
2 instances for the other way around; and 58 instances solved by both tools.

Broadcast protocols. We solved 32/38 instances, with 25 solved within 100ms.
We do not compare with dodo as its goal is not to check the property, but rather
to compute small invariants explaining why it holds. So, although we would look
good in comparison, it would be meaningless (the runtimes of dodo reported
in [35] are at least ten times higher than ours in every instance).

Regular model checking. While there is a priori no reason why the instances
should be checkable with WADs, we solved 22/35 instances (all within 10ms).
We further timed out on 6 instances, and could not verify 7 instances. For the
latter, a cycle was contracted in Line 9 of Algorithm 4, and hence we cannot be
certain that the result is weakly acyclic.

The fact we solved many instances suggests that weakly acyclic languages
may be common in regular model checking. In fact, popular examples used to
introduce the technique, like the token-passing protocol, FIFO channel, and stack
examples of the surveys [5,1,7,2], or the alternating bit protocol of [4] are modeled
with weakly acyclic languages.

7 Conclusion

We introduced weakly acyclic diagrams as a general data structure that extends
binary decision diagrams to (possibly) infinite languages, while maintaining their
algorithmic advantages. Many instances in regular model checking fall within the
class of weakly acyclic languages. Moreover, weakly acyclic diagrams allow for
the manipulation and verification of various well-structured transition systems
such as lossy channel systems, Petri nets and broadcast protocols.

As future work, it would be interesting to see whether the good algorithmic
properties can be retained under a slight extension of nondeterminism, e.g. for
languages like (a+ b)∗b which are simple but not weakly acyclic per se.
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Abstract. Modern web services crucially rely on high-performance dis-
tributed databases, where concurrent transactions are isolated from each
other using concurrency control protocols. Relaxed isolation levels, which
permit more complex concurrent behaviors than strong levels like serial-
izability, are used in practice for higher performance and availability.
In this paper, we present Eiger-PORT+, a concurrency control protocol
that achieves a strong form of causal consistency, called TCCv (Transac-
tional Causal Consistency with convergence). We show that Eiger-PORT+
also provides performance-optimal read transactions in the presence of
transactional writes, thus refuting an open conjecture that this is impos-
sible for TCCv. We also deductively verify that Eiger-PORT+ satisfies
this isolation level by refining an abstract model of transactions. This
yields the first deductive verification of a complex concurrency control
protocol. Furthermore, we conduct a performance evaluation showing
Eiger-PORT+’s superior performance over the state-of-the-art.

1 Introduction

Modern web services are built on top of high-performance database systems
operating in partitioned, geo-distributed environments. These systems provide
distributed transactions that group the users’ read and write requests. To balance
data consistency and system performance, databases provide a spectrum of
isolation levels (I in ACID: Atomicity, Consistency, Isolation, and Durability [46]),
defining the degree of separation between concurrent transactions. Isolation is
enforced by concurrency control protocols (also called transaction protocols).

Many applications, such as social networks, opt for weak isolation levels
to avoid the performance overhead of stronger levels like serializability [43].
These weaker guarantees allow distributed transactions to remain functional
even during network partitions, while still providing useful properties. Notably,
transactional causal consistency (TCC) represents a successful integration of
ideas from the distributed computing and database communities. It extends
causal consistency [2,44]—the strongest consistency level achievable in an always-
available system [4]—by incorporating transactional guarantees. The past decade
has seen sustained efforts in designing databases supporting performant causally-
consistent distributed transactions [35,3,11,39,38,47], along with their growing
adoption in industry [41,14,40]. Nearly all of these systems provide a stronger
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variant of TCC, known as TCCv [3,35], that includes data convergence requiring
views across different clients to eventually converge to the same state.

In this paper, we present a case study on developing and verifying a performance-
optimal, causally-consistent, database transaction protocol. Our protocol, Eiger-
PORT+, provides TCCv, for which we give a formal proof. Our work faced two
challenges. First, it is not a priori clear that such an isolation guarantee is achiev-
able for a performance-optimal protocol. In fact, Lu et al. [38] conjectured that for
distributed performance-optimal read-only transactions (PORTs) in the presence
of transactional writes, TCC (without convergence) is the strongest achievable
isolation level. They presented the Eiger-PORT protocol, which provides this guar-
antee. In this paper, we constructively refute their conjecture by designing our
novel protocol, Eiger-PORT+, which achieves the stronger TCCv guarantee.

Second, transaction protocols are notoriously hard to get right, as witnessed
by numerous design-level isolation errors in production databases [24,20,28,21,22],
and even in protocols that have undergone pen-and-pencil proofs [42] and model-
checking analysis [37]. We thus aim for a full deductive verification of Eiger-PORT+,
covering all possible behaviors. To our knowledge, the deductive verification of
transaction protocols for weak isolation levels, which exhibit complex concurrent
behaviors, has not been attempted so far. Previous efforts in this area have focused
on simple textbook protocols like two-phase locking achieving serializability or
employed model checking, which requires bounding the number of processes and
transactions. We address this challenge using our Isabelle/HOL framework [15]
built around Xiong et al.’s abstract transaction model [50]. We formalize Eiger-
PORT+ and show that it satisfies TCCv using reduction [26] in combination with
a refinement of the TCCv instance of the abstract transaction model.

Furthermore, we implement and deploy Eiger-PORT+, along with Eiger-
PORT and its precursor Eiger, and conduct a comprehensive performance com-
parison of these three protocols. Our evaluation demonstrates Eiger-PORT+’s
superior performance in terms of system throughput and latency across various
scenarios, e.g., with a growing number of clients and servers.

The complete formal development accompanying this paper, including all
definitions and proofs, as well as a protocol implementation are available at [17].

Contributions Overall, we see our contributions as three-fold:

– Conjecture refutal. We formally refute the conjecture that TCC is the
strongest achievable isolation level for PORTs in the presence of transactional
writes by designing a protocol, Eiger-PORT+, that provably achieves TCCv.

– Proof of correctness. We model Eiger-PORT+ in Isabelle/HOL and verify
its correctness by showing that its behavior conforms to the TCCv instance
of the abstract transaction model [50]. This represents the first complete
formal verification of a complex distributed database transaction protocol.

– Superior performance. We deploy Eiger-PORT+, along with two state-of-
the-art causally-consistent transaction protocols, in a cluster and evaluate
their performance. Our experimental results demonstrate Eiger-PORT+’s
superior performance, with both lower latency and higher throughput.
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TCCvTCCRC RA SI (S)SER

Eiger-PORT Eiger-PORT+

Eiger

Fig. 1: A spectrum of isolation levels. A → B means A is weaker than B. RC: read
committed [7]; RA: read atomicity [6]; TCC: transactional causal consistency [38],
provided by Eiger-PORT [38]; TCCv: TCC with convergence [3,35], offered
by Eiger and our Eiger-PORT+; SI: snapshot isolation [7]; (S)SER: (strict)
serializability [43]. Protocols supporting PORTs are highlighted in gray.

2 Background

2.1 Distributed Database Transactions

In a distributed database, vast amounts of data are split up and stored across
multiple servers, also called partitions. User requests are submitted as database
transactions, initiated by front-end clients. Each client executes the transactions
in its own session, where a transaction comprises a sequence of read and/or write
operations on data items (or keys) distributed across partitions.

Isolation levels Distributed databases offer various isolation levels, differing on
how they balance data consistency and system performance. Figure 1 shows a
spectrum of practically relevant isolation levels, ranging from weaker ones like
Read Committed, through various forms of transactional causality, to stronger
guarantees such as Serializability. We briefly explain Read Atomicity and two
variants of transactional causality, which are the focus of this work.

Read Atomicity (RA). This is also known as atomic visibility, requiring that
all or none of a transaction’s updates are observed by other transactions. It
prohibits fractured reads anomalies, such as Carol only observing one direction
of a new (bi-directional) friendship between Alice and Bob in a social network.

Transactional Causal Consistency (TCC). In addition to RA, this level
requires that two causally related transactions appear to all client sessions in
the same causal order [2,44]. It prevents causality violations, such as Carol
observing Bob’s response to Alice’s message without seeing the message itself.

TCC with Convergence (TCCv). With TCC, different clients may observe
causally unrelated transactions in different orders. TCCv’s convergence prop-
erty prevents this by requiring these clients’ views to converge to the same
state [34,3]. For example, this prevents confusion created by Alice and Bob
independently posting “Let’s meet at my place” in a road trip planner. In
practice, most causally-consistent databases provide convergence.

Performance-optimal read-only transactions NOCS [38] is the state-of-the-
art impossibility result that captures conflicts between distributed transactions’
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performance and their isolation guarantees. NOCS proves that read-only trans-
actions cannot complete with Non-blocking communication in One round and
Constant-size metadata, while achieving Strict serializability (SSER). At best,
three of the four NOCS properties can be satisfied. In particular, protocols
satisfying the NOC properties (under isolation levels weaker than SSER) are said
to provide performance-optimal read-only transactions (PORTs). The NOCS au-
thors [38] introduce the Eiger-PORT protocol providing TCC and PORTs. They
also state the following conjecture, which has remained unresolved for four years.

Conjecture. TCC is the strongest isolation level achievable for PORTs in
the presence of transactional writes.

Recent studies show that write-heavy workloads involving transactional writes
are more prevalent than previously assumed and are expected to become in-
creasingly prominent [52]. This, along with the practical significance of TCCv,
motivates our work on refuting the above conjecture and pushing the boundary.

2.2 Transition Systems and Refinement

We use labeled transition systems (LTSs) to model database protocols and the
abstract transaction model. An LTS E = (S, I, { e−→| e ∈ E}) consists of a set
of states S, a non-empty set of initial states I ⊆ S, and transition relations
e−→ ⊆ S × S, one for each event e ∈ E. We assume an idling event skip ∈ E with
s

skip−−→ s. We often define the relations e−→ using guard predicates Ge and update
functions Ue by s

e−→ s′ if and only if Ge(s) ∧ s′ = Ue(s). A state s is reachable
if a sequence of transitions leads from an initial state to s. We denote the set of
reachable states of E by reach(E). A set of states J is an invariant if reach(E) ⊆ J .

Refinement relates two LTSs Ei = (Si, Ii, {
e−→i | e ∈ Ei}), for i ∈ {1, 2}. Given

refinement mappings r : S2 → S1 and π : E2 → E1 between the LTSs’ states and
events, we say E2 refines E1, written E2 ≼r,π E1, if (i) r(s) ∈ I1 for all s ∈ I2 and

(ii) r(s)
π(e)−−−→1 r(s′) whenever s

e−→2 s′. Using guards and updates, (ii) reduces to
two proof obligations: assuming G2

e(s) prove (a) G1
π(e)(r(s)) (guard strengthening)

and (b) r(U2
e (s)) = U1

π(e)(r(s)) (update correspondence). Refinement guarantees
the inclusion of sets of reachable states (modulo r), i.e., r(reach(E2)) ⊆ reach(E1),
where r is applied to each element of reach(E2). Refinement proofs often require
invariants to strengthen the refinement mapping.

2.3 An Abstract Transaction Model

Xiong et al. [50] introduced a centralized operational model for atomic transactions
operating on distributed multi-versioned key-value stores (KVSs), where the
database stores data as key-value pairs and each key may be mapped to multiple
versions for increased data availability. This model can be instantiated to different
isolation guarantees, including RA, TCCv, and SSER (cf. Figure 1). They prove
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the equivalence of these model instances to their declarative counterparts based
on abstract executions. The model can be used to prove the correctness of both
concurrency control protocols and client programs. We have formalized this
framework in Isabelle/HOL and extended it with an extensive library of lemmas
supporting protocol correctness proofs [15].

Xiong et al.’s model is formulated as an LTS, called the abstract transac-
tion model, which abstracts the protocols’ distributed collection of KVSs (each
representing a shard and/or replica) into a single (centralized) multi-versioned
KVS K : key → version list that maps each key to a list of versions. Each
version K(k, i) of a key k at the list index i records (i) the value v stored, (ii)
the writer transaction t that has produced this version, and (iii) the reader set T ,
i.e., the set of transactions that have read this version. The pairs (t, t′) for any
t′ ∈ T are called write-read dependencies. The relation WRK contains all such
pairs. The fact that, in a real, distributed system, each client cl has a different
partial client view of K is modeled by explicitly representing these views in the
model’s configurations as mappings U(cl) : key → nat set. This describes, for
each key, the set of versions (denoted by list indices) visible to the client. Clients
are assumed to process transactions sequentially. The session order relation SO
captures the order of their transactions.

The model assumes the snapshot property, ensuring that each transaction
reads and writes at most one version of each key. Hence, transactions can be
represented by a fingerprint F : key×{R,W} ⇀ value, which maps each key and
operation (read or write) to at most one value. It also assumes that views are
atomic, i.e., clients observe either all or none of a transaction’s effects. These
properties together establish atomic visibility, also called Read Atomicity (RA)
(cf. Section 2.1), as the model’s baseline isolation guarantee.

The model has two events (plus skip): commit, which atomically executes an
entire transaction, and view extension, which monotonically extends a client’s
view of the KVS. The commit event’s executability depends on the isolation
guarantee. Here, we focus on the model’s TCCv instantiation, called ITCCv.

Commit The commit event’s transition relation for TCCv is defined by:

U(cl) ⊑ u canCommitTCCv(K, u,F) u ⊑ u′ RYW(K,K′, u′)

LWW(K, u,F) wf(K, u) wf(K′, u′)

tclsn ∈ nextTxids(K, cl) K′ = UpdateKV(K, tclsn, u,F)

(K,U) commit(cl,sn,u,F)−−−−−−−−−−−→TCCv (K′,U [cl 7→ u′])

The transition in the conclusion updates the configuration (K,U) to the new
configuration (K′,U [cl 7→ u′]), where K′ is the updated KVS and U [cl 7→ u′]
updates the client cl’s view to u′. Both K′ and u′ are determined by the rule’s
premises, which act as the event’s guards with the following meanings:

– U(cl) ⊑ u: This condition allows one to extend the client cl’s current view to
a (point-wise) larger one before committing.
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– canCommitTCCv(K, u,F): This is the central commit condition, which ensures
that it is safe to commit a transaction at the TCCv isolation level. It requires
that the set of visible transactions visTx(K, u) (i.e., the writers of the versions
that the view u points to) is closed under the relation SO ∪WRK, i.e.,

((SO ∪WRK)
−1)+(visTx(K, u)) ⊆ visTx(K, u) ∪ rdonly(K).1 (1)

In other words, following the causal dependency relation SO∪WRK backwards
from visible transactions, we only see visible or read-only transactions.

– u ⊑ u′: This condition captures the monotonic reads session guarantee, i.e.,
the view u′ extends the view u.

– RYW(K,K′, u′): This condition expresses the read-your-writes (RYW) session
guarantee, stating that each client sees all versions previously written by itself.

– LWW(K, u,F): This captures the last-write-wins conflict resolution policy,
whereby a client reads each key’s latest version in its view.

– wf(K, u) and wf(K, u′): This requires that the views u and u′ are wellformed,
i.e., they are atomic and contain indices that point to existing versions.

– tclsn ∈ nextTxids(K, cl): Transaction identifiers tclsn ∈ TxID are indexed by the
issuing client cl and a (monotonically increasing) sequence number sn. This
condition obtains a fresh transaction ID tclsn, where the sequence number sn
is larger than any of the client cl’s sequence numbers used in K.

– K′ = UpdateKV(K, tclsn, u,F): The KVS K′ is obtained from K by adding the
operations described by the fingerprint F : the writes append a new version
with the writer ID tclsn to the respective key’s version list, and the reads add
tclsn to the respective versions’ reader sets.

View extension The view extension event for TCCv is defined by the rule:

U(cl) ⊑ u wf(K, u)

(K,U) xview(cl,u)−−−−−−→TCCv (K,U [cl 7→ u])

and extends a client cl’s view from U(cl) to a wellformed view u. It abstractly
models that additional versions of certain keys become visible to the client.

3 Eiger-PORT+: An Overview

Causally-consistent transactions have attracted the attention of both academia
and industry in recent years. Eiger [35] is among the first distributed databases
providing TCCv. Eiger-PORT [38] improves Eiger’s overall performance by
optimizing its read-only transactions while sacrificing data convergence, thus
allowing diverging client views of concurrent conflicting writes (to the same keys)
as in TCC. We show that this sacrifice is unnecessary and design Eiger-PORT+
based on Eiger-PORT. Eiger-PORT+ provides TCCv with both read-only and
1 This condition differs from the one presented in [50], but is equivalent.
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write-only transactions.2 The key idea of achieving convergent client views is to
share with clients the total order of versions on a server, which has already been
established by uniquely assigned timestamps across versions. In contrast, Eiger-
PORT constructs individual, possibly different, orders per client. Eiger-PORT+’s
read-only transactions satisfy the NOC properties and are therefore performance-
optimal (PORT). This is achieved in the same way as for Eiger-PORT. In
particular, both protocols’ read operations use only a fixed number of timestamps
as metadata. We now give a high-level description of both Eiger-PORT and Eiger-
PORT+, starting with their commonalities and then highlighting their differences.

3.1 Timestamps

Both distributed transaction protocols leverage timestamp-based concurrency
control. The timestamps are based on Lamport clocks [25], which clients and
servers maintain and update with each local or communication event. Whenever
a transaction commits a new version, the current clock reading is paired with
the transaction’s client ID to generate a globally unique commit timestamp. The
lexicographic order of these pairs induces a total order on commit timestamps.

Each server maintains a local safe time lst that corresponds to the minimum
of the uncommitted transactions’ timestamps or, if there is none, the maximum
committed timestamp for that server. Each client maintains a variable lst_map,
which maps server IDs to their latest known lst value, and a global safe time gst.
The latter is updated to the minimum timestamp in lst_map when a read-only
transaction starts and acts as the stable frontier for that client: all transactions
with earlier timestamps are guaranteed to be committed on all servers. Each read
sent to a server includes gst as a read timestamp, which is used to safely read a
committed version with a timestamp lower than the gst, or the client’s latest
own write (to achieve RYW), if its timestamp is higher than the gst.

3.2 Read and Write Transactions

Write transactions are similar in both protocols and follow a variant of the two-
phase commit (2PC) protocol that always commits [35]. In the prepare phase, each
timestamped write is sent to the corresponding partition, which adds the write
to its local data store as a pending version. In the commit phase, each partition
sets the version as committed, along with its commit timestamp. However, the
two protocols differ in how they handle read transactions in the absence of an
own write newer than gst. While Eiger-PORT+ always reads the latest version
below gst in this case, Eiger-PORT searches for the latest version below gst that
either has no write conflicts or is written by a different client. This backward scan
is presumably done to maintain read atomicity (RA). However, we show that
this scan is unnecessary for RA, can harm performance, and cause client view
divergence. Consequently, in addition to providing convergence, Eiger-PORT+
improves performance by eliminating this scan’s overhead.
2 Eiger-PORT+’s pseudocode, together with its description, is given in [16, Appx. A].
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(a) Initial (b) Eiger-PORT (c) Eiger-PORT+

Fig. 2: Alice and Bob reading (shown by arrows) from servers storing X and Y,
illustrating convergence in Eiger-PORT+ and lack thereof in Eiger-PORT. Each
square represents a version, and its color determines the version’s writer, where
orange, blue, and gray correspond to Alice, Bob, and other clients respectively.

Example 1. Figure 2 illustrates the difference between Eiger-PORT and Eiger-
PORT+ in reading versions. In Figure 2a, Alice (orange) and Bob (blue) have
written some versions on servers (partitions storing keys) X and Y, and their
gsts are 0. Alice and Bob each perform a transaction reading from servers X and
Y. In both protocols, Alice reads {X1, Y3} and Bob {X2, Y1} according to RYW.

As new versions are added to the servers, the gsts advance to higher timestamp
values. Assume that versions Y1 to Y4 are conflicting writes, i.e., the transactions
writing Y2 to Y4 had already started when Y1 was committed. Alice and Bob then
again read keys X and Y. Bob behaves the same in both protocols (cf. Figures
2b and 2c): He reads the last committed versions below its gst, {X3, Y3}, as he
has no writes above its gst and the read versions are written by other clients.
However, Alice’s behavior differs in the two protocols. Given Alice’s new gst, in
Eiger-PORT she reads {X5, Y1} (cf. Figure 2b), while in Eiger-PORT+ she reads
{X5, Y4} (cf. Figure 2c). As X5 is her newest own write on X, this is the same for
both protocols. But Alice has no newer own writes to Y and the latest committed
version, Y4, is Alice’s write and has write conflicts. Thus, Eiger-PORT performs
a scan to find the latest version written by a different client below Alice’s gst,
i.e., Y1, while Eiger-PORT+ reads Y4, irrespective of its writer or write conflicts.

Hence, in Eiger-PORT, Alice reads Y3 before Y1, while Bob reads Y1 before Y3,
which results in diverging client views. This behaviour is allowed by TCC where
convergence is not required. In contrast, in Eiger-PORT+, Bob reads Y1 before
Y3 and Alice reads Y3 before Y4, both agreeing with the same convergent order,
i.e., the versions’ total order established on the servers (Y1 < Y3 < Y4).
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Fig. 3: Eiger-PORT+: state diagrams of (a) a client’s cl_state and (b) a server’s
svr_state for a given transaction.

4 Formal Modeling and Verification

We formally model Eiger-PORT+ (Section 4.1), and use our proof technique (Sec-
tion 4.2) to verify its TCCv isolation guarantee (Sections 4.3 and 4.4).

4.1 Formalizing Eiger-PORT+

To model the protocol, we consider a distributed KVS with one transaction
coordinator per client and several servers that handle the clients’ transactions.
For simplicity, we integrate the coordinator into the client and assume that each
server manages one key. We also assume clients execute transactions sequentially.

We formalize Eiger-PORT+ as an LTS. Its states are the protocol’s global
configurations, consisting of the clients’ and the servers’ local configurations. As
depicted in Figure 3, these local configurations include control states indicating
a protocol execution’s progress. Each event changes either one client’s or one
server’s configuration and advances its respective control state, ensuring that the
clients and servers are independent components with interleaved events. We allow
these components to directly access each other’s local configurations to exchange
information. This is a standard abstraction in protocol modeling, which can later
be refined into explicit message-passing communication.

We next define our LTS model’s configurations and describe the sequences of
events associated with read and write transactions in more detail. We slightly
deviate from the Isabelle syntax to stay closer to standard mathematical notation.

Configurations We model the client, server, and global configurations as records
in Isabelle/HOL (Figure 4). The global configuration contains the client (cls)
and server (svrs) local configurations, whose types are parameterized by the
type ’v of values, and three history variables, which we discuss in Section 4.3.

Besides the global safe time, gst, and the lst_map, already discussed above,
the client configuration consists of its state, cl_state, a transaction sequence
number, cl_sn, and the client’s (Lamport) clock, cl_clock. The state is de-
scribed by the type txn_state, which has four constructors for idle (Idle), read
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−−− transaction state
datatype ’v txn_state =
Idle |
RtxnInProg ts (key set) (key ⇀ ’v) |
WtxnPrep (key ⇀ ’v) |
WtxnCommit ts (key ⇀ ’v)

−−− version state
datatype ’v ver_state =
No_Ver |
Reg |
Prep ts ts ’v |
Commit ts ts ts ’v (txid ⇀ ts × ts)

−−− client configuration
record ’v cl_conf =
cl_state : ’v txn_state
cl_sn : sqn
cl_clock : ts
gst : ts
lst_map : key → ts

−−− server configuration
record ’v svr_conf =
svr_state : txid→ ’v ver_state
svr_clock : ts
lst : ts

−−− global configuration
record ’v global_conf =
cls : cl_id → ’v cl_conf
svrs : key → ’v svr_conf
rtxn_rts : txid ⇀ ts −−− three history variables
wtxn_cts : txid ⇀ ts
cts_order : key → txid list

Fig. 4: Eiger-PORT+: the client, server, and global configurations.

transaction in progress (RtxnInProg), write transaction prepare (WtxnPrep),
and write transaction commit (WtxnCommit). The latter three states include a
key-value map describing the values (to be) read or written.

A server’s configuration consists of a function mapping each transaction ID
to a version state (ver_state), the server’s (Lamport) clock, and its local safe
time (lst). A version state may either be idle (No_Ver), registered read (Reg)
for a read transaction, or prepared (Prep) or committed (Commit) for a write
transaction. The latter two states include timestamps in their parameters and the
commit state includes a readermap to record information about the transactions
reading this version (similar to the abstract model’s reader sets).

Notation. To improve readability, we sometimes omit the projections cls and
svrs, writing, e.g., (gst s cl) for (gst (cls s cl)).

Read-only transactions proceed as follows (cf. Figure 3). The cl_read_invoke
event of a client starts a read-only transaction and transitions from Idle to
(RtxnInProg clk keys ∅) state, where clk is the client’s current clock reading,
keys is the (finite and non-empty) set of keys to be read, and ∅ is the empty
key-value mapping, where the subsequently read values will be recorded. As
mentioned, this event also updates the client’s global safe time, gst, to the
minimum of the servers’ local safe times stored in lst_map. As a result, more
up-to-date versions of certain keys may become visible to the client.

Once a client has invoked a read, the involved servers (in keys) follow with a
register_read event, where they transition from No_Ver to Reg state and access
the client’s gst to determine the latest own write newer than the gst (if any), or
the latest transaction with a commit timestamp cts ≤ gst. This transaction is
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1 definition cl_write_commit cl kv_map cts sn u clk s s’ ←→
2 −−− guards:
3 cl_state s cl = WtxnPrep kv_map ∧
4 (∀k ∈ dom kv_map. is_prepared (svr_state s k (Tn sn cl)) ∧
5 cts = Max {get_prepared_ts (svr_state s k (Tn sn cl)) |
6 k ∈ dom kv_map} ∧
7 sn = cl_sn s cl ∧
8 u = views_of s cl ∧
9 clk = cts + 1 ∧

10 −−− updates (unmentioned variables remain unchanged) :
11 cl_state s’ cl = WtxnCommit cts kv_map ∧
12 cl_clock s’ cl = clk ∧
13 wtxn_cts s’ = (wtxn_cts s)(Tn sn cl 7→ cts) ∧
14 cts_order s’ = extend_cts_order s (Tn sn cl) cts kv_map

Fig. 5: Eiger-PORT+’s client commit event.

recorded in the read version’s readermap along with the current lst and updated
server clock. This information is then accessed in the client’s subsequent cl_read
event, reading the version’s value and updating its own clock and lst_map. When
the client has read all requested values, i.e., dom kv_map = keys holds for its state
(RtxnProg clk keys kv_map), the event cl_read_done brings it back to Idle.

Write-only transactions are initiated by the cl_write_invoke event, in which
the client transitions from Idle to the state (WtxnPrep kv_map). The key-
value map kv_map describes the keys and associated values to be written and
corresponds to the transaction’s (write-only) fingerprint (Section 2.3). Once
all servers have followed into their prepared state, the client can execute the
cl_write_commit event, which is defined in Figure 5.

This event has eight parameters: the client ID cl, the key-value map kv_map,
the commit timestamp cts, which is the maximum of the involved server’s pre-
pared timestamps for the current transaction (Tn sn cl) (lines 5-6), the client’s
current sequence number sn (line 7), the abstract view u (line 8, see Section 4.3),
the updated Lamport clock clk (line 9), and the global states s and s’ before and
after the event. As cts > cl_clock always holds here, there is no need to take
their maximum to determine clk. The guards at lines 3 and 4 require that the
client is in the prepared state and that all involved servers have followed into their
own prepared state. The client’s state is updated to (WtxnCommit cts kv_map)
(line 11) and the clock is updated (line 12). We will discuss the history variable
updates at lines 13-14 in Section 4.3.

After the client’s commit event, the involved servers commit the transaction
on their side using commit_write events. When all servers have committed, the
client executes the cl_write_done event to return to its idle state.

4.2 Proof Technique

We now discuss our protocol verification technique based on refinement, and a
technique for commuting independent events required to complement refinement.
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The main goal of our verification is to prove the following result, stating that
all of Eiger-PORT+’s reachable states are allowed by the abstract model ITCCv:

rEPP (reach EPP) ⊆ reach ITCCv. (2)

Recall from Section 2.2, that this would follow from a proof of EPP ≼rEPP,π EPP
ITCCv,

for suitable refinement mappings rEPP and π EPP on protocol states and events.
However, such a direct proof would fail for the following reason.

Eiger-PORT+ uses timestamps to define an order on versions and to identify
“safe-to-read” versions. Hence, to ensure that clients always read the latest version
in their view, the refinement mapping must reconstruct the version lists of the
abstract KVS in the order of their commit timestamps. Otherwise, the proof of
the abstract guard LWW (Section 2.3) will fail. However, the execution order of
commits and the order of the associated commit timestamps may not coincide. We
call such commits inverted commits. Having inverted commits in an execution may
require inserting a key’s new version to its version list rather than appending it.
Since the abstract model only ever appends new versions at the end of the version
lists, the refinement proof alone would fail for executions with inverted commits.

To address this problem, we introduce an extra proof step to reorder the
inverted commits before the refinement. To this end, we define a modified protocol
model ÊPP that restricts transaction commits to those that do not introduce any
inverted commits. We decompose the proof of (2) into the following two steps:

reach EPP = reach ÊPP, (3)

rEPP (reach ÊPP) ⊆ reach ITCCv. (4)

We prove (4) by the refinement ÊPP ≼rEPP,π EPP
ITCCv, which works for the restricted

model. To prove (3), we use a proof technique based on Lipton’s reduction
method [26] to successively reorder inverted commits in executions by commuting
causally independent events, while preserving the executions’ final state.

4.3 Refinement Mapping

For the refinement proof, we need to find the refinement mappings π EPP and rEPP.
To define πEPP, we must identify protocol events that refine the abstract commit
event and the abstract view extension event. The protocol events cl_read_done
and cl_write_commit refine the abstract commit event since reads and writes are
guaranteed to commit after these events are executed. The event cl_read_invoke
refines the abstract view extension event, as this event updates a client’s gst and
thus extends its view. All other events refine skip.

To define rEPP, we must reconstruct an abstract configuration from Eiger-
PORT+’s protocol configuration s, i.e.,

rEPP s = (kvs_of s, views_of s),

where the function (kvs_of s) reconstructs the abstract KVS and (views_of s)
reconstructs the abstract client views. To help define these components, we add
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history variables to the global configuration. We now describe these history
variables and then the functions kvs_of and views_of.

History variables The global configuration includes three history variables.
The variables rtxn_rts and wtxn_cts serve as shortcuts to respectively map
transaction IDs directly to the read timestamp (gst) and commit timestamps
of the corresponding read-only and write-only transactions. These variables get
updated in the corresponding commit events. The variable cts_order maps
each key to a list of client-committed write-only transactions, ordered by their
commit timestamps. The client commit event extends cts_order by inserting the
committed transaction’s ID at the position corresponding to its commit timestamp
into the transaction ID list of each key written by the transaction (line 13 in
Figure 5). This variable is used to facilitate the reconstruction of the abstract KVS.

Abstract KVS The function kvs_of reconstructs the abstract KVS from the
cts_order history variable by mapping each key’s list of client-committed trans-
actions to an abstract version list. For a given key k and transaction t in the
list, we extract each version’s value and readerset from server k’s (prepared or
committed) state for t. Since the abstract model always reads the latest versions
in a client’s view, as expressed by the guard LWW of the abstract commit event
(see Section 2.3), the cts_order must be sorted by commit timestamp.

Abstract views We define the function views_of, reconstructing the abstract
views from Eiger-PORT+’s model configurations in two steps. We first con-
struct a function get_view, where (get_view s cl k) denotes the set of client-
committed transactions t, whose commit timestamp is less than or equal to the
client’s gst, i.e., (wtxn_cts s t) ≤ (gst s cl) or that are the client cl’s own
transactions (for RYW). Second, we use cts_order to map the transactions IDs
in the range of get_view to their positions in the cts_order, which correspond
to indices into the abstract version lists.

4.4 Correctness: Eiger-PORT+ satisfies TCCv

We can now state our main result of this section.

Theorem 1 (Correctness of Eiger-PORT+). The Eiger-PORT+ model
EPP satisfies TCCv, i.e., rEPP (reach EPP) ⊆ reach ITCCv.

As described in Section 4.2, we combine refinement and reduction in this
proof. We devote the remainder of this subsection to sketching both parts of our
proof, stated as Lemmas 1 and 2 below, followed by describing the invariants
used in these proofs.

Restricted model and reduction proof We define the restricted model ÊPP
by adding a guard to the event cl_write_commit, which requires that the unique
commit timestamp (cts, cl) of the client’s transaction is greater than any
commit timestamp of a transaction in the cts_order. This ensures that the
client commit only appends, but does not insert, the new transaction into the
cts_order. For this model, we prove the following lemma.
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Lemma 1. reach EPP = reach ÊPP.

Proof (sketch). By construction of ÊPP, the inclusion “⊇” is easily shown by a
refinement. For the inclusion “⊆”, consider any execution e of EPP ending in
some state s. We prove by reduction that we can reorder all inverted commits
in e of EPP, while preserving its final state s. We first show that the relevant
events of two transactions with inverted commit timestamps are pairwise causally
independent. We then prove that adjacent causally independent events in e can
be commuted. Using a measure function on executions, we show that this process
terminates in an execution ê without inverted commits ending in state s, thus an
execution of ÊPP. Hence, any state reachable in EPP is also reachable in ÊPP. ⊓⊔

Refinement proof Next, we establish a refinement between the restricted model
ÊPP and the abstract model ITCCv instantiated to TCCv, using the refinement
mapping defined in Section 4.3.

Lemma 2. rEPP (reach ÊPP) ⊆ reach ITCCv.

Proof (sketch). We show guard strengthening and update correspondence for
every event of ÊPP. This is easy for most events, which refine skip. The interesting
cases are the read invoke event, which refines the abstract view extension event,
and the client commit and read done events, refining the abstract commit event.

We focus here on the client commit event. The update correspondence proof
relies on the absence of inverted commits in ÊPP and thus client commits ap-
pending versions to KVS version lists. For guard strengthening, we must show
that all guards of the abstract commit event (cf. Section 2.3) are implied by the
concrete guards. We discuss the most interesting ones. View atomicity (part of
view wellformedness) holds by construction, since all versions of a transaction
have the same cts and the abstracted view includes all transactions with a cts
below the client’s gst (and also its own writes). Similarly, we prove that LWW
holds, i.e., a client reads the latest version in its view. To show that canCommit
holds, we prove an invariant stating that the clients’ views remain closed under
SO ∪WRK. This proof in turn requires several invariants about timestamps. ⊓⊔

Invariants and lemmas Our proofs rely on numerous invariants and lemmas.
We present the most important ones categorized as follows.

– Freshness of transaction IDs: The clients’ current transaction ID is fresh,
i.e., does not occur in the KVS until the commit.

– Past and future transactions: stating that the respective client and servers
are in particular start states (e.g., Idle) or end states (e.g., Commit).

– Views: These invariants include view wellformedness, view closedness (for
canCommitTCCv), and session guarantees (monotonic reads and RYW).

– Timestamps: This category includes lemmas showing the monotonic increase
of timestamps and the following invariant for any client cl and server k:

gst s cl < lst_map s cl k < lst s k < svr_clock s k.
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This invariant states that the following timestamps are in a strictly increasing
order: client cl’s global safe time, client cl’s entry for server k in its map of
local safe times, server k’s local safe time, and k’s local clock value.

– Client commit order: The cts_order history variable is sorted by commit
timestamps and contains only client-committed (and distinct) transactions.

Note that the first three categories are generic and many of their invariants
directly imply related guards needed in the abstract commit event’s refinement.
The last two categories can easily be adapted to other timestamp-based protocols.

5 Deployment and Evaluation

We have implemented and deployed our Eiger-PORT+ protocol on a cluster for a
comprehensive performance evaluation [17]. Eiger-PORT+ pushes the limit of the
state-of-the-art, with superior performance and a stronger isolation guarantee.
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Fig. 6: Performance comparison among the Eiger-family protocols.

Deployment We implement Eiger-PORT+, along with Eiger and Eiger-PORT,
in the same codebase, each consisting of around 12 kLoC in Java. We use Eiger-
PORT’s workload generator with default parameters of 32 threads per client, 1
million keys, 90% read proportion, and the Zipfian key-access distribution with a
skew factor of 0.8. We deploy these three protocols on a CloudLab [13] cluster of
machines, each with 2.4 GHz Quad-Core Xeon CPU and 12 GB RAM. By default,
we use eight servers to partition the database and eight client machines to load
the servers. We plot each data point using the average over five 60-second trials.

Evaluation Overall, Eiger-PORT+ is highly performant and superior to both
competing protocols (Figure 6a). In particular, compared to the performance-
optimal transaction protocol Eiger-PORT providing TCC, Eiger-PORT+ exhibits
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higher throughput with a stronger isolation guarantee including convergence.
Eiger-PORT+ also scales well with an increasing number of clients (Figure 6b)
and servers (Figure 6c), with up to 1.8x (resp. 2.5x) throughput improvement over
Eiger-PORT (resp. Eiger). In addition, despite varying skews, Eiger-PORT+’s
throughput consistently surpasses that of its competitors (Figure 6d). This
improvement becomes more pronounced with highly skewed workloads (or larger
skew factors). This is because higher skewness results in increased concurrency,
which would trigger additional server-side computation in Eiger-PORT and more
rounds of communication in Eiger. Notably, despite its higher throughput and
stronger isolation guarantee, Eiger-PORT+ demonstrates similar latency to Eiger-
PORT (Figures 6e and 6f), which has been proven to be latency-optimal [36].

6 Related Work

We compare our work with other efforts on verifying transaction protocols,
distinguishing them based on testing, model checking, and deductive verification.

Testing Previous work has devised various testers either for specific isolation
levels, such as SI [20] and SER [49], or for a range of levels [19,22,24,28]. The
underlying techniques are usually based on a characterization of anomalies, e.g.,
specified using dependency graphs [1] or axioms [8,9]. In contrast to our work,
testing can only verify individual protocol executions and therefore can easily
miss rarely occurring isolation bugs. On the other hand, while we are verifying a
protocol model, testing can be done on the actual implementation.

Model checking The Maude model checker has been used to verify the RAMP
and LORA protocols for RA [30,27], the Walter protocol for (parallel) SI [32],
the ROLA protocol for Update Atomicity [31], and the MegaStore and P-Store
protocols for SER [18,42]. Maude has also been used to verify various non-
transactional consistency properties of the Cassandra key-value store [33]. Using
the TLA+ model checker, the Azure CosmosDB has been verified against several
non-transactional consistency properties [5] and TiDB against SI [45]. This
model checker has also been used to verify some properties of concurrency control
protocols other than isolation guarantees [23,53]. For model checking to be feasible,
one must usually impose certain bounds (e.g., on the number of processes and
transactions). In contrast, our work provides fully general verification results,
which hold for arbitrary protocol executions.

Deductive verification Xiong et al. [50] also combine reduction and refine-
ment of their abstract transaction model to prove that the COPS protocol [34]
(with read-only transactions but single writes) satisfies TCCv and the Clock-SI
protocol [12] satisfies SI. However, while being general, pen-and-paper proofs of
such complex protocols are error-prone. Previous work on mechanized deductive
verification, to the best of our knowledge, only covers either non-transactional con-
sistency properties or serializability of textbook protocols. Chapar is a framework
for verifying causal consistency of non-transactional KVSs. PVS and Event-B have
been applied to verify (S)SER of the two-phase locking (2PL) protocol [10,51]. In
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contrast, we have designed a new protocol, Eiger-PORT+, which is substantially
more complex than 2PL, and we have verified that it satisfies TCCv.

7 Conclusion

We have designed Eiger-PORT+, a novel, causally-consistent, database trans-
action protocol, and formally verified its isolation guarantee of TCCv in Is-
abelle/HOL. In particular, TCCv was previously conjectured to be incompatible
with transactional writes in the presence of performance-optimal read-only trans-
actions. We have formally refuted this conjecture by our protocol design and
its verification. Moreover, this case study represents the first complete formal
verification of a complex distributed database transaction protocol. Our veri-
fication effort, excluding the verification framework, amounts to 10.3k lines of
Isabelle/HOL code, composed of 0.7 kLoC for the model and 9.6 kLoC for the
proof, which required 108 invariants. In addition, we have conducted a compre-
hensive evaluation, demonstrating Eiger-PORT+’s superior performance over
two state-of-the-art protocols. We believe our protocol is an attractive choice for
database applications opting for TCCv.

We see several avenues for future work. First, to facilitate formal protocol
modeling and correctness proofs, we will develop an abstract distributed protocol
model as an intermediate refinement step. This model will capture structure
common to protocols and factor out recurring parts of correctness proofs. Second,
we intend to support additional protocol features, for example, open-loop clients,
which optimize transactional writes by immediately starting a new transaction,
once they commit the previous one. An interesting case study in this context
would be Eiger-NOC2 [29], a recent successor of Eiger-PORT+ that improves its
performance by using open-loop clients and other features. However, this protocol
has not yet been formally verified to provide TCCv. Third, we envision verifying
our implementation and connecting it to our protocol verification results, possibly
following the Igloo methodology [48].
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Abstract. We present a data-driven approach for producing policies that
are provably robust across unknown stochastic environments. Existing
approaches can learn models of a single environment as an interval
Markov decision processes (IMDP) and produce a robust policy with
a probably approximately correct (PAC) guarantee on its performance.
However these are unable to reason about the impact of environmental
parameters underlying the uncertainty. We propose a framework based
on parametric Markov decision processes with unknown distributions
over parameters. We learn and analyse IMDPs for a set of unknown
sample environments induced by parameters. The key challenge is then
to produce meaningful performance guarantees that combine the two
layers of uncertainty: (1) multiple environments induced by parameters
with an unknown distribution; (2) unknown induced environments which
are approximated by IMDPs. We present a novel approach based on
scenario optimisation that yields a single PAC guarantee quantifying
the risk level for which a specified performance level can be assured in
unseen environments, plus a means to trade-off risk and performance.
We implement and evaluate our framework using multiple robust policy
generation methods on a range of benchmarks. We show that our approach
produces tight bounds on a policy’s performance with high confidence.

1 Introduction

Ensuring the safety and robustness of autonomous systems in safety-critical tasks,
such as unmanned aerial vehicles (UAVs), robotics or autonomous control, is
paramount. A standard model for sequential decision making in these settings
is a Markov decision process (MDP), which provides a stochastic model of the
environment. However, real-world dynamics are complex, not fully known, and
may evolve over time. Reasoning about epistemic uncertainty, which quantifies
the lack of knowledge about the environment, can help construct robust policies
that perform well across multiple possible stochastic environments.

Consider the UAV motion planning problem shown in Figure 1a, based on [6].
The goal is to navigate the drone safely to the target zone (green box) whilst
avoiding obstacles (red regions). The drone’s dynamics are influenced by weather
conditions, such as wind strength or direction, potentially perturbing the drone
from its intended route. These conditions can vary over time and may be difficult
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(a) UAV motion planning environment
with sample trajectories [6].

(b) Probability of task completion J(π, θ)
for different parameter valuations θ.

Fig. 1: Example parametric environment with induced performance function.

to observe exactly. In low disturbance conditions (e.g., light wind), the drone
can safely take the shorter route to the target (black dashed line). However, the
drone should fly safely under all conditions, even if it flies overly cautiously in
some. Therefore, a robust policy might take a detour through a less cluttered
region of the environment (longer blue dashed line), ensuring a high probability
of task completion even under more severe disturbances.

Epistemic uncertainty about the environment can be captured using uncer-
tain MDPs, such as interval MDPs (IMDPs), which define a range of possible
values for the probability of each transition between states of the model [21,53].
Under assumptions of independence, techniques such as robust dynamic program-
ming [28,34] can then be used to efficiently generate robust policies for these
IMDPs, i.e., policies that are optimal under worst-case assumptions about the
true values of the transition probabilities. Furthermore, data-driven approaches,
for example based on sampled trajectories through the environment, can be used
to simultaneously learn both an IMDP and a robust policy for it [3,33,45,48],
along with a probably approximately correct (PAC) guarantee on its performance.

In this paper, we present a general framework for synthesising provably robust
policies in settings where environmental uncertainty is influenced by one or
more parameters, e.g., wind strength/direction in the UAV example above. We
model environments as uncertain parametric MDPs (upMDPs) [6], comprising a
parameter space Θ of which each parameter valuation θ ∈ Θ induces a standard
MDP. Furthermore, an (unknown) distribution P over Θ represents the likelihood
of each parameter valuation. Based on trajectories through multiple sampled
instances of the environment, our goal is to produce certifiably robust policies.
Instead of making worst-case assumptions across all possible parameter values,
which can be overly conservative, we adopt a risk-based approach, providing a
guaranteed level of performance for the policy with an associated risk level that
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Fig. 2: For a fixed policy π, J(π, θ) is a random variable over performance values
with measure P over valuations θ ∈ Θ (left). We sample performances to bound
the risk r(π, J̃), i.e., the probability for J to take a value less than J̃ (right).

quantifies the possibility of this level being violated. We also provide a tuning
mechanism to adapt the trade-off between performance and risk.

To quantify the performance of a policy π in an MDP induced by parameter
valuation θ ∈ Θ, we use an evaluation function J(π, θ). Typical examples include
the probability to satisfy a specification expressed in temporal logics such as
LTL [35] or PCTL [24] or an expected reward (see Section 2). For a fixed
policy, J becomes a function in the valuations θ, as depicted in Figure 1b
for the UAV example. When additionally considering the distribution P over
parameter valuations, J becomes a random variable with respect to P describing
the performance likelihood under policy π (see Figure 2a). Whereas the dashed
vertical lines in Figure 2a indicate the worst-case performance of each policy,
Figure 2b illustrates the risk measure r(π, J̃) that we use in this paper: the
probability with which performance falls below a specified threshold J̃ .

Deriving policies that are robust, i.e., which achieve high performance across
either many or all possible environments, is a challenging problem. When Θ
is finite, and assuming worst-case performance (i.e., ignoring P), the model is
referred to as a multi-environment MDP, for which finding an optimal robust
memoryless policy is NP-hard, even for just two fully known environments [38].
For general upMDPs, recent work [39] finds robust policies but assumes that P can
be sampled directly and that the resulting MDPs are fully known. In our setting,
transition probabilities are unknown and are inferred from trajectories. This is
comparable to the aforementioned work on PAC-learning of IMDPs [3,33,45,48],
but these methods assume a single, fixed (but unknown) MDP.

In our work, there are two layers of uncertainty, resulting from (1) unknown
parameter valuations inducing unknown MDPs, sampled from (2) the unknown
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parameter distribution. In this setting, various learning-based methods known
as robust meta reinforcement learning have been proposed [15,22,50]. Crucially,
though, none of the existing learning algorithms are able to provide theoretical
guarantees as to the performance of the generated policies in unseen environments;
this is a core contribution of our framework.

An overview of our approach is illustrated in Figure 3. We assume access to
multiple sampled environments M[θi], each of which is an MDP induced by a
parameter valuation θi from the unknown distribution P. These are not fully
known; instead we are able to access a set of sample trajectories from each one.
In our UAV example, this equates to taking the drone outside on a new day and
encountering a new set of environmental conditions (or a simulation of this).

Our framework divides the sample environments into two groups, a training set
and a verification set. The training set is used to learn a robust policy. For this we
build on existing IMDP-based policy learning methods and also consider robust
meta reinforcement learning techniques. The verification set is used to derive the
guarantees on the performance of the robust policy obtained from the training set.
For this, we apply PAC IMDP learning to each unknown MDP in the verification
set. Concretely, we use sample trajectories to infer IMDP overapproximations,
which contain the true, unknown MDPs with a user-specified confidence. From
those, we can derive lower bounds on the performance J of the learned policy in
each of the environments, which hold with the specified confidence.

To tackle the higher layer of uncertainty and infer a bound for the policy’s
robust performance over the entire unknown distribution P underlying the sample
MDPs, we develop a new approach based on scenario optimisation [11,12]. This
takes samples of the performance J and a user-specified performance bound J̃
and provides a PAC guarantee on the probability of the performance on a new
sample being less than J̃ , i.e., the risk. However, in our setup we do not obtain
samples of J directly, but derive lower bounds from the learned PAC IMDPs,
which only hold up to a certain confidence. Our key theoretical contribution,
presented in Section 3.3, is a generalisation of the scenario approach that can
handle samples whose values are only known to lie in a confidence interval.

Our theoretical results combine the two layers of uncertainty: (1) the finite
sampling of MDPs from the distribution P, (2) the fact that sampled MDPs
are unknown, so the performances of the learned policy are only inferable up
to a certain confidence. The result is a single PAC guarantee on the policy’s
performance which holds with a high, user-specified confidence.

Furthermore, our framework allows tuning of the trade-off between perfor-
mance guarantee and risk. By excluding the k worst-case sample environments,
users can discard unlikely outliers, resulting in a higher performance guarantee
at the cost of an increased risk bound, adjustable to the level the user considers
admissible. We implement our framework as an extension of the PRISM model
checker [31] and show that it can tightly quantify the performance and associated
risk of learned policies on a range of benchmarks.

In summary, our contributions are: (1) a novel framework and techniques for
producing certifiably robust policies in uncertain parametric MDPs for which
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Fig. 3: Overview of our framework to derive performance and risk guarantees for
policies learned on upMDPs. The setup includes two layers of uncertainty: we
sample and analyse unknown environments from an unknown distribution.

both the parameters and transition probability functions are unknown; (2) new
theoretical results which yield PAC guarantees on a policy’s robust performance
on unseen environments, where sample environments are unknown and can only
be estimated from trajectories; (3) an implementation and evaluation of the
framework on a range of benchmarks.

An extended version of this paper, with full proofs of all results, extended
experiments and further technical details, can be found in [42].

1.1 Related Work

Epistemic uncertainty in MDPs has received broad attention across many areas,
including formal methods, planning and reinforcement learning [5]. As mentioned
above, there are various ways to model this using uncertain MDPs [21,53].
There are also techniques such as robust dynamic programming to synthesise
robust policies for these models [28,34] and approaches to learn the models from
trajectory data [3,33,45,48]. In this work, however, we investigate parametric
uncertainty sets with unknown distributions over parameter valuations.

Uncertain parametric MDPs have emerged as a common model in meta rein-
forcement learning [15,19,20,22,23] and gained attention in formal methods [6,39].
On the one hand, meta reinforcement learning trains policies on multiple unknown
environments sampled from an upMDP, using policy gradient methods [49], in



68 Y. Schnitzer et al.

order to generalise to unseen environments. However, to our knowledge, none of
these algorithms provide theoretical generalisation guarantees, either on their
average [19,23] or their robust performance [15,22].

On the other hand, existing formal methods approaches to upMDPs do not
offer the generality of meta RL setups. The work in [6] uses scenario methods and
provides PAC guarantees, but for the existence of a policy that achieves a certain
performance, not robust policy synthesis; they also require full knowledge of
sampled parameter valuations and environments. In [39], concrete robust policies
are synthesised with a PAC guarantee for performance on unseen environments,
but this also relies on complete knowledge of all sampled valuations, reducing it to
a special case of our approach. In our work, we address the very general problem
of unknown sample environments; we target the scalability and generality of
meta RL, while providing formal guarantees that are independent of the model
size and previously unattainable for policy training methods like those in [39].

2 Preliminaries

We review the key formalisms used in our approach. Let Δ(S) = {μ : S → [0, 1] |∑
s μ(s) = 1} denote the set of all probability distributions over a finite set S.

Definition 1 (Parametric MDP). A parametric Markov decision process
(pMDP) is a tuple MΘ = (S, sI , A, PΘ), where S and A are finite state and action
spaces, sI ∈ Δ(S) is the initial state distribution, and PΘ : Θ× S ×A → Δ(S) is
the parametric transition probability function over the parameter space Θ. Fixing
a valuation θ ∈ Θ induces a standard MDP MΘ[θ], or M[θ] for short, with
transition kernel Pθ : S ×A → Δ(S) defined as Pθ(s, a, s

′) = PΘ(θ, s, a, s
′).

Parametric MDPs can be seen as an abstract model for a set of MDPs, i.e.,
they represent the instantiations induced by all possible valuations θ ∈ Θ. They
are closely related to the model class of uncertain MDPs [34,53], in which each
transition is associated with (potentially interdependent) sets of possible values.

Definition 2 (Uncertain Parametric MDP). An uncertain parametric Markov
decision process (upMDP) MP

Θ = (MΘ,P) is a pMDP MΘ with a (potentially
unknown) probability measure P over the parameter space Θ.

We assume that upMDPs are graph preserving, meaning that induced MDPs
share a common topology: ∀s, s′ ∈ S, a ∈ A : (∀θ ∈ supp(P) : Pθ(s, a, s

′) = 0) ∨
(∀θ ∈ supp(P) : Pθ(s, a, s

′) > 0). Although not strictly required, this assumption

Also related is [16] which uses parametric MDPs in a Bayesian setting; param-
eter valuations are unknown but the model’s transition functions are known and
assumed to be defined by polynomial expressions. Other recent work in [14] com-
bines, like us, the scenario approach and parametric MDPs, but for a different
setting that assumes uniform distributions over parameter spaces. We also men-
tion [7], which uses scenario optimisation with imprecise constraints to analyse
continuous-time Markov chains with uncertain transition rates.
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can be crucial for efficiently solving learned IMDP approximations of the induced
MDPs [33,53]. We describe in Section 3.4 how to lift this assumption by resorting
to techniques which only approximate the performance and not the model.

Policies resolve action choices in MDPs and upMDPs. They are mappings
π : (S ×A)∗ × S → Δ(A), assigning a distribution over actions based on (finite)
histories of states and actions. In this work, we focus on synthesising memoryless
policies π : S → Δ(A). While our theoretical results apply to arbitrary policy
classes, learning and evaluating more expressive policies, such as those with finite
memory, can be computationally expensive. We elaborate on this in Section 3.4.

Definition 3 (Evaluation Function). For an upMDP MP
Θ = (MΘ,P), an

evaluation function J : Π ×Θ → R maps a policy π and a parameter valuation θ
to a performance value. We also denote by J(π,M) the evaluation of policy π on
an arbitrary MDP M, such that J(π, θ) = J(π,M[θ]).

Typical evaluation functions include the reachability probability PrπM(♦T )
of eventually reaching a set of target states T ⊆ S, the reach-avoid probability
PrπM(¬C U T ) of reaching states in T while not entering a set of avoid states
C ⊆ S, the expected reward E

π
M(♦T ) accumulated before reaching a set T , given

a reward structure, expected accumulated reward over finite or infinite time
horizons, or more sophisticated properties expressed in temporal logics such as
LTL [35] or PCTL [24]. Throughout this work’s technical presentation, we assume
that performance J is maximised. By changing the directions of optimisation
and inequalities, our results also directly apply to the dual minimisation case.

For a fixed policy π and upMDP MP

Θ, the evaluation function J only depends
on the valuations θ. Hence, J is a random variable with measure P (see Figure 2a).
The violation risk is the probability that policy π achieves a value less than a
stated performance guarantee J̃ on MP

Θ (see Figure 2b).

Definition 4 (Violation Risk). The violation risk of policy π for performance
guarantee J̃ ∈ R, denoted by r(π, J̃), is defined as:

r(π, J̃) = P

{
θ ∈ Θ : J(π, θ) < J̃

}
. (1)

There is an inherent trade-off between violation risk and performance guarantee:
a higher guarantee is associated with a higher risk, regardless of MP

Θ and J .
The framework we present in this paper is based on learning and solving

approximations of MDPs in the form of interval MDPs [21,53].

Definition 5 (Interval MDP). An interval Markov decision process (IMDP)
MI = (S, sI , A, P I) is an MDP with a probabilistic interval transition function
P I : S × A × S → I, where I = {[a, b] | 0 < a ≤ b ≤ 1} ∪ {[0, 0]} is the set
of all graph-preserving intervals. We say that IMDP MI includes MDP M,
denoted by M ∈ MI , if M and MI share the same state and action spaces, and
P (s, a, s′) ∈ P I(s, a, s′) for all s, s′ ∈ S, a ∈ A.
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For IMDPs, we typically adopt a robust view of a policy’s performance, i.e.,
the worst-case (minimum) value over any included MDP. We lift the evaluation
function J to an IMDP MI as follows:

J(π,MI) = min
M∈MI

J(π,M) =⇒ J(π,MI) ≤ J(π,M) for all M ∈ MI . (2)

For key classes of properties used here (e.g., reachability probabilities, rewards),
this value can be obtained via robust dynamic programming [28,34,53].

3 Learning Certifiably Robust Policies for upMDPs

This section presents our framework for computing performance and risk guar-
antees for learned policies in uncertain parametric MDPs. An overview of this
framework was illustrated in Figure 3 and introduced in Section 1. We assume a
fixed upMDP MP

Θ and access to a sample set D = {M[θi] | θi ∼ P} of unknown
MDPs. This sample set is split into disjoint training and verification sets. The
training set is used to compute a robust policy π, which is then evaluated on
the verification set to derive a performance guarantee J̃ and bound the violation
risk when the policy is deployed in an unseen environment sampled from P. The
overall goal is formally stated as follows.

Problem 1 Given a upMDP MP

Θ with unknown parameter distribution P, an
evaluation function J , and a confidence level η > 0, find a robust policy π, a
(tight) performance guarantee J̃ , and a (tight) risk bound ε > 0, such that:

Pr
{
r(π, J̃) ≤ ε

}
≥ 1− η.

There exist trivial solutions to Problem 1, such as selecting a very high risk
bound or a very low performance guarantee. We aim to identify a tight solution
that maximizes the performance guarantee with a precise, low risk bound.

The core part of our framework is the means to establish these performance
and risk bounds for policies evaluated in unknown environments. From each
unknown MDP in the verification set, we sample trajectories to learn an IMDP
approximation that includes the MDP with high confidence. Solving these IMDPs
yields probabilistic bounds on the policy’s performance in each environment.

Our main theoretical results build upon scenario optimisation [11,12], the
principal challenge being to incorporate the additional layer of uncertainty
introduced by only being able to estimate the policy’s performance in each
unknown sampled environment. The result is a single PAC guarantee on the
policy’s performance in unseen environments, stated in Problem 1 above.

The process of establishing these guarantees is agnostic to the manner in
which policies are produced. We consider two approaches, first taking a novel
combination of existing methods for IMDPs and upMDPs [39,48], and secondly
adopting a gradient-based technique from robust meta reinforcement learning [22].
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The remainder of the section is structured as follows. Since PAC learning
of IMDPs is used in multiple places, we discuss this first, in Section 3.1. Sec-
tion 3.2 covers robust policy learning, Section 3.3 presents our main theoretical
contributions and Section 3.4 describes several optimisations and extensions.

3.1 PAC IMDP Learning of Unknown MDPs

We follow established approaches for PAC learning of IMDP approximations
introduced in [3,33,45,48]. Consider an unknown MDP M[θi]. We assume access
to trajectories from M[θi], consisting of sequences of triples (s, a, s′) representing
states, chosen actions and successor states. Leveraging the Markov property of
MDPs, we treat each triple as an independent Bernoulli experiment to estimate
the transition probability to state s′ from s when choosing action a. We denote
the number of times action a was chosen in state s across all sample trajectories as
#(s, a), and the number of times this choice led to s′ as #(s, a, s′). The resulting
point estimate for the transition probability is thus given by:

P̃ (s, a, s′) =
#(s, a, s′)
#(s, a)

, (3)

for #(s, a) > 0. We construct an IMDP by transforming the point estimates into
PAC confidence intervals [10]. Traditionally, this is achieved with Hoeffding’s
inequality [27,45]. Recent work has demonstrated that significantly tighter model
approximations can be obtained by employing inequalities tailored to the binomial
distribution, such as the Wilson score interval with continuity correction [33,54].

Let 1− γ with γ > 0 be the desired confidence level for M[θi] to be included
in the IMDP, which we denote Mγ [θi]. This confidence is distributed over all
nu unknown transitions as γP = γ/nu. Let H = #(s, a) and p̃ = P̃ (s, a, s′). For
each unknown transition, the transition probability interval is given by:

P γ(s, a, s′) = [max(μ, p
wcc

),min(pwcc, 1)], (4)

with:

p
wcc

=

(
2Hp̃+ z2 − z

√
z2 − 1

H
+ 4Hp̃(1− p̃) + 4p̃− 2− 1

)
/ (2(H+z2)), (5)

pwcc =

(
2Hp̃+ z2 + z

√
z2 − 1

H
+ 4Hp̃(1− p̃)− 4p̃+ 2 + 1

)
/ (2(H+z2)), (6)

where z is the 1 − γP

2 quantile of the standard normal distribution [33] and
μ > 0 is an arbitrarily small quantity to preserve the known graph structure.
For unvisited state action pairs with #(s, a) = 0, we set P γ(s, a, s′) = [μ, 1], for
all s′ in the known support. P γ(s, a, s′) contains the true transition probability
P (s, a, s′) with a confidence of at least 1− γP . By applying a union bound over
the unknown transitions, we obtain the following overall guarantee:

Lemma 1 ([33]). The true, unknown MDP M[θi] is contained in its IMDP
overapproximation Mγ [θi] with probability at least 1− γ. �
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The confidence in the approximation of each environment is independent
of the number or length of the trajectories analysed. However, more or longer
trajectories generally lead to higher state-action counts, resulting in tighter
intervals. In Section 4, we examine how the number of trajectories analysed
influences the tightness of our performance guarantee and the associated risk.

3.2 Robust Policy Learning

We consider two distinct approaches to robust policy learning: robust IMDP policy
learning and robust meta reinforcement learning. For the former, we propose a
combination of techniques for robust policy synthesis for upMDPs with access to
fully known sample environments [39] and IMDP learning for single unknown
environments [48]. For the latter, we adopt a class of algorithms that optimise a
policy’s robust performance using policy gradient-methods [15,22].

Robust IMDP Policy Learning. Similarly to PAC IMDP learning in Sec-
tion 3.1, we use sample trajectories to compute an IMDP overapproximation [48]
for each unknown MDP in the training set. Then, like in [39], we combine models
across the training set to perform policy synthesis. To obtain a policy that is
robust across all samples, the learned IMDPs are combined by merging the
transition intervals of each IMDP as [a, b] 
 [c, d] = [min(a, c),max(b, d)]. The
resulting IMDP over-approximates all training MDPs, and the corresponding
optimal deterministic policy considers the worst-case probability for each transi-
tion [53]. As the IMDPs for the training set are only used for policy synthesis
and not for formal risk or performance analysis, we are not restricted to PAC
IMDP learning. We can leverage a rich pool of interval learning algorithms, which,
while lacking formal inclusion guarantees, provide empirically tighter intervals
from fewer trajectories. A detailed overview and comparison of interval learning
methods and their model approximation capabilities is conducted in [48]. We
evaluate the best-performing approaches in our benchmarks in Section 4.

Robust Meta Reinforcement Learning. IMDP policies can be overly con-
servative, as they consider the worst-case scenario for each transition indepen-
dently [39]. Additionally, IMDP learning produces memoryless deterministic
policies. While sufficient for optimality in IMDPs, there exist upMDPs where an
optimal robust policy requires randomization or memory [38].

Robust meta-reinforcement learning (RoML) extends classical reinforcement
learning from a single MDP to upMDPs [15,22]. RoML employs policy gradient
methods [49] to optimize a policy’s performance across sampled training envi-
ronments, estimating performance from sampled trajectories in each unknown
environment. Unlike standard meta-RL, which maximises expected rewards across
environments [9] and often yields strong average but poor worst-case performance,
RoML prioritises robustness. It trains a policy using RL techniques to optimise the
performance in the worst-case environment (via the max-min objective) [15] or in
the α-quantile of worst-case environments (via a risk-aware CVaR objective) [22].
RoML differs from robust RL [18,52], which focuses on a single uncertain MDP,
seeking a policy that is robust to its internal uncertainty. In contrast, RoML
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Fig. 4: Example risk bounds obtained from Theorem 1 (left) and Theorem 2 (right)
for IMDP confidence γ = 10−4. For Theorem 2, 5% of samples are discarded.

addresses multiple MDPs sampled from an unknown distribution, aiming for
a policy that generalizes to the full distribution by achieving a strong robust
performance across the sampled MDPs. This aligns well with our setup, and we
refer the reader to [15,22] for further details on this approach.

3.3 Certifying Policy Performance and Risk in upMDPs

We now present our main theoretical contributions for quantifying the performance
and violation risk of a policy π deployed in unseen environments of an upMDP.
Specifically, we provide two results that derive PAC guarantees from lower bounds
on π’s performance, which we obtain by building and analysing PAC IMDPs (see
Section 3.1) for the sampled environments that make up the verification set.

The first result extends the scenario approach [11,12] to incorporate additional
uncertainty, as the lower bounds hold only with a certain confidence. This provides
a PAC guarantee on the policy’s performance, reasoning over the unknown
distribution of true environments P, based solely on estimations from sampled
unknown environments attained by IMDP learning. The second result introduces
flexibility in balancing the risk-performance trade-off. By extending a second
result of the scenario approach, we allow the performance bound to be tuned by
excluding worst-case outlier samples from the analysis, potentially leading to a
higher performance guarantee at the cost of an increased risk bound.

Assume that the verification set comprises N sampled MDPs, from which
we have learnt the PAC IMDPs {Mγ [θi]}1≤i≤N . This establishes probabilistic
lower bounds on the policy π’s performance in the underlying unknown MDPs.
From Equation (2), we have that M[θi] ∈ Mγ [θi] ⇒ J(π,Mγ [θi]) ≤ J(π,M[θi]),
where J(π,Mγ [θi]) can be obtained by standard solution methods for IMDPs,
such as robust dynamic programming [28,34]. By Lemma 1, it follows that:

P{J(π,Mγ [θi]) ≤ J(π,M[θi])} ≥ 1− γ. (7)

To bound the violation risk, we formulate the problem as a convex optimisation
problem with randomised constraints—a scenario program [13]. We extend the
generalisation theory of the scenario approach [11] to account for the uncertainty
in the lower performance bounds (see Equation (7)). The detailed formulation
and derivation of our generalisation can be found in [42].
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Theorem 1. Given N i.i.d. sample MDPs M[θi] and IMDPs Mγ [θi], such that
P{M[θi] ∈ Mγ [θi]} ≥ 1− γ. For any policy π and confidence level 1− η, with
η > 0, it holds that:

P
N
{
r(π, J̃γ) ≤ ε(N, γ, η)

}
≥ 1− η, (8)

where J̃γ = mini J(π,Mγ [θi]), and ε(N, γ, η) is the solution to the following, for
any K ≤ N :

N∑
i=K

(
N

i

)
(1− γ)iγN−i − (1− η) =

N−K∑
i=0

(
N

i

)
εi(1− ε)N−i. (9)

Proof sketch. The standard scenario approach in one dimension considers a set
of i.i.d. performance samples J1, . . . , JN and provides a bound on the probability
that the next sampled performance is lower than the minimum. In our case, we
only have lower bounds on the actual performances, with P{Jγ

i ≤ Ji} ≥ 1− γ.
Assuming all lower bounds are valid with probability (1 − γ)N , we obtain an
under-approximation of the true solution to the scenario program, and the union
bound combines the confidences of the scenario approach and the validity of the
lower bounds. However, this confidence becomes very small for large sample sizes
N , even when 1− γ is close to 1. Conversely, with small sample sizes, the overall
confidence remains low due to the weaker scenario confidence. To mitigate this,
we require only K of the N lower bounds to be valid, which holds with high
probability for small values of γ, even when K is close to N . As a result, we
can exclude a small number N −K of samples, assuming them to be violated
under the scenario approach, thereby soundly over-approximating the risk. This
only marginally increases the stated risk bound while significantly reducing the
confidence overhead. Since we cannot specify which bounds are valid, we use the
minimum over all lower performance bounds as an under-approximation of the
solution to all scenario sub-programs with N−K discarded constraints, providing
a sound performance guarantee. The complete proof, including detailed bounds
and derived inequalities, can be found in [42].

Theorem 1 bounds the risk for a policy to achieve a performance less than the
minimum performance on any of the IMDPs. This bound only depends on values
we can observe from the learned IMDP approximations. The theorem includes a
tuning parameter K ≤ N . The bound is valid for any value of K, and to obtain
the tightest bound, we enumerate possible values and solve the resulting equation.
For a fixed K, the left-hand side of Equation (9) is constant, and the right-hand
side is the cumulative distribution function of a beta distribution with K +1 and
N −K degrees of freedom [13], which is easy to solve numerically for its unique
solution in the interval [0, 1] using bisection [6,40]. To the best of our knowledge,
this is the first result to establish PAC guarantees on policy performance in
unseen environments of upMDPs, in a setting where sample environments are
unknown and can only be estimated from trajectories. Figure 4 illustrates the
resulting risk bounds for example values. We assess the quality and tightness of
our performance and risk bounds in the benchmarks presented in Section 4.
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We extend Theorem 1 to allow tuning of the risk-performance trade-off by
discarding samples [12]. Instead of bounding the risk for the policy to achieve a
performance less than the minimum, we state a bound for the kth order statistic
of the verification set. Users can choose k for a permissible risk level and a
potentially higher performance guarantee, avoiding constraints from samples in
the unlikely tail of the distribution.

Definition 6 (Order Statistic). For a set of N samples J1, . . . , JN ∈ R and
0 ≤ k < N , the kth order statistic J̃(k) is the kth smallest element when arranging
all samples from smallest to largest.

Theorem 2. Given N i.i.d. sample MDPs M[θi] and IMDPs Mγ [θi], such that
P{M[θi] ∈ Mγ [θi]} ≥ 1− γ, for any policy π, confidence level 1− η with η > 0,
and number k of discarded samples, it holds that

P
N
{
r(π, J̃γ

(k)) ≤ ε(k)(N, γ, η)
}
≥ 1− η, (10)

where J̃γ
(k) is the kth order statistic of the performances J(π,Mγ [θi]), and

ε(k)(N, γ, η) is the solution to the following, for any K ≤ N − k:

N−k∑
i=K

(
N − k

i

)
(1− γ)iγN−k−i − (1− η) =

N−K∑
i=0

(
N

i

)
εi(1− ε)N−i. (11)

�

When k = 0 and no samples are discarded, Theorem 2 specialises to Theorem 1.

The proof is an extension incorporating the additional uncertainty of the lower
bounds obtained from the PAC IMDPs into the sampling-and-discarding theorem
from scenario optimisation [12]. We detail the derivation of the bound in [42]
and analyse its tightness in the experiments in Section 4.

3.4 Optimisations and Extensions

Finally in this section, we present some optimisations and extensions for our
approach. First we show that, if there is additional knowledge as to the parametric
structure of the upMDP, we can leverage this to obtain tighter approximations
of the sample environments. Conversely, we describe how to seamlessly apply
our framework and results to setups with less model knowledge, i.e., where
not even the graph structure nor the (possibly infinite) state space is known.
Furthermore, we outline how our results apply to more general setups where
parameters influence not only transition probabilities, but also the evaluation
functions, i.e., the specifications or tasks may vary across samples, aligning it
with the setup commonly considered in meta reinforcement learning [15,22].

Model-based Optimisations. IMDP learning as described in Section 3.1
requires no knowledge of an MDP beyond its graph structure. However, additional
information about the environment can yield tighter approximations with fewer
samples. In cases where certain parameters, like temperature or air pressure, and
their effect on some transition probabilities are known exactly, those transitions
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can be treated as singleton intervals. This reduces the need for approximation
and decreases the number of learned transitions nu.

Additionally, we can apply parameter tying [36,37] to parameters appearing
across different transitions. For instance, consider two transitions sharing the
same parameterisation, PΘ(s, a, s

′) = PΘ(t, b, t
′). We can combine the counts

from both transitions since they represent the same Bernoulli experiment. Let
sim(s, a, s′) = {(t, b, t′) | PΘ(s, a, s

′) = PΘ(t, b, t
′)} denote the set of transitions

with identical parametrisation. By plugging the combined counts, #T (s, a, s′) =∑
(t,b,t′)∈sim(s,a,s′) #(t, b, t′) and HT (s, a, s′) =

∑
(t,b,t′)∈sim(s,a,s′) #(t, b) into

Equations (3) and (4), we can obtain a tighter interval for both transitions.
Our experiments in Section 4 use model-based optimisations and the full

evaluation in [42] compares the results with and without optimisations.

Statistical Model Checking. To approximate the performance of a learned
policy in unknown sample environments, our framework is not limited to PAC
IMDP learning. Various forms of statistical model checking (SMC) [1,26,32] can
be applied, as long as they provide a lower bound Jγ

i on a policy’s performance in a
single environment induced by parameters θi, with a formally quantified confidence
Pr {J(π, θi) ≥ Jγ

i } ≥ 1− γ. SMC techniques that require less information than
PAC IMDP learning include those that rely on the minimum probability pmin

potentially present in the model to infer the MDP’s end-components with the
desired confidence [3,17,33], or those that operate in a fully black-box setting
with no model knowledge, approximating only the performance value. However,
the latter techniques are typically restricted to finite-horizon properties [43,56].

Uncertain Specifications or Tasks. The meta reinforcement learning litera-
ture usually considers upMDPs where both transition probabilities and reward
structure depend on parameters [19,22,23]. Our framework encompasses this
problem class, and our results carry across directly. Parameterised rewards or
specifications can be integrated into the evaluation function J , allowing parame-
ters to affect both transitions and rewards. While the formal methods community
has explored uncertain rewards and specifications to a lesser extent [4,41,44], we
believe this is a promising direction for future work, particularly in extending
PAC guarantees to uncertain specifications and objectives.

Non-memoryless Policies. In this work, we focus on synthesis of memoryless
policies, which are sufficient for optimal performance under many common per-
formance functions, such as reachability and reach-avoid specifications, in both
single MDPs and IMDPs. However, for multiple environments or more complex
specifications, such as general linear-time (LTL) properties, an optimal robust
policy may require memory [34,38,55]. Our theoretical results in Theorems 1
and 2 apply to arbitrary policy classes, provided that policy performance can be
evaluated on the learned IMDP approximations to obtain sample performance
values. But solution of IMDPs in these cases presents challenges. For example,
the standard automaton product constructions can be used to find finite-memory
policies that optimise LTL specifications [55] but, in addition to increased compu-
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Table 1: Salient characteristics of the evaluated benchmarks.
Benchmark Evaluation J Opt. #Parameters #States #Transitions

UAV [6] Pr(¬C U T ) max 15 4096 86912
Aircraft Collision [30] Pr(¬C U T ) max 2 303 3468

Firewire [25] Pr(♦T ) min 1 80980 112990
Semi-Auton. Vehicle [29] Pr(♦T ) max 2 411 1503

Betting Game [8] E(♦T ) max 1 480 2730
Chain [2] E(♦T ) min 1 7 42

tational cost, the addition of memory means moving from a static to a dynamic
uncertainty model [47,55], yielding overly conservative performance bounds.

4 Experimental Evaluation

We implemented our framework as an extension of the PRISM model checker [31],
which provides trajectory generation and (robust) value iteration for MDPs and
IMDPs1. We have evaluated our approach on a range of established benchmark
environments used in similar work: an Aircraft Collision Avoidance [30], a Chain
Problem [2], a Betting Game [8], a Semi-Autonomous Vehicle [29,46], the Firewire
protocol [25], and the previously mentioned UAV [6]. Table 1 shows the salient
features of the environments. We provide detailed descriptions of each benchmark,
including the parameters and their distributions P in [42].

Setup. Since our approach is the first to provide policy performance guarantees
under two layers of uncertainty, i.e., unknown sample environments from an
unknown distribution, our experiments focus on assessing the quality of these
guarantees. We study: (1) the tightness of the performance level J̃ , assessing how
closely our stated robust performance guarantee derived from the learned PAC
IMDPs aligns with the actual robust performance on the true underlying sample
MDPs that are hidden from the algorithm; (2) the quality of the risk bound ε
derived from Theorems 1 and 2 with respect to the true violation risk r(π, J̃).

Our approach includes two sampling dimensions corresponding to the two
layers of uncertainty: (1) the number of unknown MDPs induced by parameter
valuations sampled from the distribution P; (2) the number of sample trajectories
generated in each unknown MDP. For the first dimension we consider a total of
600 sample MDPs, which we divide equally into training and verification sets.
For the Firewire benchmark, we consider 150 verification samples. The second
dimension is evaluated for up to 106 trajectories in each sampled environment.

For policy learning, we consider the two methods described in Section 3.2:
robust IMDP policy learning and robust meta reinforcement learning with the
max-min objective, implemented using the Gymnasium Python framework [51].
This illustrates the applicability of our approach to distinct state-of-the-art policy
learning algorithms. We focus here on guarantees, rather than comparing policy
learning methods, but we include statistics for both in [42] and refer the reader
to, e.g., [15,22,48] for an in-depth comparison of methods.
1 The implementation is available at: https://doi.org/10.5281/zenodo.14717176.

https://doi.org/10.5281/zenodo.14717176
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Table 2: Resulting performances, guarantees and risk bounds.

Benchmark Performance
J

Guarantee
J̃

Risk Bound
ε

Empirical
Risk r(π, J̃)

Risk Bound
ε(5)/Empirical

Risk

Risk Bound
ε(10)/Empirical

Risk

Runtime
per 104

trajectories

UAV 0.7110 0.7100 0.027 0.003 0.052 / 0.023 0.075 / 0.057 1.51s
Aircraft Collision 0.5949 0.5900 0.027 0.004 0.052 / 0.017 0.075 / 0.046 0.35s

Firewire 0.1946 0.1967 0.055 0.004 0.103 / 0.039 0.146 / 0.081 14.9s
Semi-Auton. Vehicle 0.7854 0.7767 0.027 0.004 0.052 / 0.018 0.075 / 0.033 0.50s

Betting Game 30.78 30.65 0.027 0.005 0.052 / 0.016 0.075 / 0.026 1.12s
Chain 127.2 128.0 0.027 0.002 0.052 / 0.032 0.075 / 0.054 0.32s

For producing guarantees, we set the inclusion confidence level for the PAC
IMDPs learned on the verification set to γ = 10−4 and the overall confidence
when applying Theorems 1 and 2 to η = 10−2. Optimisations from Section 3.4
are applied (see [42] for results of their impact). All experiments were conducted
on a 3.2 GHz Apple M1 Pro CPU with 10 cores and 16 GB of memory.

Results. Table 2 summarises the resulting performances and guarantees for
the best-performing policy. All results are obtained after processing the full set
of trajectories. We first give the true robust performance J , i.e., the policy’s
performance on the worst-case true MDP, which is hidden from the algorithm. We
then report the key outputs of our approach: the robust performance guarantee J̃ ,
representing the worst-case performance on the learned PAC IMDPs, and the
risk bound ε for the performance guarantee J̃ , obtained using Theorem 1. We
also show an empirical estimate of the true violation risk r(π, J̃), computed over
1000 fresh sample MDPs. To evaluate the bounds derived via Theorem 2, we
include the risk bounds ε(k) for discarding k = 5 and k = 10 worst-case samples,
alongside estimates of the corresponding true violation risks.

For example, in the UAV case study, the table shows that the learned policy
achieves at least J = 0.711 probability of reaching the goal without crashing into
an obstacle on any sampled true MDP hidden from the algorithm. The learned
IMDP approximations certify a minimum performance of J̃ = 0.71, with the
probability of performing worse on a fresh sample MDP bounded by ε = 0.027.
On 1000 fresh samples, the policy actually performed worse in only 0.3% of cases.

Figure 5 shows the learning process and the derived performance guarantee for
the Betting Game benchmark. We plot the true robust performance J (solid line),
and the robust performance guarantee J̃ (dashed line) against the number of
trajectories processed for each unknown MDP. We depict the progress for robust
IMDP policy learning (purple) and robust meta reinforcement learning (yellow).
The dotted red line corresponds to the existential guarantee [6], i.e., the minimum
performance on any MDP from the verification set, when applying the individual
optimal policies, which constitutes a natural upper bound on robust policy
performance. Figure 6 illustrates the risk-tuning with performance guarantees
obtained via Theorem 2. We depict the performances on the PAC IMDPs learned
for the verification set (pink dots) and the performance guarantees J̃(k) when
discarding the k = 0, 5, and 10 worst-case samples (dashed lines), corresponding
to the risk bounds ε(k) in Table 2. The full results for all policy learning techniques
and benchmarks can be found in [42].
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Fig. 5: True robust performances J
and guarantees J̃ against number of
processed trajectories (betting game).

Fig. 6: Robust performance guarantees
J̃(k), when discarding the k = 0, 5, and
10 worst-case samples (betting game).

Discussion. The results show that our framework generates tight bounds on the
performance and risk of learned policies in upMDPs. Our approach effectively
addresses and integrates the two layers of uncertainty: (1) an unknown envi-
ronment distribution and (2) unknown sample environments. Our results yield
high-quality risk bounds for the performance of policies in unseen environments.
They enable tuning the risk-performance trade-off, and despite incorporating two
layers of uncertainty, provide useful bounds with high user-specified confidence,
constituting the first PAC guarantee for this general setup. While policy learning
and solving PAC IMDPs scales with the model size and the number of sample
MDPs, the computation of the risk bounds via Theorems 1 and 2 depends solely
on the number of verification samples N and is independent of the model size.
Regarding scalability, we briefly note that the range of model sizes we handle
(see Table 1) includes the largest instances handled by comparable methods that
perform PAC IMDP learning from trajectories [3,48,33].

5 Conclusion

We have presented a novel approach for producing certifiably robust policies
for MDPs with epistemic uncertainty, where transition probabilities depend on
parameters with unknown distributions. We have demonstrated that our approach
yields tight bounds on a policy’s performance in unseen environments from the
same distribution. Future work includes extending certifiably robust policies to
settings where the specification or task is also uncertain and parameter-dependent.
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Abstract. We present a verifier of quantum programs called AutoQ 2.0. Quan-
tum programs extend quantum circuits (the domain of AutoQ 1.0) by classical
control flow constructs, which enable users to describe advanced quantum algo-
rithms in a formal and precise manner. The extension is highly non-trivial, as
we needed to tackle both theoretical challenges (such as the treatment of mea-
surement, the normalization problem, and lifting techniques for verification of
classical programs with loops to the quantum world), and engineering issues
(such as extending the input format with a support for specifying loop invariants).
We have successfully used AutoQ 2.0 to verify two types of advanced quantum
programs that cannot be expressed using only quantum circuits: the repeat-until-
success (RUS) algorithm and the weak-measurement-based version of Grover’s
search algorithm. AutoQ 2.0 can efficiently verify all our benchmarks: all RUS
algorithms were verified instantly and, for the weak-measurement-based version
of Grover’s search, we were able to handle the case of 100 qubits in ∼20 minutes.

1 Introduction

Quantum programs are an extension of quantum circuits that provide users with greater
control over quantum computing by allowing them to use more complex programming
constructs like branches and loops. Some of the most advanced quantum algorithms
cannot be defined by quantum circuits alone. For example, certain class of programs,
such as the repeat-until-success (RUS) algorithms [41] (which are commonly used
in generating special quantum gates) and the weak-measurement-based version [6] of
Grover’s search algorithm [31], use a loop with the condition being a classical value
(0 or 1) obtained by measuring a particular qubit. This added expressivity presents new
challenges, particularly in terms of verification. The additional complexity comes from
the measurement operation, where a particular qubit is measured to obtain a classical
value (and the quantum state is partially collapsed, which might require normalization),
and reasoning about control flow induced by branches and loops.
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In classical program verification, a prominent role is played by deductive verifica-
tion [30,34,32], represented, e.g., by the tools Dafny [37], KeY [4], Frama-C [8],
VeriFast [36], VCC [23], and many more. These tools only require the users to pro-
vide specifications in the form of pre- and post-conditions, along with appropriate loop
invariants. The rest of the proving process is entirely (in the ideal case) automated.
Unfortunately, in the realm of quantum computing, similar fully automated deductive
verification tools are, to the best of our knowledge, missing. Advanced tools for analysis
and verification of quantum programs—based on, e.g., quantum Hoare logic and the
tool CoqQ [50] or the path-sum formalism [5] and the tool Qbricks [14]—are quite
powerful but require a significant amount of human effort.

To bridge this gap, we present AutoQ 2.0, a major update over AutoQ 1.0 [19] with an
added support for quantum programs (AutoQ 1.0 only supported quantum circuits). In
AutoQ 1.0, given a triple {𝑃}𝐶 {𝑄}, where 𝑃 and 𝑄 are the pre- and post-conditions
recognizing sets of (pure) quantum states (represented by tree automata) and 𝐶 is
a quantum circuit, we can verify if all quantum states in 𝑃 reach some state in 𝑄 after
executing 𝐶. In AutoQ 2.0, we addressed several key challenges to make the support
of quantum programs possible. First, we need to handle branch statements. The key
issue here is to handle measurement of quantum states whose value is used in a branch
condition. For this we developed automata-based algorithms to compute the quantum
states after the measurement (Section 5). The second challenge is the handling of loop
statements. Similarly to deductive verification of classical programs, we require the users
to provide an invariant for each loop. With the loop invariant provided, we developed
a framework handling the rest of the verification process fully automatically. Moreover,
we show that a naive implementation of the measurement operation will encounter
the probability amplitude normalization problem. This is handled by designing a new
algorithm for entailment testing (Section 6).

Under this framework, the preconditions, postconditions, and invariants are all described
with a new automata model called level-synchronized tree automata (LSTAs) [1]. LSTAs
are specifically designed to efficiently encode quantum states and gate operations. As the
core data structure of the tool, we provide a formal definition of LSTAs in Section 2.2
to facilitate the presentation of our new entailment testing approach.

We used AutoQ 2.0 to verify various quantum programs using the repeat-until-success
(RUS) paradigm [41], as well as the weak-measurement-based version [6] of Grover’s
search [31] (Section 7). AutoQ 2.0 can efficiently verify all our benchmarks. The veri-
fication process for all RUS algorithms was instantaneous and for the weakly measured
versions of Grover, we were able to handle the case of 100 qubits in ∼20 min. To the
best of our knowledge, AutoQ 2.0 is currently the only tool for verification of quantum
programs with such a degree of automation.

Related work. Our work aligns with Hoare-style verification of quantum programs,
a topic extensively explored in prior studies [51,43,48,27,39]. This approach, inspired
by D’Hondt and Panangaden, utilizes diverse Hermitian operators as quantum predi-
cates, resulting in a robust and comprehensive proof system [25]. However, specifying
properties with Hermitian operators is often non-intuitive and difficult for automation
due to their vast matrix sizes. Consequently, these methods are typically implemented us-
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ing proof assistants like Coq [9], Isabelle [45], or standalone tools built on top of Coq,
like CoqQ [50]. These tools require substantial manual effort in the proof search. The
Qbricks approach [15] addresses the challenge of proof search by combining cutting-
edge theorem provers with decision procedures, leveraging the Why3 platform [29].
Nevertheless, this approach still demands considerable human intervention.

In the realm of automatic quantum software analysis tools, circuit equivalence check-
ers [5,22,33,47,23] prove to be efficient but less flexible in specifying desired properties,
primarily focusing on equivalence. These tools are valuable in compiler validation, with
notable examples being QCEC [13], Feynman [5], and SliQEC [17,44]. Quantum model
checking, supporting a rich specification language (various temporal logics [28,40,46]),
is, due to its limited scalability, more suited for verifying high-level protocols [7].
QPMC [28] stands out as a notable tool in this category. Quantum abstract interpreta-
tion [49,42] over-approximates the reachable state space to achieve better scalability, but
so far handles only circuits. The work in [52,26] aims at the verification of parameterized
quantum programs like variational quantum eigensolver (VQE) or quantum approximate
optimization algorithm (QAOA). However, the correctness properties they focused are
very different from what AutoQ 2.0 can handle. While the mentioned tools are fully
automated, they serve different purposes or address different phases of the development
cycle compared to AutoQ 2.0.

2 Background
Before we start, we first provide a minimal background needed for this work.

2.1 The Tree-View of Quantum States
In a traditional computer system with 𝑛 bits, a state is represented by 𝑛 Boolean values 0
or 1. An 𝑛-qubit quantum state can be viewed as a “probabilistic distribution” over 𝑛-bit
classical states. Here we often refer to each classical state as a computational basis state
or basis state for short. Hence a quantum state can be represented by a binary tree whose
branches correspond to the computational basis states and leaves correspond to complex
probability amplitudes5.

In Fig. 1(a), we can see an example of a 2-qubit state 𝑞 that maps basis states |00⟩,
|01⟩, |10⟩, |11⟩ to probability amplitudes 𝑎1, 𝑎2, 𝑎3, and 𝑎4, respectively. The left-going
dashed line denotes the 0-branch, and the right-going solid line denotes the 1-branch.
A quantum state can also be represented as a formal sum of basis states multiplied by
their amplitudes, e.g., we can represent the state 𝑞 as 𝑎1 |00⟩ +𝑎2 |01⟩ +𝑎3 |10⟩ +𝑎4 |11⟩.

Quantum gates are fundamental operations performed on quantum states. Basic quantum
gates and their effects on the state 𝑞 from Fig. 1(a) are shown in Figs. 1(b) to 1(d). To
specify the target qubit to which a single qubit gate𝑈 is applied, a subscript number 𝑖 is
used. For example, 𝑋𝑖 denotes the application of the 𝑋 gate, which is also known as the
quantum “negation” gate, to the 𝑖-th qubit. The effect of this gate is to swap the 0- and
1-subtrees under all 𝑥𝑖 nodes (cf. Fig. 1(b)). On the other hand, for a controlled gate,
a superscript number 𝑖 is used to indicate the control qubit, while a subscript number 𝑗 is
used for the target qubit. The most notable example is the controlled-𝑋 gate 𝐶𝑋 𝑖

𝑗
, which

5 A state with complex amplitude 𝑎+𝑏𝑖 has the probability |𝑎+𝑏𝑖 |2 = 𝑎2 +𝑏2 of being observed.



90 Y.-F. Chen et al.

𝑥1

𝑥2

𝑎1 𝑎2

𝑥2

𝑎3 𝑎4

(a) State 𝑞
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(d) Applied 𝐻1

Fig. 1. The effect of applying selected quantum gates to state 𝑞

applies the 𝑋 𝑗 gate to 1-subtrees under (assuming 𝑖 < 𝑗) all 𝑥𝑖 nodes (cf. Fig. 1(c)).
Observe that after applying an 𝐻 gate (the Hadamard gate, which creates a quantum
superposition; cf. Fig. 1(d)), there is a normalization factor 1√

2
on all leaves to keep the

sum of probabilities one. This normalization factor can be derived from the tree leaf
values (𝑎1 + 𝑎3), (𝑎2 + 𝑎4), (𝑎1 − 𝑎3), and (𝑎2 − 𝑎4) and the fact that

∑4
𝑖=1 |𝑎𝑖 |2 = 1.

2.2 Level-Synchronized Tree Automata

As we mentioned in Section 1, the new algorithms introduced in this work are built on
top of LSTAs, making it essential to provide a formal definition. Readers may choose to
skim this section initially and refer back to it for details as needed later.

Trees. Our framework is based on the concept of perfect binary trees. A perfect binary
tree𝑇 is a map from tree nodes

⋃
0≤𝑖≤𝑛{0, 1}𝑖 , for some 𝑛 ∈ N0 ≔ N∪{0}, to a nonempty

set of symbols Σ, i.e.,𝑇 :
⋃

0≤𝑖≤𝑛{0, 1}𝑖 → Σ. All nodes 𝑣 ∈ ⋃0≤𝑖<𝑛{0, 1}𝑖 are internal
and have children nodes 𝑣.0 (left) and 𝑣.1 (right) where ‘.’ denotes concatenation (we
denote the empty string by 𝜖). All nodes 𝑣 ∈ {0, 1}𝑛 are leaves and have no children.
A node 𝑣’s height is its word length, denoted |𝑣 |. A node 𝑣 is at tree level 𝑖 when |𝑣 | = 𝑖.
We denote𝑇’s height by 𝑛. Perfect binary trees can be used to represent quantum states or
vectors of the size 2𝑛. For instance, the quantum state of Fig. 1(a) corresponds to a perfect
binary tree 𝑇 = {𝜖 ↦→ 𝑥1, 0 ↦→ 𝑥2, 1 ↦→ 𝑥2, 00 ↦→ 𝑎1, 01 ↦→ 𝑎2, 10 ↦→ 𝑎3, 11 ↦→ 𝑎4} of
height 2. Children of the node 1 are 10 and 11, and the leaf node 10 has no children.

LSTAs. A (symbolic) level-synchronized tree automaton (LSTA) [1] is a tuple A =

⟨𝑄,N∪term(C,X),Δ,R, 𝜑⟩ where𝑄 is a finite set of states,R ⊆ 𝑄 is a set of root states,
term(C,X) is a set of terms obtained from complex numbers C and a set of complex
variables X using function symbols from some fixed theory (in this paper, we will use
N for internal node symbols and term(C,X) for leaf symbols). Δ is a set of transitions

of the form 𝛿𝑖 = 𝑞
𝑓 |𝐶
−−−→ (𝑞1, 𝑞2) (internal transitions) and 𝛿ℓ = 𝑞

𝑓 |𝐶
−−−→ () (leaf

transitions), where 𝑞, 𝑞1, 𝑞2 ∈ 𝑄, 𝑓 ∈ term(C,X), and 𝐶 ⊆ N is a finite set of choices.
In the rest of the paper, we also draw the internal transition 𝛿𝑖 and leaf transition 𝛿ℓ as
𝑞

𝐶
𝑓 𝑞1 𝑞2 and 𝑞

𝐶
𝑓 , respectively, to provide a more intuitive presentation.

In the aforementioned form, we call 𝑞, 𝑓 , 𝐶, 𝑞1, 𝑞2, and {𝑞1, 𝑞2} the top, symbol,
choices, left, right, and bottom, respectively, of the transition 𝛿𝑖 , and denote them by
top(𝛿𝑖), sym(𝛿𝑖), ch(𝛿𝑖), left(𝛿𝑖), right(𝛿𝑖), and bot(𝛿𝑖), respectively. Needless to
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𝑥1

𝑥2

0 0

𝑥2

𝑎0 𝑎1

(a) The initial state

𝑥1

𝑥2

𝑎0√
2

𝑎1√
2

𝑥2

−𝑎1√
2
−𝑎0√

2

(b) Applied 𝐻1;𝐶𝑋1
2

𝑥1

𝑥2

𝑎0√
2

𝑎1√
2

𝑥2

0 0

(c) 𝑀1= 0

𝑥1

𝑥2

0 0

𝑥2

−𝑎1√
2
−𝑎0√

2

(d) 𝑀1= 1

Fig. 2. Intermediate states during the execution of Algorithm 1

say, bot(𝛿ℓ) = ∅. We further require the choices of different transitions with the same top
state to be disjoint, i.e., ∀𝛿1 ≠ 𝛿2 ∈ Δ : top(𝛿1) = top(𝛿2) =⇒ ch(𝛿1) ∩ ch(𝛿2) = ∅.
Finally, the global constraint 𝜑 is a formula used to restrict the values of X to those that
satisfy 𝜑 (if not stated, it is assumed to be “true”). For instance, when X = {𝑎, 𝑏}, we
can set 𝜑 = |𝑎 | > |𝑏 | to restrict the allowed valuation of 𝑎 and 𝑏.

Semantics of LSTAs. A run of an LSTA A on a tree 𝑇 is a map 𝜌 : dom(𝑇) → Δ

from tree nodes to transitions of A such that for each node 𝑣 ∈ dom(𝑇), when 𝑣 is an
internal node, 𝜌(𝑣) is of the form 𝑞

𝑇 (𝑣) |𝐶
−−−−−−→ (top(𝜌(𝑣.0)), top(𝜌(𝑣.1))). When 𝑣 is

a leaf node, 𝜌(𝑣) is of the form 𝑞
𝑇 (𝑣) |𝐶
−−−−−−→ ().

We give a run 𝜌 of the LSTA A in Fig. 3 on the tree 𝑇 in Fig. 2(d) (used later in
Algorithm 1) as follows:

𝜌(𝜖) = 𝑝
{1}

𝑥1 𝑞0 𝑞− , 𝜌(0) = 𝑞0
{1}

𝑥2 𝑟0 𝑟0 ,

𝜌(1) = 𝑞−
{1}

𝑥2 𝑟3 𝑟4 , 𝜌(00) = 𝜌(01) = 𝑟0
{1} 0 ,

𝜌(10) = 𝑟3
{1} − 𝑎1√

2
, 𝜌(11) = 𝑟4

{1} − 𝑎0√
2
.

A run 𝜌 is accepting if top(𝜌(𝜖)) ∈ R and all transitions used at the same level share
some common choice, i.e., ∀0 ≤ 𝑖 ≤ 𝑛 :

⋂{ch(𝛿) | 𝛿 ∈ {𝜌(𝑣) | 𝑣 ∈ {0, 1}𝑖}} ≠ ∅ (this
is the essential difference from standard tree automata that gives LSTAs the power to
compactly represent some classes of quantum states). The language of A, denoted as
L(A) is a set of trees𝑇 overN∪ term(C,X) such that there exists an accepting run ofA
over 𝑇 . Given a tree 𝑇 over N∪ term(C,X) and an assignment 𝜎 : X→ C, we use 𝑇 [𝜎]
to denote the tree obtained from 𝑇 by (i) substituting all occurrence of variables 𝑥 ∈ X
in 𝑇 by 𝜎(𝑥) and (ii) evaluating all terms in the resulting tree into values 𝑐 ∈ C.

3 Overview
In this section, we provide an overview of automata-based quantum program verification
with a running example (chosen for its simplicity). In the example, the quantum program
creates the effect of a non-standard quantum gate “−𝑋” (applying the 𝑋 gate and negating
all amplitude values) using the standard gates 𝑋 ,𝐻, and𝐶𝑋 (Algorithm 1). The program
operates on a 2-qubit system and performs the “−𝑋” gate on the second qubit when the
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first qubit is measured to be 1; otherwise, (the first qubit is 0 after measurement) the
state stays unchanged.

Algorithm 1: “−𝑋2” if𝑀1 = 1
1 Pre: {𝑎0 |10⟩ + 𝑎1 |11⟩};
2 𝐻1;𝐶𝑋1

2 ;
3 if 𝑀1 = 0 then {𝑋1};
4 Post: {𝑎0 |10⟩ + 𝑎1 |11⟩ ,
5 −𝑎1 |10⟩ − 𝑎0 |11⟩};

For all 𝑎0, 𝑎1 ∈ C, we verify Algorithm 1 against
the precondition {𝑎0 |10⟩ + 𝑎1 |11⟩}, which allows
the state with the first qubit |1⟩ and the second
qubit 𝑎0 |0⟩ + 𝑎1 |1⟩, and the postcondition {𝑎0 |10⟩ +
𝑎1 |11⟩ , −𝑎1 |10⟩−𝑎0 |11⟩}, which includes the orig-
inal state and the state after the “−𝑋2” gate.

Our approach first constructs two LSTAs 𝑃 and 𝑄 that can recognize the states (binary
trees) of the pre- and post-conditions, respectively, and then computes another LSTA by
executing the gates 𝐻1;𝐶𝑋1

2 from 𝑃 (see Fig. 2(a) for the only quantum state accepted by
𝑃) with the gate algorithm introduced in [1]. This results in an LSTA 𝑃1 that recognizes
the state shown in Fig. 2(b). After applying the operator 𝑀1 to measure 𝑥1 (Line 3), 𝑃1
splits into two copies. One copy, 𝑃2, accepts the only quantum state shown in Fig. 2(c),
where the first qubit is measured to be 0. The other copy, 𝑃3, accepts the only quantum
state shown in Fig. 2(d), where the first qubit is measured to be 1.

It is important to note that the probability amplitudes of the quantum states from
Figs. 2(c) and 2(d) have not been normalized yet. To do that, we need to multiply
all leaves with the normalization factor

√
2. This will ensure that the square sum of

their absolute amplitude values becomes 1. Although the quantum states are not yet
normalized, we, however, still have sufficient information to obtain the corresponding
normalized states. In AutoQ 2.0, we choose to ignore all normalization factors and
design a new entailment testing algorithm (Section 6) that can detect the equivalence
of two non-normalized states. After both the true and false paths of the if statement
in the example are processed, we obtain two LSTAs 𝑃2 and 𝑃3 capturing all reachable
states. We then construct their union and test if all states in the union are included in the
post-condition (recognized by 𝑄) by testing entailment.

Algorithm 2: “−𝑋2”
1 Pre: {𝑎0 |10⟩ + 𝑎1 |11⟩};
2 𝐻1;𝐶𝑋1

2 ;
3 Inv: { 𝑎0√

2
|00⟩ + 𝑎1√

2
|01⟩ − 𝑎1√

2
|10⟩ − 𝑎0√

2
|11⟩};

4 while 𝑀1 = 0 do {𝑋1;𝐻1;𝐶𝑋1
2 };

5 Post: {−𝑎1 |10⟩ − 𝑎0 |11⟩};

A drawback of Algorithm 1 is that the
desired effect “−𝑋” manifests only if
𝑀1 = 1. In the case 𝑀1 = 0, we need to
run the same algorithm again until we
get a measurement of 1. To achieve this,
we can use a while loop statement, as
shown in Algorithm 2. The loop allows
us to repeatedly execute the same branch statement until the desired outcome is achieved.

To verify that the loop works correctly, we require the user to provide a loop invariant
in the form of an LSTA. The invariant here is { 𝑎0√

2
|00⟩ + 𝑎1√

2
|01⟩ − 𝑎1√

2
|10⟩ − 𝑎0√

2
|11⟩}

(cf. Fig. 2(b)). The verification process then involves checking if the invariant is inductive,
covers all reachable states before entering the loop, and does not contain any state that
would violate the post-condition. More details on the verification process will be given
in Section 5.3. With the loop invariant provided, we can ensure that the algorithm ends
up with a state where the “−𝑋” gate is applied to the second qubit when it terminates.
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𝑝

𝑞+ 𝑞±

𝑟+ 𝑟0 𝑟±

1√
2 0 1√
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−1√
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{1}
𝑥1

{1}
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{2}

𝑥2

{1}

𝑥2

{2}

𝑥2

{1, 2} {1, 2} {1} {2}

(a) LSTA

Constants
c+ := 1 / sqrt2
c0 := 0
c- := -1 / sqrt2
Root States p
Transitions
[1,{1}](q+, q+-) -> p
[2,{1}](r+, r0) -> q+
[2,{2}](r0, r+) -> q+
[2,{1}](r0, r+-) -> q+-
[2,{2}](r+-, r0) -> q+-
[c+,{1,2}] -> r+
[c0,{1,2}] -> r0
[c+,{1}] -> r+-
[c-,{2}] -> r+-

(b) The .lsta file.

Fig. 4. The LSTA for Bell states and its textual description

In AutoQ 2.0, preconditions, postconditions, and invariants are represented as sets of
quantum states, encoded using the LSTA model. Therefore, it is important for users to
understand how to encode a set of quantum states with an LSTA. Below, we provide two
examples to give a basic understanding of the process. In the first example, we show how
to encode the postcondition of Algorithm 1, {𝑎0 |10⟩ + 𝑎1 |11⟩ , −𝑎1 |10⟩ − 𝑎0 |11⟩}.

𝑝

𝑞+ 𝑞0 𝑞−

𝑟1 𝑟2 𝑟4𝑟3𝑟0

𝑎0√
2

𝑎1√
2

0 −𝑎1√
2

−𝑎0√
2

{1} {2}
𝑥1 𝑥1

{1}
𝑥2 𝑥2

{1}{1}
𝑥2

{1} {1} {1} {1} {1}

Fig. 3. The LSTA recognizing the post-
condition of Algorithm 1

The corresponding LSTA is shown in Fig. 3. The
LSTA constructs trees that depict quantum states
beginning from the initial state 𝑝 at the root. It
continues to build the tree by choosing transitions
to explore new child states at each step, and this
process continues until it reaches the leaves. For
instance, the tree in Fig. 2(c) can be generated by

first picking the transition 𝑝
{1}

𝑥1 𝑞+ 𝑞0 ,

then the two transitions 𝑞+
{1}

𝑥2 𝑟1 𝑟2 and

𝑞0
{1}

𝑥2 𝑟0 , and ending with the three leaf

transitions 𝑟1
{1}

𝑎0/√2 , 𝑟2
{1}

𝑎1/√2 , and 𝑟0
{1} 0 . Similar to the conventional

tree automata (TAs) model, LSTAs utilize disjunctive branches to represent various
states that share a common structure. In Fig. 3, the state 𝑝 has two possible outgoing

transitions. If one picks the other transition 𝑝
{2}

𝑥1 𝑞0 𝑞− at the beginning, we
can generate the tree shown in Fig. 2(d).

The previous example does not fully demonstrate why incorporating a set of choices (the
numbers in the curly brackets) into the design of LSTAs is beneficial. Let us consider
another well-known example: the set of Bell states {|00⟩ ± |11⟩ , |01⟩ ± |10⟩}, generated
by the LSTA in Fig. 4(a). Without the restriction that all transitions at the same level
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Preprocessor

AutoQ 2.0

Program Executor [19]
(Section 5)

Invariant Checker
(Section 5.3)

Entailment Checker (Section 6)

Precondition:
P.lsta

Quantum
Program:
Prog.qasm

Postcondition:
Q.lsta

Loop Invariants:
I𝐿.lsta
for each loop 𝐿

Z3 [24]

Verified/Failed

Q

P,Prog

R

Fig. 5. The architecture of AutoQ 2.0

must share a common choice, this LSTA would generate eight different trees (since 𝑞+,
𝑞±, and 𝑟± each have two outgoing transitions), which correspond to the quantum states
{|00⟩ ± |11⟩ , |01⟩ ± |10⟩ , |00⟩ ± |10⟩ , |01⟩ ± |11⟩}. However, only four of these trees
correspond to the Bell states, meaning the others are unintended. The LSTA uses the
labeled choices to rule out the unintended trees. More specifically, at level 2, the two
transitions labeled {1} can be used simultaneously, as they share the common choice 1.
Similarly, the two transitions labeled {2} can be used together due to their common
choice 2. In contrast, a transition labeled {1} cannot be used alongside one labeled 2, as
their choice sets are disjoint. At level 3, the transitions from 𝑟± can be used freely with
those from 𝑟+ and 𝑟0, since {1} (and {2}) ∩{1, 2} ≠ ∅. There are two valid combinations
of transitions at levels 2 and 3, and this LSTA generates exactly the four Bell states using
the nine transitions shown in the figure. The corresponding .lsta file, which illustrates
the input format for AutoQ 2.0, is shown in Fig. 4(b). In .lsta files, transitions are
labeled with pairs [𝑎, 𝑏], where 𝑎 indicates the symbol 𝑥𝑎 and 𝑏 is the set of choices.

4 System Architecture
We present the architecture of AutoQ 2.0 in Fig. 5. The tool is written in C++ and
uses the SMT solver Z3 [24] for satisfiability and entailment checking of constraints.
We allow the use of any theory that is supported by Z3. In our experiments, we used
NIRA (non-linear integer and real arithmetic). While this logic is generally undecidable,
Z3 always quickly solved the formulae we presented to it in our experiments.

Similar to verifiers for classical programs, in order to use AutoQ 2.0, the user needs to
provide the following: (i) a quantum program in the OpenQASM 3.0 format, (ii) pre-
and post-conditions in the .lsta format along with SMT formulae in the .smt format
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Algorithm 3: Algorithm for measurement
Input: LSTA A = ⟨𝑄, Σ,Δ,R, 𝜑⟩, target qubit 𝑥𝑖 , measurement outcome 𝑏
Output: The LSTA 𝑀=𝑏

𝑖
(A)

1 𝑄′ := {𝑞′ | 𝑞 ∈ 𝑄};

2 Δ′ := {𝑞′
𝑓 |𝐶
−−−−→ (𝑞′1, 𝑞

′
2) | 𝑞

𝑓 |𝐶
−−−−→ (𝑞1, 𝑞2) ∈ Δ} ∪ {𝑞′

0 |𝐶
−−−→ () | 𝑞

𝑓 |𝐶
−−−−→ () ∈ Δ};

3 Δ≠𝑥𝑖 := {𝑞
𝑓 |𝐶
−−−−→ (𝑞0, 𝑞1) | 𝑞

𝑓 |𝐶
−−−−→ (𝑞0, 𝑞1) ∈ Δ ∧ 𝑓 ≠ 𝑥𝑖} ∪ {𝑞

𝑓 |𝐶
−−−−→ () | 𝑞

𝑓 |𝐶
−−−−→ () ∈ Δ};

4 if 𝑏 = 0 then Δ=𝑥𝑖 := {𝑞
𝑥𝑖 |𝐶−−−−→ (𝑞0, 𝑞

′
1) | 𝑞

𝑥𝑖 |𝐶−−−−→ (𝑞0, 𝑞1) ∈ Δ} ;

5 else Δ=𝑥𝑖 := {𝑞
𝑥𝑖 |𝐶−−−−→ (𝑞′0, 𝑞1) | 𝑞

𝑥𝑖 |𝐶−−−−→ (𝑞0, 𝑞1) ∈ Δ} ;
6 return 𝑀=𝑏

𝑖
(A) = ⟨𝑄 ∪𝑄′, Σ,Δ=𝑥𝑖 ∪ Δ≠𝑥𝑖 ∪ Δ′,R, 𝜑⟩;

to constrain the terms, and (iii) invariant for each loop in the .lsta format together
with an SMT formula. The specification (pre- and post-conditions) and the invariant (for
each loop) can be written as an LSTA (an .lsta file). Once these files are provided,
AutoQ 2.0 will process them and report either “Verified” or “Failed”.

Compared to AutoQ 1.0, there are several major changes in AutoQ 2.0. Firstly, it
features a new input interface to facilitate the use of quantum programs (instead of only
circuits) and uses LSTA as the back-end model (instead of standard tree automata).
Additionally, Program Executor now supports measurement and branch statements.
Another significant addition is the new Invariant Checker component, which handles
loop invariants. The Invariant Checker also uses the Entailment Checker to verify the
inductiveness of the invariant, which we do not explicitly show in the figure.

5 Handling Branch, Measurement, and Loop
We will start by presenting the syntax of quantum programs that AutoQ 2.0 can handle
and then informally describe their semantics. We use a flavor of quantum programs that
is similar to the one in [48], which is captured by the following grammar:

𝑃 ::= 𝑈
�� 𝑃; 𝑃

�� while (𝑀𝑖 = 𝑏) do {𝑃}
�� if (𝑀𝑖 = 𝑏) then {𝑃} else {𝑃}

where 𝑃 is a quantum program,𝑈 is a quantum gate annotated with its control and target
qubits (e.g.,𝐶𝑋2

1 ), 𝑏 ∈ {0, 1}, and 𝑀𝑖 is the measured value of the 𝑖-th qubit. AutoQ 2.0
supports standard non-parameterized quantum gates that allow (approximate) universal
computation [12,3], including Clifford gates (𝐻, 𝑆, and CX), 𝑇 , 𝑍 , SWAP, Toffoli, etc.

The execution of quantum gate𝑈 updates a quantum state (tree) in the standard way [20].
The language allows sequential composition (𝑃; 𝑃) of gate operations, branches (if
. . . else . . . ), and loops (while . . . ). When using if and while statements, the condition
𝑀𝑖 = 𝑏 (denoting that the value obtained from measuring 𝑥𝑖 was 𝑏) is used to determine
in which path to continue.

5.1 Handling Measurement

The key part of handling branch statements in AutoQ 2.0 is how measurement changes
the quantum states and how we should update the LSTA capturing the set of reachable
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states. As mentioned in Section 3, if the measured value of 𝑥𝑖 is 1, then we should
update the probability of the 0-subtrees below all 𝑥𝑖 nodes to 0. Examples can be found
in Fig. 2(b) (before measuring 𝑥1) and Figs. 2(c) and 2(d) (after measuring 𝑥1 as 0 and 1
respectively). An important design choice was that we do not normalize the probability
amplitudes and simply just make all leaves of one of the subtrees zero in this step,
leaving the task of matching non-normalized states to the entailment test (cf. Section 6).

In some cases, the measurement can generate an LSTA whose language contains a tree
where all leaves are 0. This can happen, e.g., when we compute the tree representing
the quantum state obtained from the state in Fig. 2(a) by measuring 𝑥1 = 0. We do not
consider such a tree to represent a quantum state. To handle such cases, our entailment test
R |=uts Q (formally defined in Section 6) adds a 0-labeled tree to the language ofQ before
the test. We use 𝑀=𝑏

𝑖
(A) to represent the LSTA obtained from A after measuring 𝑥𝑖

for the outcome 𝑏. The procedure for computing 𝑀=𝑏
𝑖
(A) is given in Algorithm 3.

The goal of the algorithm is to update all leaf values of 𝑏̄-subtrees under 𝑥𝑖 to 0, where
𝑏̄ = 1 − 𝑏. Lines 1 and 2 of Algorithm 3 create a primed copy of the input LSTA and
update all leaf values to 0 (Line 2). Lines 3 to 5 construct the new transition system: only
transitions labeled with 𝑥𝑖 are modified (Lines 4 and 5), while others remain unchanged
(Line 3). The key steps are in Lines 4 and 5, which control the subtrees of the measured
qubit. When 𝑏 = 0 (Line 4), all leaves of the 1-subtree are modified to 0, and thus, we
update 𝑞1 in the original transition to 𝑞′1 (symmetrically for 𝑏 = 1 in Line 5).

5.2 Handling Branch Statements

Given an LSTA A that recognizes a set of quantum states, we can precisely compute
the set of states that result from executing a branch statement if (𝑀𝑖 = 𝑏) then
{𝑃1} else {𝑃0} as follows (assuming that 𝑃0 and 𝑃1 do not involve loops): (i) Create
two LSTAs 𝑀=1

𝑖
(A) and 𝑀=0

𝑖
(A). (ii) Compute the result after executing 𝑃𝑏 from

𝑀=𝑏
𝑖
(A) for 𝑏 ∈ {0, 1}, following the gates’ semantics and recursively trigger the

procedure for branches. We use A0 and A1 to denote the LSTAs after executing 𝑃0
and 𝑃1, respectively. (iii) Construct an LSTA recognizing the union of A0 and A1 and
return it as the final result of this procedure. In principle, our approach can handle nested
control flow. We are, however, not aware of any real-world quantum program that uses
a nested control structure, and, therefore, for simplicity, AutoQ 2.0 now only supports
programs with non-nested control flow.

5.3 Handling Loop Statements

If we come across a loop statement while (𝑀𝑖 = 𝑏) do {𝐵} with 𝐵 being the loop body,
we require the user to provide a loop invariant in the form of an LSTA. We refer to the
invariant as I; it needs to satisfy the following properties: (i) It contains all reachable
states, captured by an LSTA R, before entering the loop. That is, R |=uts I. (ii) It is
inductive, i.e., 𝐵(𝑀=𝑏

𝑖
(I)) |=uts I′, where 𝐵(A) denotes an LSTA recognizing the set

of quantum states after executing 𝐵 from the quantum states in A and I′ is an LSTA
obtained from I whose variables and constraints are updated to a primed version. The
inductiveness guarantees that if we take any state accepted by I and perform 𝐵 on the
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state, the result will also be accepted by I. Together with the condition that I covers all
reachable states before entering the loop, I over-approximates all reachable states at the
loop entrance. We can, therefore, use 𝑀≠𝑏

𝑖
(I) to over-approximate all reachable states

at the loop exit.

6 Testing Entailment up to Scaling
In our approach, we use a special entailment test at some points, which we call entailment
up to scaling, denoted asA |=uts B. The reason for a special entailment relation is that—
as mentioned before—at measurements, we do not perform normalization. Intuitively,
given two LSTAs A = ⟨𝑄A , Σ,ΔA ,RA , 𝜑A⟩ and B = ⟨𝑄B , Σ,ΔB ,RB , 𝜑B⟩, the
relation A |=uts B holds if and only if for every tree 𝑇A in the language of A and
assignment to the variables occurring in 𝑇A , we can find a linearly scaled copy of 𝑇A
in the semantics of B (such that the values of variables occurring in both 𝑇A and 𝑇B
match). Formally,

A |=uts B ⇐⇒ (∀𝑇A ∈ L(A))(∀𝜎A : vars(𝑇A) → C) :
(∃𝑇B ∈ L(B))(∃𝜎B : (vars(𝑇B) \ vars(𝑇A)) → C) :
(∃𝑟 ∈ R \ {0}) : 𝑇A [𝜎A] = 𝑟 · 𝑇B [𝜎A ∪ 𝜎B],

where 𝑟 · 𝑇 denotes the tree with the same structure as 𝑇 with all numbers in leaves
multiplied by 𝑟 and vars(𝛾) for any mathematical object 𝛾 (a term, a tree with terms in
leaves, a set of terms, etc.) denotes the set of free variables occurring in the object. The
|=uts relation is central to our approach.

Enumerating all trees of A and looking for their scaled copies in B would be too
inefficient and even impossible in the case of LSTAs recognizing infinitely many finite
trees (such as those modelling invariants of parameterized quantum programs [1]).
Therefore, we modified the algorithm for LSTA language inclusion test presented in [1].
We note that language inclusion testing for LSTAs is more involved than for standard
TAs (cf. [11,2,35,38]). In the modification, we allow to relate the leaf values with a
linear factor for scaling (in contrast to only by identity as done in the original inclusion
testing algorithm), so that it tests the entailment A |=uts B.

The algorithm makes use of the following essential property of trees generated by an
LSTA A: if two nodes at the same level of a tree 𝑇 are labelled by the same state in
an accepting run of A on 𝑇 , then the subtrees rooted in these nodes are identical (this
follows from the semantics of LSTAs and the restriction on transitions, cf. Section 2.2).

Intuitively, the algorithm works as follows. It starts in the root states of A and B and
performs a downward traversal through the LSTAs, level by level, remembering, at each
level, how states from A can map to the states in B. Moreover, the algorithm also
remembers how the terms in the leaves of the tree fromA map to the terms in the leaves
of the tree fromB. The downward successors of each level are computed from transitions
leaving states at the level that need to be synchronized on their choice. The algorithm
explores the space of all of the reachable mappings until it reaches a point such that the
tree from A has all branches terminated. At this moment, we check whether the terms
from the leaf transitions ofA can be mapped (up to scaling) to the corresponding terms
from the leaf transitions in B. If not, conclude that the entailment does not hold.
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Fig. 6. Computing 𝑓 ′
𝑗

from 𝑓𝑖

Formally, the algorithm performs a
search in the directed graph (𝑉, 𝐸)
(constructed on the fly), where each
vertex 𝑣 ∈ 𝑉 is of the form 𝑣 =

(𝐷, {( 𝑓1, 𝑔1), . . . , ( 𝑓𝑚, 𝑔𝑚)}) for
some 𝑚 where 𝐷 ⊆ 𝑄A is called the
domain, each 𝑓𝑖 : 𝐷 → 2𝑄B is a map
that assigns every state ofA from the
domain 𝐷 a set of states of B, and
each 𝑔𝑖 : term(C,X) → 2term(C,X) is
a (partial) mapping from terms to sets
of terms. Intuitively, 𝐷 represents the set of states of A at one level of A’s run 𝜌, and
every 𝑓𝑖 represents the same level of some possible run 𝜌𝑖 of B on the same tree and the
way it can match the run 𝜌 ofA. For instance, in Section 6, the state 𝑞 ofA corresponds
to the states 𝑟, 𝑠 of B because they are used in the same tree level and the same tree
nodes, so we have 𝑓𝑖 (𝑞) = {𝑟, 𝑠}. Due to the property that all occurrences of a state at the
same level in a run generate the same subtree mentioned above, we only need to maintain
encountered states and their alignment with each another. The term mappings 𝑔𝑖 are
used to remember how the terms from the leaves ofA are mapped to terms in the leaves
of B. For instance, if some term 𝑡 from a leaf of A is mapped by two different terms 𝑡1
and 𝑡2 of B, we will later need to check whether there is a scaling factor 𝑟 such that
𝑡 = 𝑟 · 𝑡1 and, at the same time, 𝑡 = 𝑟 · 𝑡2 (and the global constraints of A and B are
satisfied). We give a general algorithm here; for LSTAs that accept only perfect trees
(as is the case for the ones encoding quantum states), all branches of the accepted trees
terminate at the same time so there is no need to remember the term mappings 𝑔 across
different levels and the scaling compatibility could be checked only locally.

The graph search begins from the source vertices, one for each state 𝑞 ∈ RA , of
the form ({𝑞}, {({𝑞 ↦→ {𝑟1}}, ∅), . . . , ({𝑞 ↦→ {𝑟𝑘}}, ∅)}), where {𝑟1, . . . , 𝑟𝑘} = RB ,
corresponding to the root states of bothA andB (the ∅’s denote empty term mappings). If
the search finds a terminal vertex (∅, 𝐹), where (∅, 𝑔) ∉ 𝐹, meaning that an accepting run
ofA has been found, but there is no corresponding matching run ofB (for any 𝑔), we can
conclude that the entailment test failed (it represents the case whenA finished reading all
branches of the tree butB did not). On the other hand, if there is (∅, 𝑔) ∈ 𝐹, we still need
to check that the set of terms 𝑔 is compatible. The graph’s edges represent generating the
next level of runs for bothA and B and how the respective states align with each other.
The specific construction of the edges from a vertex 𝑣 = (𝐷, {( 𝑓1, 𝑔1), . . . , ( 𝑓𝑚, 𝑔𝑚)}),
where 𝐷 ≠ ∅, to each lower-level vertex 𝑣′ = (𝐷′, {( 𝑓 ′1 , 𝑔

′
1), . . . , ( 𝑓

′
𝑛, 𝑔
′𝑛)}) follows.

First, we compute possible successors of the 𝐷-component of 𝑣. To do this, we need
to explore all feasible sets ΓA of transitions from 𝐷 in A. More concretely, in each
set ΓA , we select exactly one downward transition 𝛿𝑞A originating from each 𝑞A ∈ 𝐷,
such that all transitions in ΓA share a common choice (as required by the definition of
an accepting run (cf. Section 2.2). Formally, given 𝐷 = {𝑞1, . . . , 𝑞𝑘}, we consider all
sets of transitions ΓA = {𝛿1, . . . , 𝛿𝑘} such that the following formula holds:

(∀1 ≤ 𝑖 ≤ 𝑘 : 𝛿𝑖 ∈ Δ ∧ top(𝛿𝑖) = 𝑞𝑖) ∧ ⋂{ch(𝛿𝑖) | 1 ≤ 𝑖 ≤ 𝑘} ≠ ∅. (1)
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Algorithm 4: FindAllMappings(ΓA , 𝑓 )
Input: Set of transitions ΓA ⊆ ΔA , map 𝑓 : {top(𝛿) | 𝛿 ∈ ΓA } → 2𝑄B
Output: The set of pairs ( 𝑓 ′, 𝑔′) of mappings compatible with ΓA obtained from 𝑓

1 𝑄 ← ⋃
img( 𝑓 ); 𝐹′ ← ∅;

2 foreach ΓB ∈ FTrans(B, 𝑄) do
3 𝑓 ′ ← ∅; 𝑔′ ← ∅; failed← false;
4 foreach 𝛿A ∈ ΓA and 𝑞 ∈ 𝑓 (top(𝛿A )) do
5 {𝛿B} ← {𝛿B ∈ ΓB | 𝑞 = top(𝛿B)};
6 if 𝑎 = sym(𝛿A ) and 𝑏 = sym(𝛿B) are both leaf symbols then 𝑔′ (𝑎).insert(𝑏) ;
7 else if sym(𝛿A ) = sym(𝛿B) is an internal symbol then
8 𝑓 ′ (left(𝛿A )).insert(left(𝛿B)); 𝑓 ′ (right(𝛿A )).insert(right(𝛿B));
9 else failed← true; break;

10 if ¬failed then 𝐹′ .insert(( 𝑓 ′, 𝑔′)) ;
11 return 𝐹′;

We will denote the set of all such ΓA’s from a set of states 𝐷 as FTrans(A, 𝐷).

Next, we will show how to construct the set of all feasible pairs of mappings {( 𝑓 ′1 , 𝑔
′
1), . . .

( 𝑓 ′𝑛, 𝑔′𝑛)} for some ΓA and a pair of upper level mappings ( 𝑓 , 𝑔). Each pair of mappings
( 𝑓 ′

𝑗
, 𝑔′

𝑗
) at the lower level is derived from some pair of mappings ( 𝑓𝑖 , 𝑔𝑖) at the upper

level and a set of downward transitions ΓB fromB. The construction process is described
in Algorithm 4, where we use ( 𝑓 , 𝑔) to denote an upper level state and term mapping
respectively and ( 𝑓 ′, 𝑔′) to denote their lower level counterparts.

The basic idea of the algorithm is simple: (i) we use the upper level mapping 𝑓 and
transitions ΓA to compute the set of top states 𝑄 (Line 1), (ii) then, we find all feasible
transitions ΓB from 𝑄 (Line 2), and, finally, (iii) for each pair (ΓA , ΓB), we construct
one pair of lower level state and term mappings ( 𝑓 ′, 𝑔′) (Lines 4–9). Specifically, in
step (iii), it must hold that for each transition 𝛿A ∈ ΓA , every state 𝑞 ∈ 𝑓 (top(𝛿A))
needs to be able to match 𝛿A by a transition from ΓB . To check this, for every such 𝑞
we select from ΓB the transition 𝛿B , which is the transition of ΓB with 𝑞 as its top (it
follows from FTrans that there is exactly one). There are three possible cases:

– Both 𝛿A and 𝛿B are leaf transitions (Line 6): we remember in 𝑔′ that the symbol
of 𝛿B need to be able to match the symbol of 𝛿A , which will be checked later for
all such matchings together.

– The symbols of both 𝛿A and 𝛿B are internal (Line 7): in this case, we add new
entries to the lower level mapping 𝑓 ′.

– One transition is internal while the other is leaf (Line 9): the pair (ΓA , ΓB) cannot
form a feasible lower level mapping.

Finally, the main entailment testing routine is summarized in Algorithm 5. Line 2 creates
the set of source vertices of the explored graph. Lines 3–4 pick a vertex (𝐷, 𝐹) that
has not been processed yet. Lines 6–10 check whether (𝐷, 𝐹) is a terminal vertex and
conclude that the entailment test fails when such a vertex is reached. This check consists
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Algorithm 5: Checking if A |=uts B
Input: LSTAs A = ⟨𝑄A ,N ∪ term(C,X),ΔA ,RA , 𝜑A⟩,

B = ⟨𝑄B ,N ∪ term(C,X),ΔB ,RB = {𝑟1, . . . , 𝑟𝑘}, 𝜑B⟩.
Output: true if A |=uts B, false otherwise

1 processed← ∅;
2 workset← {({𝑞}, {({𝑞 ↦→ {𝑟1}}, ∅), . . . , ({𝑞 ↦→ {𝑟𝑘}}, ∅)}) | 𝑞 ∈ RA };
3 while ∃(𝐷, 𝐹) ∈ workset do
4 workset.remove((𝐷, 𝐹));
5 processed.insert((𝐷, 𝐹));
6 if 𝐷 = ∅ then
7 Y← {vars(𝑢1) | (𝑢1 ↦→ 𝑈2) ∈ 𝑔 ∧ (∅, 𝑔) ∈ 𝐹} ∪ vars(𝜑A );
8 Z← {vars(𝑈2) | (𝑢1 ↦→ 𝑈2) ∈ 𝑔 ∧ (∅, 𝑔) ∈ 𝐹} ∪ vars(𝜑B) \ Y;
9 if ¬∀Y : 𝜑A =⇒ ∃Z : 𝜑B ∧

∨
(∅,𝑔) ∈𝐹

∃𝑟 ∈ R \ {0} :
∧

(𝑢1 ↦→𝑈2 ) ∈𝑔
𝑢2∈𝑈2

𝑢1 = 𝑟 · 𝑢2 then
10 return false;

11 foreach ΓA ∈ FTrans(A, 𝐷) do
12 𝐷′ ←

{
𝑞 ∈ bot(𝛿) | 𝛿 ∈ ΓA

}
; 𝐹′ ← ∅;

13 foreach ( 𝑓 , 𝑔) ∈ 𝐹 do
14 𝑈 ← FindAllMappings(ΓA , 𝑓 );
15 𝐹′ ← 𝐹′ ∪ {( 𝑓 ′, 𝑔 ⋓ 𝑔′) | ( 𝑓 ′, 𝑔′) ∈ 𝑈};
16 if (𝐷′, 𝐹′) ∉ processed ∪ workset then workset.insert((𝐷′, 𝐹′)) ;
17 return true;

of looking at all pairs (∅, 𝑔) in 𝐹 and checking whether there is a way how the B-terms
from the 𝑔’s can together cover (modulo a scaling factor) the behaviour of theA-terms.
Lines 11–16 are the edge construction procedure. Lines 11–12 enumerate all feasible
ΓA and use them to create the next vertex (𝐷′, 𝐹′). Specifically, 𝐷′ are the bottom states
from ΓA (Line 12), and 𝐹′ are the union of all feasible mappings of ΓA (Lines 13–16).
The successor term mapping is computed from the upper-level one and from the one
returned by FindAllMappings by, for each term of A, merging corresponding sets of
terms of mappings: 𝑔 ⋓ 𝑔′ = {𝑥 ↦→ 𝑌 | 𝑥 ∈ dom(𝑔 ∪ 𝑔′), 𝑌 = 𝑔(𝑥) ∪ 𝑔′ (𝑥)} (Line 15).

A crucial part of the algorithm is the term mapping 𝑔 check between the terms from A
and the terms from B (Lines 7–10). Here, we want to check that for every possible value
that we can obtain from a term 𝑡 on the left-hand side of the entailment (satisfying A’s
global constraint 𝜑A) and every term 𝑡𝑖 from 𝑔(𝑡) = {𝑡1, . . . , 𝑡𝑘}, there is a way to
obtain a value (satisfying B’s global constraint 𝜑B) such that for all these values, there
is a common scaling factor 𝑟 to make them equal to the value from 𝑡. We emphasize the
way how we need to deal with the quantified variables. VariablesY occurring on the left-
hand side (and possibly also on the right-hand side, since we may need to synchronize
the values) are quantified universally, while variable Z occuring only on the right-hand
side of the entailment are quantified existentially. This scaling check requires invoking
an SMT solver with a formula in the NIRA (non-linear integer and real arithmetic) logic.
In the special case where all leaf symbols are constants, 𝑟 is the only variable, and global
constraints are true, the problem reduces to a simple QF_LRA (quantifier-free linear real
arithmetic) formula.
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Theorem 1 (Soundness). When Algorithm 5 terminates, it returns true iff A |=uts B.

Theorem 2 (Termination). When the terms in leaf symbols and the global constraints
of A and B use a decidable theory, the algorithm always terminates.

Proof. Since the number of states and terms occurring in A and B is finite, the con-
structed graph is also finite. Further, since the underlying theory for the terms and global
constraints is assumed to be decidable, the check at Line 9 always terminates. ⊓⊔

7 Experimental Results
We demonstrate the use of AutoQ 2.0 [21] on two real-world use cases consisting of
quantum programs with loops that were proposed in [41,6]. We ran all experiments
on a server running Ubuntu 22.04.3 LTS with an AMD EPYC 7742 64-core processor
(1.5 GHz), 1,152 GiB of RAM, and a 1 TB SSD.

7.1 The Weakly Measured Version of Grover’s Algorithm

Algorithm 6: A Weakly Measured Version of
Grover’s algorithm (solution 𝑠 = 0𝑛)

1 Pre: {1
��0𝑛+2〉 + 0 |∗⟩};

2 𝐻3; 𝐻4; . . . ; 𝐻𝑛+2;
3 O2,..., (𝑛+2) ; CK2

1;O2,..., (𝑛+2) ;
4 Inv: {𝑣sol1 |000𝑛⟩ + 𝑣𝑘

��000𝑛−11
〉
+ · · · +

5 𝑣𝑘 |001𝑛⟩ + 𝑣sol2 |100𝑛⟩ + 0 |∗⟩};
6 while 𝑀1 = 0 do
7 {G2,..., (𝑛+2) ;O2,..., (𝑛+2) ; CK2

1;O2,..., (𝑛+2)};
8 Post: {1 |10𝑠⟩ + 0 |∗⟩};

Grover’s algorithm [31], introduced in
1996, is a quantum algorithm that per-
forms an unstructured search. Given
an oracle function (which can say
whether a particular binary assign-
ment is a solution), Grover’s algorithm
can efficiently find a solution (with
high probability). The algorithm re-
quires approximately O(

√︁
𝑁/𝑘) eval-

uations of the oracle function, where
𝑁 is the size of the function’s domain
(usually 2𝑛 for 𝑛 qubits), and 𝑘 is the number of solutions. The number of solutions is,
however, not always known, making it difficult to determine the algorithm’s parameters
(the algorithm is sensitive to the number of evaluations; in particular, doing more eval-
uations may make the probability of finding the solution smaller). To address this issue,
a variation of Grover’s search, called the weakly measured version (cf. Algorithm 6), was
recently proposed [6]. The weakly measured version eliminates the need for knowing
the number of solutions, making the algorithm more applicable.

To explain the algorithm, we first introduce some of its key components. The algorithm
works over qubits 𝑥1, . . . , 𝑥𝑛+2. Line 2 first applies multiple Hadamard gates in parallel
to obtain the superposition on all qubits other than 𝑥1 and 𝑥2 (which are two ancillas),
obtaining the state in Fig. 7(a). The oracle circuit, denoted as O2,..., (𝑛+2) , works from
qubits 𝑥2 to 𝑥𝑛+2, where 𝑥2 is the ancilla qubit and 𝑥3 to 𝑥𝑛+2 are the working qubits.
As shown from Figs. 7(a) and 7(b) (and also from Figs. 7(c) and 7(d)), the effect of the
oracle circuit is to flip the ancilla qubit of the computational bases corresponding to the
solutions. That is, it swaps the amplitude values of |0𝑠⟩ and |1𝑠⟩, for all solutions 𝑠. The
oracle circuit can be constructed using gates supported in AutoQ 2.0.
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Fig. 7. Intermediate states of Algorithm 6

The controlled rotation gate 𝐶𝐾 𝑖
𝑗 is a special gate supported in AutoQ 2.0. In this

algorithm, the gate always applies to a target qubit whose value is |0⟩ when the controlled
qubit is |1⟩, and it updates the target qubit to 𝑎 |1⟩ + 𝑏 |0⟩ with 𝑎2 + 𝑏2 = 1, for some
very small 𝑏. In AutoQ 2.0, we use 𝑎 = 21

221 and 𝑏 = 220
221 . We demonstrate the behavior

of 𝐶𝐾2
1 from Figs. 7(b) and 7(c), where a small portion ( 212

2212 ≈ 1 %) of the probability
under the branch |01⟩ is moved to the branch |11⟩, as shown in Fig. 7(c). After applying
O2,..., (𝑛+2) again, we obtain the state in Fig. 7(d) (this state is captured by the loop
invariant). Here, we can already measure the qubit 𝑥1 and if the result is 1, this collapses
the probability of the left sub-tree of 𝑥1 in Fig. 7(d) to 0, so the only non-zero probability
basis is the solution |10𝑠⟩.

Otherwise (the result of measuring 𝑥1 was 0), we enter the loop, which contains the
Grover iteration circuit, denoted as G2,..., (𝑛+2) , which also uses O2,..., (𝑛+2) as a com-
ponent. The effect of G2,..., (𝑛+2) is to increase the probabilities of basis states for the
solutions and decrease others, as shown in Figs. 7(e) and 7(f). After G2,..., (𝑛+2) , we
execute the same sequence oracle-rotation-oracle as above to obtain a state resembling
Fig. 7(d). We keep repeating the above procedure until we measure 𝑥1 = 1, in which
case we terminate with a solution.

The results of the verification of weakly measured Grover’s search are in the left-hand
side of Table 1: AutoQ 2.0 was able to verify the program w.r.t. the specification even
for larger numbers of qubits in reasonable time.

7.2 Unitaries as Repeat-Until-Success Circuits
Repeat-until-success programs are a general framework that was introduced to simplify
quantum circuit decomposition (we introduced an example of generating the “−𝑋”
gate via the RUS framework in Section 3). RUS programs have been shown to be
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Table 1. Results of verifying some real-world examples with AutoQ 2.0. The number 𝑥 in
WMGrover(𝑥) indicates that the number of items to be searched is 2𝑥 .

Weakly Measured Grover’s Search [6] Repeat-Until-Success [41]

program qubits gates result time memory program qubits gates result time memory

WMGrover (03) 7 50 OK 0.0s 42MB (2𝑋 +
√

2𝑌 + 𝑍)/
√

7 2 29 OK 0.0s 7MB
WMGrover (10) 21 169 OK 0.2s 42MB (𝐼 + 𝑖

√
2𝑋)/

√
3 2 17 OK 0.0s 7MB

WMGrover (20) 41 339 OK 0.8s 42MB (𝐼 + 2𝑖𝑍)/
√

5 2 27 OK 0.0s 6MB
WMGrover (30) 61 509 OK 2.3s 43MB (3𝐼 + 2𝑖𝑍)/

√
13 2 43 OK 0.0s 7MB

WMGrover (40) 81 679 OK 5.4s 43MB (4𝐼 + 𝑖𝑍)/
√

17 2 77 OK 0.0s 6MB
WMGrover (50) 101 849 OK 11s 44MB (5𝐼 + 2𝑖𝑍)/

√
29 2 69 OK 0.0s 7MB

more efficient (in terms of circuit depth) than ancilla-free techniques when it comes
to synthesizing single-qubit gates (cf. [41,10]). We present the results of verification
of RUS programs for generating various non-standard gates in the right-hand side of
Table 1. Note that AutoQ 2.0 can verify these programs instantaneously.

8 Conclusion and Future Work
We presented a major extension of AutoQ 1.0 [19] with an added support for control
flow constructs and evaluated its feasibility on a family of programs for the weak-
measurement-based version of Grover’s algorithm and on implementations of a number
of non-standard quantum gates using repeat-until-success circuits. In the future, we wish
to extend the framework with automating invariant generation (e.g., using a modification
of the symbolic-execution-based technique from [16]) and add support for dealing with
more complex loops that give rise to mixed states.
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Abstract. Equivalence checking plays a crucial role in quantum cir-
cuit compilation, optimization, and verification. Stabilizer circuits can
be simulated classically by tracking the so-called stabilizer operators in
linear time. But the simulation of large stabilizer circuits with thousands
of qubits and gates, arising e.g. in the study of novel quantum error-
correction protocols, still poses a challenge. In this work, we propose a
GPU-based deterministic algorithm for equivalence checking of stabilizer
circuits using the stabilizer tableau formalism. We explore various design
choices and implement the most efficient version. Our algorithm signif-
icantly outperforms the state-of-the-art CCEC checker (which relies on
the Stim simulator) in terms of time, memory, and energy. Our approach
demonstrates up to two orders of magnitude speedup over existing meth-
ods. Notably, previous attempts at GPU acceleration in this area were
unsuccessful, making this the first effective implementation.

1 Introduction

Motivation. We are currently in the noisy intermediate-scale quantum (NISQ)
era of quantum computing [25] and progressing towards machines capable of han-
dling circuits with many qubits and gates of quantum circuits [2,4,29]. To build
large-scale quantum computers, efficient compilation, optimization, and verifi-
cation of quantum circuits are essential. Equivalence Checking (EC), a critical
subroutine, plays a vital role in these tasks. Therefore, it is crucial to perform
EC as efficiently as possible.

This work focuses on stabilizer circuits—an important class of quantum cir-
cuits that are classically simulatable [1,12]. Stabilizer circuits are integral to the
development of error-corrected quantum computers, serving as the foundation
for the most prominent and scalable error-correcting codes. A leading example
is the surface codes [7, 10–12, 15, 17–20, 28]. The stabilizer circuits necessary for
fault-tolerant quantum computing are exceptionally large, spanning millions of
qubits and gates [7, 10, 17, 19], surpassing the capabilities of current multi-core
architectures like CPUs.
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To further enhance scalability and sustainability of EC, we propose harness-
ing the Graphics Processing Units (GPUs) for parallel processing. By utilizing
the abundant cores of GPUs, we achieve substantial accelerations in EC com-
putations and in the process improve their energy efficiency [13]. Our novel
algorithm efficiently performs EC for stabilizer circuits on GPUs, outperforming
the state-of-the-art Clifford-Circuits Equivalence Checking (CCEC) framework
(which uses Stim as a backend) [29] by an acceleration factor of 186×, while
reducing energy consumption by up to 98% of energy. Stim [9] is the state-
of-the-art for CPU-based simulation of stabilizer quantum circuits. It excels
in simulating large circuits by utilizing the vectorized instructions in modern
CPUs, enabling simultaneous execution of arithmetic and logical operations on
large scale. While Stim is tailored for CPU-based simulations, the growing com-
plexity of stabilizer circuits demands more powerful hardware solutions, such as
GPUs. However, previous attempts to use GPUs for these circuits were unsuc-
cessful. Notably, an earlier attempt by the author of Stim to accelerate tableau
formalism [12] using GPUs did not achieve the desired results.1 With this work,
we demonstrate that GPUs can yield significant gains in performing this task.

Related Work. The state-of-the-art tool for EC of stabilizer circuits is CCEC [29],
a framework that uses Stim simulator [9] as a backend. CCEC leverages a the-
orem that reduces the problem of quantum circuit equivalence to a computa-
tionally tractable statement for stabilizer circuits. Specifically, evaluating the
equivalence of two stabilizer circuits can be achieved using techniques designed
for their efficient simulation. By replacing CCEC’s Stim components with an
independent GPU-based algorithm, we can develop a more efficient EC tool.

We now discuss previous efforts to parallelize the simulation of universal
quantum circuits—generally a more complex task than simulating stabilizer cir-
cuits. Accelerating the simulation of universal circuits does not inherently im-
prove performance for special classes, such as stabilizer circuits; instead, algo-
rithms specifically tailored for stabilizer circuits are often necessary. For instance,
while Stim can efficiently handle stabilizer circuits with millions of qubits, tools
designed to handle universal circuits—such as Qiskit-Aer [16], which utilizes
GPUs, can scale in practice to hundreds of qubits.

Early attempts at parallelizing the simulation of quantum circuits, primar-
ily focused on algebraic operations like matrix multiplication, which are fun-
damental to quantum simulation [6, 24]. While straightforward, these methods
are restricted to circuits with hundreds of qubits or fewer. Others [27] use ZX-
diagrams and parallelization to rewrite and optimize circuits to reduced versions
with fewer T gates.2 Authors in [8] introduce stabilizer frames, a formalism to
reduce the simulation of universal circuits to the simulation of stabilizer states.
Albeit, the number of frames increases exponentially with the number of T gates.

ECMC [21] is another relevant tool that, although not parallelized, uti-
lizes theorem 1 to perform EC. By leveraging weighted model counting, ECMC
can process universal quantum circuits with hundreds of qubits. This is on par

1 Refer to section 5.3 (GPU Experiment Failure) in [9, p.14].
2 T gates are notoriously hard to simulate [22].
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with other simulators such as [26] which uses symbolic binary decision diagrams
(CFLOBDD) to simulate universal circuits.

Contributions. In summary, our contributions are as follows:
⋆ Exploring the design space and analyzing various choices to derive an efficient

data structure for stabilizers tableau formalism [12] on the GPU.
⋆ A parallel algorithm on two levels: First, sweeping all parallel gates simul-

taneously within a specific time window, and second, updating the tableau
concurrently on a GPU.

⋆ An implementation for checking equivalence of stabilizer circuits on GPUs,
leveraging concurrent kernel execution [23].

⋆ Thorough evaluation of our tool QuaSARQ compared to CCEC [29] and
ECMC [21] which uses the same theorem.

Outline. We give the formal definitions of the quantum basics and the EC of
the stabilizer circuits in the next section. In section 3, we analyze various design
choices for the data structure of tableau formalism and present our algorithms
for EC. Section 4 provides a thorough evaluation of our algorithms on the GPU.
Finally, in section 5, we conclude and present some directions for future work.

2 Preliminaries

2.1 Quantum States and Fundamental Concepts

A qubit is described by a linear combination of the basis states |0⟩ and |1⟩ that
can be identified with the 2-vectors

[
1 0

]T
and

[
0 1

]T
, respectively. These states

are analogous to the classical bits 0 and 1 but in the quantum case, a single qubit
can take on the value of the linear combination |ψ⟩ = α0 |0⟩+α1 |1⟩ where α0, α1

are complex numbers and |ψ⟩, like any quantum state, must be normalized to
be a unit vector (i.e., |α0|2 + |α1|2 = 1). The linear combination of basis states
is also known as superposition.

The operation for combining n single-qubit states |ψ⟩1 , · · · , |ψ⟩n into an n-
qubit state |ψ⟩1 ⊗ · · · ⊗ |ψ⟩n is known as the tensor product. It is denoted by
⊗ and is typically known in linear algebra as the Kronecker product. The n-
qubit states have the form

∑
ℓ∈{0,1}n αℓ |ℓ⟩ where |ℓ⟩ is the conventional way of

denoting a string of multiple tensored single-qubit states, i.e., we suppress the ⊗
symbol and say |1011⟩ instead of |1⟩ ⊗ |0⟩ ⊗ |1⟩ ⊗ |1⟩. If a quantum state cannot
be factored into a tensor product of its individual subsystems, then we say it is
an entangled state. For example, the state 1√

2
(|00⟩ + |11⟩) is entangled, while

the state |1001⟩ is not.
In general, a quantum state |ψ⟩ of n qubits can be written as a vector of 2n

complex numbers: |ψ⟩ = [α0, α1, · · · , α2n ]
T . For every state, there is an adjoint

defined as (|ψ⟩∗)T and denoted by ⟨ψ|. The “∗” operator is a complex conju-
gation, meaning that we replace every entry with its complex conjugate, then
transpose the vector (i.e., transforming it into a row vector). The normalization
requirement, can be now reformulated into ⟨ψ| · |ψ⟩ = 1. This product is also
known as inner product and can be performed between distinct states.
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2.2 Stabilizer Circuits

Quantum states can be manipulated by two types of operations: quantum gates
and quantum measurements. Quantum gates are unitary matrices, representing
reversible linear transformations denoted as U ∈ C2n×2n . These gates preserve
both the norm and the inner product of quantum states. A key property of
unitary gates is that their inverse, denoted U†, satisfies UU † = U†U = I, where
U† = (U∗)T represent the conjugate transpose of U . The effect of gate U acting
on a state |ψ⟩, can be calculated using matrix-vector multiplication U · |ψ⟩.

Two important (but non-universal) gate sets are the Pauli gates, defined as
the following unitary matrices:

I =

[
1 0
0 1

]
X =

[
0 1
1 0

]
Z =

[
1 0
0 −1

]
Y =

[
0 −i
i 0

]
and the Clifford gate set (CX is also called CNOT ):

H =
1√
2

[
1 1
1 −1

]
P =

[
1 0
0 i

]
CX =

[
1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

]
.

Fig. 1: A 2-qubit stabilizer circuit.

Stabilizer circuits, also known as Clif-
ford circuits are quantum circuits com-
posed of Clifford gates. The quantum
states generated by applying these cir-
cuits to the computational basis |0⟩⊗n
are called stabilizer states. Interestingly,
stabilizer circuits can be simulated effi-
ciently by a classical algorithm [1,12].

Example 1. Consider the circuit shown in fig. 1, which starts with the initial state
|00⟩. The horizontal wires represent the qubits, and the dashed lines indicate the
intermediate states. The final state |ψ3⟩ is obtained by sequentially applying the
gates to the initial state |00⟩ from left to right.
1. Apply the Hadamard gate (H ) to the first qubit: H |0⟩ = 1√

2
(|0⟩+ |1⟩). The

circuit’s state becomes: |ψ1⟩ = 1√
2
(|00⟩+ |10⟩).

2. Apply the Controlled-X gate (CX ) to both qubits. The effect of CX is to
flip the target qubit when the control qubit is |1⟩. Thus, |ψ2⟩ = CX |ψ1⟩ =
1√
2
(|00⟩+ |11⟩).

3. Apply the Pauli-Z gate (Z ) to the second qubit. Since Z |0⟩ = |0⟩ and Z |1⟩ =
− |1⟩, the final state is: |ψ3⟩ = Z |ψ2⟩ = 1√

2
(|00⟩ − |11⟩).

Equivalently, we could represent the entire circuit in the previous example
as a unitary operator U = (I ⊗ Z ) · CX · (H ⊗ I ), and then apply it to |00⟩
to compute the final state. Generally, every circuit corresponds to a unitary
operator in C2n×2n.

The Pauli group P on n qubits is defined as the set of operators of the form
P = ±P1 ⊗ · · · ⊗ Pn with Pi ∈ {I,X,Y,Z }. For simplicity, the tensor product
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is often suppressed, and n-Pauli strings are written in shorthand. For example,
X ⊗ I ⊗ Y ⊗ X ⊗ Z can be compactly written as XIYXZ. The Clifford group C
on n qubits consists of the unitary operators V that normalize the Pauli group
P, that is, C = {V ∈ C2n×2n | V PV † = P}. The Clifford group is generated
by the Clifford gate set [22]. Substituting V with any Pauli gate satisfies the
normalization condition V PV † = P. This shows that Pauli gates belong to the
Clifford group, and thus they can be written as a combination of gates from
the Clifford gate set. Each stabilizer state, generated by a stabilizer circuit, can
be uniquely encoded by a subgroup of the Clifford group, requiring exactly n
independent generators, where each generator is an n-Pauli string.

Stabilizer states are called this way because they are stabilized by certain
operators. A unitary operator U stabilizes a state iff U |ψ⟩ = |ψ⟩. For exam-
ple, the Pauli string IZ stabilizes the state |0⟩ ⊗ |0⟩ = |00⟩. A state can be
stabilized by multiple Pauli strings; for instance, |00⟩ is also stabilized by II,
ZI and ZZ. These Pauli strings generate the maximal commutative subgroup
Hmax = {II, IZ,ZI,ZZ }, which is the stabilizer group of |00⟩. Each maximal com-
mutative subgroup of the Pauli group stabilizes exactly one stabilizer state [22].

Although the stabilizer group for an n-qubit stabilizer state has 2n elements,
only n Pauli strings are needed to generate such a group. For example, Hmax

can be generated by the two generators {IZ,ZZ }. This property allows stabilizer
states to be efficiently and succinctly represented by a data structure such as
the tableau formalism.

Tableau formalism. A stabilizer state’s generators can be described by a binary
table known as a stabilizer tableau [12]. We refer to the tableau as the tuple
T = (XM ,ZM ,SM ), where the matrices XM and ZM together represent the
Pauli strings and SM encodes their signs (see eq. (1)). Each row encodes a string
of n Pauli operators and has size 2n+1, where n is the number of qubits. If the
(i, j)-th entry of XM is 1 and the corresponding entry in ZM is 0, then the j-th
term of the i-th Pauli string corresponds to an X operator. Analogously, a 0 in
XM and 1 in ZM correspond to a Z operator. If both entries are 0, it represents the
identity operator I. Conversely, if both entries are 1, it represents a Y operator.
For example, the tableau below encodes the generators {-ZII, IZI, IXY }.

T =

 0 0 0 1 0 0 1
0 0 0 0 1 0 0
0 1 1 0 0 1 0


XM ZM SM

∼=

〈 −ZII
IZI
IXY

〉
(1)

To update T into a new state, after the action of a Clifford gate on a qubit q,
one needs to apply the following updating rules for all i ∈ {1, . . . , n} [12]:
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Hq : SM (i) := SM (i)⊕
(
XM (i, q) ∧ ZM (i, q)

)
,

Swap
(
XM (i, q),ZM (i, q)

)
;

Pq : SM (i) := SM (i)⊕
(
XM (i, q) ∧ ZM (i, q)

)
,

ZM (i, q) := ZM (i, q)⊕XM (i, q);

CXq1,q2 : SM (i) := SM (i)⊕
(
XM (i, q1) ∧ ZM (i, q2) ∧ ¬

(
XM (i, q2)⊕ ZM (i, q1)

))
,

ZM (i, q1) := ZM (i, q1)⊕ ZM (i, q2),

XM (i, q2) := XM (i, q2)⊕XM (i, q1);

(2)

Observe that collapsing the signs involves the sequential XOR operation (⊕),
which poses a challenge for parallelization. Algorithm 2 addresses this issue,
though it increases the algorithm’s complexity. The following example shows
how gates can be applied in parallel to T when acting on independent qubits,
hence affecting independent columns.

Example 2. Given a 3-qubit system initialized to the |000⟩ state, assume that
the gates H1 and P3 are applied in order, to the qubits 1 and 3 respectively. The
affected columns according to eq. (2), are updated and highlighted by colours:

 0 0 0 1 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0

 H1=⇒

 1 0 0 0 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0

 P3=⇒

 1 0 0 0 0 0 0
0 0 0 0 1 0 0
0 0 0 0 0 1 0

 (3)

2.3 Equivalence Checking

As each quantum circuit corresponds to a unitary operator, a naive approach to
EC of two circuits U, V would be to compare the exact values of the operators
that are given in a decomposed form as sequences of gates. Specifically, one
would compose the gates by matrix multiplication to obtain the two operators
and check if U = cV , where c ∈ C with norm 1. The constant c is called
global phase and has no physical significance—It is unobservable [22]. While this
approach would work in principle, the matrix will grow exponentially w.r.t. the
number of qubits.

Fortunately, there exists a more efficient approach, particularly suited for
stabilizer circuits. It exploits a mathematical result (theorem 1 below) that en-
ables equivalence evaluation by computing in the stabilizer basis. As we will
see, the tableau formalism rigorously facilitates this task. To evaluate if two sta-
bilizer circuits U , V are equivalent, it suffices to check whether their outputs
result in the exact same tableau when their simulation is initialized with the IZ
tableau.3 Additionally, their tableaux should be identical when initialized with
the IX tableau.4 It is important to emphasize that this is not the same as com-
paring the output states of two simulated circuits. When a tableau is used for

3 Tableau with the ZM matrix filled with 1s in its diagonal and 0s everywhere else.
4 Tableau with the XM matrix filled with 1s in its diagonal and 0s everywhere else.
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simulation, the generators that are used to generate the group which encodes
some state, are not unique. Therefore, in the case of simulation, you may have
different tableaux which encode the same state. But in our case, since we are
not interested in comparing states but the actual tableaux, the outputted gen-
erators, and thus the tableaux, must be identical. This process can efficiently
decide equivalence up to a global phase factor. See theorem 1 below and its
proof in [29].

Theorem 1. Let U ,V be unitaries, each of them corresponding to an n-qubit
circut. Then U ∼= V if and only if for all P ∈ {X,Z } and i ∈ [n], the condition
UPiU

† = V PiV
† holds, where Pi = I⊗i−1 ⊗ P ⊗ I⊗n−i.

When referring to the equivalence of two circuits C, C′ that are not considered
as single unitary operators but as a circuit (i.e. a sequence of gates), by abuse
of notation, we will use C ∼= C′ when C and C′ encode the decomposition of
equivalent unitary operators.

2.4 GPU Programming

CUDA [23] is a programming interface that enables general-purpose program-
ming for a GPU. It has been developed and continues to be maintained by
NVIDIA since 2007. In this work, we use CUDA with C++. Therefore, we use
CUDA terminology when we refer to thread and memory hierarchies.

A GPU consists of a finite number of streaming multiprocessors (SM), each
containing hundreds of cores. For instance, the RTX 4090, which we used for
this work, has 128 SMs containing 16,384 cores. A GPU computation can be
launched in a program by the host (CPU side of a program), which calls a GPU
function called a kernel, executed by the device (GPU side of a program).

When a kernel is called, the number of threads needed to execute it is spec-
ified. According to the CUDA paradigm [23], these threads are partitioned into
thread blocks, i.e., 3-dimensional (3D) vectors grouping threads up to 1,024.
Each thread block is assigned to an SM. All threads together form a 3D grid
where threads and blocks can be indexed by a 1D, 2D, or 3D unique identifier
(ID) accessible within the kernel. This ID works similarly as the (x, y, z) coordi-
nates in 3D space. With this ID, different threads in the same block can process
multi-dimensional data (e.g., XM and ZM ).

Memory Hierarchy. A GPU has multiple types of memory, with the largest
being the global memory. This memory can be used to transfer data between
the host and the device. It is accessible by all GPU threads and offers high
bandwidth but also high latency. Other types are shared memory and registers.
The former is on-chip memory with a low latency, used as block-local memory.
Threads within a block can share data via this memory. Registers are the fastest
and are used to store thread-local data. Yet, their size is very small. Allocating
too much memory for thread-local variables can cause data to spill over into
global memory, dramatically reducing performance.
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Fig. 2: Logical and physical formats of a word-aligned tableau.

GPU threads can use atomic operations to manipulate data atomically in
both global and shared memory. For example, atomicXOR(addr, val) atom-
ically XORs the element stored at addr with the 32-bit or 64-bit value val.

3 Parallel Equivalence Checking on GPUs

In this section, we begin with evaluating the design decisions for the storing
and updating of the data structure that we later use for efficient EC. The data
structure is based on the stabilizer tableau but optimized for GPU usage. Next,
we introduce the implementation for EC on the GPU, taking advantage of our
optimized data structure. Our proposed implementation incorporates two levels
of parallelism. First, we process different generators (Pauli strings) independently
in parallel. Second, we maximize parallelism by processing as many parallel gates
as possible simultaneously. However, calculating the signs of the Pauli strings in
parallel remains a challenge. We present a tree-based approach for collapsing
signs on-the-fly.

3.1 Data Structure Design

Upon designing the data structure for storing and updating the stabilizer tableau
on a GPU, several key considerations were made to ensure high efficiency of
both the GPU memory and execution performance. GPUs operate on aligned
memory, meaning data are stored and accessed in words (e.g., 8, 32, or 64 bits).
This allows multiple bits to be processed simultaneously with a single instruction
(e.g. XOR), which is crucial for fast tableau updates. To represent the stabilizer
tableau, we encode the binary form of the tableau as described in section 2.2,
eq. (1). Figure 2 visualizes the logical format of tableau T . Words in XM , ZM ,
and SM are indexed by i ∈ [k] and j ∈ [n], where k is the number of generators
divided by the word length in bits. The tableau size is thus k · (2n+ 1) words.
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Fig. 3: Performance impact of different architectural choices.

Memory Alignment. The tableau is stored in 64-bit words, the maximum size
supported by the GPU’s architecture, enabling the processing of 64 bits in par-
allel with a single instruction. This reduces the overall number of operations and
boosts performance, as demonstrated in our experiments in fig. 3a. The exper-
iments were conducted using benchmarks introduced in section 4. Notably, the
64-bit word size outperforms its counterparts significantly. The main reason for
the performance peak lies in the fact that a 64-bit word allows for the execution
of a single instruction on 64 different bits simultaneously. This minimizes the
computational steps, leading to faster tableau updates.

Memory Layout. Given the nature of the tableau updates when applying Clifford
gates (cf. example 2 in section 2.2), it is logical to store the XM and ZM in a
column-major format (See fig. 2 in the bottom). This ensures each column can
be accessed contiguously in memory, improving locality during tableau updates.

In addition, we experimented with interleaving the XM and ZM matrices at
both the word and column level. The rationale behind interleaving is to improve
memory locality by storing data that will be accessed together (i.e., from the
same qubit) close to each other in memory. However, our results showed that
interleaving did not provide a performance benefit despite the fact that the
gate updates require communication between the XM and ZM columns. We
hypothesize that the increased complexity in memory indexing mitigates any
potential benefits from interleaving. As shown in fig. 3b and fig. 3c, separate
storage of XM and ZM matrices yielded better performance. This finding is
consistent with previous results from Stim [9] simulator where word interleaving
was ruled out, albeit no performance analysis was provided.

Tableau Slicing. For circuits with hundreds of thousands of qubits and more,
storing the entire tableau in memory can become infeasible. To tackle this, we
implemented a tableau slicing strategy. The tableau is sliced horizontally into
smaller, non-square blocks (not to be confused with thread blocks in CUDA),
each of which can be processed independently (recall that generators are inde-
pendent as demonstrated in example 2). This allows us to check the equivalence
of circuits with large qubit counts using only the available GPU memory.

Each block is initialized to the same state as the full tableau. For example, in
a circuit with 1 million qubits, the tableau would require approximately 250GB of
memory. By slicing the tableau into smaller sections, we can reduce this memory
requirement to fit within the available GPU memory (24GB in our experiments),
as shown in table 1.
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Fig. 4: Input circuit on the left. Scheduled circuit on the right.

Example 3. For a system with 256 qubits, if we store the tableau in 64-bit words,
the full tableau would require k · (2n + 1) = (256/64) · 513 = 2, 052 words in
memory. By slicing the tableau’s generators into two halves, each block will re-
quire 1,026 words, and the update operations can be performed independently on
each block. This strategy ensures that memory is fully utilized while maintaining
computational consistency across blocks.

3.2 The Main Algorithm for Parallel Equivalence Checking

Given two circuits, denoted as C and C′, our primary objective is to verify
whether (C ∼= C′) by deploying the GPU massive resources in the tableau for-
malism. To achieve this, we must define gate parallelism and determine how
to schedule their execution. Informally, parallelizable gates are those that can
be executed concurrently because their corresponding operations commute and
are independent (i.e., not causally related). We formalize this in terms of causal
dependency as follows.

Definition 1 (Gate Dependency Relation). Given a circuit C, the causal
dependency between gates defines a partial order “⪯” in the set of gates g ∈ C,
such that g ⪯ g′ iff g′ is causally dependent on g.

The transitivity of the relation guarantees that the following definition of parallel
gates is well defined with no dependencies between gates.

Definition 2 (Parallel gates). Given a circuit C, a set W ⊆ C, is a set of
parallel gates (or window) iff ∀g, g′ ∈W, g ⪯̸ g′ ∧ g′ ⪯̸ g.

Definition 3 (Maximal Window). A window W ⊆ C is maximal iff there
is no other window W ′ ⊆ C such that W ⊊W ′.

Henceforward, by a window, we mean a maximal window and denote it by W.
The above definitions form the basis for the scheduleWindows routine

of Algorithm 1, which outlines the main steps for EC on the GPU. Details of
this routine will be discussed later. Given input circuits C and C′, the algo-
rithm checks their equivalence and returns the outcome in the Boolean variable
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Algorithm 1: Parallel Equivalence Checking.

Input: C, C′, n, stream1, stream2 // stream1, stream2 are CUDA-related variables.

Output: isEquivalent // C ∼= C′ ?

1 R,R′ ← scheduleWindows(C, C′) // Implement definitions 2 and 3

2 Rd,R′
d ← copyToDeviceAsync(R,R′) // Rd,R′

d reside in GPU memory.

3 T , T ′, k, numTableauBlocks ← allocateTableaux(2n(2n + 1))

4 foreach b := 1, 2, 3, . . . , numTableauBlocks do // Loop over all tableau blocks

5 isEquivalent← checkEquivalence(IZ,Rd,R′
d, T , T ′, b, k, stream1, stream2)

6 if isEquivalent then // If equivalent, then we check for the IX tableau.

7 isEquivalent← checkEquivalence(IX,Rd,R′
d, T , T ′, b, k, stream1, stream2)

8 return isEquivalent // Return equivalence outcome of R and R′.

9 function checkEquivalence(initState,Rd,R′
d, T , T ′, b, k, stream1, stream2):

10 T ← initTableauAsync(initState, (b− 1) · k, stream1) // Offset: (b− 1) · k.
11 T ′ ← initTableauAsync(initState, (b− 1) · k, stream2)
12 forall Wd,W′

d ∈ {Rd,R′
d} do

13 T ← updateTableauAsync(T ,Wd, k, stream1)

14 T ′ ← updateTableauAsync(T ′,W′
d, k, stream2)

15 synchronizeStreams(stream1, stream2)

16 return T = T ′ // Perform tableaux matching (T = T ′) on the GPU.

isEquivalent. The CPU schedules the circuits R,R′ and transfers them to
the GPU memory, while the GPU handles the updates of the tableaux T , T ′
and checks for equivalence. Typically, the input circuit is stored as a sequence
of symbols, one for each gate, along with the associated qubits on which they
act. Standard examples are OpenQASM [5] or the Stim [9] format. Figure 5
illustrates the workload distribution between the CPU and GPU for those tasks.

The scheduleWindows procedure (l.1) maximizes parallelism by orga-
nizing the gates into maximally independent windows (cf. definition 3). This
scheduling ensures efficient utilization of GPU resources during tableau updates.
When a maximal window is constructed, we schedule additional windows until
all the gates in C are assigned to R. The procedure works as follows: starting
with the input circuit (left part of fig. 4) stored in a queue, we fill an empty
window with parallel gates (removed) from the queue until either the window
reaches its maximal size |W| = n, or no more parallel gates can be added due to
dependencies (definition 1). This process is repeated, scheduling new windows
until the queue is empty (see the right part of fig. 4 for the end result).

The number of windows in R is proportional to the circuit depth (i.e., max-
imum number of gates per wire). In circuits with minimal gate dependencies,
more gates can be scheduled into a single window, reducing the effective depth
and improving performance by allowing more parallel updates to the tableau.

Next, at l.2, R,R′ are copied asynchronously to the device. The subscript d
in Rd denotes the device version of R. Asynchronous data transfers can be
performed concurrently w.r.t. the host. For example, the tableau allocation
and slicing can proceed at l.3 while the circuit transfer is pending. The al-
locateTableaux function blocks execution until all prior data transfers syn-
chronize. It takes 2n(2n+1) bits to allocate enough space for two tableaux (one
per circuit). Tableaux are allocated physically in arrays of 64-bit words as ex-
plained in section 3.1. Words are accessed in column-major. If the tableaux fit
entirely into the device memory, the values of numTableauBlocks and k will be
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Fig. 5: Workload of algorithm 1.

1 resp. n/64. Otherwise, numTableauBlocks is some value greater than 1 such
that 0 < k ≤ (n/64). Both tableaux have identical dimensions as the number of
qubits is the same for both circuits. For simplicity, we use T to refer to either
the entire tableau or any of its individual blocks, depending on the context. As
illustrated in fig. 5, the CPU thread’s workload is small compared to the GPU
tasks and does not add any overhead to the overall runtime.

The loop at l.4 checks Rd and R′d for equivalence for every block b via the
routine checkEquivalence. At l.5, we first check under the initial value of the
tableau IZ (cf. section 2.3 for more details). If the circuits are equivalent (l.6),
we try again with the tableau IX (l.7).

checkEquivalence is defined at lines 9-16. Operations highlighted in vi-
olet are processed by the GPU. At lines 10-11 tableaux are set to their ini-
tial value initState concurrently via the streams stream1 and stream2. If
there are more than one block, i.e., b > 1, the next block must be offset by
((b − 1) · k) words. Similarly, the loop at l.12 launches two concurrent kernels
updateTableauAsync via the streams stream1 and stream2 to update the
tableaux for each window in both circuits. A stream is a sequence of instructions
that are executed in issue-order on the GPU [23]. Using streams allows concur-
rent execution of kernels, provided there are enough unoccupied SMs. See fig. 5
for the distribution of our kernels over stream1 and stream2. Observe that
these kernels may not completely overlap depending on the availability of SMs.
Our experiments showed that kernels overlapping leads to 25% gain in kernel
performance compared to non-overlapping. Once all windows are processed, both
streams are synchronized at l.15 to ensure the stabilizers in both tableaux are
fully built. At 16, we check the words in T against T ′ and return the outcome of
the comparison. Next, we explain how updateTableauAsync is implemented.

3.3 Tableau Manipulation on GPU

The kernel in algorithm 2 updates the tableau T by applying parallel gates stored
in Wd. Within this process, threads in the y-dimension (l.2) are responsible for
fetching new words per column, whereas threads in the x-dimension (l.3) handle
the retrieval of parallel gates. The variables tidy and tidx hold the global
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Algorithm 2: Tableau Manipulation on GPU.

Input: T ,Wd, k, sh, stream // sh is a shared-memory array

Output: T
1 device kernel updateTableauAsync(T := (XM ,ZM ,SM ),Wd, k, stream):

2 for all tidy ∈ [0, k) do in parallel // tidy fetches a new word per column.

3 for all tidx ∈ [0, |Wd|) do in parallel // tidx fetches a new gate.

4 switch Wd[tidx] do // Switch over parallel gates.

5 case H do

6 q ← getQubits(H)

7 sh[tx]← S[tidy ]⊕ (XM [q · k + tidy ] ∧ ZM [q · k + tidy ])

8 swap(XM [q · k + tidy ],ZM [q · k + tidy ]) // Update XM , ZM.

9 case . . . do . . . // Extendable to other gates like CX , CY, etc.

10 synchronizeThreads( ) // Synchronize shared memory.

11 collapseSigns(sh, |Wd|) // Collapse signs in shared memory.

/* A function to collapse all thread-local signs using tree structure. */

12 device function collapseSigns(sh, |Wd|):
13 for l := Bx/2, Bx/4, . . . , 1 do // Loop over log(Bx) steps

14 if tx < l then sh[tx]← sh[tx]⊕ sh[tx + l]

15 synchronizeThreads( )

16 if tx = 0 ∧ sh[0] = 1 then // Collapse root sh[0] with old signs S[tidy ].

17 atomicXOR(S[tidy ], sh[0])

thread ID in y- and x-dimension, respectively. To branch over all supported gates
by our algorithm, a switch statement is used at l.4. Here, we only show the H gate
but many more Clifford gates are directly supported without decomposition. At
lines 5-9, we implement the update rules executed for each gate modifying both
the words encoding the Pauli strings and their signs. Recall that T is stored in
a column-major array; thus, given a qubit q, and the column length k, a column
in the XM or ZM matrix can be accessed in position (q · k). To access words per
column in parallel, the thread ID (tidy) is used to offset the column index.

The function getQubits at l.6 maps the input gate to its connected wires or
qubits. Qubit values are assumed to start from 0 to n−1 to align with the array
index. At l.7, the signs are calculated and temporarily stored in shared memory
(denoted as sh). The variable sh[tx] holds the thread-local sign per thread block
in the x-dimension. To ensure each thread block has written its signs to sh before
proceeding, we need to synchronize at l.10. Once synchronized, these signs need
to be collapsed into a final result, which will be used to update the global sign
in the tableau. This collapsing process is handled by a specialized procedure,
collapseSigns, which we will describe in more detail next. The main update
to the tableau occurs at l.8, where the words in XM and ZM (representing the
Pauli strings) are swapped in global memory.

Signs Collapsing. In our initial attempt to parallelize the signs collapsing pro-
cess, we employed two kernels. The first kernel handled the tableau updates and
the local sign calculations, storing the results in global memory. The second
kernel read these local signs from global memory and performed the collapsing
using the atomic operation atomicXOR. Unfortunately, this trial proved to be
considerably slow due to the excessive global memory accesses (approximately
k · n) and the high usage of atomic instructions (k · |Wd|).
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Fig. 6: Running example of algorithm 2 on 128-qubit system.

To remedy the global memory access issue, we made a second attempt. In
this trial, we eliminated the temporary storage of local signs in global memory.
Instead, we collapsed all local signs atomically on-the-fly during the tableau up-
date within the whole window. While this approach saved roughly (k ·n) memory
accesses compared to the initial attempt, the number of atomic operations re-
mained a bottleneck. This is where our tree-like approach comes into play. The
collapseSigns routine in algorithm 2 effectively reduces the number of atomics
by collapsing signs per thread block using a bottom-up binary tree. The down-
side is the excessive usage of global memory during the tree build-up, which we
mitigate by utilizing the fast on-chip shared memory.

The loop at l.13 performs the collapsing using the XOR operator in shared
memory by sweeping the binary tree in a bottom-up manner. Initially, l is set
to Bx/2, where Bx = 2w and w ∈ {1, 2, . . . , 10}. At l.14, we XOR in parallel
the first half in sh[tx] with the second half sh[tx + l]. Afterwards, threads are
synchronized and l is halved until only one element remains at sh[0] (resembles
the root of the tree), which holds the collapsed block-local sign. Finally, at l.17,
we collapse the block-local signs stored at sh[0] atomically with the old global
signs at S[tidy]. This approach introduces an additional log(Bx) steps to jump
between tree levels (l.13). Albeit, the number of atomic operations is reduced
from k · |Wd| to k · |Wd|/Bx.

Figure 6 depicts a running example of algorithm 2 executed on the window
W = {P120,H5,H10,P100} with (n = 128). For that, we require a tableau of
dimensions (k · (2n+1) = 2 · (256+1)). As a result, the number of threads in the
y-dimension is 2, and 4 in the x-dimension. In that case, one thread block for
both dimensions is sufficient (e.g. Bx = 4, By = 2). Once the collapsing process
is complete and threads are synchronized per block, the root of the tree, denoted
as sh[0], holds the final collapsed word. If multiple thread blocks are involved
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in the x-dimension, their results are combined using an atomicXOR operation
(as shown in l.17). In this specific example, as we only have one thread block in
the x-dimension, sh[0] can be directly written to S[tidy] non-atomically.

3.4 Complexity Analysis

The overall complexity of algorithm 2 is influenced by two factors: the number of
words per column k and the number of gates |Wd|. Given that the upper bound
of both factors is the number of qubits n, the worst-case parallel complexity
can be expressed as O( n

Ny

n
Nx

+log(Bx)). Here, log(Bx) indicates the number of

sequential steps at l.13, while Ny and Nx represent the total threads launched
in the y- and x-dimensions, respectively. Note that the upper bound of the
logarithmic steps is limited to Bx, not n, since the maximum size of a thread
block is 1,024 threads across all dimensions [23].

The circuit depth (denoted by d) also impacts the EC performance overall.
As the depth increases and more gates become causally dependent, fewer gates
can be executed in parallel, leading to more sequential tableau updates (cf. the
loop at l.12 in algorithm 1). Thus, the total time complexity considering the
circuit depth becomes O(d · n

Ny

n
Nx

+ log(Bx)). For shallow circuits with highly

parallelizable gates, the runtime is significantly reduced, while deeper circuits
with more dependencies between gates lead to a closer-to-linear scaling in depth.

4 Experimental Evaluation

Setup. We implemented algorithm 1 in a new tool called QuaSARQ using
CUDA C++. The code was compiled with CUDA 12.4 targeting compute capa-
bility 8.9. The GPU experiments were conducted on a machine running Ubuntu
22.04, equipped with an RTX 4090 GPU, featuring 16,384 cores at 2.23 GHz
and 24GB of global memory. We compare QuaSARQ with CCEC,5 which is
based on Stim—the state-of-the-art simulator for stabilizer circuits. Addition-
ally, we evaluate our tool against ECMC,6 which employs the GPMC [14] model
counter7 and supports equivalence checking for both Clifford and universal cir-
cuits using theorem 1. CCEC and ECMC experiments are conducted separately
on the compute nodes of DAS-6 [3] cluster to dedicate our computing hours
on the GPU machine to QuaSARQ experiments. Each node of DAS-6 had an
AMD EPYC 7282 CPU (2.8 GHz) with 256GB of memory. Circuits were tested
in isolation on a separate computing node, with a timeout of 5,000 seconds. It
is worth mentioning that DAS-6’s CPU clock is 20% faster than the GPU clock
running QuaSARQ.

Since our EC algorithm is deterministic, runtimes can be extrapolated based
solely on gate counts. Therefore, evaluating the algorithm on a diverse set of

5 https://github.com/System-Verification-Lab/CCEC
6 https://github.com/System-Verification-Lab/Quokka-Sharp [21]
7 We attempted to use gpusat2, but it failed on all circuits due to memory overflow.

https://github.com/System-Verification-Lab/CCEC
https://github.com/System-Verification-Lab/Quokka-Sharp
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Fig. 7: EC Performance of QuaSARQ against CCEC across 500 circuits (qubits
count: 1K–500K, circuit depth: 100)
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Fig. 8: EC Performance of QuaSARQ against ECMC across 91 circuits (qubits
count: 1K–10K, circuit depth: 1)

quantum algorithms is unnecessary; testing with randomly generated circuits suf-
fices. To evaluate our algorithm, we generated 500 random circuits using Qiskit8

in OpenQASM format [5]. The number of qubits in these circuits ranges from
1K to 500K, increasing in steps of 1K, with a fixed depth of 100. We chose this
value to test the effectiveness of our algorithms in circuits of moderate depth.
The total number of gates ranges from 68K to 34M. By default, Qiskit gener-
ates uniformly distributed gates in the Clifford group {X , Y , Z , H , P , P†, CX ,
CY, CZ, SWAP, ISWAP}, which are supported by our tool and Stim. These
gates are common Clifford gates and they can be decomposed into a combi-
nation of the basic gates {H , P , CX }. To simulate erroneous circuits for EC,
we randomly selected a gate in each circuit and replaced it with another ran-
domly chosen gate in the Clifford group. Thus, there is a 1

11 chance of the gate
remaining unchanged.

To complement these benchmarks and evaluate ECMC’s performance against
QuaSARQ under reasonable computational resources, we generated a smaller
set of 91 circuits. In this reduced dataset, the number of qubits was scaled down
to 10K, and the circuit depth was limited to a single level, ensuring the tests
could be performed within practical time and memory limits.

Experiments. Figures 8a and 8b show cactus plots of the runtime and the en-
ergy consumption of CCEC vs. QuaSARQ, respectively. Similarly, figures 8a

8 https://www.ibm.com/quantum/qiskit

https://www.ibm.com/quantum/qiskit
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Table 1: Statistics for a selection of ten circuits.

Qubits
Initial

time (s)
Schedule
time (s)

Simulation
time (s)

Energy
draw (J)

Tableau
blocks

Tableau
memory (GB)

Circuit
memory (GB)

Clifford
gates

50,000 0.18 0.12 0.31 24 1 1.17 0.05 3,437,182

100,000 0.34 0.23 2.38 542 1 4.66 0.10 6,874,333

150,000 0.58 0.36 2.59 589 1 10.48 0.14 10,311,694

200,000 0.82 0.48 4.64 1068 1 18.63 0.19 13,749,773

250,000 0.99 0.59 4.85 1114 2 19.41 0.23 17,186,737

300,000 1.17 0.70 4.70 1074 3 18.62 0.28 20,624,343

350,000 1.37 0.82 4.32 983 4 16.91 0.32 24,063,024

400,000 1.50 0.95 5.64 1280 4 22.08 0.37 27,499,531

450,000 1.69 1.10 4.76 1092 5 18.87 0.41 30,937,687

500,000 1.84 1.20 30.24 6900 6 19.42 0.46 34,375,212

and 8b compares QuaSARQ to ECMC. QuaSARQ’s time includes the initial
time (memory allocations, parsing, etc.), the scheduling time to obtain R and
R′, the transfer time to send R to the device, and the checking time of algo-
rithm 1. To measure the energy draw, we multiplied the runtime to the average
power consumed by the processing unit over the life cycle of both applications.
Overall, QuaSARQ achieves an average speedup of 81×, and saves energy by
98% compared to CCEC. Against ECMC, QuaSARQ delivers an acceleration
of six orders of magnitude for EC of stabilizer circuits. This is not surprising, as
ECMC targets universal quantum circuits. The results highlight the effective-
ness of QuaSARQ in achieving unparalleled speedups for smaller circuits with
shallow depth, consistent with our complexity analysis in section 3.4.

Table 1 reports statistics for a selection of ten test cases. Evidently, the
initial and scheduling times are negligible compared to the simulation time.
Regarding tableau allocation, QuaSARQ, with its tableau slicing mechanism,
occupies at most 22GB of memory regardless of the number of tableaux or
qubits being simulated. For EC, two tableaux are required (one per circuit).
Refer to tableau memory in Table 1 for precise numbers. Even when QuaSARQ
supports measurements, 24GB is sufficient for the additional required tableau,
the destabilizer tableu, albeit with more blocks. The destabilizer tableau is for
keeping track of anti-commutators necessary for simulating measurements [1].
In contrast, Stim in CCEC and ECMC consumed up to 256GB of memory
before eventually running out. This underscores QuaSARQ ’s ability to reduce
memory usage by up to 90%.

5 Conclusions and Future Work

We presented a parallel algorithm for equivalence checking of stabilizer circuits
on GPUs and developed a new tool called QuaSARQ. Experimental results
show that QuaSARQ significantly outperforms the current state of the art, with
a 186× speedup compared to CCEC, which leverages Stim—a simulator that
utilizes the SSE2/AVX2 vectorized instructions. To the best of our knowledge,
this is the first GPU-based equivalence checker that surpasses CCEC in terms
of time, memory, and energy.
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Looking ahead, we aim to enable measurements on GPUs to support the full
simulation of quantum stabilizer circuits.
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Abstract. SliQSim, originally developed as the first exact quantum cir-
cuit simulator, is extended in this paper to provide capabilities for the
analysis and verification of quantum states. It provides an interface for
users to specify interested quantum states for querying the exact prob-
ability or expectation value of a user-defined property. Case studies on
three quantum algorithms show the unique capability of SliQSim benefit-
ing exact quantum circuit analysis and verification, beyond the support
by other tools.

1 Introduction

Quantum computation shows promise in its advantage of solving certain im-
portant problems, which are classically hard. Simulation and verification of
quantum circuits play a crucial role in quantum program compilation, ensur-
ing quantum algorithms are correctly executed. To date, many classical simula-
tors have been proposed to efficiently simulate given quantum circuits, such as
decision-diagram-based SliQSim [19], DDSim [25], Quasimodo [17], and MEDUSA
[5], ZX-calculus-based QuiZX [12], tensor-network-based TensorCircuit [24],
and model-counting-based [14] methods. To the best of our knowledge, none
of the existing simulators allow users to query the probability for a customizable
set of quantum states.

Current simulation tools mainly provide two kinds of interfaces for return-
ing measurement outcomes. The first one is providing the whole quantum state
information, i.e., the full spectrum of probability distribution. In this case, to
know the probability corresponding to the set of states satisfying certain proper-
ties, the user has to iterate over and sum up the probabilities of all states under
the computational basis that satisfies the properties. However, this brute-force
method is barely scalable due to the exponential quantum state blow-up in the
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qubit number. The second one is providing random sampling results of a spec-
ified number of shots. However, the Monte-Carlo-based methods are far from
exact and may lead to incorrect conclusions when one requires a precise answer.

For example, given a Grover’s circuit with a certain search criterion, to verify
the formula of amplitude amplification in Grover’s algorithm, we may be inter-
ested in the probability that the measurement result satisfies the specified search
criterion after certain iterations. Although current simulation tools may finish
simulating the circuit fast, there is no way to quickly extract such probability
from the simulation result. With the first interface, one may need to enumerate
through an exponential number of quantum states for proper computation of
the interested probability or expectation value. On the other hand, with the sec-
ond interface, the precision of the estimated probability is sensitive to the shot
number and can be far from exact. As to be demonstrated later in Example 1,
the precision loss can severely affect the property checking results. Therefore, an
exact and efficient property query interface is necessary.

In this work, we extend the state-of-the-art quantum circuit simulator SliQSim
[19], which achieves exact complex number representation without numerical pre-
cision loss via algebraic methods and high computation efficiency by partitioned
BDD representation and manipulation for implicit matrix-vector multiplication,
to further support effective and exact queries about probabilities or expectation
values of user-specified properties. Utilizing the Boolean-based data structure,
SliQSim can easily mask out the computational components that do not sat-
isfy a property, and the probabilities of the remaining parts are then summed
over and reported. Our tool allows users to specify any set of quantum states
for exact probability and expectation value queries of customizable properties.
The provided query functions allow users to inspect the simulation results from
different perspectives and verify the functionality of quantum algorithms.

We note that there are prior efforts on quantum circuit verification. How-
ever, they target different goals from ours. For instance, some verifiers focus on
checking the equivalence or similarity between two quantum circuits or their
output states [1,4,7,20], Hoare-logic style reasoning over program execution [8],
quantum abstract interpretation [23], first-order specifications of quantum pro-
grams [2], model-checking quantum automata or quantum Markov chains [22],
etc. These verification tools do not handle our considered tasks.

2 Tool Architecture

SliQSim [19] exploits an algebraic representation to exactly specify an n-qubit
quantum state |ψ⟩ = [α0, α1, . . . , α2n−1]

T without any numerical precision loss as
follows. Each probability amplitude, a complex number αi, in the state vector is
represented by αi =

1√
2
k (aiω

3+biω
2+ciω+di), where ω = eiπ/4, k is an integer

shared by all αi’s, and ai, bi, ci, and di are each an r-bit integer. Then |ψ⟩ can be
represented by 4r n-variable Boolean functions, and each Boolean function can
be represented by a standard reduced ordered binary decision diagram (ROBDD)
[3]. We denote these 4r BDDs by F a

j , F
b
j , F

c
j , and F d

j for j = 1, 2, . . . , r. The
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functionality of the 4r ROBDDs is defined by letting the truth value of F x
j under

binary assignments of the index t be equal to the jth bit of xt, x ∈ {a, b, c, d}.
Therefore, the value of αt can be recovered from the 4r ROBDDs by substituting
the n-qubit variables with the binary values of index t ∈ {0, 1, . . . , 2n − 1}. In
such a data structure, gate applications can be done by Boolean operations on
the BDDs.

SliQSim

Verifier

Boolean 
Function 
Handler

Probability 
Calculator

Circuit File

Property List

1

3

4

5

2Samplings

State Vector

6

Truth Values 
of Properties

Probabilities 
of Properties

Fig. 1. Tool architecture of SliQSim.

We extend SliQSim as
shown in Figure 1. First, a cir-
cuit file for simulation or anal-
ysis is taken ( 1 ). SliQSim
will calculate the output state
of the circuit and, depend-
ing on users’ requirements, do
random samplings or return
the output state vector ( 2 ),
which are the functions of the
original SliQSim. After that,
the newly equipped verifier
core will read the list of user-
defined properties ( 3 ). In the verifier core, each property will be translated into
a Boolean function F p, where F p = 1 indicates that the property is satisfied.
This property function F p is sent to the Boolean function handler ( 4 ), which
will conduct the conjunction of F p and the Boolean functions that represent
the output state (i.e., F x

j ’s). In other words, we will obtain a “pseudo-state”
copied from the output state, but for the computation bases that do not satisfy
the property, their probability amplitudes are equivalently set to 0. After the
pseudo-state is obtained and returned, the verifier will send the pseudo-state to
the probability calculator ( 5 ), which will calculate the total probability of the
state. Finally, the probability or truth value of each property will be returned,
depending on the types of properties ( 6 ).

To understand why SliQSim can easily include the probability query func-
tion, we note that SliQSim takes advantage of representing quantum states as
Boolean formulas. This allows it to filter out components that do not meet
the required properties by a simple conjunction with the property’s function.
Therefore, our framework can be easily adapted for simulators that use decision
diagrams or Boolean functions as their underlying data structures, such as DDSim
[25], Quasimodo [17], and MEDUSA [5].

We note that a similar idea is mentioned in Quasimodo [17], which claims to
have the potential capability of probability query. However, it does not imple-
ment an interface that accepts user-defined functions, while SliQSim provides
various kinds of query functions and can automatically transform them into
corresponding Boolean formulas. More importantly, even if Quasimodo imple-
ments the probability query function, it suffers from the numerical precision loss
problem and cannot achieve exact analysis as SliQSim does.
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3 Features and Demo

SliQSim supports various types of queries for user-defined properties. The users
can use the expressions listed below to specify their desired properties.

1. bf {formula}: Returns the probability that the measurement result satis-
fies the specified Boolean formula formula. We notice that any state set
can be generally characterized by a Boolean formula, so solely the bf func-
tion is complete for arbitrary state-set specification. Moreover, we provide
some common state-set expressions below (Expressions 2 and 3) for users’
convenience.

2. hweq/hwneq/hwgt/hwlt {qubits} {num}: Returns the probability that the
Hamming weight of the measured bit-string of the specified qubits qubits
is equal to, nonequal to, greater than, lower than the specified number num.

3. inteq/intneq/intgt/intlt {qubits} {num}: Returns the probability that
the binary integer represented by the specified qubits qubits is equal to,
non-equal to, greater than, lower than the specified number num.

4. expt {qubits} {Pauli(-value)_string}: Returns the expectation value
of the observable defined by the specified Pauli string with optionally spec-
ified measured-values (0 or 1) for each individual Pauli operator over the
specified qubits qubits, commonly used in variational quantum circuits
[11,10,21] and wire-cut circuits [15,18]. Specifically, the returned value is cal-
culated by the product of the probability of obtaining the specified measured
values and the expectation value of the Pauli operators without measured
values with respect to the post-measurement state.

5. weightedsum {weight_1} {expression_1} ... {weight_k} {expression_k}
endweighteedsum, for some k ≥ 1: Returns the weighted sum of the query
results of the specified expressions. This query statement is commonly used
in variational quantum circuits [11,10,21]. Each weight weight and its corre-
sponding expression expression are stated in an independent line, and the
lines are clipped by keywords weightedsum and endweightedsum. The ex-
pression can be bf, hweq, hwneq, hwgt, hwlt, inteq, intneq, intgt, intlt,
or expt.

6. assign {var_name} {expression}: Does not return values, but rather stores
the specified expression expression in the specified variable name var_name,
which can be further utilized in the bf expression. The expression can be
bf, hweq, hwneq, hwgt, hwlt, inteq, intneq, intgt, or intlt.

7. between/outof/leq/geq {range or threshold}: Is specified before the ex-
pressions: bf, hweq, hwneq, hwgt, hwlt, inteq, intneq, intgt, intlt, expt,
weightedsum. The predicate returns true or false according to whether or not
the probability returned by its subsequent expression function is between,
out of, less than or equal to, or greater than or equal to the specified range
or threshold.

8. amp {compt_basis}: Returns the probability amplitude (as a complex num-
ber) of the specified computational basis compt_basis.

9. dist {qubits}: Returns the exact spectrum of the probability distribution
upon measuring the specified qubits qubits.
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We notice that expt is a special case since it is not a “property” that directly
corresponds to truth values. To get the expectation value of a Pauli string over
some qubits, we first convert the Pauli string to computation basis (i.e., I and
Z) by updating the quantum state according to the equalities Y = (SH)Z(HS†)
and X = HZH. Then we define the property Pa to be the XNOR operation
over negations of all qubits whose Pauli string correspondence is the expectation
value of Z, and the property Pb to be the AND operation over qubits (resp.
negations of qubits) whose Pauli string correspondence is obtaining 1 (resp. 0)
on Z basis. Then the expectation value of the original string is Prob(Pb ∧Pa)−
Prob(Pb ∧ ¬Pa), where Prob(P ) is the probability of P .

To demonstrate the usage and application of our tool, we give three examples
as follows.

Example 1 Consider an m-bit oracle that returns true if and only if there are
w non-zero bits among the m input bits. We may use Grover’s algorithm [9]
to search for satisfying assignments of the oracle. Let p be the probability of
obtaining a satisfying assignment after one Grover iteration. Then p should fol-
low the relation p = sin2 (3 · arcsin

√
t/2m), where t is the number of satisfy-

ing assignments. We can use a simulator to verify this point. For example, let
m = 10, w = 2. Then, we construct a Grover’s algorithm circuit with one Grover
iteration and specify the desired property as

hweq q[0] q[1] q[2] q[3] q[4] q[5] q[6] q[7] q[8] q[9] 2.

Then SliQSim helps us to calculate the probability p = 0.350517. (Note that
the real-number output of SliQSim is represented in an (inexact) floating-point
number converted from the exact algebraic representation in the last step.) Ac-
cordingly, we can infer that there are t = 2m∗sin2 ((arcsin√p)/3) = 45 satisfying
assignments, which equals the expected result

(
10
2

)
.

We notice that the exact value of the probability is important in this example
application. For instance, if there is a 2%-error to mistake p as 0.345, then the
inferred t would become 44, which is incorrect.

Example 2 Suppose an oracle Uf : |x⟩ |0⟩ 7→ |x⟩
∣∣f(x)〉 is designed for Simon’s

algorithm [16]. To be able to apply Simon’s algorithm, f should be a two-to-one
function satisfying f(x) = f(y) if and only if x = y or x = y ⊕ s, where s is a
secret key. Let t be the measurement outcome of Simon’s algorithm circuit. Then
it is promised that

t · s mod 2 = 0 (1)

We can use a simulator to verify this point. For example, let m = 5 be the
variable number of f and s = 11001. Then we construct a Simon’s algorithm
circuit and specify the desired property as

bf q[0]^q[1]^q[4].

Then SliQSim can help us to calculate the probability p that t · s mod 2 ̸= 0,
which should equal 0.
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However, if due to a compilation error, the oracle does not satisfy the two-
to-one constraint for two input assignments, then Eq. (1) will not always hold.
To be precise, the probability p would be p = 1/2m. In this case, SliQSim can
still detect the small probability p = 0.03125 for m = 5 in the above example.

q[0] H • H

q[1 :3] /3 X C1 ×

q[4 :6] /3 X H •

q[7 :9] /3 X C2 ×

q[10 :12] /3 X H •

Fig. 2. The circuit of N-I equivalence checking with
delayed initialization.

In this example, the er-
ror in the oracle is so small
that the random sampling
method can hardly detect
the small probability. Av-
eragely, 1/p = 2m number
of samplings are expected
to detect such error, which
is too large to be practi-
cal as m grows. In contrast,
SliQSim provides an effi-
cient way to obtain the exact value of p.

Example 3 The N-I equivalence Boolean matching problem [6], which asks
whether two given reversible circuits can be equivalent under some input negation
conditions, has recently been shown tractable by quantum computation, but in-
tractable by classical computation [6]. The reader is referred to [6] for the detailed
algorithm on finding the input negation condition that makes two oracle circuits
C1 and C2 equivalent. Figure 2 shows the quantum circuit for deciding the N-I
equivalence between C1 and C2. The circuit is equipped with the ancilla-assisted
initialization technique [13] (shown in the dashed boxes with ancilla qubits q[4 : 6]
and q[10 : 12]), so that the initialization of q[i] to |0⟩ (resp. |+⟩) is delayed and
transformed into letting q[i+3] collapse to |1⟩ on Z-basis (resp. |−⟩ on X-basis),
for i ∈ {1, 2, 3, 7, 8, 9}. (This will introduce a probability factor of constant 0.5
for each i as side effects.)

For m-bit oracles (m = 3 here), it needs to iterate through m types of mea-
surements on q[0], q[4 : 6], q[10 : 12]. For the ith iteration, we compute the prob-
ability of obtaining |0⟩ on q[0], |1⟩ on q[i] and q[6 + i], and |−⟩ on other qubits
in q[4 : 6] and q[10 : 12]. This can be specified as checking properties as follows.

expt q[0] q[4] q[5] q[6] q[10] q[11] q[12] z0z1x1x1z1x1x1

expt q[0] q[4] q[5] q[6] q[10] q[11] q[12] z0x1z1x1x1z1x1

expt q[0] q[4] q[5] q[6] q[10] q[11] q[12] z0x1x1z1x1x1z1

If the ith qubits of oracles are matched without a negation, the ith resulting proba-
bility should be 1/22m. Otherwise, the ith resulting probability should be 1/22m+1.

We notice that the above example conducts multiple property queries on a single
circuit, and it requires the capability of X-basis measurements, which can be
easily handled by SliQSim. Otherwise, one may need to execute the circuit many
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times and manually modify the circuit to translate X-basis measurements to
computational bases for each execution. Moreover, the exactness of SliQSim
helps distinguish the subtle difference between 1/22m and 1/22m+1.

4 Case Studies

We performed empirical case studies on the examples mentioned in Section 3
for demonstration. All experiments were conducted on a server with Intel Core
i7-8700 CPU at 3.20GHz and 32 GB RAM. The timeout (TO) limit is set to
600 seconds. Note that, because there are no other tools that can handle our
considered verification tasks, only the results of SliQSim were reported.

4.1 Grover’s Algorithm
Table 1. Results on Grover’s circuits.

m cnt
SliQSim 105 shots vector

cnt time cnt time cnt time
20 190 190 0.080 173 21.870 TO
30 4060 4060 0.348 1193 32.647 TO
40 91390 91390 1.434 0 43.034 TO

We generated Grover’s al-
gorithm circuits with differ-
ent numbers of qubits. The
bit number m of the ora-
cle ranges from {20, 40, 60},
and the search criterion is
set to have m/10 non-zero bits among the m input bits. The qubit number
of the circuit is set to n = m + ⌈log2m⌉ + 1. We intend to simulate the circuit
to get the probability of obtaining a satisfying assignment after one Grover it-
eration, which is utilized to infer the number of satisfying assignments of the
oracle.

Table 1 shows the results. In the first column, “m” denotes the bit number
of the oracle. In the second column, “cnt” denotes the number of satisfying as-
signments. The following columns show the result from different methods: using
SliQSim for exact query, using SliQSim with 105 random samplings for estima-
tion, or using SliQSim to report the whole state vector. For each method, the
“cnt” column shows the number of satisfying assignments inferred from the cal-
culated exact or estimated approximate probability. The runtime in seconds is
also reported.

As one can see in Table 1, SliQSim is precise enough to always infer the cor-
rect number of satisfying assignments. In contrast, the results estimated from
random samplings suffer from precision loss and have longer runtime. This sit-
uation becomes more significant as the circuit size grows. For m = 40 and 60,
random sampling with 105 shots cannot even detect the small probability, and
the runtime is much longer than SliQSim. As for the interface that provides the
whole quantum state information, it fails to finish any circuit because there are
tens of qubits, leading to millions of entries in the state vector.
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4.2 Simon’s Algorithm
Table 2. Results on Simon’s circuits.

m
SliQSim 105 shots vector

prob time prob time prob time
10 9.77E-04 0.017 1.02E-03 13.663 9.77E-04 469.850
15 3.05E-05 0.034 2.00E-05 28.436 TO
20 9.54E-07 0.066 0 37.255 TO

We design Simon’s
algorithm circuits with
different numbers of
qubits. The variable
number m of the or-
acle function ranges
from {10, 15, 20}, and
the erroneous oracle has exactly two input assignments that do not satisfy the
two-to-one constraint. The qubit number of the circuit is n = 2m. We then sim-
ulate the circuit to check if the simulator can find the probability of violating
Eq. (1).

Table 2 shows the results. In the first column, “m” denotes the variable
number of the oracle, and the following columns show the results from different
methods. For each method, the “prob” column shows the calculated exact or
estimated approximate probability of violating Eq. (1), and the “time” column
reports the runtime in seconds.

As one can see in Table 2, SliQSim can always detect the error of the oracle by
reporting the small probability of violating Eq. (1). In contrast, a lot of sampling
shots are required to detect the small probability, and the runtime is also longer.
For m = 20, 105 shots are not even enough while taking a much longer runtime.
As for the interface that provides the whole quantum state information, although
it can report the exact probability, it is not scalable enough to finish m ≥ 15 in
the time limit, showing the infeasibility of brute-force methods.

4.3 N-I Equivalence Boolean Matching Table 3. Results on N-I equiv-
alence checking circuits.

m n
SliQSim
time

1-shot
time

3 13 0.035 0.015
4 17 0.334 0.078
5 21 3.355 0.435
6 25 38.489 1.447
7 29 336.656 10.578

We generate N-I equivalence-checking circuits
with different numbers of qubits. The input
number of the oracle function m ranges from 3
to 7, and the qubit number of the whole circuit is
n = 4m+1. We generate the first oracle as a ran-
dom logic circuit with 5m gates, and the second
oracle is produced by adding random negation
gates at the input. We then simulate the circuit
to find the input negation gates required to make
the oracles equivalent.

The experiment results are shown in Table 3. In the first column, “m” de-
notes the variable number of the oracle, and in the second column, “n” denotes
the qubit number of the whole circuit. The third column reports the runtime of
SliQSim querying the m properties, while the fourth column reports the run-
time of SliQSim obtaining one random sampling result in seconds for reference.
Here, we omit to compare with the interface that provides the whole quantum
state information because X-basis measurement is required in this algorithm, so
summing up probability amplitudes in a state vector does not work.
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Although SliQSim seems to take much longer time than the one-shot simula-
tion, we notice that more than 2m shots are required to achieve enough precision
to decide whether a negation gate exists, and a total of m different circuits are
required to be sampled. Therefore, SliQSim is still much more efficient than
sampling-based methods.
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Abstract. GPUexploreprob is an extension of GPUexplore that con-
structs state spaces of Markov Chains and performs probabilistic model
checking entirely on a GPU. It can construct the state space of a Discrete-
Time Markov Chain and verify that it satisfies a given Probabilistic
Computation-Tree Logic formula. We present the tool, and experimen-
tally compare with Storm, demonstrating its effectiveness.

1 Introduction

Graphics Processing Units (GPUs) have great potential to accelerate model
checking, both explicit-state [8,10,24,26,29,30,35] and symbolic, based on SAT
solving [25]. Initially, GPUs were used to accelerate parts of the model checking
procedure, such as successor generation [12], property checking using a given in-
memory state space [3], and counter-example construction [34], but soon, tools
were developed to perform model checking entirely on a GPU [4,8,10,27,31–33,
35]. One of these tools, GPUexplore, has been actively developed since 2013,
and was recently equipped with an algorithm to verify Linear-Time Temporal
Logic formulae [24]. In this paper, we present GPUexploreprob, an extension
of GPUexplore aimed at probabilistic model checking (PMC) [2]. The tool is
available on Zenodo [14].

In the earliest work on GPU accelerated model checking, PMC was already
targeted, since the matrix-vector multiplications required to verify probabilistic
properties can be ideally performed by GPUs [5,6,19,28]. However, state space ex-
ploration, i.e., the identification of all states reachable from a defined initial state,
is much harder to parallelise, and formed the bottleneck of the computation, as it
was still performed by a single CPU thread. Once the state space was explored,
the resulting transition matrix, storing all the transitions of the state space,
was copied to the GPU device memory, after which the multiplications could
be performed. Using the experience gained in parallelising state space explo-
ration for GPUexplore [29–31,33], we have developed the first GPU tool that
constructs the state spaces of Markov Chains and performs explicit-state PMC
entirely on a GPU. To verify probabilistic systems, GPUexploreprob currently
supports checking whether a Discrete-Time Markov Chain [22] (DTMC) satisfies
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Fig. 2: Workflow from state space construction to property checking.

a Probabilistic Computation-Tree Logic (PCTL) formula [2]. For each state in a
DTMC, a single probability distribution is defined over its successor states, i.e.,
the probabilities of its outgoing transitions add up to 1. Support for other model
types, such as Continuous-Time Markov Chains (CTMCs) and Markov Decision
Processes (MDPs), is planned for future work. These types are more expressive,
but offer similar parallelisation challenges, hence GPUexploreprob currently
already demonstrates the effectiveness of GPU accelerated PMC in general.

2 Construction and Verification of DTMCs

From model to transition matrix. GPUexploreprob has been developed to run
on NVIDIA GPUs with at least Compute Capability 7.0, and is implemented
in CUDA C++. It currently accepts DTMC models in the JANI format [7].
Prism [20] models, together with a PCTL formula, can first be converted to
JANI, using the Storm-conv tool of the Storm model checker [11, 15] (see
step 1 in Fig. 1). A JANI model is given to the GPUexploreprob exporter tool,
written in Python, that produces CUDA C++ code necessary to identify all the
system states reachable from the specified initial state of the model (step 2). In
particular, the exporter generates CUDA functions that accept a state as input,
and, when executed, produce successor states of the given state, in accordance
with the model, as output. Instead of interpreting the model, GPUexploreprob

therefore executes the model to create new states. The code produced by the ex-
porter can be combined with GPUexploreprob generic code, which implements
the main data structures, such as hash table, vector and matrix, and CUDA func-
tions that are common for all input models, such as finding and storing states
in the hash table. The combined code can be compiled using NVIDIA’s nvcc
compiler (step 3) resulting in an executable, specific for the input model.

Once an executable has been obtained, state space construction and verifica-
tion can commence. Fig. 2 shows the workflow of this, and Fig. 3 visualises how
GPUexploreprob runs on a GPU, in particular which data is stored in which
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type of memory. First, an exploration kernel, i.e., CUDA function, is executed
repeatedly to identify, construct and store all states reachable from the initial
state (step 1 in Fig. 2). We assume that there is a finite number of reachable
states. The explore operation is performed in a massively parallel way by the
GPU threads. These threads run in blocks of 512 threads on Streaming Multipro-
cessors (SM), see Fig. 3. By default, 3,240 of these blocks are running, with the
SMs interleaving between the blocks. Each block has some fast, on-chip memory,
called shared memory, which is used as a state cache to store the states that will
be explored by the block, and the states constructed during the exploration.
Once all the states in this cache scheduled for exploration have been processed,
the newly constructed states are stored in a large global tree database, which is
a hash table residing in the GPU device memory, unless they are already there.
A newly stored state can immediately be claimed for exploration by the thread
block storing it, but, as there is a predefined limit to the number of states a block
can explore in parallel, in practice, often many states will be left to be picked up
by other blocks. This ensures that in many cases, depending on the state space
structure, many blocks will perform work simultaneously. An important feature
of GPUexploreprob, new w.r.t. GPUexplore, is that it uses NVIDIA’s uni-
fied memory. This allows combining CPU memory with device memory into one
address space. Because of this feature, GPUexploreprob can use more of the
available device memory for its tree database, and hence explore larger state
spaces. After the exploration stage, the tree database can be moved to CPU
memory to make room for the transition matrix while still remaining accessible.

Tree database
CPU memory

Threads: state constr. & prop. verif.

Shared
memory

SM 1 SM n

Transition matrix / Property vector

State
cache

Device memory

Fig. 3: GPUexploreprob running on a GPU.

To make better
use of the relatively
small amount of de-
vice memory, states
are stored as binary
trees, with the leaves
containing the ac-
tual state informa-
tion, i.e., the values
of the variables in
the model and the
current state of each
process in the model. By doing so, common subtrees can be shared by states,
which in practice means that 2–6× less memory is required [29]. In addition,
the tree roots are stored in the tree database in a compressed form by means
of Cleary compression [9, 29]. The result is that roots can be stored as 32-bit
integers, while non-roots are stored as 64-bit integers.

Once all the reachable states have been stored, the threads perform several
combined parallel prefix sums [16] (step 2 of Fig. 2). This is the first step of the
procedure to derive a transition matrix from the filled tree database. In such
a matrix, a non-zero probability p ∈ ⟨0, 1] at position (i, j) indicates that from
state i, a transition with probability p exists to state j. Deriving this matrix from
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the tree database in a massively parallel way is non-trivial, and our procedure has
been specifically designed for GPUexploreprob. As transition matrices tend to
be very sparse, the matrix is stored in Compressed Sparse Row (CSR) format,
so only the non-zero entries are actually stored. To achieve this, every stored
state needs to be assigned a unique ID in the range [0, n⟩, with n the number
of reachable states, and for each state, the number of outgoing transitions, and
therefore successor states, needs to be recorded in device memory. During ex-
ploration, when a state has been explored, we store its number of successors at
its location in the tree database. After exploration, these numbers are gathered
together into an array using stream compaction [18], and they are added up with
a parallel prefix sum, as illustrated in Fig. 4. Initially, the successor numbers are
gathered, see the top of the figure. The algorithm works in rounds. In each round
i, the first one being 0, the GPU threads scan this array, and the value in each
cell j is updated to be the sum of its old value plus the value in cell j − 2i, if
it exists. After log n rounds, the algorithm terminates. After all resulting values
have been shifted one position to the right, and the first cell has been assigned
0, the offsets have been obtained. A very similar operation can be performed
to assign the states consecutive IDs. Essentially, for every state, the number of
states preceding it must be counted. Our procedure performs both prefix sums
in a single procedure, i.e., their rounds are combined.

2 1 4 2

2 3 5 6

2 3 7 9

0 2 3 7

shift to the right

offsets

successor
numbers

Fig. 4: Computing offsets.

Once this step has finished, the non-zero proba-
bilities can be stored in an array called values. For
each state i, the probabilities of its outgoing transi-
tions need to be stored in values from position off-
sets [i] to position offsets [i + 1]. Likewise, the IDs
of the states reached via these transitions, i.e., the
columns of the matrix, are stored in an array succs.
Storage of the probabilities and the successor IDs is
again performed in a massively parallel way, by run-

ning the explore kernel again (step 3). In the kernel, the successors of each state
are explored twice: once to construct the successor and retrieve its global id
from global memory into shared memory, and once more to relate the retrieved
global id to its predecessor. This is needed because the state storage and retrieval
mechanism to and from global memory is agnostic of the source state.

Verifying a PCTL property. GPUexploreprob has full support for the temporal
logic PCTL. A PCTL formula is a state formula, in which atomic propositions
are combined with logical operators plus the probabilistic operator P▷◁ b(φ), with
▷◁ ∈ {≤, <,>,≥} and b ∈ [0.0, 1.0]. Here, φ is a path formula, in which state
formulae are combined using the operators X (next), U (until) and U≤k (bounded
until). A state s satisfies P▷◁ b(φ) iff the probability of following a path from s
that satisfies φ is in the interval represented by ▷◁ b. A derived operator P=?(φ)
can be used to request the probability of following a path satisfying φ.

We refrain from explaining how exactly PCTL formulae can be verified, the
interested reader is referred to [2]. What is important to note here is that the
verification procedure (step 4 in Fig. 2) relies on matrix-vector multiplications.
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For instance, for a formula of the form φ = P▷◁ b(Φ1 UΦ2), a system of linear
equations must be solved, which can be done by using an iterative method, such
as Jacobi or Gauss-Seidel. The used matrix is the transition matrix, and the
initial vector v is derived from the PCTL formula. For instance, to verify the
formula φ given above, v[i] = 1.0 iff state i satisfies Φ2. To perform matrix-vector
multiplications, GPUexploreprob uses NVIDIA’s cuSPARSE library [23].

To store intermediate verification results, GPUexploreprob associates with
each state a 64-bits bit-vector; each bit can be used to store the result of verifying
a particular subformula of the given PCTL formula. Initially, the states in the
tree database are inspected to determine the result for each atomic proposition in
the given PCTL formula, and these results are stored in the bit-vectors, such that
from that point on, the tree database does not need to be inspected anymore.

3 Experiments

Experimental setup. We comparedGPUexploreprob with Storm. Storm 1.9.0,
built from commit 5d5ebe4 of the master branch of the Storm GitHub reposi-
tory, was run on an AMD Ryzen™ 7 5800X from 2020, installed on an MSI MPG
x570 Gaming Pro Carbon Wi-Fi motherboard, with 32GB of DDR4 RAM. This
machine is equipped with an RTX 3090 GPU from 2020, with 10,496 CUDA
cores and 24GB of GDDR6X VRAM. GPUexploreprob was run on this GPU.
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Fig. 5: Scalability w.r.t. Crowds.

Benchmarks. From the Quantita-
tive Verification Benchmark Set [13]
(QComp), all DTMC models were se-
lected with 1) at least one instance
having a state space with the number
of states between 5,000 and 3,000,000
states (to exclude very small state
spaces, for which GPU acceleration is
not useful, and to exclude state spaces
too large to fit in GPUexploreprob’s
20GB tree database), and 2) at least
one formula in PCTL, not involving a reward extension [1], as this is not yet
supported by GPUexploreprob.1 In addition, benchmarks created for the Ru-
bicon tool [17] and for [21] have been used, taken from their accompanying
artifacts. Table 1 presents a list of benchmarks, referring to how our naming
scheme for instances (see Table 2) provides the values of the involved constants.
In addition, the verified PCTL formula is given.

Fig. 5 shows how GPUexploreprob and Storm (with its sparse engine)
scale when verifying Crowds instances. TotalRuns ranges from 3 to 15, CrowdSize
is 10. For TotalRuns=15, Storm ran out of memory (32GB). GPUexploreprob

1 An exception is the EGL model, which is excluded due to a current technical limita-
tion of our tool, related to the number of outgoing transitions a state may have.
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Table 1: Benchmark descriptions.

Case Instance name Property

BRP [13] BRP.N.MAX P=?[true U s = 5]

Coupon [13] Coupon.N.DRAWS (B=5) P=?[true U ret0 ]

Crowds [13] Crowds.TotalRuns.CrowdSize P=?[true U observe0 > 1]

Nand [13] Nand.N.K P=?[true U s = 4 ∧ z/N < 0.1]

Lumbroso [21] Lumbroso.N P=?[true U≤250 term]

WeatherFactory [17] WeatherFactory.⟨nr. of factories⟩ P=?[true U≤100,000 allStrike]

Factory [17] Factory.⟨nr. of factories⟩ P=?[true U≤100,000 allStrike]

Table 2: Runtimes (secs.) of GPUexploreprob and Storm. OOM: out of mem.

GPUexplore
prob

Storm speedup

Instance states trans. explore check total explore check total explore check total

BRP.64.5 5192 6781 0.809 0.378 1.188 0.020 0.000 0.020 0.025 0.000 0.017

Coupon.7.3 338K 586K 1.100 0.211 1.310 0.255 0.010 0.265 0.232 0.047 0.202

Coupon.9.4 28M 56M 1.641 11.493 13.134 27.055 2.660 29.715 16.487 0.231 2.262

Crowds.12.10 55M 132M 3.204 17.007 20.211 81.420 4,422.589 4,504.009 25.412 260.045 222.849

Crowds.13.10 105M 253M 5.100 35.123 40.222 152.738 17,083.549 17,236.287 29.949 486.392 428.529

Crowds.14.10 193M 466M 8.575 63.090 71.665 277.658 61,048.680 61,326.338 32.380 967.644 855.736

Crowds.15.10 344M 831M 14.265 117.147 131.412 683.681 OOM OOM 47.927 OOM OOM

Factory.8 256 66K 0.779 4.367 5.146 0.065 3.528 3.593 0.083 0.808 0.698

Factory.9 512 262K 0.762 4.705 5.467 0.221 15.293 15.514 0.290 3.250 2.838

Factory.10 1024 1M 0.870 6.086 6.956 0.976 63.162 64.138 1.122 10.378 9.221

Lumbroso.10000 19M 19M 2.665 3.290 5.954 13.418 9.013 22.431 5.035 2.740 3.767

Nand.20.K4 308K 476K 1.312 0.207 1.519 0.357 0.054 0.411 0.272 0.261 0.271

Nand.40.K4 4M 6M 1.521 2.000 3.521 4.588 1.253 5.841 3.016 0.627 1.659

Nand.60.K4 19M 30M 2.147 13.315 15.462 21.404 6.377 27.781 9.969 0.479 1.797

WeatherFactory.8 512 262K 0.802 4.697 5.500 0.230 15.188 0.230 0.287 3.234 0.042

WeatherFactory.9 1024 1M 0.893 6.111 7.004 1.022 63.275 1.022 1.144 10.354 0.146

WeatherFactory.10 2048 4M 1.319 11.625 12.944 4.553 266.765 271.318 3.452 22.948 20.961

could verify this instance, thanks to unified memory, demonstrating its useful-
ness. For the 14-instance, GPUexploreprob achieved an 856× speedup.

Table 2 presents the runtime results for both GPUexploreprob and Storm
(sparse engine). For each case, the number of reachable states and transitions
is given. The runtimes are broken down into exploration / construction time
of the state spaces and checking the PCTL formula. The last three columns
compare the results of the two tools in the relevant columns, i.e., exploration
time, checking time, and total time. The BRP case shows that for models with
very small state spaces, both in terms of number of states and number of tran-
sitions, using a GPU is not promising, which is to be expected; to keep many
GPU threads busy, large state spaces are required. The results for the other
models show examples where exploration starts to pay off, with the best re-
sult being 47× faster than Storm (Crowds.15.10). Regarding formula checking,
GPUexploreprob is particularly fast when many matrix-vector multiplications
are required, which is always the case when the formula contains the bounded
until operator with a large bound. The best recorded result is 968× faster than
Storm (Crowds.14.10). For unbounded until, Storm is often able to apply pre-
processing steps to avoid the multiplications (almost) altogether. As these steps
have not yet been implemented in GPUexploreprob, it tends to be slower in
those cases. However, there is no fundamental reason preventing us from adding
support for those steps in the tool, and we plan to add them in the near future.

Concluding, the results show the potential of GPU accelerated PMC, both
for state space construction and verification. For future work, we will further
optimise verification, and add support for CTMCs and MDPs. Finally, we will
conduct research on using Multi-Terminal Binary Decision Diagrams.
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Abstract. The 14th edition of the Competition on Software Verification
(SV-COMP 2025) evaluated 62 verification tools and 18 witness validation
tools, making it the largest comparison of its kind so far. Out of these,
35 verification and 13 validation tools participated with an active sup-
port of teams led by 33 different representatives from 12 countries. The
verification track of the competition was executed on a benchmark set of
33 353 verification tasks with C programs and 6 different specifications
(reachability, memory safety, memory cleanup, overflows, termination, and
data races) and 674 verification tasks with Java programs checked for
assertion validity. Additionally, we considered 673 verification tasks with
Java programs checked for runtime exceptions as a demo category. The val-
idation track analyzed the witnesses generated in the verification track and
newly also 103 handcrafted witnesses. To handle the increasing complexity
of the competition, the organization committee has been established.
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1 Introduction

This report presents the objectives, processes, rules, participants, and results of
SV-COMP 2025. It extends the series of competition reports (see footnote). This
year, we focus on a more precise description of the current category structure, com-
petition workflow, scoring schema, and changes in the competition done in 2025.
The 14th Competition on Software Verification (https://sv-comp.sosy-lab.org/2025)
is again the largest comparative evaluation ever in this area. The objectives of the
competitions were discussed earlier (1–4 [23]) and extended over the years (5–6 [24]
and 7 [30]):

1. provide an overview of the state of the art in software-verification technology
and increase visibility of the most recent software verifiers,
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2. establish a repository of software-verification tasks that is publicly available
for free use as a standard benchmark suite for evaluating verification software,

3. establish standards that make it possible to compare different verification
tools, including a property language and formats for the results,

4. accelerate the transfer of new verification technology to industrial practice by
identifying the strengths of the various verifiers on a diverse set of tasks,

5. educate PhD students and others on performing reproducible benchmarking,
packaging tools, and running robust and accurate research experiments,

6. provide research teams that do not have sufficient computing resources with
the opportunity to obtain experimental results on large benchmark sets, and

7. conserve tools for formal methods for later reuse by using a standardized
format to announce archives (via DOIs), default options, contacts, competition
participation, and other meta data in a central repository.

The SV-COMP 2020 report [24] discusses the achievements of the SV-COMP
competition so far with respect to these objectives.

Related Competitions. SV-COMP is one of many competitions that measure
progress of research in the area of formal methods [16]. Competitions can lead
to fair and accurate comparative evaluations because of the involvement of the
developing teams. The competitions most related to SV-COMP are RERS [84],
VerifyThis [70], Test-Comp [29], and TermCOMP [77]. The SV-COMP 2020
report [24] provides a more detailed discussion.

Quick Summary of Changes. We aim to keep the setup of the competition
stable. Still, there are always improvements and developments. For the 2025
edition, the following changes were made:

• The organization committee was established.
• The number of considered verification tasks again increased in both C and

Java languages: the number of C tasks increased from 30 300 in 2024 to 33 353
and the number of Java tasks increased from 587 in 2024 to 674 (not counting
the demo category mentioned below).

• We newly considered the property saying that a Java program does not cause
a runtime exception. We used 673 tasks with this property as a demo category.

• In the validation track, we newly used 103 handcrafted witness validation
tasks as a complement to the validation tasks generated by verifiers.

• The category structure was extended by three new base categories with C
programs added to meta category SoftwareSystems, namely SoftwareSystems-
Intel-TDX-Module-ReachSafety, SoftwareSystems-uthash-MemCleanup, and
SoftwareSystems-DeviceDriversLinux64-Termination, one new base category
RuntimeException-Java with Java programs (ran as a demo category due to
late announcement) added to JavaOverall, and one new meta category Vali-
dationCrafted of handcrafted validation tasks divided into two base categories
CorrectnessWitnesses-Loops and ViolationWitnesses-ControlFlow.

• The definition of the memory safety subproperty expressing that all allocated
memory is tracked was reformulated more precisely.
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• The validation of violation witnesses in version 2.0 turned into a regular
category due to a higher number of participating tools.

• The normalization formula computing the scores in meta categories was
modified to ignore void tasks and empty categories.

• We now officially recognize two types of hors-concours participants: meta ver-
ifiers and inactive participants, which are tools without active team support.

• The medals can be assigned only for positive scores.

2 Organization and Processes

Organization. The competition was established and ran for the first 13 years
by Dirk Beyer. The SV-COMP community supported the competition mostly
by maintaining the collection of verification tasks. Executing the competition
in its current form would not be possible without the benchmarking framework
BenchExec [42] and the system for distributed benchmark execution Bench-
Cloud [35], which are developed and maintained by his research group. Since the
beginning, the numbers of benchmarks and participants are substantially growing.
Moreover, completely new layers of complexity were added with witness validation,
the whole validation track, and a second format of witnesses. To distribute the
effort necessary to smoothly run of the competition, the organization committee
was established before the SV-COMP 2025. The competition has now two chairs
(Dirk Beyer and Jan Strejček) and members in charge of benchmark quality
(Zsófia Ádám, Raphaël Monat, Simmo Saan, and Frank Schüssele), category
structure (Thomas Lemberger), infrastructure development (Philipp Wendler,
Po-Chun Chien, Marek Jankola, Henrik Wachowitz, Matthias Kettl, and Marian
Lingsch-Rosenfeld), and reproducibility (Levente Bajczi).

Procedure. SV-COMP is an open competition (also known as comparative eval-
uation). Verification tasks and handcrafted validation tasks are publicly available
in a repository (Table 4) where anyone can contribute. The competition has
basically two phases: training and evaluation. During the training phase, partici-
pating teams can repeatedly submit new versions of their tool. The organizers
run the tool on relevant tasks and provide the results to the whole community.
The participants can inspect the results, fix bugs in their tools and submit a
new version or report an issue with some tasks. The set of verification tasks and
handcrafted validation tasks is frozen approximately two weeks before the the end
of the training phase. In the evaluation phase, the tools are again executed on all
relevant tasks, the participants are asked for an inspection of the results and they
can challenge the validity of some tasks. After removing the invalid tasks (they
are marked as void), the results are announced on the competition web site.

Competition Jury. The competition jury reviews the competition contribution
papers and helps the organizer with resolving any disputes that might occur
(cf. competition report of SV-COMP 2013 [18]). The tasks of the jury were
described in more detail in the report of SV-COMP 2022 [27]. The jury consists
of the SV-COMP chairs and one representative of each actively participating

https://github.com/sosy-lab/benchexec
https://gitlab.com/sosy-lab/software/benchcloud
https://gitlab.com/sosy-lab/software/benchcloud
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tool. The representatives of participating tools circulate every year after the
tool-submission deadline. The current representatives are listed in Tables 6 and 7.
The jury includes one additional member, P. Darke (TCS, India), representing a
tool that ultimately did not actively participate due to license issues. The current
jury is also listed on the web site (https://sv-comp.sosy-lab.org/2025/committee.php).

3 Tasks, Workflow, and Scoring

Verification and Validation Tasks. A verification task consists of a program, a
property to be verified, and an expected verification result. A validation task is a
program, a property, and a witness of the program correctness or property violation
to be validated. SV-COMP 2025 supports witnesses in two versions of the witness
format, namely 1.0 [37] and 2.0 [7]. Some validation tasks (e.g., the handcrafted
ones) contain also the expected validation result. SV-COMP 2025 used the task-
definition format in version 2.1 to denote the verification and validation tasks.

Properties. In connection with C programs, we consider 6 different properties:
unreachability of a given function (referenced as unreach-call in the competi-
tion), memory safety (valid-memsafety) composed of three subproperties saying
that all pointer dereferences are valid (valid-deref), all memory deallocations are
valid (valid-free), and all allocated memory is tracked (valid-memtrack), mem-
ory cleanup (valid-memcleanup) saying that all allocated memory is deallocated
before the program terminates, no overflow (no-overflow) saying that operations
on signed integers never overflow, no data race (no-data-race) saying that the
program does not contain any data race, and termination (termination) saying
that the program always terminates. Note that a program is considered memory
safe only if it satisfies all three subproperties. The subproperties are used in partic-
ular to report what is violated if a program is not memory safe. For Java programs,
we consider the property assertion validity (assert_java) and newly also no
runtime exception (runtime-exception). We refer to the conference web page for
precise definition of these properties (https://sv-comp.sosy-lab.org/2025/rules.php).
We note that the precise definition of tracked memory was modified for SV-COMP
2025 as the previous definition was ambiguous.

Categories. The verification tasks are divided into base categories loosely reflect-
ing the programming language, program features, the considered property, and the
source of the benchmarks. Base categories are accumulated into meta categories.
For the C language, there are two levels of meta categories. The top level contains
the category Overall of all C verification tasks and the category FalsificationOver-
all, which is rather specific. The category FalsificationOverall was originally
introduced to support bug-finding tools. It has basically the same structure as
Overall, but it contains only the tasks with safety properties, which are all but
termination. In other words, FalsificationOverall does not contain the whole meta
category Termination and base category SoftwareSystems-DeviceDriversLinux64-
Termination. It also uses a specific scoring schema as explained below. For Java
language, there is only a single meta category called JavaOverall. The category

https://sv-comp.sosy-lab.org/2025/committee.php
https://gitlab.com/sosy-lab/benchmarking/task-definition-format/-/tree/2.0
https://gitlab.com/sosy-lab/benchmarking/task-definition-format/-/tree/2.0
https://sv-comp.sosy-lab.org/2025/rules.php
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Fig. 1: Category structure for SV-COMP 2025; demo marks the demo category,
new categories are green



156 Dirk Beyer and Jan Strejček

structure was significantly updated for SV-COMP 2024. For SV-COMP 2025,
we added 3 new base categories to the category SoftwareSystems. Further, the
category JavaOverall was extended with the base category RuntimeException-
Java of verification tasks with the property no runtime exception. This base
category ran only as a demo category because it was announced shortly before
the competition deadlines. As a consequence, this base category is not reflected in
the score computations of JavaOverall The current category structure including
the new categories is shown in Fig. 1. The meta categories and the number of
verification tasks they contain are shown in Tables 10, 11, and 12 presenting the
results of the verification track. Finally, the categories are described in detail on
the competition web site (https://sv-comp.sosy-lab.org/2025/benchmarks.php).

All validation tasks are basically divided into 4 groups: the witnesses of
program correctness are separated from the witnesses of property violation and
each of these two groups is again divided according to the used witness format
(version 1.0 or 2.0). In each of the four groups, the validation tasks are organized
basically in the same category structure: each validation task generated by a
verifier is in the base category determined by the corresponding verification task.
The handcrafted validation tasks are stored in two new base categories united in a
new meta category called ValidationCrafted as shown in Fig. 1. The meta category
FalsificationOverall is not considered in the validation track. As the witness
formats and current validators have certain limitations, SV-COMP 2025 supports
witnesses in individual formats only for selected properties and categories, as
shown in Table 1. Some categories in some groups are empty, for example because
SV-COMP does not support the particular witness format for the category. All
empty categories are removed from the category structures of the groups.

Competition Workflow. Roughly speaking, the inputs of the competition are
(a) verification tasks and, for each verifier and witness validator, the participating
teams provide (b) benchmark definition listing the base categories the tool is
supposed to be applied on (i.e., the tool opts-out from the categories that are
not listed there), (c) tool-info module that specifies the interface for running the
tool and interpreting its results, and (d) tool archive on Zenodo from where the
tool is downloaded. The inputs provided by participating teams are described
more precisely in the report for Test-Comp 2021 [26] (SV-COMP and Test-Comp
use similar workflow and components).

The verification track proceeds as follows. The competition scripts run each
verifier on all relevant verification tasks given by its benchmark definition. If the
verifier solves a task, it returns either True meaning that the program satisfies
the given property or False meaning that the program violates the property.
The output True is accompanied with a correctness witness and the output
False with a violation witnesses in some of the formats supported by SV-COMP
for the corresponding property and category (see Table 1). When SV-COMP
supports both formats, the verifier can actually produce two witnesses, one in
each format. If no format is supported, the witness is not required. This is the case
of correctness witnesses in categories *-Arrays, *-Floats, *-Heap, *MemSafety*,
ConcurrencySafety-*, *NoDataRace*, *Termination-*, and *-Java. The generated

https://sv-comp.sosy-lab.org/2025/benchmarks.php
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Table 1: Support of witnesses in individual formats based on property and category;
‘–’ indicates that the property is not relevant for the witness type in the column

Correctness Violation
Witnesses Witnesses

Property Categories v1.0 v2.0 v1.0 v2.0

unreach-call
all except *-Arrays, *-Floats,

✓ ✓ ✓ ✓*-Heap, and ConcurrencySafety-*
unreach-call *-Arrays, *-Floats, and *-Heap ✓ ✓

unreach-call ConcurrencySafety-* ✓

valid-memsafety all – –
valid-deref all except ConcurrencySafety-* – – ✓ ✓

valid-deref ConcurrencySafety-* – – ✓

valid-free all except ConcurrencySafety-* – – ✓ ✓

valid-free ConcurrencySafety-* – – ✓

valid-memtrack all – – ✓

valid-memcleanup all ✓

no-overflow all except ConcurrencySafety-* ✓ ✓ ✓ ✓

no-overflow ConcurrencySafety-* ✓

no-data-race all ✓

termination all ✓

assert-java all ✓

runtime-exception all ✓

witnesses are turned into validation tasks. If the program of the validation task
is written in C, we run WitnessLint to check that the witness adheres to the
format. If the answer is negative, the witness is syntactically invalid and we never
consider such a witness as confirmed. We do not apply this step for validation
tasks with programs in Java as there is no witness linter for these witnesses.
Competition scripts then run all suitable validators on each validation task, where
suitability is determined by the benchmark definition of validators. Each validator
can either confirm the task, refute it, or fail to solve it. A validator confirms
a correctness witness by returning True and refutes it by returning False. A
violation witness is confirmed by False and refuted by True.

The validation track uses the same inputs, only the verification tasks are
replaced by validation tasks. These are the handcrafted validation tasks and all
validation tasks generated by the verifiers in the verification track and successfully
checked by WitnessLint. A validation task contains an expected result if it is
handcrafted or if it was generated with an incorrect verification result (i.e., it
contains a correctness witness for a verification task with property violation or a
violation witness for a verification task with a correct program). In the latter case,
the expected validation result corresponds to refutation. Each validator is executed
on all validation tasks specified by the corresponding benchmark definition.

Computing Resources. The computing resources for each tool execution were
the same as in SV-COMP 2024. Each verifier run was limited by 15 GB of memory

https://fm-tools.sosy-lab.org/#tool-witnesslint
https://fm-tools.sosy-lab.org/#tool-witnesslint
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Table 2: Scores per individual verification results used since SV-COMP 2021

Result Points Description

True correct +2
Program correctly reported to satisfy the property and
the correctness witness confirmed (or not required)

True incorrect −32 Incorrect program reported as correct (wrong proof)

False correct +1
Property violation was correctly found and the violation
witness was confirmed

False incorrect −16 Violation reported but the property holds (false alarm)

and 15 min of cumulative CPU time on 4 processing units. Each run of a validator
was limited to 2 processing units, 7GB of memory, and 1.5min of CPU time
for violation witnesses and 15min of CPU time for correctness witnesses. The
machines for running the experiments are part of a computer cluster at the
SoSy-Lab at LMU, which consists of 168 machines, where each machine has one
Intel Xeon E3-1230 v5 CPU with 8 processing units, a frequency of 3.4GHz, 33GB
of RAM, and a GNU/Linux operating system (x86_64-linux, Ubuntu 24.04 with
Linux kernel 6.8). We used BenchExec [42] to measure and control computing
resources (CPU time, memory) and BenchCloud [35] to distribute, install, run,
and clean-up verification runs, and to collect the results.

Scoring Schema. For verification track, the scoring schema of SV-COMP 2025 in
base categories was the same as for SV-COMP 2021. Table 2 lists all the cases when
verification results are awarded with non-zero points, where a verification result is

• incorrect if it does not agree with the expected result of the verification task,
• correct if it agrees with the expected result and the produced witness (or at

least one of them if there are two) is confirmed by some validator. In the
categories where correctness witnesses are not required, a verification results
is correct whenever it agrees with the expected result.

When a verification result agrees with the expected result but no validator confirms
the witness (although it is required), we call the result correct-unconfirmed. The
score of a verifier in a base category is simply the sum of the points for individual
verification tasks. The score for a meta category is computed from the scores of
all contained (meta or base) categories on the next level and the number of tasks
in these categories. Formally, if a meta category contains k categories of the next
level and the i-th contained category has the score si and consists of ni verification
tasks, then the meta category gets the score (Σk

i=1si/ni) · (Σk
i=1ni)/k, i.e., the

sum of scores in each category normalized by the number of tasks in the category
multiplied by the average number of tasks in the contained categories. Note that
in previous years, the numbers ni included also void tasks that are technically
in categories but are not used in the competition (a verification task is marked
as void typically because it was changed for some serious reason after the task
freezing deadline). Since SV-COMP 2025, these void tasks are not included in ni.

https://github.com/sosy-lab/benchexec
https://gitlab.com/sosy-lab/software/benchcloud
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Table 3: Scores per individual validation results used since SV-COMP 2024

Result Points Description for correctness witnesses
Description for violation witnesses

True correct +2
The correctness witness was correctly confirmed
The violation witness was correctly refuted

True incorrect −32
The correctness witness was confirmed but it is not correct
The violation witness was refuted but it is correct

False correct +1
The correctness witness was correctly refuted
The violation witness was correctly confirmed

False incorrect −16
The correctness witness was refuted but it is correct
The violation witness was confirmed but it is not correct

The scoring in FalsificationOverall and its subcategories is slightly different.
As this meta category was motivated by tools that can only find a bug, the
scores in its base categories are sums of the points for results False (both
correct and incorrect), while the results True are ignored. The computation
of scores for meta categories remains unchanged.

For validation track, the scoring schema of SV-COMP 2025 in base categories
was the same as for SV-COMP 2024. The biggest difference from the verification
track comes from the fact that many validation tasks do not contain the expected
validation result. In fact, it is contained only in handcrafted validation tasks and
in the tasks generated by verifiers that solve some verification task incorrectly
(and thus the witness they produce should be refuted). For the remaining tasks,
the expected results are determined by voting. For each such a task, we collect
the results from all validators that solved (i.e., confirmed or refuted) the task.
If we have at least two such results and at least 75% of them agree on their
decision, then the expected result is set by the majority vote. In all other cases,
the expected result is not determined and the validation task has no influence on
the validation track results as it is considered void. Tool developers can inspect the
results and convince the community that a voted expected results is in fact wrong.
In such a case, the corresponding validation task is removed from the competition.

Table 3 lists all the cases when validation results are awarded with non-zero
points. A validation result True or False is considered correct if it agrees with the
expected result and incorrect otherwise. To compute the scores in base categories,
we virtually divide each base category C into two subcategories Cc, Cw, where

• Cc contains the witnesses that are expected to be correct (i.e., correctness
witnesses with the expected result True and violation witnesses with the
expected result False), and

• Cw contains the witnesses that are expected to be wrong (i.e., correctness
witnesses with the expected result False and violation witnesses with the
expected result True).

The score of a validator in each subcategory Cc, Cw is the sum of the points for
individual validation tasks in the subcategory. If some of the subcategories Cc, Cw
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Table 4: Publicly available components for reproducing SV-COMP 2025

Component Repository Version

Verification Tasks gitlab.com/sosy-lab/benchmarking/sv-benchmarks svcomp25
Benchmark Definitions gitlab.com/sosy-lab/sv-comp/bench-defs svcomp25
Tool-Info Modules github.com/sosy-lab/benchexec 3.29
Verifiers gitlab.com/sosy-lab/benchmarking/fm-tools svcomp25
BenchExec (Benchmarking) github.com/sosy-lab/benchexec 3.29
BenchCloud (Distribution) gitlab.com/sosy-lab/software/benchcloud 1.3.0
Witness Format gitlab.com/sosy-lab/benchmarking/sv-witnesses 2.0.3
CoVeriTeam for CI gitlab.com/sosy-lab/software/coveriteam 1.2.1
Processing Scripts gitlab.com/sosy-lab/benchmarking/competition-scripts svcomp25

Table 5: Artifacts published for SV-COMP 2025

Content DOI Reference

Verification Tasks 10.5281/zenodo.15012096 [33]
Competition Results 10.5281/zenodo.15012085 [32]
FM-Tools (Verifiers and Validators) 10.5281/zenodo.15055359 [31]
Verification Witnesses 10.5281/zenodo.15012077 [34]
BenchExec 10.5281/zenodo.15007216 [133]
CoVeriTeam 10.5281/zenodo.11193690 [47]

is empty, the score for C is directly the score for the non-empty subcategory.
If both subcategories Cc, Cw are non-empty and have respective scores sc, sw,
then the score for C is computed as for a meta category in the verification track,
i.e., ( sc

|Cc| +
sw
|Cw| ) ·

|Cc|+|Cw|
2 . The score of a validator in a meta category is then

computed by the same process as in the verification track. Note that all the scores
presented in this paper and on the competition web are rounded to integers before
printing, but their computation is done with a higher precision.

Ranking. As before, the rank of a verifier in each category was decided based on
the achieved score. In case of a tie, we used the success run time as the secondary
criterion, which is the total CPU time of the verifier over all tasks in a given
category for which the verifier reported a correct verification result. Ranking in
validation track works in the same way. Recall that a tool participates only in
the categories specified in its benchmark definition. In contrast to the previous
year, we assign medals only to tools with a positive score.

Reproducibility. SV-COMP results must be reproducible. Hence, all major
components are maintained in public version-control repositories. Table 4 lists
these components with the links to the repositories and their versions used in
SV-COMP 2025. Most of these components are described with more details in the
SV-COMP 2016 report [21]. Later, BenchCloud was introduced to distribute the
benchmarking jobs in an elastic cloud and collect results. Moreover, CoVeriTeam
is used to continuously check (GitLab CI pipeline) whether tools can be executed in

https://gitlab.com/sosy-lab/benchmarking/sv-benchmarks/tree/svcomp25
https://gitlab.com/sosy-lab/sv-comp/bench-defs/-/tree/svcomp25
https://github.com/sosy-lab/benchexec/tree/3.29/benchexec/tools
https://gitlab.com/sosy-lab/benchmarking/fm-tools/tree/svcomp25
https://github.com/sosy-lab/benchexec
https://github.com/sosy-lab/benchexec/tree/3.29
https://gitlab.com/sosy-lab/software/benchcloud
https://gitlab.com/sosy-lab/software/benchcloud
https://gitlab.com/sosy-lab/benchmarking/sv-witnesses/tree/2.0.3
https://gitlab.com/sosy-lab/software/coveriteam
https://gitlab.com/sosy-lab/software/coveriteam/tree/1.2.1
https://gitlab.com/sosy-lab/benchmarking/competition-scripts/tree/svcomp25
https://doi.org/10.5281/zenodo.15012096
https://doi.org/10.5281/zenodo.15012085
https://doi.org/10.5281/zenodo.15055359
https://doi.org/10.5281/zenodo.15012077
https://github.com/sosy-lab/benchexec
https://doi.org/10.5281/zenodo.15007216
https://gitlab.com/sosy-lab/software/coveriteam
https://doi.org/10.5281/zenodo.11193690
https://gitlab.com/sosy-lab/software/benchcloud
https://gitlab.com/sosy-lab/software/coveriteam
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the competition environment. The processing scripts to execute the experiments
and post-process the data into tables, scores, and rankings are also publicly
released. The competition artifacts are published at Zenodo (see Table 5) with the
relevant tools and data to guarantee their long-term availability and immutability.

For the reproducibility reasons, SV-COMP requires since 2018 that the verifiers
and validators must be publicly available for download and has a license that

• allows reproduction and evaluation by anybody (incl. results publication),
• does not restrict the usage of the verifier output (log files, witnesses), and
• allows (re-)distribution of the unmodified verifier archive via SV-COMP

repositories and archives.

The verification and handcrafted validation tasks used in the competition are also
accompanied by a license. In this case, the stated license must allow to

• view, understand, investigate, and reverse engineer the algorithm or system,
• change the program (in particular, pre-process and adopt the programs to be

useful for a verification task),
• (re-)distribute the (original and changed) program under the same terms (in

particular, in replication packages for research projects or as regression tests),
• compile and execute the program (in particular, for the purpose of verifying

that a specification violation exists),
• and commercially take advantage of the program (in particular, to not exclude

developers of commercial verifiers).

4 Participating Verifiers and Validators

In total, SV-COMP 2025 evaluates 62 verification and 18 validation tools. Besides
35 verifiers and 13 validators registered to and supported in the competition by
development teams, we also evaluated some tools participating in previous years
but not actively registered and supported this year. These tools are called inactive,
clearly marked with ∅ in all tables, and they do not appear in rankings. Further,
we clearly distinguish meta verifiers according to the following characterization
approved by the community of SV-COMP 2023.

A meta verifier is a combination of at least two existing verification
components such that each result produced by the combination can be
computed by some of its components alone. A verifier is the result of
research and engineering in verification algorithms and approaches, while
a typical meta verifier selects a verification component to run, sets up its
parameters, and potentially post-processes its output.

Meta verifiers are annotated with meta in all tables and also excluded from rankings.
Note that before SV-COMP 2025, both inactive tools and meta verifiers were
marked as hors-concours participants and not properly distinguished.

Tables 6 and 7 list all validation and verification tools evaluated in SV-
COMP 2025, respectively. The tables contain the tool name (with hyperlink),
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Table 6: Participating validators with tool references, representing jury members,
their affiliations, and indications of supported witnesses depending on format
version and type; ∅ for inactive, new for first-time participants, Cor. for correctness
witnesses, Vio. for violation witnesses, and ✓ for newly added support

Witness Format

v1.0 v2.0

Validator Ref. Jury Member Affiliation Cor. Vio. Cor. Vio.

ConcurrentW2T [13] Z. Ádám BME Budapest ✓

CPAchecker [40, 41] M. Lingsch-Rosenfeld LMU Munich ✓ ✓ ✓ ✓

CPA-w2t∅ [37, 39] – – ✓

CProver-w2t∅ [37, 39] – – ✓

Dartagnan [116] H. Ponce de León Huawei Dresden ✓

Goblint [122] S. Saan U. Tartu ✓

GWIT∅ [85] – – ✓

JCWIT∅ [56] – – ✓

LIV [45] M. Lingsch-Rosenfeld LMU Munich ✓ ✓

MetaVal [43] M. Lingsch-Rosenfeld LMU Munich ✓ ✓ ✓ ✓

MetaVal++ new M. Lingsch-Rosenfeld LMU Munich ✓

Mopsa [106] R. Monat Inria & U. Lille ✓

NITWIT∅ [136] – – ✓

Symbiotic-Witch [8] P. Ayaziová Masaryk U., Brno ✓

UAutomizer [36, 38] M. Ebbinghaus U. Freiburg ✓ ✓ ✓ ✓

UReferee new F. Schüssele U. Freiburg ✓ ✓

Wit4Java [135] T. Wu U. Manchester ✓

Witch [7, 9] P. Ayaziová Masaryk U., Brno ✓

Table 7: Participating verifiers with tool references, representing jury members
and their affiliations; ∅ for inactive, meta for meta verifiers, and new for first-time
participants

Verifier Ref. Jury Member Affiliation

2LS [48, 103] V. Malík BUT, Czechia
aise [99, 132] Z. Chen NUDT, China
AProVE [100] N. Lommen RWTH Aachen, Germany
BRICK [49] L. Bu Nanjing U., China
Bubaak [51, 53] M. Chalupa ISTA, Austria
Bubaak-SpLit [52] M. Chalupa ISTA, Austria
CBMC∅ [58, 95] – –
COASTAL∅ [129] – –
CoOpeRacemeta new V. Vojdani U. Tartu, Estonia
CPAchecker [10, 11] M. Lingsch-Rosenfeld LMU Munich, Germany
CPALockator∅ [5, 6] – –
(continues on next page)

https://fm-tools.sosy-lab.org/#tool-concurrentwitness2test
https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-cpa-witness2test
https://fm-tools.sosy-lab.org/#tool-fshell-witness2test
https://fm-tools.sosy-lab.org/#tool-dartagnan
https://fm-tools.sosy-lab.org/#tool-goblint
https://fm-tools.sosy-lab.org/#tool-gwit
https://fm-tools.sosy-lab.org/#tool-jcwit
https://fm-tools.sosy-lab.org/#tool-liv
https://fm-tools.sosy-lab.org/#tool-metaval
https://fm-tools.sosy-lab.org/#tool-metaval++
https://fm-tools.sosy-lab.org/#tool-mopsa
https://fm-tools.sosy-lab.org/#tool-nitwit
https://fm-tools.sosy-lab.org/#tool-symbiotic-witch
https://fm-tools.sosy-lab.org/#tool-uautomizer
https://fm-tools.sosy-lab.org/#tool-ureferee
https://fm-tools.sosy-lab.org/#tool-wit4java
https://fm-tools.sosy-lab.org/#tool-witch
https://fm-tools.sosy-lab.org/#tool-2ls
https://fm-tools.sosy-lab.org/#tool-aise
https://fm-tools.sosy-lab.org/#tool-aprove
https://fm-tools.sosy-lab.org/#tool-brick
https://fm-tools.sosy-lab.org/#tool-bubaak
https://fm-tools.sosy-lab.org/#tool-bubaak-split
https://fm-tools.sosy-lab.org/#tool-cbmc
https://fm-tools.sosy-lab.org/#tool-coastal
https://fm-tools.sosy-lab.org/#tool-cooperace
https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-cpa-lockator
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Table 7: Participating verifiers (continued)

Verifier Ref. Jury Member Affiliation

CPA-bam-bnb∅ [4, 131] – –
CPA-bam-smg∅ – –
CPV [57] P.-C. Chien LMU Munich, Germany
Crux∅ [69, 123] – –
CSeq∅ [63, 89] – –
Dartagnan [76, 115] H. Ponce de León Huawei Dresden, Germany
Deagle [80] F. He Tsinghua U., China
DIVINE∅ [15, 96] – –
EBF∅ [3] – –
EmergenTheta [12, 108] L. Bajczi BME Budapest, Hungary
ESBMC-incr [59, 62] T. Wu U. Manchester, UK
ESBMC-kind [75, 134] T. Wu U. Manchester, UK
Frama-C-SV∅ [44, 64] – –
Gazer-Theta∅ [1, 79] – –
GDart [110] F. Howar TU Dortmund, Germany
GDart-LLVM∅ – –
Goblint [121, 130] S. Saan U. Tartu, Estonia
Graves-CPA∅ meta [97] – –
Hornix new M. Blicha U. Lugano, Switzerland
Infer∅ [50, 93] – –
Java-Ranger [86, 125] S. Hussein Ain Shams U., Egypt
JayHorn∅ [92, 124] – –
JBMC [60, 61] P. Schrammel Diffblue, UK
JDart∅ [102, 109] – –
Korn [72, 73] G. Ernst LMU Munich, Germany
Lazy-CSeq∅ [87, 88] – –
LF-checker∅ – –
Locksmith∅ [117] – –
MLB L. Bu Nanjing U., China
Mopsa [91, 107] R. Monat Inria & U. Lille, France
Nacpameta new [98] H. Wachowitz LMU Munich, Germany
PeSCo-CPA∅ meta [119, 120] – –
PIChecker∅ [126] – –
Pinaka∅ [55] – –
PredatorHP∅ [83, 114] – –
Proton [105, 111] R. Metta TCS, India
RacerF new [65] T. Dacík BUT, Czechia
SPF∅ [112, 118] – –
SVF-SVC new [104] M. Richards U. New South Wales, AU
sv-sanitizers S. Saan U. Tartu, Estonia
SWAT [101] N. Loose U. Luebeck, Germany
Symbiotic [54, 90] M. Jonáš Masaryk U., Czechia
(continues on next page)

https://fm-tools.sosy-lab.org/#tool-cpa-bam-bnb
https://fm-tools.sosy-lab.org/#tool-cpa-bam-smg
https://fm-tools.sosy-lab.org/#tool-cpv
https://fm-tools.sosy-lab.org/#tool-crux
https://fm-tools.sosy-lab.org/#tool-cseq
https://fm-tools.sosy-lab.org/#tool-dartagnan
https://fm-tools.sosy-lab.org/#tool-deagle
https://fm-tools.sosy-lab.org/#tool-divine
https://fm-tools.sosy-lab.org/#tool-ebf
https://fm-tools.sosy-lab.org/#tool-emergentheta
https://fm-tools.sosy-lab.org/#tool-esbmc-incr
https://fm-tools.sosy-lab.org/#tool-esbmc-kind
https://fm-tools.sosy-lab.org/#tool-frama-c-sv
https://fm-tools.sosy-lab.org/#tool-gazer-theta
https://fm-tools.sosy-lab.org/#tool-gdart
https://fm-tools.sosy-lab.org/#tool-gdart-llvm
https://fm-tools.sosy-lab.org/#tool-goblint
https://fm-tools.sosy-lab.org/#tool-graves
https://fm-tools.sosy-lab.org/#tool-hornix
https://fm-tools.sosy-lab.org/#tool-infer
https://fm-tools.sosy-lab.org/#tool-java-ranger
https://fm-tools.sosy-lab.org/#tool-jayhorn
https://fm-tools.sosy-lab.org/#tool-jbmc
https://fm-tools.sosy-lab.org/#tool-jdart
https://fm-tools.sosy-lab.org/#tool-korn
https://fm-tools.sosy-lab.org/#tool-lazycseq
https://fm-tools.sosy-lab.org/#tool-lf-checker
https://fm-tools.sosy-lab.org/#tool-locksmith
https://fm-tools.sosy-lab.org/#tool-mlb
https://fm-tools.sosy-lab.org/#tool-mopsa
https://fm-tools.sosy-lab.org/#tool-nacpa
https://fm-tools.sosy-lab.org/#tool-pesco
https://fm-tools.sosy-lab.org/#tool-pichecker
https://fm-tools.sosy-lab.org/#tool-pinaka
https://fm-tools.sosy-lab.org/#tool-predatorhp
https://fm-tools.sosy-lab.org/#tool-proton
https://fm-tools.sosy-lab.org/#tool-racerf
https://fm-tools.sosy-lab.org/#tool-spf
https://fm-tools.sosy-lab.org/#tool-svf-svc
https://fm-tools.sosy-lab.org/#tool-sv-sanitizers
https://fm-tools.sosy-lab.org/#tool-swat
https://fm-tools.sosy-lab.org/#tool-symbiotic
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Table 7: Participating verifiers (continued)

Verifier Ref. Jury Member Affiliation

Theta [127, 128] L. Bajczi BME Budapest, Hungary
Thorn new L. Bajczi BME Budapest, Hungary
UAutomizer [81, 82] M. Heizmann U. Freiburg, Germany
UGemCutter [74, 94] D. Klumpp U. Freiburg, Germany
UKojak [71, 113] M. Bentele U. Freiburg, Germany
UTaipan [68, 78] D. Dietsch U. Freiburg, Germany
VeriAbs∅ [2, 66] – –
VeriAbsL∅ [67] – –
VeriOover∅ – –

Table 8: Algorithms and techniques used by the participating tools;
∅ for inactive, meta for meta verifiers, and new for first-time participants
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2LS ✓ ✓ ✓ ✓ ✓ ✓

aise ✓

AProVE ✓

BRICK ✓ ✓ ✓ ✓ ✓

Bubaak ✓ ✓ ✓ ✓ ✓

Bubaak-SpLit ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CBMC∅ ✓ ✓ ✓

COASTAL∅ ✓

ConcurrentW2T ✓

CoOpeRacemeta new ✓ ✓ ✓

CPAchecker ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CPALockator∅ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CPA-bam-bnb∅ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CPA-bam-smg∅

CPA-w2t∅ ✓ ✓ ✓

CProver-w2t∅ ✓

CPV ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Crux∅ ✓

CSeq∅ ✓ ✓ ✓

(continues on next page)

https://fm-tools.sosy-lab.org/#tool-theta
https://fm-tools.sosy-lab.org/#tool-thorn
https://fm-tools.sosy-lab.org/#tool-uautomizer
https://fm-tools.sosy-lab.org/#tool-ugemcutter
https://fm-tools.sosy-lab.org/#tool-ukojak
https://fm-tools.sosy-lab.org/#tool-utaipan
https://fm-tools.sosy-lab.org/#tool-veriabs
https://fm-tools.sosy-lab.org/#tool-veriabsl
https://fm-tools.sosy-lab.org/#tool-verioover
https://fm-tools.sosy-lab.org/#tool-2ls
https://fm-tools.sosy-lab.org/#tool-aise
https://fm-tools.sosy-lab.org/#tool-aprove
https://fm-tools.sosy-lab.org/#tool-brick
https://fm-tools.sosy-lab.org/#tool-bubaak
https://fm-tools.sosy-lab.org/#tool-bubaak-split
https://fm-tools.sosy-lab.org/#tool-cbmc
https://fm-tools.sosy-lab.org/#tool-coastal
https://fm-tools.sosy-lab.org/#tool-concurrentwitness2test
https://fm-tools.sosy-lab.org/#tool-cooperace
https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-cpa-lockator
https://fm-tools.sosy-lab.org/#tool-cpa-bam-bnb
https://fm-tools.sosy-lab.org/#tool-cpa-bam-smg
https://fm-tools.sosy-lab.org/#tool-cpa-witness2test
https://fm-tools.sosy-lab.org/#tool-fshell-witness2test
https://fm-tools.sosy-lab.org/#tool-cpv
https://fm-tools.sosy-lab.org/#tool-crux
https://fm-tools.sosy-lab.org/#tool-cseq
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Table 8: Algorithms and techniques (continued)
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Dartagnan ✓ ✓ ✓

Deagle ✓ ✓

DIVINE∅ ✓ ✓ ✓ ✓ ✓ ✓

EBF∅ ✓

EmergenTheta ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

ESBMC-incr ✓ ✓ ✓ ✓

ESBMC-kind ✓ ✓ ✓ ✓ ✓ ✓

Frama-C-SV∅ ✓

Gazer-Theta∅ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GDart ✓ ✓ ✓

GDart-LLVM∅ ✓ ✓

Goblint ✓ ✓ ✓

Graves-CPA∅ meta ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

GWIT∅ ✓ ✓ ✓

Hornix new ✓

Infer∅ ✓ ✓ ✓ ✓

Java-Ranger ✓ ✓

JayHorn∅ ✓ ✓ ✓ ✓ ✓ ✓

JBMC ✓ ✓ ✓

JCWIT∅ ✓

JDart∅ ✓ ✓ ✓

Korn ✓ ✓ ✓ ✓ ✓

Lazy-CSeq∅ ✓ ✓ ✓

LF-checker∅

LIV ✓

Locksmith∅ ✓

MetaVal ✓ ✓

MetaVal++ new ✓

MLB ✓ ✓ ✓

Mopsa ✓

Nacpameta new ✓ ✓

NITWIT∅ ✓

PeSCo-CPA∅ meta ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

PIChecker∅ ✓ ✓ ✓ ✓ ✓ ✓ ✓

(continues on next page)

https://fm-tools.sosy-lab.org/#tool-dartagnan
https://fm-tools.sosy-lab.org/#tool-deagle
https://fm-tools.sosy-lab.org/#tool-divine
https://fm-tools.sosy-lab.org/#tool-ebf
https://fm-tools.sosy-lab.org/#tool-emergentheta
https://fm-tools.sosy-lab.org/#tool-esbmc-incr
https://fm-tools.sosy-lab.org/#tool-esbmc-kind
https://fm-tools.sosy-lab.org/#tool-frama-c-sv
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https://fm-tools.sosy-lab.org/#tool-jayhorn
https://fm-tools.sosy-lab.org/#tool-jbmc
https://fm-tools.sosy-lab.org/#tool-jcwit
https://fm-tools.sosy-lab.org/#tool-jdart
https://fm-tools.sosy-lab.org/#tool-korn
https://fm-tools.sosy-lab.org/#tool-lazycseq
https://fm-tools.sosy-lab.org/#tool-lf-checker
https://fm-tools.sosy-lab.org/#tool-liv
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https://fm-tools.sosy-lab.org/#tool-mopsa
https://fm-tools.sosy-lab.org/#tool-nacpa
https://fm-tools.sosy-lab.org/#tool-nitwit
https://fm-tools.sosy-lab.org/#tool-pesco
https://fm-tools.sosy-lab.org/#tool-pichecker
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Table 8: Algorithms and techniques (continued)
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Pinaka∅ ✓ ✓ ✓

PredatorHP∅ ✓

Proton ✓

RacerF new ✓

SPF∅ ✓ ✓ ✓

SVF-SVC new ✓

sv-sanitizers ✓

SWAT ✓

Symbiotic ✓ ✓ ✓ ✓ ✓ ✓ ✓

Symbiotic-Witch ✓

Theta ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Thorn new ✓ ✓ ✓

UAutomizer ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

UGemCutter ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

UKojak ✓ ✓ ✓ ✓ ✓

UReferee new ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

UTaipan ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

VeriAbs∅ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

VeriAbsL∅ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

VeriOover∅

Wit4Java
Witch ✓

references to papers that describe the tool, the representing jury member and
the affiliation. The listings are also available on the competition web site at
https://sv-comp.sosy-lab.org/2025/systems.php. Table 6 additionally indicates the
witness formats and witness kinds supported by individual validators and whether
they were supported in SV-COMP 2025 for the first time (✓) or not (✓).

Table 8 lists the algorithms and techniques used by the verification and
validation tools (some techniques were omitted due to limited space). Further,
Table 9 gives an overview of common solver libraries and frameworks used by
these tools. Note that both tables are based on information provided by teams
that registered individual tools to SV-COMP 2025 or to some previous editions
in the case of currently inactive tools. The web site https://fm-tools.sosy-lab.org

https://fm-tools.sosy-lab.org/#tool-pinaka
https://fm-tools.sosy-lab.org/#tool-predatorhp
https://fm-tools.sosy-lab.org/#tool-proton
https://fm-tools.sosy-lab.org/#tool-racerf
https://fm-tools.sosy-lab.org/#tool-spf
https://fm-tools.sosy-lab.org/#tool-svf-svc
https://fm-tools.sosy-lab.org/#tool-sv-sanitizers
https://fm-tools.sosy-lab.org/#tool-swat
https://fm-tools.sosy-lab.org/#tool-symbiotic
https://fm-tools.sosy-lab.org/#tool-symbiotic-witch
https://fm-tools.sosy-lab.org/#tool-theta
https://fm-tools.sosy-lab.org/#tool-thorn
https://fm-tools.sosy-lab.org/#tool-uautomizer
https://fm-tools.sosy-lab.org/#tool-ugemcutter
https://fm-tools.sosy-lab.org/#tool-ukojak
https://fm-tools.sosy-lab.org/#tool-ureferee
https://fm-tools.sosy-lab.org/#tool-utaipan
https://fm-tools.sosy-lab.org/#tool-veriabs
https://fm-tools.sosy-lab.org/#tool-veriabsl
https://fm-tools.sosy-lab.org/#tool-verioover
https://fm-tools.sosy-lab.org/#tool-wit4java
https://fm-tools.sosy-lab.org/#tool-witch
https://sv-comp.sosy-lab.org/2025/systems.php
https://fm-tools.sosy-lab.org
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Table 9: Solver libraries and frameworks used as components by at least three
participating tools; tools that did not declare any used library or framework are
omitted, ∅ for inactive, meta for meta verifiers, and new for first-time participants

Tool C
P
A

c
h
ec

k
er

C
P
ro

v
er

E
sb

m
c

Jp
f

U
lt

im
at

e

Ja
va

S
M

T

M
at

h
S
A
T

C
vc

S
M

T
in

t
er

po
l

Z
3

M
in

iS
A
T

A
pr

o
n

2LS ✓ ✓

aise ✓ ✓

AProVE ✓

BRICK ✓ ✓

Bubaak ✓

CBMC∅ ✓ ✓

COASTAL∅ ✓

CPAchecker ✓ ✓ ✓ ✓

CPALockator∅ ✓ ✓ ✓

CPA-bam-bnb∅ ✓ ✓ ✓

CPA-bam-smg∅ ✓ ✓ ✓

CPV ✓

Crux∅ ✓

CSeq∅ ✓ ✓

Dartagnan ✓

Deagle ✓

EBF∅ ✓ ✓

ESBMC-incr ✓ ✓

ESBMC-kind ✓ ✓

GDart ✓ ✓

GDart-LLVM∅ ✓

Goblint ✓

Graves-CPA∅ meta ✓ ✓ ✓

Hornix new ✓

Java-Ranger ✓

JBMC ✓ ✓

JDart∅ ✓ ✓ ✓

Korn ✓

Lazy-CSeq∅ ✓ ✓

Mopsa ✓

Nacpameta new ✓

PeSCo-CPA∅ meta ✓ ✓ ✓

PIChecker∅ ✓ ✓ ✓ ✓

SPF∅ ✓

SWAT ✓

(continues on next page)

https://fm-tools.sosy-lab.org/#tool-2ls
https://fm-tools.sosy-lab.org/#tool-aise
https://fm-tools.sosy-lab.org/#tool-aprove
https://fm-tools.sosy-lab.org/#tool-brick
https://fm-tools.sosy-lab.org/#tool-bubaak
https://fm-tools.sosy-lab.org/#tool-cbmc
https://fm-tools.sosy-lab.org/#tool-coastal
https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-cpa-lockator
https://fm-tools.sosy-lab.org/#tool-cpa-bam-bnb
https://fm-tools.sosy-lab.org/#tool-cpa-bam-smg
https://fm-tools.sosy-lab.org/#tool-cpv
https://fm-tools.sosy-lab.org/#tool-crux
https://fm-tools.sosy-lab.org/#tool-cseq
https://fm-tools.sosy-lab.org/#tool-dartagnan
https://fm-tools.sosy-lab.org/#tool-deagle
https://fm-tools.sosy-lab.org/#tool-ebf
https://fm-tools.sosy-lab.org/#tool-esbmc-incr
https://fm-tools.sosy-lab.org/#tool-esbmc-kind
https://fm-tools.sosy-lab.org/#tool-gdart
https://fm-tools.sosy-lab.org/#tool-gdart-llvm
https://fm-tools.sosy-lab.org/#tool-goblint
https://fm-tools.sosy-lab.org/#tool-graves
https://fm-tools.sosy-lab.org/#tool-hornix
https://fm-tools.sosy-lab.org/#tool-java-ranger
https://fm-tools.sosy-lab.org/#tool-jbmc
https://fm-tools.sosy-lab.org/#tool-jdart
https://fm-tools.sosy-lab.org/#tool-korn
https://fm-tools.sosy-lab.org/#tool-lazycseq
https://fm-tools.sosy-lab.org/#tool-mopsa
https://fm-tools.sosy-lab.org/#tool-nacpa
https://fm-tools.sosy-lab.org/#tool-pesco
https://fm-tools.sosy-lab.org/#tool-pichecker
https://fm-tools.sosy-lab.org/#tool-spf
https://fm-tools.sosy-lab.org/#tool-swat
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Table 9: Solver libraries and frameworks (continued)
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Symbiotic ✓

UAutomizer ✓ ✓ ✓ ✓ ✓

UGemCutter ✓ ✓ ✓ ✓ ✓

UKojak ✓ ✓ ✓

UReferee new ✓ ✓ ✓ ✓ ✓

UTaipan ✓ ✓ ✓ ✓ ✓

VeriAbs∅ ✓ ✓ ✓ ✓

VeriAbsL∅ ✓ ✓ ✓ ✓

provides more information about all tools evaluated in SV-COMP and Test-
Comp since 2023 in a uniform way.

Figure 2 shows the evolution of the number of verifiers and validators partici-
pating in individual editions of SV-COMP. It seems that the number of actively
participating tools, in particular verifiers, is now stable.
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Fig. 2: Number of evaluated verifiers and validators in each year of SV-COMP;
three new hors concours tools of 2022 counted only as new, not as hors concours

https://fm-tools.sosy-lab.org/#tool-symbiotic
https://fm-tools.sosy-lab.org/#tool-uautomizer
https://fm-tools.sosy-lab.org/#tool-ugemcutter
https://fm-tools.sosy-lab.org/#tool-ukojak
https://fm-tools.sosy-lab.org/#tool-ureferee
https://fm-tools.sosy-lab.org/#tool-utaipan
https://fm-tools.sosy-lab.org/#tool-veriabs
https://fm-tools.sosy-lab.org/#tool-veriabsl
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5 Results

The results of the competition represent the state of the art of what can be
achieved with fully automatic software-verification tools on the given benchmark
set. We report the effectiveness (the number of verification tasks that can be solved
and correctness of the results, as accumulated in the score) and the efficiency
(resource consumption in terms of CPU time). The results are presented in the
same way as in last years, such that the improvements compared to the last years
are easy to identify. The results presented in this report were provided to the
participants in advance and their objections have been settled.

Consumed Resources. Before we present the competition results, we report
some statistics to give an impression of the overall computation work: One complete
execution of all verifiers in the competition consisted of 942 284 verification runs
(each verifier runs on each verification task of the categories listed in the verifier’s
benchmark definition), consuming 2 312 days of CPU time (without validation).
Witness validation required 21.8 million validation runs (each validator runs on
each validation task of the categories listed in the validator’s benchmark definition)
consuming 2 573 days of CPU time. Moreover, each tool was executed several
times, in order to make sure no installation issues occur during the execution.

Verification track. Tables 10 and 11 present the quantitative overview of all tools
and all meta categories except the meta categories included in FalsificationOverall.
We split the presentation into two tables, one for the verifiers that participate with
an active team support (Table 10), and one for the inactive verifiers (Table 11).
The head row lists meta categories with the number of valid tasks and the maximal
score for each category. The tools are listed in alphabetical order; every table
row lists the scores of one verifier. An empty table cell means that the verifier
did not participate in the corresponding meta category. In Table 10, we indicate
the top three candidates in each category by formatting their scores in bold
face and in larger font size. We recall that inactive tools and meta verifiers are
excluded from rankings. More information (including interactive tables, quantile
plots for every category, and also the raw data in XML format) is available on the
competition web site (https://sv-comp.sosy-lab.org/2025/results) and in the results
artifact (see Table 5). Note that the results for subcategories of FalsificationOverall
are not explicitly presented neither in this report nor on the web due to their
marginal significance. The results can be obtained from the detailed results of
the corresponding categories in Overall presented on the web.

Table 12 shows the medalists for each meta category. The column ‘Solved Tasks’
shows the number of tasks that the respective verifier solved correctly and produced
a witness that was confirmed (or not required). The cumulative run time of the
verifier on these tasks is presented in the column ‘CPU Time’. The column
‘Unconf. Tasks’ indicates the number of tasks for which the verifier returned a
correct answer, but the corresponding witness was not confirmed by any validator.
The columns ‘False Alarms’ and ‘Wrong Proofs’ provide the number of verification
tasks for which the verifier reported wrong results, i.e., reporting a property

https://sv-comp.sosy-lab.org/2025/results
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Table 10: Overview of the results of all actively participating verifiers; empty cells
indicate opt-outs, meta for meta verifiers, new for first-time participants
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2LS 6053 686 0 6887 1703 1 1938 12658
aise

AProVE 2219
BRICK

Bubaak 6684 3355 -190 6572 1491 1697 5565 17768
Bubaak-SpLit 6053 3349 -189 6556 1122 1649 5562 16497
CoOpeRacemeta new

CPAchecker 10368 4892 1770 8777 1301 2178 6999 26786
CPV 7755
Dartagnan 3385
Deagle 4604
EmergenTheta 2106 -361 620
ESBMC-incr 2155
ESBMC-kind 8717 3158 2155 8668 1115 -1948 3741 18444
Goblint 2427 2198 2448 8486 969 545 17266
Hornix new

Korn

Mopsa 2807 2697 0 8491 0 2086 13521
Nacpameta new 10270 4887 1453 8843 1290 2127 6997 26131
Proton 3685
RacerF new

sv-sanitizers 861 1723
SVF-SVC new -68717 -10965 -19469 0
Symbiotic 7097 4479 60 7704 1411 1822 6459 20691
Theta 3277 600 2275 -170 712
Thorn new -2519 298 -286 536
UAutomizer 5666 3909 2993 11074 3334 654 4762 29710
UGemCutter 3144
UKojak 4935 2939 0 8878 0 300 3848 12872
UTaipan 6007 3711 2593 10736 0 288 4695 20244
GDart 627
Java-Ranger 676
JBMC 628
MLB 579
SWAT 508
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https://fm-tools.sosy-lab.org/#tool-java-ranger
https://fm-tools.sosy-lab.org/#tool-jbmc
https://fm-tools.sosy-lab.org/#tool-mlb
https://fm-tools.sosy-lab.org/#tool-swat
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Table 11: Overview of the results of all inactively participating verifiers; empty
cells indicate opt-outs, ∅ for inactive, meta for meta verifiers
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CBMC∅ 1330 1885 819 7200 1199 -2586 -3581 9100
CPA-bam-bnb∅ -2370
CPA-bam-smg∅ 3249 -4079
CPALockator∅ -4967
Crux∅ 2133 608
CSeq∅ -12720
DIVINE∅ 4629 502 351 0 0 72 352 3680
EBF∅ 360
Frama-C-SV∅ 1573
Gazer-Theta∅

GDart-LLVM∅

Graves-CPA∅ meta 4041 -670 -820 4508
Infer∅ -96489 -8970 -76213 -32987
Lazy-CSeq∅ -15153
LF-checker∅ 396
Locksmith∅

PeSCo-CPA∅ meta 6269 -1598 2435 16328
PIChecker∅ 459
Pinaka∅ 2448 958 922
PredatorHP∅ 4733
VeriAbs∅ 11012
VeriAbsL∅ 11224
VeriOover∅

WitnessMap

COASTAL∅ -3960
JayHorn∅ 248
JDart∅ -1224
SPF∅ 184

violation when the property holds (false alarm) and claiming that the program
satisfies the property although it actually violates it (wrong proof), respectively.

Score-Based Quantile Functions. We use score-based quantile functions [18, 42]
because these visualizations make it easier to understand the results of the
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Table 12: Verification: Overview of the medalists in each meta category; values
for CPU time in hours and rounded to two significant digits

Category CPU Solved Unconf. False Wrong
Rank Verifier Score Time Tasks Tasks Alarms Proofs
ReachSafety (11268 tasks, max. score 17860)
1 CPAchecker 10368 150 6 653 230 2
2 ESBMC-kind 8717 69 6 830 599 14
3 CPV 7755 160 6 235 438 27

MemSafety (4042 tasks, max. score 6409)
1 CPAchecker 4892 18 3 818 1
2 Symbiotic 4479 2.3 3 671 0 1
3 UAutomizer 3909 37 2 280 2 1
ConcurrencySafety (3175 tasks, max. score 5733)
1 Deagle 4604 3.1 2 500 38 1 4
2 Dartagnan 3385 17 2 012 30 3 3
3 UGemCutter 3144 50 1 805 48

NoOverflows (8211 tasks, max. score 13297)
1 UAutomizer 11074 68 6 724 13
2 UTaipan 10736 74 6 622 11 1 2
3 UKojak 8878 54 5 910 2

Termination (2328 tasks, max. score 4079)
1 Proton 3685 24 1 942 159 1
2 UAutomizer 3334 18 1 667 4
3 AProVE 2219 32 1 006 43

SoftwareSystems (4329 tasks, max. score 7131)
1 CPAchecker 2178 30 2 022 55
2 Mopsa 2086 20 2 212 0
3 Symbiotic 1822 6.1 1 487 231 1
FalsificationOverall (30758 tasks, max. score 10675)
1 CPAchecker 6999 100 7 100 67 2
2 Symbiotic 6459 28 6 379 37
3 Bubaak 5565 18 5 739 236 9

Overall (33353 tasks, max. score 55561)
1 UAutomizer 29710 270 16 677 196 8
2 CPAchecker 26786 240 20 506 372 6 1
3 Symbiotic 20691 63 14 324 628 3
JavaOverall (673 tasks, max. score 926)
1 Java-Ranger 676 5.7 491 13 1
2 JBMC 628 0.32 430 91
3 GDart 627 2.1 460 15

comparative evaluation. The results archive (see Table 5) and the web site
(https://sv-comp.sosy-lab.org/2025/results) include such a plot for each category.
As an example, we show the plot for category Overall (all verification tasks in C)
in Fig. 3. A total of 16 verifiers participated in category Overall, for which the
quantile plot shows the overall performance over all categories (scores for meta
categories are normalized [18]). A more detailed discussion of score-based quan-

https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-esbmc-kind
https://fm-tools.sosy-lab.org/#tool-cpv
https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-symbiotic
https://fm-tools.sosy-lab.org/#tool-uautomizer
https://fm-tools.sosy-lab.org/#tool-deagle
https://fm-tools.sosy-lab.org/#tool-dartagnan
https://fm-tools.sosy-lab.org/#tool-ugemcutter
https://fm-tools.sosy-lab.org/#tool-uautomizer
https://fm-tools.sosy-lab.org/#tool-utaipan
https://fm-tools.sosy-lab.org/#tool-ukojak
https://fm-tools.sosy-lab.org/#tool-proton
https://fm-tools.sosy-lab.org/#tool-uautomizer
https://fm-tools.sosy-lab.org/#tool-aprove
https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-mopsa
https://fm-tools.sosy-lab.org/#tool-symbiotic
https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-symbiotic
https://fm-tools.sosy-lab.org/#tool-bubaak
https://fm-tools.sosy-lab.org/#tool-uautomizer
https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-symbiotic
https://fm-tools.sosy-lab.org/#tool-java-ranger
https://fm-tools.sosy-lab.org/#tool-jbmc
https://fm-tools.sosy-lab.org/#tool-gdart
https://sv-comp.sosy-lab.org/2025/results


Improvements in Software Verification and Witness Validation: SV-COMP 2025 173

 1

 10

 100

 1000
2LS

Bubaak
Bubaak-SpLit

CBMC
CPAchecker

DIVINE
ESBMC-kind

Goblint
Graves-CPA

Mopsa
Nacpa

PeSCo-CPA
Symbiotic

UAutomizer
UKojak

UTaipan

M
in

. t
im

e 
in

 s

-10000 -5000  0  5000  10000  15000  20000  25000

Cumulative score

Fig. 3: Quantile functions for category Overall. Each quantile function illustrates
the quantile (x-coordinate) of the scores obtained by correct verification runs
below a certain run time (y-coordinate), minus the overall penalty for incorrect
results. More details were given previously [18]. A logarithmic scale is used for
the time range from 1 s to 1000 s, and a linear scale is used for the time range
between 0 s and 1 s.

tile plots, including examples of what insights one can obtain from the plots, is
provided in previous competition reports [18, 21]. Since this year we use different
lines to distinguish regular active participants (solid line), active meta verifiers
(dashed line), and inactive verifiers (dotted line).

The graph shows that the Overall winner is UAutomizer as its graph end
most to the right. The graph for UAutomizer also starts left from x = 0 be-
cause the verifier produced 8 wrong proofs and therefore received some neg-
ative points. Also other verifiers whose graphs start with a negative cumula-
tive score produced wrong results.

Validation Track. Validation of verification witnesses was pioneered by SV-
COMP in 2015 (by the tools CPAchecker and CBMC∅, see the documentation
for the early attempts: https://sv-comp.sosy-lab.org/2015/witnesses/). Shortly after
that, verification witnesses become more and more important for various rea-
sons: they do not only justify and help to understand and interpret verification
results, but they also serve as exchange object for intermediate results and allow
to make use of imprecise verification techniques (e.g., via machine learning).
However, a case study on the quality of the results of witness validators [46]
published in 2022 revealed a great potential for improvements. To stimulate
further advances in verification witnesses and their verifiers, the study suggested
that witness validators should also undergo a periodical comparative evaluation
and proposed a scoring schema for witness-validation results. This materializes
in the validation track run by SV-COMP since 2023.

https://fm-tools.sosy-lab.org/#tool-uautomizer
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https://fm-tools.sosy-lab.org/#tool-cpachecker
https://fm-tools.sosy-lab.org/#tool-cbmc
https://sv-comp.sosy-lab.org/2015/witnesses/


174 Dirk Beyer and Jan Strejček

Table 13: Validation of correctness witnesses (version 1.0): Overview of the
medalists in each meta category; values for CPU time in hours and rounded to
two significant digits, new for first-time participants

Category CPU Solved Wrong Wrong
Rank Validator Score Time Tasks Confirm. Refut.
ReachSafety (39573 tasks, max. score 70152)
1 UAutomizer 52303 390 16 576 4
2 MetaVal 49340 750 24 887 53
3 CPAchecker 40427 460 33 426

NoOverflows (38846 tasks, max. score 77692)
1 UAutomizer 77578 280 38 812
2 CPAchecker 75470 140 38 181
3 LIV 16438 5.6 4 920

SoftwareSystems (13913 tasks, max. score 25507)
1 UAutomizer 20171 230 13 572
2 MetaVal 15487 290 13 783 5
3 UReferee new 14072 48 5 399

Overall (92332 tasks, max. score 172540)
1 UAutomizer 146763 900 68 960 4
2 CPAchecker 113930 620 76 991
3 MetaVal 72634 1 000 38 670 58

Thanks to the development and adoption of the version 2.0 of the witness
format [7], the validation track has now four regular subtracks:

1. validation of correctness witnesses in format version 1.0 (see Table 13),
2. validation of violation witnesses in format version 1.0 (see Table 14),
3. validation of correctness witnesses in format version 2.0 (see Table 15), and
4. validation of violation witnesses in format version 2.0 (see Table 16).

The subtrack with violation witnesses 2.0 ran for the first time as a regular part
of the competition as it was only a demonstration subtrack in SV-COMP 2024.
The tables present only the medalists for all non-empty meta categories of each
subtrack. If some category has less than 3 medalists, it means that less than three
validators reached a positive score. The column ‘Wrong Confirm.’ gives the number
of cases when the respective validator confirmed a witness that was incorrect. The
column ‘Wrong Refut.’ shows the number of cases when the respective validator
refuted a correct witness. We recall that the correctness or incorrectness of many
witnesses used in the validation track is determined by voting and thus the numbers
of wrong confirmations and refutation do not have to be completely objective.

The complete results of all validators in all relevant categories of all subtracks
are available in the results artifact (see Table 5) and on the SV-COMP web site
(https://sv-comp.sosy-lab.org/2025/results/results-validated/).

The limited support of some properties and program features by the witness
formats (see Table 1), missing medalists in some categories, and the negative scores
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Table 14: Validation of violation witnesses (version 1.0): Overview of the medalists
in each meta category; values for CPU time in hours and rounded to two significant
digits

Category CPU Solved Wrong Wrong
Rank Validator Score Time Tasks Confirm. Refut.
ReachSafety (20391 tasks, max. score 29907)
1 ConcurrentW2T 1931 2.2 2 734 4

MemSafety (8810 tasks, max. score 13215)
1 CPAchecker 4455 19 8 638 22 27

ConcurrencySafety (755 tasks, max. score 1132)
1 Dartagnan 777 2.9 693
2 CPAchecker 511 1.6 531 3
3 UAutomizer 478 4.9 567 104

NoOverflows (17697 tasks, max. score 26546)
1 Symbiotic-Witch 3926 14 13 326 185 2

Termination (2057 tasks, max. score 2314)
1 CPAchecker 2314 9.5 2 057
2 UAutomizer 2314 16 2 057

SoftwareSystems (1334 tasks, max. score 2001)
1 CPAchecker 1356 5.8 1 086 1
2 Symbiotic-Witch 586 0.38 653 1 3
3 MetaVal 535 5.6 633 9

Overall (51044 tasks, max. score 73092)
- demo category (less than three participants)

in the detailed results on the web site: all of these show the need of further research
and development in the are of software verification witnesses and their validation.

6 Conclusion

The 14th edition of the Competition on Software Verification (SV-COMP 2025)
compared 62 automatic tools for software verification (including 6 new ones
and 27 tools without active team support) and 18 automatic tools for vali-
dation of verification witnesses (including 2 new and 5 tools without active
team support). The overall numbers of evaluated verifiers and validators were
historically the highest (see Fig. 2). The total number of verification tasks in
SV-COMP 2025 for both C and Java programs was significantly increased to
precisely 34 700 (including one demo category).

The results of the competition show a progress in both verification and
witness validation area, especially in the adoption of the witness format 2.0.
However, even the best verification and validation tools still produce some in-
correct results. This motivates further improvements of verifiers, but also ex-
tensions of the witness format to support more properties and program fea-
tures, and development of validators.
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Table 15: Validation of correctness witnesses (version 2.0): Overview of the
medalists in each meta category; values for CPU time in hours and rounded to
two significant digits

Category CPU Solved Wrong Wrong
Rank Validator Score Time Tasks Confirm. Refut.
ReachSafety (19365 tasks, max. score 28241)
1 UAutomizer 16085 200 7 719 2 10
2 CPAchecker 10378 180 14 467 2
3 LIV 6829 50 12 667 16

NoOverflows (26686 tasks, max. score 40029)
1 UAutomizer 32637 270 23 890 93
2 CPAchecker 26940 60 18 931
3 Mopsa 25022 12 21 430

SoftwareSystems (7581 tasks, max. score 11913)
1 Mopsa 7751 29 6 948
2 CPAchecker 5092 12 2 474
3 MetaVal 3182 60 2 880 2

ValidationCrafted (3 tasks, max. score 6)
1 UAutomizer 6 0.043 3
2 CPAchecker 6 0.16 3

Overall (53635 tasks, max. score 87557)
1 UAutomizer 57804 580 37 976 3 134
2 CPAchecker 56546 260 35 875 2
3 Mopsa 30743 95 32 857

Data-Availability Statement. The verification tasks and results of the competi-
tion are published at Zenodo, as described in Table 5. All components and data that
are necessary for reproducing the competition are available in public version repos-
itories, as specified in Table 4. For easy access, the results are presented also online
on the competition web site https://sv-comp.sosy-lab.org/2025. The main results
of SV-COMP 2025 were reproduced in an independent reproduction report [14].
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Table 16: Validation of violation witnesses (version 2.0): Overview of the medalists
in each meta category; values for CPU time in hours and rounded to two significant
digits

Category CPU Solved Wrong Wrong
Rank Validator Score Time Tasks Confirm. Refut.
ReachSafety (3548 tasks, max. score 4494)
1 Witch 3259 6.1 3 305
2 CPAchecker 3081 15 3 083 8

MemSafety (107 tasks, max. score 147)
1 UAutomizer 147 0.53 107
2 Witch 104 0.040 84
3 CPAchecker 43 0.043 23

NoOverflows (4706 tasks, max. score 5882)
1 UAutomizer 5147 27 4 691 1
2 CPAchecker 5010 11 4 475
3 Witch 3900 4.7 4 584

SoftwareSystems (148 tasks, max. score 222)
1 Witch 222 0.12 148
2 CPAchecker 74 0.70 140
3 MetaVal 73 0.97 135

ValidationCrafted (100 tasks, max. score 150)
1 Witch 150 0.042 100

Overall (8609 tasks, max. score 11866)
1 Witch 9850 11 8 221
2 MetaVal 162 11 1 846 2 51
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Abstract. The International Competition on Software Verification (SV-
COMP) has been an important driver of progress in the formal verifi-
cation community, fostering tool development, benchmarking, and re-
producibility. As the competition grows in scale and complexity, a re-
producibility study is essential to evaluate its robustness across envi-
ronments, uncover hidden dependencies, and ensure long-term sustain-
ability. This work aims to reaffirm the reliability of SV-COMP’s results,
provide insights for similar competitions, and facilitate the adoption of
its infrastructure beyond the competition. We reproduced the verification
and validation results of active participants, including score and ranking
calculations for the verification track. We found several problems pro-
hibiting reusability and reproducibility of some participating tools, but
we did not find serious issues with the competition infrastructure itself.

1 Introduction and Goals

The International Competition on Software Verification (SV-COMP) [2] is a
long-running driving force in the software verification community, with a con-
tinuously expanding portfolio of benchmarks and tools.

Reproducibility, reusability, and availability were always a key priority. How-
ever, the size and complexity of SV-COMP mean a complex technological stack
for benchmarking. Compared to just running a verifier on a program, instead,
it is multiple tens of tools, each run on a subset of thousands of programs, mul-
tiplied by the number of validators that have to be executed on the results of
these verifiers. This necessitates scaling up to a large cluster of machines. With
each step, technological complexity grows.

There has been a partial reproduction of SV-COMP’23 [4], but we believe
that a full reproducibility study of SV-COMP is due, to:

– evaluate reproducibility across different environments,
– provide an overview of the tasks and solutions involved, offering insights

valuable to other competition organizers,
– facilitate the adoption of this technological stack for applications beyond

SV-COMP, e.g., benchmarking by researchers and tool developers,
– identify hidden issues, e.g., hidden dependencies or missing documentation,
– ensure that the competition can endure changes in organization,
– enhance trust in SV-COMP’s results by reaffirming their reliability.
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2 Reproduction Workflow

We did not use the official reproduction packages for SV-COMP’25, as at the
time of writing, they are not yet finalized. Instead, we executed our experiments
in parallel with the competition. This should not influence the validity of our
findings, but some highlighted problems might have been already solved.

We relied on the official execution/reproduction guide for SV-COMP1, which
provides scripts to run the verification tasks, run the validation tasks, and pre-
pare the tables for the results. It is referenced by the benchmark definition
repository2, which contains the .xml files used for running BenchExec [3] for
both the verifiers and the validators; and the category-structure.yml file,
which defines the participation and role of each tool in the competition. This
repository also references the Formal-Methods Tools repository3, which contains
further metadata (such as necessary packages) as well as a DOI referencing each
version of each tool. The execution scripts use this DOI to download the tool
binaries and execute them against the benchmarks4. The reproduction workflow
can be seen (summarized) in Figure 1.

We used the Hungarian Komondor cluster5, which consists of computation
nodes with two 64-core AMD EPYC 7763 CPUs and 256 GB of system memory
each, running Red Hat Enterprise Linux 8.6. We requested array jobs via the
SLURM Workload Manager with resource allocations outlined in SV-COMP’s
rules (i.e., 15 GBmemory, 4 CPU cores, and 15 CPU-minutes for each verification
task), with multiple tasks aggregated in the same job both sequentially and in
parallel, in a Singularity6 container based on Ubuntu 24.04. Runexec was used
to sequester the tasks to non-overlapping CPU cores.

We used the fuse-overlayfs package to create an overlay file system in the
containers. For performance and stability reasons, we found that only mapping

1 � benchmarking/competition-scripts
2 � sv-comp/bench-defs
3 � benchmarking/fm-tools

4 � benchmarking/sv-benchmarks
5 hpc.kifu.hu/komondor
6 � sylabs/singularity

https://gitlab.com/sosy-lab/benchmarking/competition-scripts
https://gitlab.com/sosy-lab/sv-comp/bench-defs
https://gitlab.com/sosy-lab/benchmarking/fm-tools
https://gitlab.com/sosy-lab/benchmarking/sv-benchmarks
https://hpc.kifu.hu/hu/komondor
https://github.com/sylabs/singularity
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Fig. 3: Possible causes of failure. “?” denotes uninterpretable logs. Tools with “!”
or “?” failed to run in the category, tools with � were at least partly successful.

the current working directory as read-write is the best option, as we expect
to find a witness there. Mapping the entire directory hierarchy (including sv-
benchmarks with almost 200 000 files) as read-write caused instability problems
when run on multiple hundreds of nodes from the same network filesystem, often
causing fuse to become stuck in uninterruptible sleep. Therefore, all directories
above the tool directory (the working directory in SV-COMP) are mapped read-
only. The benchmarking workflow can be seen summarized in Figure 2.

We only ran non-hors-concours and non-inactive tools participating in SV-
COMP’25. This resulted in running 33 verifiers (for a list, see Figure 3) and
33 validators. The results are published as a Zenodo artifact [1]. The tables are
hosted at home.mit.bme.hu/∼bajczi/sv-comp-repro-25. The ranking sum-
mary is available at results-verified/scoretable.html. The rankings cor-
respond to the official rankings of verifiers (excluding tools with problems, see
section 3). Together, 38 358 tasks have mismatching verdict categories out of the
more than 495 828 tasks (19 222 due to errors detailed in section 3, but 19 136
due to other factors, mostly by reaching resource limits at different times). 1 offi-
cially correct result flipped to wrong (mlb), and 24 officially wrong results flipped
to correct (mlb, swat). Compared to the official results, tasks correctly solved
in both environments used 24% less walltime, 32% less cputime, and 11% more
memory in the reproduction environment. Detailed statistics and differences are
published on Zenodo [1].

3 Conclusion and Recommendations

Besides some minor issues that we submitted solutions to via merge requests
(� benchmarking/competition-scripts!160, !161), we did not find any prob-
lems in the competition scripts that would impede the reproduction workflow.
Our only recommendation is to extend the documentation with details on how
a competition can be run – e.g., how to run ranking calculations or run pre-runs
by restricting resource allocation.

However, multiple tools produced no correct results, misrepresenting their ac-
tual SV-COMP performance. This stems from differences between SV-COMP’s

https://home.mit.bme.hu/~bajczi/sv-comp-repro-25/
https://home.mit.bme.hu/~bajczi/sv-comp-repro-25/results-verified/scoretable.html
https://gitlab.com/sosy-lab/benchmarking/competition-scripts/-/merge_requests/160
https://gitlab.com/sosy-lab/benchmarking/competition-scripts/-/merge_requests/161
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execution environment and our reproduction attempt. Solving these issues is key
to enhancing SV-COMP’s reliability and simplifying independent tool execution.

Missing Packages. Tool developers declare the packages they need along-
side the tool archives, but many tools leave out necessary packages, or declare
non-existent ones. In the reproduction environment, we installed all the packages
explicitly declared by the tools. Consequently, some tools had access to missing
dependencies if they were declared by others. To uncover how widespread this is-
sue is, we ran a separate experiment, executing each tool in each major category
(opt-ins were left out) with just the declared packages of the respective tools
installed. The results can be seen in Figure 3, and in the Zenodo archive [1].

Assumed Read-Write Access. Some tools tried to overwrite input files.
While this is not against the rules of SV-COMP, we feel this goes against the
purpose of making verification tools accessible to people outside of SV-COMP:
if a verification tool modifies the input files it verifies, users may (justifiably)
avoid using it. Such problems are also denoted in the table in Figure 3.

Result Files Pattern Mismatch. The benchmark definition files specify
which files to keep after verification. Some tools do not include their own wit-
ness filenames (e.g., Deagle produces an error-witness.graphml file, but the
definition only keeps **/witness.* files). The competition environment pre-
sumably disregards this directive and keeps every file (otherwise, the tools in
question could not get their witnesses validated). However, this means that the
benchmark definition file could not be reused outside of SV-COMP.

Working Directory Must Be Tool Directory. Some tool developers pre-
sume that BenchExec will always be executed from the tool directory. Offending
tools mostly rely on relative paths holding from the working directory rather
than prepending the directory of the tool archive to these paths. This makes it
hard to use the tool binaries outside of SV-COMP and benchmarking.

3.1 Recommendations

In order to address the uncovered problems, we recommend to make the following
modifications to SV-COMP:

– Enforce package declaration by a CI-check for the Formal-Methods Tools
repository (preferred) or part of the tool qualification review (otherwise);

– Encode in the rules which files the verification tools may modify/create
(e.g., all files within the current working directory);

– Enforce the result files pattern in the competition environment
– Encode in the rules that tools must be able to execute when called from

outside their respective directories, and enforce this rule by introducing a
CI-check (preferred) or a manual review (otherwise).

While we understand that rules will never cover all corner cases that would
make tools SV-COMP-specific, these modifications cover a large set of prob-
lems that make the reuse of participating tools difficult. We believe that making
participating verifiers accessible to anyone (and not just as benchmarking base-
lines, but as actual verification tools) is one of the most significant purposes of
SV-COMP, and these modifications would enhance its impact.
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Abstract. CPAchecker is a tool for software verification, witness vali-
dation, and test-case generation, based on the concept of configurable
program analysis. One of its main applications is to validate correctness
and violation witnesses in versions 1.0 and 2.0. The witness validation is
achieved by strengthening a selection of verification algorithms using the
information from the witness. Due to the modular approach of CPAchecker,
extending its verification analyses for witness validation can be easily done.
Similar to CPAchecker’s verification approach, witness validation uses a
selection of analyses dependent on the witness type, the specification,
and program features. To validate correctness witnesses, CPAchecker uses
k -induction and predicate abstraction to verify that the invariants from
the witness hold and the correctness of the program can be proven. To
validate violation witnesses, CPAchecker uses predicate abstraction, value
analysis, SMGs, and BDDs. CPAchecker’s many verification algorithms
make it a versatile and successful tool for witness validation.

1 Software Architecture

CPAchecker [13] is a tool for automatic software verification, witness validation,
and test-case generation. It is possible for it to cover these different use-cases
due to its modular architecture, based on the concept of Configurable Program
Analysis (CPA) [12]. Each CPA represents information relevant to an analysis,
for example an abstract domain, control-flow information, or an automaton, and
can be combined with other CPAs in a modular manner. Exchanging information
with other CPAs is done through a well-defined interface called the strengthen-
ing operator, which is used to incorporate information from one abstract state
into the another. This modular approach allows any analysis, of which many ex-
ist [2, 4, 5, 7, 8, 15, 16], to be used for witness validation. The information from the
witness can be encoded as a CPA, simplifying the adaptation of existing analyses
for witness validation. One major challenge for witness validation is relating the
input program to its internal representation as a control-flow automaton (CFA).
In particular, this challenge occurs when validating witnesses in version 2.0, which
are defined purely on the input program [1]. CPAchecker analyses such witnesses
by transparently keeping track of the abstract-syntax-tree elements generated
during parsing and their correspondence to the CFA nodes and edges.
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Fig. 1: Algorithm selection based on the witness type, property, and program

2 Validation Approach

When participating as a verifier, CPAchecker uses different verification algo-
rithms [3, 6], since each has specific strengths and supports different properties. To
validate witnesses, we choose only the most mature analyses and adapt the selec-
tion process to consider the witness type (violation or correctness), specification,
and program features for the selected analyses. Figure 1 shows the selection pro-
cess. The chosen verification algorithm is strengthened with the information from
the witness. The analyses and how they interact with the witness are described
in the following sections for all validation categories.

2.1 Correctness Witnesses

Validation of correctness witnesses is based on strengthening the chosen analysis
using the invariants provided by the witness. Additionally, the invariants are
added as proof-goals in order to validate their correctness.
Reachability Safety. CPAchecker uses one of its best-performing and mature
analyses for reachability safety, k -Induction [7] augmented with invariants from
the witness. First the invariants are matched to their corresponding nodes of the
control-flow automaton (CFA). For witnesses 1.0 we do this by a reachability
analysis only dependent on the control-flow. For witnesses 2.0 we directly match the
location of invariants to their corresponding CFA nodes. Afterwards, k -Induction
first verifies that the invariants are correct and then uses them to prove the safety
property, while increasing k as necessary. This means that all invariants in the
witness need to be k-inductive for some k in order to be validated.
No Overflow. To validate witnesses for proofs showing the absence of overflows,
CPAchecker uses predicate abstraction [14]. The information in the witness is
encoded using an invariant-injection automaton, which is traversed simultaneously
to the state-space exploration and strengthens the analysis. Recursive programs are
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handled by block-abstraction memoization (BAM) [9, 10, 24, 26], which summarizes
the input-output behavior of recursive functions.

2.2 Violation Witnesses

Due to the modular nature of CPAchecker, any analysis, except for the validation
of non-termination witnesses (see below), can easily be combined with an automa-
ton, represented as a CPA, that restricts the state space and strengthens the
analysis with assumptions. The automaton is based on the witness and guides the
analysis towards the violation by exploring it simultaneously to the state-space.
We restrict the state space by avoiding any transition that does not match the
witness. For example, if the then branch is desired by the witness, then the
analysis stops the exploration of the else branch. We strengthen the analysis by
adding the assumptions to the abstract state. The assumptions are added through
a common interface, the strengthening operator [8], which each analysis needs to
implement to successfully make use of the information.
Termination. To validate a non-termination witness, we need to show that (1) the
stem of the witness can reach the recurrence condition and that (2) whenever
a state fulfills the recurrence condition, it returns to a state at the loop-head
fulfilling the recurrence condition. Both of these checks are expressed as reachability
analyses performed by predicate abstraction [14].
No Data Race. To validate a witness showing that there is a data race, we use
an analysis based on value analysis [16] and predicate abstraction [14]. The value
analysis uses the assumptions in the witness to determine additional concrete
values to be tracked. The predicate abstraction adds the assumptions to the path
formula to compute what predicates are valid in the successor state. The same
strengthening is done whenever information from the witness needs to be added
to either the value analysis or predicate abstraction for any other property.
Memory Safety. For memory safety, a combination of value analysis and symbolic
memory graphs (SMGs) is used to explore the state-space while keeping track of
the memory structure. In this case, the assumptions in the witness are used to
strengthen the abstract state of the value analysis.
Reachability Safety. Predicate abstraction [14] is used to validate violation
witnesses for reachability safety. It is aided by BAM [10, 24, 26] for tasks with
recursive functions. The assumptions inside the witness are used to strengthen
the predicate abstract state. If the task contains concurrency, an analysis based
on BDDs [11, 18] is used, which currently ignores the assumptions in the witness.
No Overflow. To validate no-overflow violation witnesses, predicate abstrac-
tion [14] is used. The assumptions are used to strengthen the predicate abstract
state. To handle tasks with recursion we add BAM [10, 24, 26].

3 Strengths and Weaknesses

CPAchecker validator performed well in SV-COMP 2025 [19], consistently rank-
ing in the top three in almost all categories with a well-defined witness format, the
only exceptions being validation of handcrafted violation witnesses in version 2.0,
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validation of software-systems correctness witnesses in version 1.0, and validation
of reach-safety and no-overflow violation witnesses in version 1.0. In particular,
it is one of the only three validators participating in all categories for which
a witness format exists, together with UAutomizer and MetaVal. In general,
CPAchecker performed similarly when validating witnesses in version 1.0 and
in version 2.0, since both are encoded in the same manner as a CPA to combine
them with the verification analyses.

Notably CPAchecker performed best in the validation of correctness witnesses,
but lagged behind other tools when validating violation witnesses. This is due to
CPAchecker using primarily the predicate analysis for validation, which is better
in finding proofs than bugs. In general, since the analyses used for validation are
the same as for verification, only strengthened with the witnesses, they have the
same strengths and weaknesses.

We do not use the parallel portfolio of different analyses that boosts
CPAchecker 4.0 as a verifier, we rather select one mature analyses, in order to
increase the confidence in the validation result. In the future, a portfolio of other
mature analyses could be used, improving the performance without compromising
the confidence in the results.

4 Setup and Configuration

CPAchecker validator in version 4.0 [20] was used in SV-COMP 2025. It runs on
any system with a Java 17 compatible runtime environment, though its default
SMT solver MathSAT5 [22] is bundled only for Linux. For platforms other than
GNU/Linux, we recommend using the provided container image [21]. To validate
a witness using CPAchecker, execute the following command:

bin/cpachecker --witnessValidation --benchmark --heap 10000M
--timelimit limit --32 --witness witness.{yml,graphml}
--spec property.prp program.i

SV-COMP uses a timelimit of 900 s for correctness witnesses and 90 s for violation
witnesses, though it will work with other/no time limits. Replace --32 by --64
for programs that assume a 64-bit memory model. More information on how to
run CPAchecker is available on its website https://cpachecker.sosy-lab.org
and tutorial paper [2].

5 Project and Contributors

CPAchecker validator builds upon existing verification algorithms with additional
support for handling witnesses. The success of CPAchecker is the result of
contributions from over 100 developers, primarily from institutions such as LMU
Munich, TU Darmstadt, University of Paderborn, University of Passau, TU Prague,
University of Oldenburg, TU Vienna, ISP RAS, and numerous other universities
and research institutes. We extend our utmost gratitude to all contributors
to CPAchecker which made it possible to have such a successful validator.
A complete list of contributors and further details about the project can be found
at https://cpachecker.sosy-lab.org.

https://mathsat.fbk.eu
https://cpachecker.sosy-lab.org
https://cpachecker.sosy-lab.org
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Data-Availability Statement. The tool is available at https://cpachecker.
sosy-lab.org and the version used in SV-COMP 2025 is archived at Zenodo [20].

Funding Statement. This project was funded in part by the Deutsche Forschungs-
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Abstract. AISE is a C program verifier that synergizes symbolic execu-
tion and abstract interpretation. This year, AISE v2.0 introduces a loop
transformation scheme based on recurrence analysis to handle programs
involving nonlinear arithmetic. By combining loop transformations, AISE
v2.0 achieved a score of 1031 and won first place in the ReachSafety-Loops
category, demonstrating the effectiveness of the methods employed in
AISE v2.0.

1 Verification Approach

The key idea of AISE [19] is to synergize abstract interpretation [12] and symbolic
execution [7,15]. This synergy1 enables AISE to handle the program with loops
effectively. However, when the program involves nonlinear arithmetic, AISE still
suffers from the path explosion problem. To address this, we introduce a loop
abstraction method, which over-approximates the loop in the program based
on the invariant generated by the recurrence analysis [17,18]. Additionally, we
propose several other loop transformation methods to address different scenarios.

Figure 1 illustrates the workflow of AISE v2.0. Given a C program P, we first
compile it into LLVM IR format and then preprocess it using LLVM’s passes. Next,
AISE will be used to verify P. If AISE cannot finish within 60 seconds, the loops
in P will be transformed, generating four variants, i.e., NL, A, ANs, and E. AISE
then sequentially verify NL, A, and ANs to determine whether the properties in
P hold. If an unknown or violation occurs during this process, we will revert to
verifying P or E until timeout. Below, we introduce each loop transformation
and its role in verification.

Not entering the loop (NL). Figure 2b illustrates a scenario where the loop in
P is not entered. Since symbolic execution often "gets stuck" in loops, prioritizing
the analysis of this scenario may help reduce unnecessary overhead.

Loop abstraction (A). Inspired by the loop abstraction method [13], we use an
invariant-based loop abstraction here to tackle the challenge brought by loops.
Figure 2c shows the abstracted program A. Intuitively, A represents the set of
⋆ Jury member
1 Due to space limitations, further technical details can be found in [19].
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Fig. 1: The workflow of AISE v2.0 (P: the original program, NL: not entering the
loop, A: loop abstraction, ANs: loop abstractions with one negated property in
each, E: the program with inv instrumented, T: True, F:False, U:Unknown)

all possible behaviors that could occur during any iteration of the loop in P.
In Figure 2c, Line 2 represents the non-deterministic assignments to the vari-
ables modified in the Loop body (denoted as changed_vars), which describes
all possible states of all variables in the Loop body at the beginning of the loop’s
any iteration. Line 3 and Line 9 ensure the correct semantics of entering and
exiting the loop, respectively. To improve the precision of abstraction, we use
recurrence analysis [17,18], which captures the numerical relationships of vari-
ables using real arithmetic, to generate the loop invariant (inv) and add it in
Line 4. However, when the loop involves integer division, rounding issues may
cause the inv to fail to satisfy the inductiveness. Therefore, additional checks2

(Line 7) are needed to verify the inductiveness of inv. If inv is violated, we will
remove it from the transformed program and generate another invariant (which
is included in each analysis step in Figure 1). Notably, recurrence analysis [17,18]
only plays the role of generating inv, and inv can also be produced by other loop
invariant generation techniques. Due to Line 1, the symbolic execution of A also
covers the case not entering the loop (i.e., NL).3 For nested loops, we abstract
the innermost loop first and then progressively abstract each outer loop before
verification. By verifying that p1 and p2 hold in A, we can conclude that these
properties also hold in P. However, when verification fails, whether the property
in P is violated cannot be determined, as it may be a false positive due to the
over-approximation of the loop abstraction in A.

Loop abstraction with one negated property (AN). AN is generated from A with
only one property negated. If a violation occurs when verifying A, we will first
confirm it by verifying ANs. AN1 (Figure 2d) and AN2 (Figure 2e) are the ANs
generated from A (Figure 2c). If we ignore assertions, we can also say that ANs are
the over-approximation of P. If the assertions in AN1 and AN2 are all reachable in
P and the verification result of either is true, we can conclude that one property
in P will be violated while the remaining properties will hold. For example, if

2 inv_assert here functions like assert, but with a different name for distinction.
3 Because of development time limitations, the scenarios described by NL and A overlap,

which will be optimized in the future.
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1 while(c1){
2 Loop body;
3 assert(p1);
4 }
5 assert(p2);

(a) Original loop (P)

1 assume(!c1);
2 assert(p2);

(b) Not entering
the loop (NL)

1 if(c1){
2 changed_vars=nondet();
3 assume(c1);
4 assume(inv);
5 Loop body;
6 assert(p1);
7 inv_assert(inv);
8 }
9 assume(!c1);

10 assert(p2);

(c) Loop abstraction (A)

1 if(c1){
2 changed_vars=nondet();
3 assume(c1);
4 assume(inv);
5 Loop body;
6 assert(!p1);
7 inv_assert(inv);
8 }
9 assume(!c1);

10 assert(p2);

(d) Loop abstraction
with p1 negated (AN1)

1 if(c1){
2 changed_vars=nondet();
3 assume(c1);
4 assume(inv);
5 Loop body;
6 assert(p1);
7 inv_assert(inv);
8 }
9 assume(!c1);

10 assert(!p2);

(e) Loop abstraction
with p2 negated (AN2)

1 while(c1){
2 Loop body;
3 assume(inv);
4 assert(p1);
5 inv_assert(inv);
6 }
7 assert(p2);

(f) Loop with inv
instrumented (E)

Fig. 2: Illustration of the loop transformation scheme

the assertions in AN1 are all reachable in P and we can prove that !p1 and p2
hold in AN1, then we can conclude that !p1 and p2 also hold in P, that is to
say, the assert(p1) in P will be violated. During preprocessing, we use LLVM’s
passes to remove the unreachable basic blocks in P, ensuring that all assertions
in ANs are reachable in P. If unreachable assertions still remain in ANs after
transformation, this approach may result in false positives.

Loop with invariant (E). This variant in Figure 2f is the last step of confirming
the violation, i.e., employing AISE to check the violation. However, different from
P, we add the invariant inv in Line 3, which improves the efficiency of symbolic
execution by leveraging the invariant to accelerate constraint solving process.

2 Implementation

The Loop Transformer of AISE v2.0 is based on LLVM [1]. AISE’s abstract inter-
pretation module is CLAM [2,14], configured as in [19]. AISE’s symbolic execution
module is based on BUBAAK-LEE [3] (a fork of KLEE [10] used in the BUBAAK [11])
with some improvements. We improve the solver part by supporting floating-
point programs and employing the theory of integer as an additional option
(KLEE uses bit-vector theory by default) for solving path conditions. The sym-
bolic execution module of AISE first uses Z3 [16] to check formulas’ satisfiability,
and switches to CVC5 [8] if Z3 times out. The Invariant Generator is based
on c_convertor [4], which summarizes loops by computing closed-form solu-
tions for each variable in the loop body [17] or for the polynomial expressions
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Table 1: The contribution of each method
total AISE+P AISE+NL AISE+A AISE+ANs AISE+E

total correct 603 528 0 66 8 1
correct true 428 362 0 66 0 0
correct false 175 166 0 0 8 1
total correct-unconfirmed 73 49 0 23 0 1
total incorrect 0 0 0 0 0 0

score 1031 890 0 132 8 1

extracted from the loop body [18]. Besides fixing some bugs, we have optimized
the Invariant Generator by considering branch conditions and the initial as-
signments of variables.

3 Result and Discussion

This year, by combining (1) the synergy between abstract interpretation and
symbolic execution and (2) a recurrence analysis based loop transformation
scheme, AISE v2.0 scored 1031 points and won first place in the ReachSafety-
Loops category, demonstrating its capability in verifying the programs with
loops. Table 1 presents the contribution of each method. As shown by the table,
the synergy in AISE is effective for most programs, and when it fails within 60
seconds, loop transformations can further enhance AISE’s ability. Due to lack of
invariant in correctness witnesses, we still have 73 unconfirmed results. AISE v2.0
could not produce any results in the AISE+NL phase due to the program’s small
size, and it may perform better on larger programs. When handling programs
with arrays or loops containing multiple branches, both CLAM and Invariant
Generator may not work, causing AISE v2.0 to still suffer from the path explo-
sion problem. Additionally, the SMT solvers encounter difficulties when solving
nonlinear constraints, further limiting the verification capabilities of AISE v2.0.
Since we only consider whether the program is correct when it terminates, AISE’s
verify method currently cannot handle programs with non-terminating loops.

4 Software Project, Tool setup and Contributors

AISE v2.0 can run on the Ubuntu 22.04/24.04 LTS and is licensed under GPL
3.0. This year, AISE v2.0 participates in the ReachSafety-Loops category of SV-
COMP 2025 [9]. The execution command of AISE v2.0 is as follow:

./bin/aise <data_model> <program>

Where <data_model> is the program’s data model (32-bit or 64-bit) and
<program> is the input program. The contributors of AISE v2.0 are all from the
National University of Defense Technology. A complete list of contributors is
available at [5].
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Data-Availability Statement The artifact for AISE v2.0 has been archived
and is available on Zenodo [6].
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Abstract. To (dis)prove termination of C programs, AProVE uses sym-
bolic execution to transform the program’s LLVM code into an integer
transition system (ITS). These ITSs are analyzed by our backend tools
KoAT (for termination) and LoAT (for non-termination) which we in-
tegrated into our novel framework to replace previously used external
backend tools. In this way, we benefit from the recent improvements in
the backend tools KoAT and LoAT. The transformation steps in AProVE
and the tools in the backend produce sub-proofs which are then com-
bined automatically in order to generate a complete termination proof.
If non-termination is proved, then a witness for a non-terminating path
in the original C program is returned.

1 Verification Approach and Software Architecture

AProVE (KoAT + LoAT) is a framework combining our three tools AProVE,
KoAT, and LoAT to prove or disprove termination of C programs automatically.
To this end, the C program is compiled into the intermediate representation of the
LLVM framework [28] by the Clang compiler [1]. Afterwards, the LLVM program is
processed by AProVE and transformed into a symbolic execution graph (SEG, see
[24, 26, 36, 37] for more details). Finally, the SEG is either analyzed directly by
AProVE (see [23–25, 37] for more details on the internal (non-)termination proofs
in AProVE) or transformed into integer transition systems (ITSs). These ITSs
are analyzed by our tools KoAT [8, 20, 29–32] (for termination) and LoAT [14–
17] (for non-termination). In case of non-termination, the proofs by AProVE and
LoAT are transformed into non-termination proofs for the original C program.

Earlier versions of AProVE that participated in SV-COMP until 2022 used
the external tool T2 [7] for proving termination of ITSs (and both T2 and LoAT
for proving non-termination). In contrast, instead of T2, our new version uses
our own ITS analyzer KoAT in the backend which allows us to benefit from the
numerous recent improvements that we developed for KoAT. A bird’s-eye view
of our approach is sketched in Fig. 1.

Termination Analysis by KoAT: In the following, we briefly describe how our
tool KoAT proves termination of ITSs which result from the transformation of
C programs. LoAT can be used to disprove termination and infer lower run-
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Fig. 1. AProVE (KoAT + LoAT) Framework for Proving and Disproving Termination

time bounds for ITSs, and its integration in order to prove non-termination
of C programs was described in [25]. In contrast, KoAT is a tool to automati-
cally prove termination and infer upper complexity bounds for ITSs based on
a modular analysis of separate program parts [8, 32]. To prove termination of
sub-programs, it uses multiphase-linear ranking functions (MΦRFs) [5, 20]. In
contrast to classical ranking functions, MΦRFs can also represent bounds on
programs with multiple “phases” of executions.

Moreover, we embedded a technique [21] to analyze termination of so-called
triangular weakly non-linear loops (twn-loops) in our tool KoAT [29, 32]. In
particular, this approach also allows us to analyze programs with non-linear
arithmetic. An example for a terminating twn-loop, which may result from a
sub-program within a larger C program, is:

while (x2−x21 > 0 ∧ x1 > 0) do (x1, x2, x3)← (4 ·x1, 9 ·x2−8 ·x33, x3) (1)

This loop does not admit a MΦRF over R (see [22]). The guard of such twn-
loops are propositional formulas over (possibly non-linear) polynomial inequa-
tions. The update is triangular, i.e., we can order the variables such that the
update of any xi does not depend on the variables x1, . . . , xi−1 with smaller
indices. So the restriction to triangular updates prohibits “cyclic dependencies”
of variables (e.g., where the new values of x1 and x2 both depend on the old
values of x1 and x2). For example, a loop whose body consists of the assign-
ment (x1, x2) ← (x1 + x22, x2 + 1) is triangular, whereas a loop with the body
(x1, x2)← (x1+x

2
2, x1+1) is not triangular. From a practical point of view, the

restriction to triangular loops seems quite natural. For example, in [15], 1511
polynomial loops were extracted from the Termination Problems Data Base
[38], the benchmark collection which is used at the annual Termination and
Complexity Competition [19], and only 26 of them were non-triangular. Further-
more, the update of a twn-loop is weakly non-linear, i.e., no variable xi has a
non-linear occurrence in its own update. So for example, a loop with the body
(x1, x2)← (x1 + x22, x2 + 1) is weakly non-linear, whereas a loop with the body
(x1, x2)← (x1 ·x2, x2+1) is not. With triangularity and weak non-linearity, one
can compute a closed form which corresponds to applying the loop’s update n
times. For example, the closed forms of (1) are x1 · 4n, (x2 − x33) · 9n + x33, and
x3 for x1, x2, and x3, respectively.
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Using these closed forms, termination can be reduced to a formula over Z [21]
(whose satisfiability is decidable for linear arithmetic and where SMT solvers of-
ten also prove (un)satisfiability in the non-linear case). The idea of the reduction
is to consider each atom of the loop guard individually, instantiate the variables
in the atoms by their closed forms, and order the summands of the resulting
expressions w.r.t. their growth rate in n. For example, for the atom x2 − x21 > 0
of (1), we obtain α1 · 16n + α2 · 9n + α3 > 0 where α1 = −x21, α2 = x2 − x33,
and α3 = x33. If the initial values of the variables satisfy α1 > 0, then the ad-
dend α1 · 16n would dominate all other addends at some point and the atom
x2 − x21 > 0 would hold for all large enough n, assuming that there are no over-
flows. (However, in our example α1 = −x21 > 0 is unsatisfiable.) Otherwise, if
α1 = −x21 = 0, then the second addend α2 · 9n is the fastest growing summand.
Applying this idea to all addends subsequently, i.e., checking if the first polyno-
mials α1, . . . , αj−1 are 0 and αj is positive, we can reduce non-termination to an
existential first-order (FO) problem. For our example, we obtain the reduction
red(x2 − x21 > 0) = α1 > 0 ∨ (α1 = 0 ∧ α2 > 0) ∨ (α1 = 0 ∧ α2 = 0 ∧ α3 > 0) for
the atom x2 − x21 > 0. Similarly, we have red(x1 > 0) = (x1 > 0) for the second
atom of the loop guard. Replacing the atoms of the guard by their reduction
results in the overall FO problem ψ = red(x2 − x21 > 0)∧ red(x1 > 0). Thus, (1)
is non-terminating over Z iff ψ is satisfiable over Z. In our example, the formula
ψ is unsatisfiable since red(x2 − x21 > 0) is only satisfiable if x1 = 0. However,
this violates red(x1 > 0). Thus, the twn-loop (1) is terminating.

KoAT’s novel approach of analyzing some sub-programs with ranking func-
tions and other sub-programs with our technique for twn-loops increases the
power of automated termination analysis substantially, in particular also for
programs containing non-linear arithmetic. Nevertheless, there still exist pro-
grams whose termination is difficult to analyze and where it would help to gain
“more information” on the values of variables in order to determine the infeasi-
bility of certain paths in the program. For example, one could transform a loop
whose body contains an if-else-instruction where either always the if-branch or
the else-branch are executed into two separate single-path loops. This transfor-
mation explicitly removes infeasible paths which contain both branches. Thus,
the idea is to transform an ITS P into a new ITS P ′ which is “easier” to analyze.
Of course, we ensure that the runtime of P ′ is at least the runtime of P. Then
it is sound to prove termination for P ′ instead of P. Such transformations can
be performed by control-flow refinement via partial evaluation [11], which we
integrated into KoAT’s approach [20, 31].

2 Discussion of Strengths and Weaknesses

An underlying design concept of AProVE (KoAT + LoAT) is its modular struc-
ture. It allows us to use different backends and techniques to analyze programs
and benefit from their individual strengths. Hence, our new framework can make
use of recent progress in software verification tools. Furthermore, both AProVE
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and our backend tools KoAT and LoAT are modular themselves (see, e.g., KoAT’s
modular analysis of sub-programs in Sect. 1).

One of AProVE’s main weaknesses was that it essentially relied on variants of
(linear) ranking functions for termination proofs. However, this problem has now
been solved by integrating our tool KoAT into AProVE. Besides ranking func-
tions, KoAT also uses a technique for termination analysis of twn-loops which al-
lows us to analyze programs with non-linear arithmetic on which the other sound
tools participating in the termination category of SV-COMP fail. For example,
the C program which just instantiates all variables non-deterministically and
consists of the loop (1) and even its following linear, simplified variant from [22]

while (x1 < x2 ∧ x1 > 0) do (x1, x2)← (3 · x1, 2 · x2)

can both not be shown terminating by Ultimate Automizer [10] and 2LS [35],
which were the two most powerful sound1 tools at the termination category of
last year’s SV-COMP. In contrast, AProVE proves their termination using the
implementation of our termination technique for twn-loops in KoAT.

Concerning the proofs of non-termination, currently AProVE (KoAT + LoAT)
uses a version of LoAT which disproves termination using the loop acceleration
technique of [16]. In [17], a new version of LoAT was developed that is based on
an acceleration driven clause learning calculus which improves LoAT’s power for
non-termination proofs substantially. We plan to integrate this new version in
our AProVE (KoAT + LoAT) framework in the future, using a new format to ease
the automated handling of LoAT’s non-termination proofs. Moreover, as KoAT
and LoAT can also analyze complexity of programs, it would be interesting to
extend AProVE (KoAT + LoAT) to complexity analysis as well.

3 Setup and Configuration

AProVE (KoAT + LoAT) is developed in the “Programming Languages and Veri-
fication” group at RWTH Aachen University. A list of present and past contrib-
utors can be accessed on the website [2]. In SV-COMP 2025, AProVE (KoAT +
LoAT) only participates in the category “Termination”. All files from the submit-
ted archive [33] must be extracted into one folder. AProVE is implemented in Java
and needs a Java 17 Runtime Environment. To analyze the resulting ITSs in the
backend, the tools KoAT [20, 29–32] and LoAT [14–17] are used. Furthermore,
it applies the satisfiability checkers Z3 [9], Yices [12], and MiniSAT [13], see [18].
Our archive contains all these tools. Using the wrapper script aprove.py in the
BenchExec repository, AProVE (KoAT+LoAT) can be invoked, e.g., on the bench-
marks defined in aprove.xml in the SV-COMP repository. The most recent
version of our tool for SV-COMP 2025 [6] can be downloaded at [33]. Moreover,
C programs for all examples from the paper are available at [33] and [34].

1 The tool PROTON [27] (which won the termination category last year) outputs
termination for both these loops, but also for the non-terminating variants of these
loops where the guard x1 > 0 is missing. In contrast, both Ultimate Automizer and
2LS prove non-termination of these variants.
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Data Availability Statement. Our tools are available at their respective websites

(for AProVE [2], KoAT [3], and LoAT [4]). The version of AProVE (KoAT + LoAT) used

for SV-COMP 2025 is archived at Zenodo [33].
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Abstract. Cooperative verification is gaining momentum in recent years.
The usual setup in cooperative verification is that a verifier A is run with
some pre-defined resources, and if it is not able to verify the program,
the verification task is passed to a verifier B together with information
learned about the program by verifier A, then the chain can continue to
a verifier C, and so on. This scheme is static: tools run one after another
in a fixed pre-defined order and fixed parameters and resource limits (the
scheme may differ for properties to be analyzed, though).
Bubaak is a program analysis tool that allows to run multiple program
verifiers in a dynamically changing combination of parallel and sequen-
tial portfolios. Bubaak starts the verification process by invoking an
initial set of tasks; every task, when it is done (e.g., because of hitting a
time limit or finishing its job), rewrites itself into one or more successor
tasks. New tasks can be also spawned upon events generated by other
tasks. This all happens dynamically based on the information gathered
by finished and running tasks. During their execution, tasks that run
in parallel can exchange (partial) verification artifacts, either directly or
with Bubaak as an intermediary.

1 Verification Approach

The original idea of Bubaak [7] was to run multiple verifiers in parallel and
apply runtime monitoring on the verifiers to gather information about their
progress and their findings (e.g., found loop invariants). Based on the observed
data, Bubaak then would instruct particular tools (at runtime) to stop their
search at some points in the program, or to assume an invariant in other points.

The current version of Bubaak3 generalizes this idea and allows to exe-
cute verifiers in a dynamically changing combination of parallel and sequential
portfolio. What verifiers (or tools in general) are executed next and with what
parameters is determined from the information gathered during the verification
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process. The verifiers are instrumented to share information about what they
are doing and what they have found (this part amounts to runtime monitoring).
They can also be instrumented to receive and use such information from outside:
either from Bubaak or directly from other verifiers. An example situation can
be that verifier A sends information about reachable states to verifier B, while
verifier B informs Bubaak about found invariants and Bubaak distributes the
invariants to other verifiers that may benefit from it.

Allowing the information exchange classifies Bubaak as a cooperative veri-
fication [4,3,2] tool. In cooperative verification, multiple verification tools help
each other to increase their strength and verify more than each of the tools can
verify alone. Cooperative verification tools usually employ only a static scheme
that is fixed before the verification starts (the scheme is usually parametrized by
the analyzed property, though). To the extent of our knowledge, Bubaak is the
first tool to implement what we call dynamic cooperative verification : verifiers
are spawned and stopped dynamically during the verification process based on
the information discovered by verifiers that are currently running or that have
finished running previously. At the same time, verifiers may exchange informa-
tion. This information exchange includes passing artifacts to tools when they are
invoked, but also direct messages (e.g., via sockets) between tools, and messages
between Bubaak and tools.

The tool that is closest to Bubaak in the way how it allows tools to cooperate
is CoVeriTeam [2] that allows a kind of meta-programming where verifiers
are first-class objects in its domain-specific language. However, the language of
CoVeriTeam is still very restricted and does not allow, e.g., to immediately
react on a message in the standard output of a tool, which is something that
Bubaak can do. CoVeriTeam focuses on combining off-the-shelf tools that are
treated as black box. While using off-the-shelf tools has its benefits, it means
that CoVeriTeam has access only to the output of the tools – standard (error)
output and artifacts generated after the tool has finished its job. There is also
no possibility to control the verifiers while they are running. In Bubaak, on
the other hand, we assume the verifiers to be integrated and possibly manually
modified to allow their monitoring and interception, which allows us to gain
control over their execution. Naturally, off-the-shelf tools can be used by Bubaak
too, but without the benefits that are brought by monitoring of their internals.

2 Software Architecture

The architecture of Bubaak is centered around tasks and their rewriting. Inter-
nally, a task executes a process, like a compiler or a verification tool, monitors
its execution, and acts on events that occurred in the process or its outputs.
There are also special tasks that do not execute any processes and, for example,
only wait for other tasks to finish and aggregate their results.

Bubaak starts with the execution of a set of initial tasks; upon finishing,
each task either yields a result, or rewrites itself into a new task or a set of
new tasks. Whenever a task rewrites itself into a set of new tasks, it should also
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Verify(P, prp): •
VerifyTermin(P )

TryLEE (P )

prp = termination

prp ̸= termination

VerifyTermin(P ): • ∨
BubaaK-LEE (P )

SlowBeast-TIIP(P )

TryLEE(P ): • BubaaK-LEE(P )
Coop-BSELF-SE (P )

SlowBeast-SE (P, π)

> 333 s

path π was killed

because of symbolic floats

Coop-BSELF-SE(P ): • ∨
SlowBeast-SE (P )

SlowBeast-BSELF (P )

reachable

states

Fig. 1. The workflow of Bubaak for SV-COMP 2025. For brevity, the scheme does
not show errors handling and the result propagation.

specify how the results of the new tasks should be aggregated into a single result.
A task is also allowed to spawn new sub-tasks before it has finished. Generating
new tasks is not fixed in a static scheme: a task can spawn new tasks or rewrite
itself into new tasks based on the context its has at hand and the information
that was gathered so far from the finished and running tasks.

What tasks are executed and how they rewrite is defined by a selected work-
flow. The simplified workflow of Bubaak in SV-COMP 2025 [1] is in Figure 1.
The figure hides details like compilation into llvm [9] (which is implemented
also as a task), errors handling and the result propagation. The workflow starts
with the task Verify that only rewrites itself into the task VerifyTermin if the
analyzed property is termination, and into the task TryLEE otherwise.

Task VerifyTermin aggregates the results from two other tasks that it in-
vokes; these tasks run symbolic execution (SE) provided by BubaaK-LEE, and
Slowbeast with Termination with Inductive Invariants with Progress (TIIP) [7].
The aggregated result is the one returned by the first tool that gives a conclusive
result, or it ends up being unknown/error.

Task TryLEE runs BubaaK-LEE for 333 seconds and if no result is reached
by that time, the task rewrites itself into Coop-BSELF-SE. There may also occur
the event that BubaaK-LEE killed the search on a path that hit a computa-
tion involving symbolic floating point expressions. Bubaak detects this event
and spawns Slowbeast (in parallel to BubaaK-LEE which keeps running)
that replays the killed path and continues search from where BubaaK-LEE
stopped. This way, Bubaak selectively combines the strengths of more mature
and optimized implementation of symbolic execution in BubaaK-LEE and the
support of symbolic floats in Slowbeast.
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Task Coop-BSELF-SE aggregates the results of two new tasks that it spawns.
These tasks each run Slowbeast, one runs classical SE and the other runs
backward symbolic execution with loop folding (BSELF) [8]. The algorithms run
in parallel and during runtime, SE sends information about reached states into
BSELF via a pipe-based channel. BSELF uses the information about reachable
states to quickly filter out invalid candidates for invariants.

Workflows are only an abstraction: internally, task execution and rewriting
is implemented using an event loop that handles events coming from tasks, task
creation and destruction, and the results aggregation.

Note that the workflow of Bubaak in SV-COMP 2025 is substantially dif-
ferent from the workflow in SV-COMP 2023, where Bubaak just ran BubaaK-
LEE and Slowbeast in parallel without any cooperation. As a side note, there
is also another workflow that competed in SV-COMP 2025 under the name
Bubaak-SpLit. This workflow implements dynamic program splitting : the in-
put program is split into two „smaller” programs and each of the two splits is
analyzed by BubaaK-LEE for 16 s. If BubaaK-LEE is unable to finish within
16 s on a split, splitting is applied again on this split and the whole process con-
tinues until at most 128 splits are generated, at which point all unverified splits
are analyzed by running two instances of Slowbeast in parallel: one that runs
SE and the other BSELF (without any information exchange). It is very easy to
implement such kind of workflows in Bubaak.

3 Strengths and Weaknesses

The workflow of Bubaak in SV-COMP 2025 builds on a combination of SE,
which is very efficient in finding bugs, and BSELF that can prove programs
correct. TIIP is in fact based on the very same cornerstones [7].

The dynamic task-based architecture allows Bubaak to implement many
known cooperative verification schemes, be it cooperation through residual pro-
grams [4] or through dynamic information exchange. This architecture brings a
plethora of possibilities to create powerful algorithms. For SV-COMP, however,
we do not use the full strength of the architecture as a simple scheme described
in Section 2 proved to be working well.

The main disadvantage for Bubaak in SV-COMP is that running multiple
verifiers in parallel rapidly consumes CPU time. Also, none of the verifiers we
use at the moment can properly deal with concurrency.

Results of Bubaak at SV-COMP 2025 In SV-COMP 2025, Bubaak
took the 3rd place in the category FalsificationOverall. It has also scored well in
some sub-categories. Mainly in the category SoftwareSystems, it performed well
on the ASW-C-Common and uthash benchmarks.

Spawning Slowbeast to continue killed paths from BubaaK-LEE took
place in 4708 benchmarks and 1681 were successfully decided by the joint forces
of the two tools within the time limit 333 s for the task TryLEE.

The tool gave 19 wrong answers, mostly because of a restricted support
for command-line arguments of the main function (the argv argument) and an
unhandled failure of the SMT solver in Slowbeast.
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Abstract. EmergenTheta is our sandbox for experimental analyses.
After its successful debut in SV-COMP’24, we kept some well-performing
but still under-tested configurations, and complemented them with a new
saturation algorithm over decision diagrams, and two ways of extending
their verification power: wrapping them in a lightweight, counterexample-
guided abstraction refinement (CEGAR) loop based on implicit predi-
cate abstraction; and backwards traversal of the state space. All such
analyses now rely on a common interface to the underlying symbolic
transition system, integrating seamlessly into the existing Theta frame-
work. Using this combination of proven analyses and novel extensions,
EmergenTheta outperformed our expectations in SV-COMP’25.

Funding. This research was partially funded by the EKÖP-24-3 New National Ex-
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and EKÖP-24-3-BME-159, and the Doctoral Excellence Fellowship Programme under

project numbers 400434/2023 and 400443/2023; funded by the NRDI Fund of Hungary.

1 Verification Approach

EmergenTheta parses the C programs and transforms them into the extended
control flow automaton (XCFA) formalism through a series of preprocessing
steps. XCFA are then transformed into the low-level symbolic transition system
(STS) formalism, which captures the model behavior using two SMT formulas,
one characterizing the initial states and the other characterizing the transition
relation.

Bounded model checking (BMC) [8] can prove the faultiness of a model by
constructing path constraints that characterize all possible counterexamples of
a given length k and checking the satisfiability of such constraints using an SMT
solver. The bound k is incremented until either the model is proven unsafe, or
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Fig. 1: Overview of the verification approach of EmergenTheta. 2025 additions
are denoted with the � symbol. Parts irrelevant to SV-COMP are grayed out.

until the available resources allow. K-induction (K-IND) [17] and interpolation-
based model checking (IMC) [13] extend BMC with additional checks in an at-
tempt to prove that the model is safe. K-induction does so by trying to prove
the k-inductivity of the property with k being the current BMC length, while
IMC derives Craig interpolants to compute an overapproximation of the set of
reachable states.

Decision-diagram-based algorithms are a novel addition to the set of available
algorithms this year. Substitution diagrams [15] allow us to handle SMT formulas
as multi-valued decision diagrams (MDDs) in a top-down approach supported by
efficient caching and lazy evaluation for the presence of edges. Using substitution
diagrams, we can represent the states and transitions of the system with MDDs
constructed from the SMT formulas of the STS representation. The saturation
algorithm [9] can compute the set of reachable states on decision diagrams in
a bottom-up manner. It decomposes the exploration into smaller explorations
on submodels exploiting the locality of the system’s events. The generalized
saturation (GSAT) [14] algorithm employs a weaker notion of locality to further
enhance the saturation effect.

The modular architecture of EmergenTheta also allows us to wrap the
aforementioned analyses into a CEGAR loop based on implicit predicate ab-
straction [18] and to traverse the state space in a reversed manner.

We run the aforementioned analyses in a sequential portfolio. We start with
the GSAT algorithm (because it can find a safety proof fairly quickly, or report
the task not solvable with the configuration), then move on to BMC and K-
Induction. Afterwards, we intended to start the abstracted and reversed IMC,
but ended up using K-Induction due to a bug (see Sect. 3).
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unreach-call termination no-overflow
Configuration safe unsafe safe unsafe safe unsafe

Preprocessing 1 0 51 0 232 0
GSAT 152 33 0 0 0 0
BMC 209 134 11 38 34 143
K-Induction 380 34 4 1 6 4
Abstract K-Induction 37 0 112 0 63 1
Reversed K-Induction 2 0 0 0 0 0

Sum 781 201 178 39 335 148

Wrong 2 0 20 0 15 0

Fig. 2: Successful verification results per configuration

2 Software Architecture

EmergenTheta is a JVM-based tool, written primarily in Kotlin (and legacy
parts of the code are written in Java).

EmergenTheta is part of the Theta framework [12], and can therefore use
its integrated frontend- and solver-infrastructure. Parsing C files is done using a
custom ANTLR grammar [2]. Satisfiability Modulo Theories (SMT) solvers can
be invoked three different ways:

– Z3 [16] is natively integrated, its Java API is a dependency of Theta
– Other solvers are integrated via SMT-LIBv2 [11], such as MathSAT5 [10] or

CVC5 [5]
– JavaSMT [1] has been integrated since last year’s SV-COMP

In SV-COMP’25, we use Z3, MathSAT5, and CVC5.

3 Discussion of Strengths and Weaknesses of the
Approach

EmergenTheta took part in SV-COMP’25 with 3 checkable properties: the
conventional unreach-call (as previously [3]); and we debuted with termina-
tion and no-overlow this year using a pre-processing step using TransVer [7].
This broadened verification reach is a definitive strength of our tool, but cannot
be attributed to its architecture, as the pre-processing step is transparent to
EmergenTheta. In the future we plan to integrate it into our portfolio more,
as experiences with reachability need not translate to other properties when it
comes to verification efficacy (based on results in Figure 2 [6]).

It is also worth mentioning that a large number of tasks (232 for no-overflow,
51 for termination, but only 1 for unreach-call) were solved by sanity checks
before a verifier algorithm was started. In these instances safety was evident, as
in the control flow graph, we do not have any paths from the initial location to
the error locations.
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Unfortunately, the portfolio implementation contained an oversight, mak-
ing IMC-based analyses become K-Induction-based analyses by mistake. This
is reflected in our results: we wanted to run IMC with abstraction and with
reversal, but ended up running K-Induction in these instances, and these rep-
resent our least efficient configurations (see Figure 2). We will move to a more
robust portfolio-engine in the future so that oversights like this can be more
easily avoided. However, both abstraction and reversal solved tasks that the
non-reversed and not-abstracted configurations did not, therefore, we are confi-
dent in their advantages overall.

The new algorithm, GSAT, produced really promising results this year. It
proved safety in 152 tasks, and found a bug in 33 instances. However, it could
only output correctness witnesses this year, and no violation witnesses, so the
33 successful verification tasks are correct, but unconfirmable.

EmergenTheta produced a few wrong results. In the unreach-call cate-
gory it produced 2, in termination 20, and in no-overflow 15 false positive
results. It produced no false negative (false safe) results. The cause of the wrong
results are partly due to a mishandling of floating point NaN values, and due to
the preprocessing step mapping the new properties to reachability.

4 Tool Setup and Configuration

EmergenTheta is widely configurable, and choosing a successful configuration
for a verification task at hand can be complicated. If using the competition
archive [4] for software verification, we recommend using the following input
options, starting our EMERGENT portfolio:

theta-start.sh <input> --portfolio EMERGENT --svcomp

To minimize the output verbosity, the option --loglevel RESULT can be
added to the arguments. We also used these options at SV-COMP 2025.

5 Software Project and Data-Availability Statement

EmergenTheta is integrated into the Theta verification framework main-
tained by the Critical Systems Research Group1 of the Budapest University of
Technology and Economics. The project is available open-source on GitHub un-
der an Apache 2.0 license2, and the binary release of the competition version
(6.8.6) is published on Zenodo [4].
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Mondok, M., Molnár, V.: EmergenTheta - SV-COMP’25 Verifier Archive (Nov
2024). https://doi.org/10.5281/zenodo.14194484

5. Barbosa, H., Barrett, C., Brain, M., Kremer, G., Lachnitt, H., Mann, M., Mo-
hamed, A., Mohamed, M., Niemetz, A., Nötzli, A., Ozdemir, A., Preiner, M.,
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9. Ciardo, G., Lüttgen, G., Siminiceanu, R.: Saturation: An efficient iteration strategy
for symbolic state—space generation. In: Margaria, T., Yi, W. (eds.) Tools and
Algorithms for the Construction and Analysis of Systems. pp. 328–342. Springer
Berlin Heidelberg, Berlin, Heidelberg (2001)

10. Cimatti, A., Griggio, A., Schaafsma, B., Sebastiani, R.: The MathSAT5 SMT
Solver. In: TACAS 2013, LNCS, vol. 7795, pp. 93–107. Springer (2013).
https://doi.org/10.1007/978-3-642-36742-7 7
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Abstract. ESBMC v7.7 improves the verification of concurrent C pro-
grams by incorporating techniques such as dynamic thread scheduling,
incremental SMT solving, and partial order reduction (POR). These
improvements enhance the tool’s performance, particularly in explor-
ing complex multi-threaded executions. The new scheduler prioritizes
higher-thread identifiers during context switches, which helps explore
deeper program states. The use of incremental SMT solving and a refined
POR algorithm reduces the exploration of unreachable interleavings and
redundant states. These updates enable ESBMC to detect bugs faster,
making it a more effective tool for ensuring the safety of multi-threaded
applications.

1 Software Architecture

The Efficient SMT-based context-Bounded Model Checker (ESBMC) [6,7,5] is a
context-bounded model checker for the verification of single- and multi-threaded
software. It uses a Clang-based [9] front-end to transform the input C program
into an intermediate representation in the GOTO language [4]. Then, it employs
symbolic execution to generate SMT formulae and pass them to a selection of
SMT solvers. For the verification of multi-threaded software, ESBMC constructs
the reachability tree by depth first search under Sequential Consistency [1]. This
way, it can symbolically and explicitly explore all possible sequential executions
up to a (bounded) number of context switches. As a result, ESBMC can auto-
matically identify many concurrency-related issues such as race conditions and
deadlocks.
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2 Verification Approach

Reverse Priority Scheduling. ESBMC v7.7 introduces an advanced thread schedul-
ing algorithm that dynamically prioritizes thread selection when a context switch
occurs. In earlier versions, the scheduler would always search for eligible threads
in ascending order of thread identifier ti,

6 starting with the main thread id
ti = 0 [5]. The new approach modifies this behavior as follows:

1○ It first attempts to identify newer thread, which have identifier ti higher
than the current thread tc. Among these threads, the scheduler selects the
one with the smallest identifier that is eligible for scheduling.

2○ If no newer threads are available, the scheduler reverses the search direction
and looks for older eligible threads, which have identifier ti ≤ tc. Note that
the scheduler can still choose tc, which indicates it will continue executing
the following steps in the current thread. In this case, it selects the eligible
thread with the largest identifier.

3○ If no eligible threads are found in either direction, there is no further inter-
leaving possible in the current execution state. Thus, the scheduler reverts
to exploring unexplored states by popping the current state from the reach-
ability tree and backtracking.

The formal policy σ for our reverse priority scheduling can be expressed as:

σ(tc, S) =


min{ti|ti ∈ S ∧ ti > tc} if maxS > tc 1○
maxS if maxS ≤ tc 2○
∅ if S = ∅ 3○

where tc is the current thread and S represents the set of all threads eligible for
scheduling. In general, this strategy prioritizes interleavings with newly-created
threads, enabling ESBMC to explore new execution paths earlier, which allows
ESBMC to find bugs six times faster (see Section 3).

Incremental SMT Solving. ESBMC leverages incremental SMT solving [12]
in an attempt to reduce the exploration of unreachable interleavings. Specif-
ically, non-incremental mode only calls the SMT solver once when reaching
the end of an interleaving. As such, it has no early mechanism to determine
which boolean conditions hold (e.g., assumptions), thus producing a formula
that may still contain some unreachable states. In contrast, incremental mode
removes all unreachable states by checking goto guards (if and loop conditions),
thread guards (interleaving conditions) and assertions immediately [10]. This
is achieved through the push/pop interface offered by many state-of-the-art
solvers [3,11,12,2]. Figure 1 illustrates the different behaviour after the thread
guard pthread join. In ESBMC v7.7, we add incremental checking of assump-
tions with the --smt-symex-assume option.

6 New threads are created with higher identifiers in ESBMC.
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1 #include <pthread.h>
2 int x = 0;
3 void *thread1 () {
4 x = 1;
5 return 0;
6 }
7 int main() {
8 pthread_t t1;
9 pthread_create (&t1,

0, thread1 , 0);
10 pthread_join(t1, 0);
11 x = 2;
12 }

8, 9

4 10, 11

5, 6 10, 11 4 12

10, 11 5, 6 12 5, 6 12

12 12 12

Fig. 1. Reachability tree (right) of a concurrent program (left). Boxes are execution
states (by line number), red arrows are reachable paths, black dotted arrows are un-
reachable paths that can be cut by incremental SMT.

Partial Order Reduction. ESBMC employs an optimal partial order reduction
algorithm based on the normal form in [8] to eliminate redundant equivalent
interleavings during model checking. In ESBMC v7.7, we refine our implementa-
tion by performing a more accurate analysis of shared read/write variables that
are accessed by global and local pointers. Specifically, memory leak checks are
deferred until the main thread has terminated. This strategy avoids false posi-
tives, since in SV-COMP the check should happen after program termination.

Data Races. ESBMC v7.7 offers extended support for data race checking. The
base method introduces a boolean flag bx for each variable x involved in an
assignment. When x is updated, bx is set to true before the assignment and reset
to false immediately after. To identify data races, an assertion ensures that bx is
false whenever x is accessed. Previous versions relied on unique flag identifiers
generated from variable names. As such, the same memory address could be
protected by multiple flags, especially for arrays with non-constant indices and
members of compound types. The new version eliminates the dependency on
variable names. Memory is represented as an infinite-size array, where variables
are encoded as addresses and used as indices of the array. Additionally, we force
an extra context switch when setting each flag to increase the probability of
triggering a data race earlier.

Pthread Operational Models. ESBMC v7.7 features improved operational mod-
els for the pthread library, which reduces the number of unnecessary context
switches. Specifically, we restrict context switches to occur exclusively on user
program variables which are shared by at least two threads.

3 Strengths and Weaknesses

Table 1 reports the relative performance of each individual technique in Section
2, compared to the previous version of ESBMC. The last row reports their cu-
mulative effect in ESBMC v7.7, which has Incremental SMT disabled and POR
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partially enabled by default (more information can be found in zenodo dataset).
All results are computed on the SV-COMP’25 Concurrency Safety benchmarks.

Table 1. Experimental Results for ESBMC Improvements

Individual Technique Correct True Correct False Incorrect True Incorrect False

Reverse Priority Scheduling +66 +18 +8 +7

Incremental SMT Solving -3 +1 +3 +6

Partial Order Reduction +16 -20 +15 +0

Data Races -5 +16 -9 -14

Pthread Operational Models +31 +3 +5 +3

ESBMC v7.7 +97 +21 +13 +10

In addition, our experiments show that Reverse Priority Scheduling acceler-
ates bug detection by approximately 600%, and the first interleaving is enough to
reach a bug in 59 additional instances. Furthermore, Incremental SMT achieves
an average of 53% fewer interleavings on the 248 instances verified by both ap-
proaches and produces 18 unique correct results that would otherwise timeout.
However, the repeated solver calls increase verification time, with fewer successful
verifications than the non-incremental mode. Finally, Partial Order Reductions
reduce the verification time required to prove correctness by 40%.

At the same time, the improvements expose 23 new incorrect results that were
previously timeouts. Additionally, the Partial Order Reduction improvements
turn 20 correct results into 15 incorrect results and 5 timeouts. These are mainly
due to the low context-switch limit of 3 we set and the absence of a mechanism
to detect shared memory access between local variables and pointers. We plan
to address these issues in future work.

4 Tool Setup and Configuration

To setup and run ESBMC, follow the instructions in the README.md file.
ESBMC can also be run via the Python wrapper esbmc-wrapper.py for simpli-
fied usage in the competition. An example command line is: esbmc-wrapper.py
-s kinduction -a 64 -p unreach-call.prp example.c

5 Software Project

The ESBMC development is funded by ARM, EPSRC EP/T026995/1, EPSRC
EP/V000497/1, Ethereum Foundation, EU H2020 ELEGANT 957286, UKRI So-
teria, Intel, and Motorola Mobility (through Agreement N° 4/2021). It is publicly
available at http://esbmc.org under the Apache License 2.0. The participated
version in SV-COMP 2025 is available at https://doi.org/10.5281/zenodo.
13867976. A refined version and all of our experiments data are available at
https://doi.org/10.5281/zenodo.14534503.

http://esbmc.org
https://doi.org/10.5281/zenodo.13867976
https://doi.org/10.5281/zenodo.13867976
https://doi.org/10.5281/zenodo.14534503
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Abstract. We present advances we brought to Mopsa for SV-Comp
2025. Most notably, Mopsa now supports bounded trace partitioning,
constant widening with thresholds, and can check that all memory has
been correctly deallocated. Further, Mopsa now integrates a sound sup-
port of bitfields. While Mopsa at SV-Comp previously relied on a fixed,
homogeneous set of configurations to verify tasks, it can now automat-
ically leverage semantic information from a previous analysis to trig-
ger heuristic precision improvements in further analyses. With these im-
provements, Mopsa wins a silver medal in the SoftwareSystems category
and ranks fifth in the NoOverflows category.

Keywords: Static Analysis · Abstract Interpretation · Competition on
Software Verification · SV-Comp.

1 Verification Approach: the Mopsa platform

Mopsa is an open-source static analysis platform relying on abstract interpreta-
tion [9]. The implementation of Mopsa aims at exploring new perspectives for the
design of static analyzers. Journault et al. [13] describe the core of Mopsa prin-
ciples, and Monat [22, Chapter 3] provides an in-depth introduction to Mopsa’s
design. The C analysis which we rely on for this competition is based on the
work of Ouadjaout and Miné [27]; it proceeds by induction on the syntax, is
fully context- and flow-sensitive, and committed to be sound. This is the third
time Mopsa participates in SV-Comp [24, 23]. We have brought several enhance-
ments, including major precision improvements, described below.

Trace partitioning. Mopsa now supports a variant of trace partitioning [16].
Trace partitioning keeps some abstract states separate (depending on the analy-
sis trace) to improve precision. In our implementation, we keep a small, bounded
abstract trace to separate abstract states while maintaining full analysis cover-
age. The abstract trace consists in the k latest trace markers. Currently, trace
markers correspond to control conditions (if, switch, different return loca-
tions), and case disjunctions when handling C stubs [27].
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Widening with constant thresholds. Mopsa relies on the traditional ab-
stract interpretation use of widening [9] to enforce finite convergence when ana-
lyzing loops. However these widening operators may generalize some constraints
too quickly, which can be difficult to recover from. To address this issue, Mopsa
now supports the standard widening with thresholds [4]. It is implemented as a
plug-in, which observes the analyzer and performs some constant propagation
to decide relevant thresholds for each variable. This approach greatly improves
precision when analyzing loops guarded by (in)equalities.

Memory deallocation check. Mopsa can prove that programs have success-
fully deallocated all memory. During the end of the analysis of a program, it
queries the recency abstraction [2] to ensure that all memory dynamically allo-
cated through malloc and other glibc functions has been properly deallocated.
This allows us to support the MemCleanup property of SV-Comp (especially in
the corresponding uthash subcategory of SoftwareSystems).

Sound bitfield support. The low-level C memory representation of cells [20]
we use works at the byte level, making bitfield reasoning hard. We have thus
implemented a domain translating bitfield operations into equivalent byte-level
operations with bitmasks. This approach is currently sound, although imprecise.
The precision could be improved through new numeric abstractions in the future.

Other improvements. Mopsa leverages relational numeric domain through
Apron’s interface [12], relying on static packing [4] to remain scalable. In order
to improve precision for small and intricate programs, the last configuration used
in our SV-Comp driver (Section 2) does not rely on packing (i.e., all variables
are used in the same polyhedron). Noticing performance improvements in this
case, we decided to rely on the PPLite polyhedra implementation [3]. Mopsa
does not support the analysis of recursive functions. We added support to unroll
recursive functions of bounded depth.

2 Software Architecture: the SV-Comp driver
By default, the C analysis of Mopsa detects all the runtime errors that may hap-
pen in the analyzed program, while SV-Comp tasks focus on a specific property
at a time. We thus rely on an SV-Comp specific driver. It takes as input the
task description (program, property, data model). It sequentially tries increas-
ingly precise C analyses defined in Mopsa until the property of interest is proved
or the most precise analysis is reached (or the resources are exhausted). Each
analysis result is postprocessed by the driver to check if the property is proved.
An analysis configuration defines the set of domains used and their parameters,
allowing control of the precision-efficiency ratio. A breakdown of the results is
shown in Fig. 1. Similarly to last year [23], we use five configurations. Confs. 1
and 3 are unchanged from last year. Conf. 2 now only unrolls the first 2 iterations
of loops (down from 10 last year – but the precision suggestion hook mentioned
below can override this parameter). Conf. 4 adds the bounded trace partitioning,
where up to 7 trace markers can be kept. Conf. 5 also enables bounded trace
partitioning (with up to 10 trace markers), and relies on PPLite without static
packing for best precision.
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Max. Conf. Tasks proved correct Tasks reaching 900s timeout

1 7002 389
2 7743 (+741) 970 (+581)
3 8489 (+746) 3377 (+2407)
4 8660 (+171) 5378 (+2001)
5 8933 (+273) 8440 (+3062)

Fig. 1. Results of our sequential portfolio at SV-Comp 2025. Max. Conf. i represents
the sequence of increasingly precise analyses from Conf. 1 up to Conf. i. Max. Conf. 2
is able to prove 741 tasks correct in addition to the 7002 proved by Conf. 1, although
970 tasks reach the resource limits when analyzed by Conf. 1 and 2 (581 more than
by Conf. 1 alone). There are 33592 tasks in total, including 22356 correctness tasks.
Mopsa can only prove program correctness for now; it yields “unknown” when unable
to prove a program correct.

Heuristic Autosuggestions. An important improvement is that the set of
configurations is not fixed and uniform for all programs anymore. Each analysis
can suggest enabling options that will improve the precision of further analy-
ses. These options are decided by a plug-in observing the analysis of Mopsa. It
currently supports three semantic heuristics:
Bounded recursion unrolling. Upon detection of a call to a recursive func-

tion f having parameter n, if n lies in interval [0, hi], and hi < 1000, further
analyses will inline recursive functions up to bound hi.3

Loop unrolling for precise allocations. If the program contains a loop, for
which we can semantically infer that (i) there are less than 30 iterations and
that (ii) iterations perform allocations, further analyses will unroll this loop
to keep the allocated memory blocks distinct and enhance precision.

Single loop unrolling. If the program semantically reaches a single loop, for
which we can infer an upper bound on the number of iterations, further
analyses will fully unroll this loop.

3 Strengths and Weaknesses
Mopsa participated in the following categories, targeting C programs: Reach-
Safety, MemSafety, NoOverflows and SoftwareSystems. An overview of results
can be found in the competition report [5]. Figure 2 highlights the progress made
by Mopsa in specific subcategories, thanks to the improvements brought for this
year’s edition. Note that in two subcategories, the score of Mopsa decreased due
to our now-sound bitfield encoding.

Strengths. Mopsa is quite scalable: our cheapest configuration is able to ana-
lyze a given program within the allocated resource budget in 98.8% of the cases.
Thanks to this scalability, Mopsa is particularly competitive in the SoftwareSys-
tems track, focusing on verifying real software systems. This year, Mopsa ranked
3 In other cases, Mopsa relies on the function’s prototype to return the top value,

and assumes the recursive function has no side-effects. To keep this approach sound,
our SV-Comp driver thus returns unknown whenever a recursive function has been
encountered during the analysis.
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Category Prop. |tasks| Mopsa’24 Mopsa’25 Best score, verifier (2025)

Hardness R 4012 432 518 7426 SVF-SVC [17]
Heap R 240 190 226 314 PredatorHP [29]
Loops R 774 298 376 1031 AISE [34, 14]
Recursive R 160 12 60 150 UTaipan [10]

Heap M 247 40 154 331 PredatorHP [29]
Juliet M 3271 2224 2530 4709 CPAchecker [1]
LinkedLists M 134 58 96 220 PredatorHP [29]

Main N 1989 1920 2138 2756 UAutomizer [11]

AWS R 341 36 76 326 Bubaak [6, 8]
DDL R 2420 3476 3602 3602 Mopsa
uthash M 192 96 108 246 Bubaak* [6, 8, 7]
uthash N 162 204 300 300 Mopsa

Fig. 2. Mopsa’s improvements for selected subcategories of the ReachSafety, Mem-
Safety, NoOverflows and SoftwareSystems tracks, comparing the scores reached at
SV-Comp 2024 and 2025. Property is either ReachSafety, MemSafety or NoOverflow.
The last three columns show the score of Mopsa submitted last year, this year, and the
best score reached by a verifier.

second with 2164 points, closely trailing CPAchecker [1] with 2238 points. It is the
best verifier in the DeviceDriversLinux-ReachSafety and the uthash-NoOverflows
subcategories. In uthash-NoOverflows there are only two verifiers able to score
points; the second is UAutomizer [11], with 6 points. The second strength of
Mopsa lies in the NoOverflows track, where it ranked fifth, with results near
those of Goblint [30], which is the first abstract-interpretation based verifier to
enter the competition.
Weaknesses. Mopsa can only prove programs correct for now, and is currently
unable to provide counterexamples otherwise. We plan to leverage the recent
works of Milanese and Miné [18, 19] to address this issue. Mopsa does not sup-
port the termination property, and cannot precisely analyze concurrency-related
verification tasks, but we could leverage previous abstract interpretation work
targeting those properties [32, 31, 21, 33]. Our SV-Comp driver currently tries
a sequence of increasingly precise configurations: this approach is not efficient,
we are planning to develop techniques deciding what would be the best configu-
ration to analyze a given program, following the works of Oh et al. [26], Mansur
et al. [15], Wang et al. [35].

4 Software Project and Contributors
Mopsa is available on Gitlab [28], and released under an GNU LGPL v3 license.
Mopsa was originally developed at LIP6, Sorbonne Université following an ERC
Consolidator Grant award to Antoine Miné. Mopsa is now additionally developed
in other places, including Inria, ENS, Airbus and Nomadic Labs. The people who
improved Mopsa for SV-Comp 2025 are the authors of this paper.
Data-Availability Statement. The exact version of Mopsa and the driver
that participated in SV-Comp 2025 are available as a Zenodo archive [25].
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Abstract. We present Nacpa, a meta-verifier based on parallel portfolio
and native compilation of backend verifiers. Nacpa does not implement
any software analyses itself, but uses the Java-based CPAchecker as
off-the-shelf verification backend in different configurations; each called
as a separate, external process. To avoid the overhead of starting the
Java Virtual Machine multiple times and to improve the run time on
fast-to-solve tasks, we created a natively compiled version of CPAchecker

for Nacpa. Nacpa is a conceptually simple framework, yet proves to be
competitive in SV-COMP 2025.

1 Verification Approach

Nacpa is a meta-verifier for C that implements an efficient parallel portfolio
on the basis of an external verifier—currently CPAchecker [1, 2]—with two
goals: (1) create a technologically simple parallel portfolio of different verifier
configurations, and (2) achieve faster startup times than CPAchecker can achieve
in its default distribution that is based on the Java Virtual Machine (JVM).
Nacpa does not implement any new program analysis but delegates all analysis
tasks to the external verifier.

Parallel Portfolio. SV-COMP [3] gives verifiers a time limit of 900 s CPU time
per task. This provides verifiers with a strong incentive not to run analyses
concurrently, but sequentially, so that CPU time is only used when beneficial.
But verifiers employing a sequential portfolio of analyses—like CPAchecker
before version 4.0—have a practical problem: The analyses are executed in a
fixed sequence and the analysis that can successfully solve a verification task
may be scheduled late in that sequence. This means that it can take a significant
amount of time to solve an otherwise fast-to-solve verification task. While this
approach is valid for SV-COMP, where it—in essence—only matters that a result
is produced within the CPU time limit, it is not a good day-to-day experience
for users and makes debugging difficult.

Nacpa addresses this issue by executing all analyses in parallel. Figure 1 shows
the workflow of Nacpa. After receiving a program P and a specification φ, Nacpa
first extracts features from the program under verification by calling CPAchecker
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Fig. 1: Workflow of Nacpa

with a configuration [2, 4] that extracts and outputs these features. Based on
the features, Nacpa selects one of multiple pre-defined analysis portfolios (each
analysis portfolio is a set of configurations together with a wall-time limit). For
each analysis in the selected portfolio, Nacpa launches a separate verifier process.
The first process that finishes with a verdict of TRUE or FALSE wins, and Nacpa
reports this verdict. If all processes finish with UNKNOWN, Nacpa returns UNKNOWN.

While Nacpa currently only calls CPAchecker and no other verifiers, we use
CPAchecker as-is and call it as an external process. Because of this, we are
certain that this external parallelization generalizes well to other verifiers.

Faster Startup Time. Many successful verifiers are implemented in Java [2,5–8].
But setting up the JVM, loading all the classes and starting the verifier can
take several seconds [9]. Multiplying this overhead by the number of analyses in
the portfolio can lead to a significant overhead. To improve on this, we compile
CPAchecker to a native executable with Oracle GraalVM. This not only reduces
the overhead of the parallel portfolio but also significantly improves the run time
for fast-to-solve tasks, compared to the traditional CPAchecker.

2 Software Architecture

Nacpa 1.0 leverages CPAchecker (revision b24a0863) as verification backend. We
use Oracle GraalVM 22.0.1 to compile this revision of CPAchecker to a native
executable. The native executable is bundled with the necessary third-party
Libraries, e.g., MathSAT 5, and the necessary configurations for Nacpa.

Nacpa itself is written in Go because it has parallelization directives built into
the language and compiles to a statically linked executable with low overhead.

Portfolio Selection. Nacpa uses seven hard-coded portfolios. The configurations
of these portfolios are taken from CPAchecker and are semantically equivalent to
the configurations used by CPAchecker in SV-COMP 2025, with two exceptions:
(1) we discard almost all time limits (see below) and (2) if the program contains
recursive function calls or concurrency features (pthread_create), we add configu-
rations for recursive and concurrent programs to the selected portfolio. This is
different from CPAchecker’s SV-COMP submission, which starts with analyses
that do not support recursion or concurrency, and only switches to supporting
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configurations when the original analyses fail because one of these features is
encountered. Compared to CPAchecker, Nacpa’s approach to recursion and
concurrency is simpler, but solves the same number of tasks.

Managing the Portfolio. Nacpa starts a separate process for each analysis.
Nacpa then simultaneously waits on all processes to finish. Whenever a process
finishes, Nacpa parses the produced console output for the reported verdict.
If the run did not crash and the verdict is TRUE or FALSE, Nacpa terminates
all remaining processes and reports this verdict to the user. Otherwise, Nacpa
continues to wait on the remaining processes.

Resource Limits. To enforce time limits on the individual analysis runs, we rely
on Go’s internal process management. Nacpa runs most analyses without any
time limit. There are two exceptions: data-flow analysis and symbolic execution
are limited to only a few seconds of runtime each (5 s and 10 s, respectively),
because these analyses only help on fast-to-solve tasks. Nacpa does not enforce
any memory limits on the individual analysis runs. As soon as one analysis runs
into the SV-COMP memory limit, Nacpa dies.

Native Compilation. Compiling a large project like CPAchecker to a native
binary poses several challenges [9]. The biggest challenge for Nacpa is the extensive
use of Java reflection in CPAchecker: When GraalVM builds the native binary,
it only includes classes that are reachable from the program entry. It is not able to
derive classes that are reached through code reflection, and these will miss during
run time. To avoid this we need to tell GraalVM about them when starting the
compilation process. We contribute a build script that collects this reflection
information from exemplary CPAchecker runs.

3 Strengths and Weaknesses

Regarding its analysis, Nacpa fully depends on CPAchecker [2] and shares all
strengths and weaknesses. The parallel portfolio and native compilation introduce
some additional strengths and weaknesses.
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Fig. 2: Comparison of the
CPU-time seconds spent by
CPAchecker and Nacpa for
each solved task

Strengths. The parallel portfolio of Nacpa
is conceptually simple, with the implementa-
tion consisting of less than 800 lines of source
code. Nacpa is also conceptually independent
of CPAchecker. It implements a parallel port-
folio that is independent of CPAchecker’s in-
ternal parallel portfolio. Other verifiers can be
used in the backend by adding the command-
line to call to Nacpa and adjusting the verdict
parsing for the new output.

Specific to CPAchecker, Nacpa signifi-
cantly speeds up the analysis for fast-to-solve
verification tasks (similar to the speed up CPA-
Daemon provides with its native backend [9]).
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Figure 2 shows the CPU time seconds that CPAchecker (x-axis) and Nacpa (y-
axis) require for each verification task in SV-COMP 2025 [3]. The plot only shows
data for tasks that both CPAchecker and Nacpa solved correctly. Each data point
below the diagonal represents a task for that Nacpa is faster than CPAchecker,
and each data point above the diagonal represents a task for that CPAchecker
is faster than Nacpa. The plot shows that Nacpa is significantly faster than
CPAchecker for a large number of tasks. Nacpa’s fastest correct verification
run (0.11 s CPU time) is a magnitude faster than CPAchecker’s (4.2 s CPU time).

On a small number of tasks, Nacpa’s different configuration of parallel-portfolio
strategies leads to some better verification results than CPAchecker: Nacpa
solves 120 tasks in SV-COMP 2025 that CPAchecker can not solve. This accounts
for 0.5% of all tasks that Nacpa solved correctly.

Weaknesses. Because Nacpa splits its strategies into separate processes, the
exchange of information is more difficult than in a multi-threaded approach like
CPAchecker’s internal parallel portfolio. For example, each analysis run that
Nacpa starts parses the program on its own, while CPAchecker’s internal parallel
portfolio only parses the program once for all analyses. But we observe that this
redundant program parsing has no significant negative effect in SV-COMP.

In contrast, the native compilation of CPAchecker sometimes has strong
disadvantages: While it starts significantly faster than traditional CPAchecker,
it does not provide a just-in-time compiler. For some tasks, this leads to worse
performance than the JVM provides (cf. our experiments with CPA-Daemon [9]).
We can see outliers above the diagonal in Fig. 2. For these tasks, Nacpa is signifi-
cantly slower than CPAchecker. This, together with the different configuration
of parallel-portfolio strategies, leads to some worse verification results [3] than
CPAchecker: CPAchecker solves 446 tasks in SV-COMP 2025 that Nacpa can
not solve. This accounts for 2% of all tasks that CPAchecker solved correctly.

4 Setup and Configuration

Nacpa 1.0, the version used for SV-COMP 2025, is shipped as a statically linked bi-
nary and with a CPAchecker version natively compiled for Ubuntu 24.04 on x86.

Installation. The Nacpa 1.0 distribution is available on Zenodo [10]. The easiest
way to install Nacpa is through fm-weck [11]. The following command installs
Nacpa into a new directory called nacpa/:

pipx run fm-weck install -d nacpa/ nacpa:1.0

Use. To run Nacpa on program prog.c with program property spec.prp and
data-model ILP32, execute from the directory where Nacpa is installed:

./bin/nacpa --spec spec.prp --data-model ILP32 prog.c

Nacpa requires the program-under-verification to be preprocessed. Nacpa supports
the data-models ILP32 and LP64 and all SV-COMP properties.

Project Information. Nacpa participates in all categories of SV-COMP. It is
maintained by Henrik Wachowitz and Thomas Lemberger at LMU Munich.
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Data-Availability Statement. The source code of Nacpa is available at https:

//gitlab.com/sosy-lab/software/nacpa and the version used in SV-COMP 2025 is
archived at Zenodo [10]. Nacpa is licensed under Apache-2.0.

Funding Statement. This project was funded in part by the Deutsche Forschungs-
gemeinschaft (DFG) – 378803395 (ConVeY).
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Abstract. PROTON 2.1 presents (1) a new termination checking tech-
nique that uses a fine-tuned local LLM to synthesize ranking functions,
and (2) support for multiple SAT solvers for non-termination checking.

1 PROTON 2.1: Ranking function synthesis via LLMs

The termination check in PROTON 1.1.2 [17] is based on loop unwinding asser-
tions via CBMC [13]. In SV-COMP 2024 [11], this check failed on 123 bench-
marks (e.g. Fig. 1), mainly as a large number of unwindings (≥ 105) are needed
to satisfy the unwinding assertions in these benchmarks. To effectively check
termination of such kinds of programs, we synthesize ranking functions by inte-
grating a small, locally hosted LLM based on the Llama-3.2-1B-Instruct model
(henceforth referred to as Llama-1B) [1] into the latest version of PROTON (2.1).
This approach, henceforth referred to as LLM-T-Check, is similar to [16,15]. As
out-of-the box Llama-1B failed to synthesize valid ranking functions even for
trivial programs, we fine-tuned it to unlock its ability to guess candidate rank-
ing functions (henceforth referred to as CRFs) and designed a check to validate
the correctness of these guessed CRFs, as described below.
Generating Fine-Tuning Data: For each program Pi of the 1536 terminating
benchmark programs in SV-COMP, and for each loop Lj in Pi, we assembled a
prompt πij containing the source code of Pi and the body of loop Lj following
a template similar to the one in [16]. Then, an instance of the Llama-3-70B-
Instruct model [3] (henceforth referred to as Llama-70B) hosted on HuggingFace
was queried once with each of these πij . The response rij was parsed to extract
the loop variant vij and supporting invariant uij guessed by Llama-70B. Each Pi

was then annotated with ACSL [9] specifications corresponding to uij , vij and
was passed to the wp [8] plugin of Frama-C [14]. If Frama-C was able to validate
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uij , vij a data point dij was added to the dataset D consisting of Pi, Lj , and
vij . This gave us a high-quality fine-tuning dataset D with 321 programs.
Fine-Tuning Llama-1B: The 321 benchmarks in D include only 22 of the 123
benchmarks that are hard for PROTON 1.1.2. To offset this under-representation,
while simultaneously ensuring that the model is able to solve programs from out-
side the class of programs that are hard for PROTON 1.1.2, we separated these
22 programs into a set F . Then, during training, we ensured that the model
sees data points from F with an increased probability (0.7) than those in D \F
(0.3). Using D and F , Llama-1B was fine-tuned with a loss that when given
a prompt with Pi and Lj , rewards responses containing uij , vij , and penalizes
other responses. The fine-tuning dataset and the scripts are available in [6].
Guessing a CRF: The llama.cpp [2] model inferencing library via the llama-
cpp-python [4] bindings provides an API to efficiently run a GGUF model locally,
and is optimized to consume minimal CPU and memory resources. We use a
custom prompt template based on the ones used by [16] to run our fine tuned
LLM via llama.cpp and generate a text response, comprising of the CRF and
supporting invariant. We parse this response using a Python script.

1 int i = 0, k = 0;
2 int oldVal = INT_MAX;
3 while(i < 100000) {
4 assert(100000 - i < oldVal);
5 assert(100000 - i >= 0);
6 oldVal = 100000 - i;
7 int j = nondet();
8 if (!(1 <= j && j < 100000))
9 return 0;

10 i = i + j; k ++; }

Fig. 1: count-by-nondet.c

Validating the CRF: We then instrument
the source program with assertions that char-
acterize the validity of the CRF guessed above
as follows. First, we add a new variable
oldVal initialized to the max value of the type
of oldVal (at line 2 in Fig. 1) that tracks the
value of the ranking function in the previous
iteration (line 6). We then add two assertions
at the head of the loop (line 4 and 5) to check
that the value of the ranking function is less
than oldVal and remains non-negative. We run randomized tests on this pro-
gram to quickly check if the CRF can be violated (restricted to max 100 tests
in SV-COMP 2025). If this CRF is not violated by the randomized testing, we
run CBMC with a small number of unwinds to check for any violations of the
CRF missed by randomized testing. If CBMC does not report any violations, we
assume that the CRF represents a valid ranking function, and report termina-
tion. Thus, this is an unsound validation check, and hence not ideal. However,
this strategy has been surprisingly effective in catching invalid ranking functions
and has not produced any false positives for the SV-COMP benchmarks.

Table 1: Evaluation Results
Our Evaluation SV-COMP Run

Dataset F D T F ∩R D ∩R T ∩R

Successful 12 44 21 6 11 3
Total 22 321 1215 8 24 57

Evaluation: The remaining 1215 terminating benchmarks in SV-COMP outside
D were never seen during fine-tuning, and therefore may be safely considered
as a test set. Let us call these T . With this training-testing split, we evaluated
the fine-tuned LLM, and the results are given in the first three columns of
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Table 1. Also, during the SV-COMP competition run, LLM-T-Check was run
on 81 terminating benchmarks, since PROTON 1.1.2 returned UNKNOWN or
ERROR on these (see Sect. 2). Let R denote the set of these 81 benchmarks.
The last three columns of Table 1 shows how many of these programs were in
F , D and T , and the performance of the LLM on each of these tests.
Does the Model Generalize: We found that the fine-tuned LLM used in
LLM-T-Check is able to guess good CRFs for 21 out of 1215 programs that were
not in D. This is supported by the data in Table 1, which shows several instances
where the fine-tuned LLM was able to guess potentially correct CRFs for pro-
grams outside D, both in our own evaluation and in the SV-COMP runs. For
instance, the aaron2-1.c benchmark was not in D because Llama-70B guesses
an incorrect CRF for this (tx), but the fine-tuned LLM was able to guess a cor-
rect one (x-y). Further, we found that our model was able to make good guesses
for CRFs even in modified versions of the SV-COMP benchmarks that were not
even present in the test set. Thus, the fine-tuned model displays evidence of
generalization.

1.1 Support for multiple SAT solvers in non-termination checking

PROTON 1.1.2 encodes an assertion in each loop to check if a program-state vis-
ited during some arbitrary iteration of the loop recurs in a subsequent iteration,
using Z3 as the backend solver. In PROTON 2.1, we added support for Glucose
[7] and Kissat [12] SAT solvers too. We architected the PROTON 1.1.2 scripts
such that adding support for a new SAT or SMT solver just takes a 4-line API
to invoke the solver. This enables PROTON 1.1.2 to be invoked with a solver of
users’ choice, or even with multiple solvers one after another.

2 Software Architecture

Fig. 2: Tool flow of LLM-T-Check
Figure 2 shows the flow of LLM-T-Check implemented in PROTON 2.1. It

starts with calling PROTON 1.1.2 [17]. LLM-T-Check is called only if PROTON
1.1.2 returns unknown or error. LLM-T-Check starts by performing LLM Infer-
ence using our fine-tuned LLM via llama.cpp, and obtains a text response, with
a limit of 64 new tokens and a context length of 2048 tokens. If the token limit is
exceeded by the prompt itself, or if the response does not contain any grammat-
ically valid CRF, we declare the generation as failed and return unknown. If the
generation succeeds, we first perform randomized testing to test the validity of
the CRF. If the tests fail, we again return unknown, else we move on to running
CBMC (version 5.95.0) with small number of unwinds (pre-configured to max 3
unwinds for SV-COMP 2025) to further validate the CRF. If CBMC does not
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invalidate the CRF, we report the program as terminating. The ranking function
generation uses llama.cpp via the llama-cpp-python bindings. Other components
of PROTON 2.1 are the same as PROTON 1.1.2; we refer the interested readers
to [17] for further details.

3 Strengths and Weaknesses

In SV-COMP 2025, LLM-T-Check ran on 206 benchmarks that PROTON 1.1.2
could not solve. Of these, 23 are recursive, which our instrumenter does not sup-
port. Of the remaining 183, 102 were non-terminating and 81 were terminating.
Strengths: For the non-terminating benchmarks, incorrect ranking functions
guessed by the LLM were rejected by the validation phase. Thus, even though our
current validation check is unsound in theory, it is unlikely to produce false posi-
tives in practice. From the 81 terminating benchmarks, many require upwards of
100000 loop-unwinds for termination, and hence the termination check of PRO-
TON 1.1.2 did not scale on these. LLM-T-Check is able to solve 14 of these 81. It
is interesting to note that benchmark array-examples/standard_sentinel-2
is solved only by LLM-T-Check with (105 − i) as the ranking function, while
none of the other tools in SV-COMP 2025 are able to solve this. This is a
promising first step in integrating locally-hosted LLMs, which in addition to
their privacy and cost benefits, allows us to build offline modules that can be
bundled into software verification tools.
Weaknesses: LLM-T-Check was unable to find ranking functions for 67 of the
81 programs. Of these, 45 are complex programs with multiple loops from cat-
egories such as uthash and seq-mthreaded. These programs exceed the token
limit for the online hosted teacher Llama-70B, and hence will require more com-
plex solutions to be able to generate CRFs. For the remaining 22, the guessed
CRFs were invalidated during the checking phase.
Future work: Currently we are limited by the token limit of the online LLM
when generating D. To overcome this, we are planning to use a fine-tuning
technique that is independent of online hosted models, such as using feedback
from solvers, circumventing the token limit.

4 Tool Configuration, Setup, and Contributors

PROTON 2.1 comes with an MIT license. Instructions to install and run, includ-
ing a sample run command, are in the README.txt in PROTON 2.1’s Zenodo
Archive [5]. PROTON 2.1 opted to participate only in the Termination category
in SV-COMP 2025 [10].

Software Project and Contributors: PROTON 2.1 is developed and
maintained by the authors at TCS Research, IIT Delhi and IIT Bombay. We
thank everyone who has contributed to the development of PROTON 2.1, Clang
and LLVM Infrastructure, CBMC, Glucose Syrup, Kissat, Z3, HuggingFace
Transformers, PyTorch, Meta-Llama-3-70B-Instruct, Llama-3.2-1B-Instruct,
llama.cpp, and llama-cpp-python.
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5 Data Availability Statement

PROTON 2.1 is publicly available at [5]. For reproducibility of the fine-tuning
process, training scripts and datasets are publicly available at [6]. For any queries,
please contact us.
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Abstract. RacerF is a static analyser for detection of data races in
multithreaded C programs implemented as a plugin of the Frama-C plat-
form. The approach behind RacerF is mostly heuristic and relies on
analysis of the sequential behaviour of particular threads whose results
are generalised using a combination of under- and over-approximating
techniques to allow analysis of the multithreading behaviour. In par-
ticular, in SV-COMP’25, RacerF relies on the Frama-C’s abstract in-
terpreter EVA to perform the analysis of the sequential behaviour. Al-
though RacerF does not provide any formal guarantees, it ranked sec-
ond in the NoDataRace-Main sub-category, providing the largest number
of correct results (when excluding metaverifiers) and just 4 false positives.

1 Verification Approach

RacerF is a static analyser whose primary goal is to provide fast and scalable
data race detection, without sacrificing too much precision. It relies on using
a backend static analyser that summarises (in a way specific for the chosen
analyser) the sequential behaviour of particular threads – or, more precisely,
classes of threads since RacerF distinguishes threads according to their entry
point function only. The existing threads are discovered incrementally since a
newly discovered thread may create further threads. The results of the analysis
of the sequential behaviour are generalised for the multi-threaded setting using
a combination of an under-approximating and an over-approximating strategy.

RacerF comes with several analysis backends differing in their scalability
and precision. In SV-COMP’25, we use the most precise of them – Frama-C’s
value analysis plugin EVA based on abstract interpretation combining several
abstract domains to characterize sets of integers and addresses that may get
assigned to the program variables [3]. Over the backend’s results, RacerF runs
several analyses to perform data race detection as a final step. We briefly describe
these analyses in the rest of this section. More details can be found in [7].

1.1 Analysing Multithreaded Programs Using Sequential Behaviour

The main idea behind RacerF is to discover all program threads, distinguished
statically according to their entry functions, and analyse them as sequential pro-
grams, starting with initial states that are computed using a set of equations over
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currently discovered threads. We have two strategies to construct those equa-
tions, based on under-approximating or over-approximating thread behaviours.
The approximations computed by the different analysis backends are then avail-
able to subsequent analysis phases performed by RacerF, which may but need
not respect the guaranteed under-/over-approximation.

Under-approximating strategy. The idea behind this strategy is to ignore all
interleavings. Each thread is analysed with the initial state corresponding to the
join of states discovered as reachable at its create statements, and its writes to
global variables are not propagated to other threads. When there is no cyclic
dependency in thread creation, it is enough to analyse each thread just once.

Over-approximating strategy. This strategy over-approximates considered inter-
leavings (including also those ruled out by some synchronization method). In
this setting, each thread is analysed with the initial state given as the join of
all states encountered by analyses of all discovered threads. This strategy may
require several re-analyses of individual threads, but we aggressively use widen-
ing to reduce this number. This strategy needs to be accompanied by a program
transformation that ensures that the computed over-approximation of the ini-
tial state is not lost during the sequential analysis of threads. Intuitively, the
exchange of information between thread analyses happens at the initial states
only, and so we need to preserve the information obtained from analyses of other
threads throughout the re-analysis of a given thread and not destroy it by some
local assignments before it gets propagated to a code location where it actually
matters (see [7] for more details). This transformation was implemented after our
submission to SV-COMP’25, but its absence does not manifest in the results (it
would manifest only on programs that our memory access analysis cannot handle
precisely at that time.)

Combined strategy. For SV-COMP’25, we provide a wrapper that combines
both strategies in a natural way. The under-approximation is only allowed to
report races, and the over-approximation is only allowed to claim a program
race-free. We start with the over-approximation, and if it is inconclusive, we run
the under-approximation. If both strategies are inconclusive, we report unknown.
The situation in which running the combination is beneficial within SV-COMP
is, however, quite rare as the result of using purely under- or over-approximation
would lead to results different from using their combination in 11 out of 1029
data race benchmarks only.

1.2 Analysis Pipeline

We call an analysis context a triple consisting of a thread, a sequence of a fixed
number of the latest calls (each of them formed by a call site and the function
called, with the number being a parameter of the analysis – for SV-COMP’25,
set to two), and a program statement. We run the following pipeline of analyses
to detect data races.

Lockset analysis. This analysis computes the set of sets of locks held for
each program context (using an algorithm inspired by [8]) and provides must-
and may-queries to check whether two contexts are guarded by a common lock.
Trylocks and read-write locks are supported.
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Table 1: Results of RacerF in NoDataRace-Main sub-category.
Correct Wrong Unconfirmed

Analyser True False True False True False Score Time [s]

RacerF 674 68 0 4 0 30 1352 1300

Active-threads analysis. The goal of this analysis is to provide information
which threads may- and must-run in parallel in particular contexts. This infor-
mation is then used to not report data races on memory accesses where one
happens before the thread of the second is created, or after it is surely joined.

Memory access analysis. EVA represents memory addresses as pairs con-
sisting of a base and an offset. Each variable (global, local, or formal) has its
associated base. Dynamic allocations have so-called dynamic bases, either strong
or weak (representing multiple allocations). The memory access analysis tracks
accesses to memory bases and distinguishes their states in a way inspired by [11].
Those states are used to select bases for which data race detection should be
performed.

Data race detection. Finally, over the discovered memory accesses, a may and
a must data race detection is performed. Intuitively, the may date race detection
checks whether at least one of the accesses is a write access, the accesses may
come from distinct threads and may happen in parallel, the concerned locksets
may have empty intersection, and the concerned memory blocks may overlap
(with the must data race detection modified accordingly and accompanied by
several more checks to eliminate common sources of false positives).

Reducing Incorrect Verdicts. As already mentioned, to reduce the number of
incorrect verdicts, we can leverage the distinction of the detected races to may
and must races, essentially reporting a data race only when a must data race is
detected, and reporting no data race only if no may data race is found. Otherwise,
an unknown result is produced.

Further, since the SV-COMP’25 benchmark also contains programs imple-
menting lock-free algorithms, which we cannot analyse, we have implemented
a simple detection of the code pattern of active waiting (essentially detecting
empty control loops), which is the common denominator of such programs, and
report unknown if we encounter such active waiting.

2 Strengths and Weaknesses
Despite its heuristic nature, RacerF can provide very precise results as Table 1
shows [2]. RacerF does not provide a true/false verdict for 253 programs, of
which 17 cannot be parsed by Frama-C, 60 contain unsupported features (3
cases of semaphores, 57 cases of custom atomic functions), and in 176 cases, our
analyser returns unknown (in 20 cases, active waiting is detected; and in 156
cases, our may/must data race classification is inconclusive).

Strengths. RacerF is quite fast. In just 8 cases, it needs more than 5 sec-
onds to compute a result, and it also never runs out of time or memory. This
is in stark contrast with model checkers. The only competitive SV-COMP’25
participant from this point of view is Goblint [10, 12], which, however, also
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timed out in a few cases. What we are especially proud of is that RacerF is
the only SV-COMP’25 participant (excluding tools with a negative score) which
provides correct results for all 5 programs derived from the Linux kernel in the
ldv-linux-3.14-races benchmark. Besides it, just Goblint is able to provide
the correct result for one of those tasks. All the other tools either run out of
resources, fail, or return an unknown verdict. RacerF needs just 2 minutes for
one of them and about 30 seconds for the others.

Weaknesses. RacerF does not provide any formal guarantees for its results.
There are 4 cases in which our heuristic approach reports a false alarm. All
of them rule out a data race by some intricate condition that is out of the
scope of our analyses. Two of them (pthread-ext/09_fmaxsym-zero.c and
pthread-ext/11_fmaxsymopt-zero.c) are variants of the same program that
relies on the fact that an array is zero-initialized and a certain condition can-
not hold more than once throughout the run of the program. The other two
programs goblint-regression/13-privatized_40-traces-ex-6_true.c and
pthread-atomic/time_var_mutex.c use synchronisation patterns that are be-
yond the scope of our lockset analysis.

Another weakness of our analyser is a lack of path-sensitivity. In some cases,
especially on the ldv-races benchmark, RacerF returns unknown because it
considers some trivially infeasible path that prevents it from classifying the en-
countered issue as a must data race. In future versions, this can be improved by
adding preprocessing to eliminate trivial branching conditions and dead code.

Finally, RacerF can only generate trivial witnesses and thus almost one
third of its false answers is unconfirmed. In fact, RacerF provides traces for
detected races, but we have not yet implemented their conversion to witnesses.

3 Software Project and Tool Setup

RacerF is implemented in OCaml as a plugin of the Frama-C platform [1,5]. It
relies on the Frama-C’s fork of CIL [9] as its frontend and uses the abstract in-
terpretation plugin EVA [3] to perform sequential analyses of individual threads.
The library OCamlgraph [4] is used to represent several graph structures and
solve systems of equations created during thread analysis. In SV-COMP’25,
RacerF is run via a Python script racerf-sv.py which performs the following:

Preprocessing. Since Frama-C discards the _Atomic attributes during pars-
ing, we encode them as type aliases, e.g., the declaration _Atomic int x is trans-
formed to atomic_int x. We also further preprocess several aspects of input that
are problematic for Frama-C (e.g. we replace variable-length arrays in non-final
fields of structures with arrays of a constant size). The preprocessing is imple-
mented in the script preprocess.py.

Combination of under- and over-approximation. The script runs two config-
urations of RacerF and reports the verdict as discussed in Section 1.

Witness postprocessing. During the competition, it turned out that RacerF
produces syntactically incorrect witnesses. The script fix_witness.py fixes this
by filling in the correct metadata. The witness graph itself is not modified.
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Usage. A binary of RacerF is available at Zenodo [6] (the only runtime depen-
dencies are GCC and Python version 3.10 or newer). The wrapper script can be
run as (see the attached file README.md for more information):

./racerf-sv.py -machdep=[gcc_x86_32|gcc_x86_64] input.c

Software project. RacerF is available under the MIT license as a part of the
authors’ project of concurrency analysers for C, maintained by Tomáš Dacík.

Participation. RacerF participated in the NoDataRace-Main sub-category only.

Data-Availability Statement. RacerF is available under the MIT license at
https://github.com/TDacik/Deadlock_Racer. The version participating in SV-
COMP’25 is available under the tag svcomp25 and archived at Zenodo [6].
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Abstract. The Static Value-Flow Analysis Framework (SVF) is a tool
that enables interprocedural static value-flow analysis for LLVM-based
languages by leveraging sparse and on-demand analysis. This work, SVF-
SVC, presents an adaptation of SVF for its debut in SV-COMP 2025.
We detail our development which uses SVF as a library to correctly parse
SV-COMP program specifications and produce witnesses statements for
C programs in the ReachSafety, MemSafety and SoftwareSystems cat-
egories. We evaluate SVF-SVC’s performance in SV-COMP 2025 and
pave the way for its participation in future editions.

Keywords: Static Analysis · SVF · Abstract Execution · Competition
on Software Verification · SV-COMP.

1 Verification Approach

The Static Value-Flow Analysis Framework (SVF) [10] is a tool that enables
scalable and precise interprocedural static analysis for LLVM-based languages
[6] by leveraging sparse [13] and on-demand analysis. SVF is capable of perform-
ing pointer alias analysis [4], memory SSA form construction [11], value-flow
tracking [9] and abstract execution for program understanding and memory er-
ror checking. SVF performs its analysis by reasoning about properties on a set of
graph representations of code. In this value-flow analysis, SVF uses the points-
to information generated by Andersen’s pointer analysis [1] to construct an in-
terprocedural memory SSA form, in which the defuse chains of both top-level
and address-taken variables are captured. Sparse static analysis on this offers
a more scalable solution compared to its non-sparse counterpart. SVF achieves
this by first conducting fast pointer analysis that over-approximates value-flows
and propagates data-flow facts sparsely along only the pre-computed value-flows
instead of all control flow points. SVF also incorporates cross-domain sparse ab-
stract execution [3] that interweaves correlations between values across multiple
abstract domains (e.g., memory address and interval domains) by establishing
implications of values from one domain to another. This allows SVF to refine
spurious alias relations using interval domain information to enhance the preci-
sion of interval analysis with refined alias results.

These value-flow results can then be exploited to evaluate the reachability of
code sections in the ReachSafety category. Furthermore, memory leak detection
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can be formulated as a source-sink problem of whether memory allocation will
reach a free site across every execution path. By identifying memory allocations
as sources and frees as sinks SVF can detect memory leaks in the MemSafety
category using its reachability capabilities. Similarly, buffer-overflow errors can
be detected by combining reasoning about the reachability of untrusted user
input (the source) to array accesses (the sink) and evaluation of the array accesses
at this point via abstract execution. This work represents the first attempt to
incorporate SVF into the verification competition, despite numerous challenges
related to formatting and input/output that needed to be addressed. Fig. 1
contains a high level overview of how SVF operates.

Program

LLVM IR

SVFGICFG

LLVM

SVF

Input

Cross-domain refinement

Memory
Address
Domain

Interval
Domain

pts(...)

itv(...)

Equivalent
Correlation tracking

o1 o2 ... on

Abstract Execution

Assertion-based
checking

Output

Buffer overflow

Null dereference

...

Fig. 1. High level overview of SVF [3].

2 SVF-SVC Architecture and SV-COMP Adapter

Before our work, the program input formats accepted by SVF were incompatible
with the specifications defined in SV-COMP. SVF also did not provide any wit-
ness formats which could be validated by an approved validator in SV-COMP.
SVF-SVC performs the role of an adapter which correctly translates SV-COMP
programs and category properties into an SVF compatible program with ap-
propriate arguments. It then takes the output from SVF and generates format
version 1.0 witness statements for SV-COMP. The whole process is shown in
Fig. 2.

SVF-SVC performs the adaptation by inspecting input files for non-determinate
function declarations and inserting appropriate translations for each function at
the start of the C file. After compilation to LLVM-IR using Clang [5], SVF then
analyses the LLVM-IR file and produces an SVF verdict to be interpreted by
SVF-SVC to generate a valid witness.
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Fig. 2. Program flow of SVF-SVC.

2.1 Reach Safety

Reach safety analysis is performed by wrapping the main function with an as-
sert ensuring a global variable is in its initial state. The reach_error function
is overwritten to put the global variable into the error state when reached so
that the SVF assert will correctly capture the error. The wrapping technique is
summarised in Fig. 3.

int svf_svc_reach_test = 0;
void reach_error() {
  svf_svc_reach_test = 1; }

void svf_main() {
  main();
  svf_assert(svf_svc_reach_test == 0); }

Original C File

Fig. 3. Wrapper used for reach safety.

2.2 Memory Checks

Memory leaks and double-free checking are done using the SABER [12] com-
ponent of SVF and by passing the "-leak" and "-dfree" options respectively.
SVF-SVC can also test for buffer overflows with abstract execution by pass-
ing the "-overflow" flag into SVF. SVF-SVC does not currently support other
memory checks in this competition submission.

2.3 Software Systems

This category is simply real-world applications of the other categories. As such,
there are no special handlers needed for this category beyond those previously
mentioned besides ensuring that SVF-SVC ignores unsupported properties. The
aforementioned formatting challenges prevented SVF-SVC from scoring any points
in this category.
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3 Evaluation

Table 1. SVF-SVC results in SV-COMP 25. [2]

Result Count
Confirmed Correct True 6315
Unconfirmed Correct True 725
Confirmed Correct False 72
Unconfirmed Correct False 1827
Incorrect True 1416
Incorrect False 1503
Unknown 15124
Error 2684

Whilst SVF-SVC was not the strongest competitor in its debut, a reasonable
initial performance was achieved in the verification of true properties. In contrast,
SVF-SVC performed weakly in asserting falsities with less than 60% of its claims
being correct. The reason behind this is likely due to the conservative over-
approximations performed by SVF under the hood. The over-estimation of values
produced by abstract execution in theory ensures that if a property is still not
violated by the conservative upperbound provided, then it will not be violated
by real-world conditions either. However, there could be cases where the over-
estimation violates the required properties even though the actual bounds are
smaller and non-violating.

Another issue faced was that majority of our correct false claims were un-
confirmed due to SVF-SVC not specifying exactly which property was violated,
leading to errors with the validators. In a significant portion of test cases SVF-
SVC reported UNKNOWN, to some extent due to limitations with the current
functionality of SVF but largely due to compatibility issues with SVF-SVC’s
wrapper for certain test cases in SV-COMP. In theory SVF-SVC’s approach
should be accurate when reporting false statements, however SVF does not cur-
rently have the capability to correctly reason about loops with complex condi-
tions as the widening and narrowing rules used to effectively analyse them only
work on monotonic conditions. This leads to many incorrect results in the reach-
ability and memory safety categories. Beyond implementing strategies in SVF to
handle such cases, accurately identifying these cases for separate handling would
reduce the number of erroneous claims made by SVF-SVC (Table 1).

The largest areas for improvement in future editions would be furthering
SVF-SVC’s compatibility in existing categories to support the full functionality
of SVF which should reduce the number of UNKNOWN responses of SVF-SVC.
Utilising internal representations in SVF to output more extensive witnesses
would assist in ensuring the confirmation of correct outputs by validators. A
tuning of the efficiency precision tradeoff in SVF for greater precision at the
cost of speed would improve results by reducing the numerous incorrect false
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claims SVF-SVC makes and minimising the high penalties associated with them.
Improvements to SVF’s internal implementation to more accurately detect cases
where a precise answer is UNKNOWN rather than incorrectly claiming that
properties are true or false would also significantly improve SVF-SVC’s score in
future editions of SV-COMP.

In the process, it would be hoped that options for greater precision in SVF
would allow for stronger real-world performance in cases where users want a
low number of false positives in vulnerability detection at the cost of reduced
speed and efficiency. In our initial attempt at this year’s SV-COMP, we did not
modify the internal implementation of SVF for precision tuning (due to time
limitations); however, we plan to enhance SVF for future competitions.

4 Software Project and Contributors

SVF-SVC is available on GitHub [7], and is released under the GNU Affero
General Public License version 3. The exact version (1.4) used in the competition
is available as a Zenodo archive [8] and can run on Ubuntu 24.04 LTS. The
execution of SVF-SVC is as follows:

./svf_svc.py --bits {32,64} --prop FILE --witness FILE c_file

Where c_file is the program to be tested in the format applicable to SV-COMP.
The contributors who adapted SVF for SV-COMP 2025 are the authors of this
paper.

Disclosure of Interests. The authors have no competing interests to declare that
are relevant to the content of this article.
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Abstract. Theta is a model checking framework with a strong em-
phasis on effectively handling concurrency in software using abstraction
refinement algorithms. In SV-COMP 2025, we complement our existing
approach (abstraction-aware partial order reduction) for multi-threaded
programs with a happens before propagator-based BMC check, expect-
ing a significant increase in performance. We again utilize our portfolio
with dynamic algorithm selection from last year, with improvements re-
garding solver choice and configuration ordering. In this paper, we detail
our algorithmic improvements in Theta regarding the verification of
concurrent software.

1 Verification Approach

Theta [17,11] has been a participant in SV-COMP as a standalone tool since
2022. Earlier versions of Theta exclusively applied abstraction-refinement-based
model checking algorithms [4,1] mainly focusing on multi-threaded tasks. The
focus remained on concurrency; however, different verification approaches have
also been implemented in Theta.

The main contribution for this year’s SV-COMP version of Theta is a sym-
bolic bounded model checking algorithm for the verification of concurrent pro-
grams. Compared to abstraction-based analyses, this BMC approach has the
advantage of being faster, while it has the disadvantage of providing a bounded
correctness proof in many cases. Since Theta is not branded as a bounded model
checker, only complete safe results are accepted. If the BMC algorithm produces
an incomplete safe result, the tool falls back on an abstraction-based analysis
(see more details on our algorithm selection portfolio in Section 2).

The applied BMC algorithm is based on reasoning about the happens-before
relation of concurrent program instructions. Our algorithm builds on the con-
cepts of several partial order-based verification algorithms [2,15,18]. The program
and the property are symbolically encoded into a Satisfiability Modulo Theo-
ries (SMT) formula along with some scheduling constraints based on possible
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happens-before relations. The (partial) models provided by the SMT solver are
used to analyze possible partial orders of concurrent instructions and to prevent
scheduling inconsistencies that may arise. An inconsistency corresponds to a cy-
cle in the happens-before relation, since a valid execution of concurrent threads
must have a linearization of instructions. A conflict clause is generated and given
to the SMT solver when such a happens-before cycle is found to exclude the in-
valid program execution. The cycle detection and conflict generation algorithm
is integrated into Z3 as a custom user propagator [9] via JavaSMT [3].

The first stage of the algorithm is based on the happens-before propagator
algorithm of Sun et al. [15]. However, their algorithm is insufficient for verifica-
tion under the sequential consistency memory model [6]: the axioms of [15] can
be directly mapped into the rules that define the weak sequential consistency
memory model [18] that are shown to be insufficient for sequential consistency.
Therefore, we extend our algorithm with a second stage when the first stage
finds a candidate program execution (i.e., a valid program execution under weak
sequential consistency) that violates the safety property. To check whether the
happens-before relation representing the program execution is also valid under
sequential consistency as well, we explicitly encode the total store order (order
of write instructions) to guarantee that every write instruction is ordered (a
requirement of sequential consistency [18]).

We also implemented a novel optimization for the happens-before propaga-
tor [16]. The search space of the SMT solver is reduced by extending the encoding
formula. We achieve this by analyzing the program structure and possible partial
orders of program instructions, and collect possible scheduling inconsistencies
(cycles that may arise in the happens-before relation during verification) before
starting the verification decision procedure. Our algorithm searches for potential
happens-before cycles of bounded size. Conflict clauses formulated from these po-
tential cycles are appended to the encoding formula. This enhancement greatly
reduces the solver search space and improves the verification performance.

The mainline verification method of Theta for proving (unbounded) safety
is still a configurable Counterexample-Guided Abstraction Refinement (CEGAR)
algorithm. For the verification of multi-threaded programs, our approach uses
an abstraction-based partial order reduction algorithm and a cone-of-influence
reduction technique tailored specifically to concurrent programs. For recursive
tasks, an interprocedural analysis is applied with call stack abstraction that can
handle infinitely recursive programs. However, this year, only minor improve-
ments have been implemented for our abstraction-based analyses. Detailed de-
scriptions of these analyses in Theta have been presented previously in [4,11,17].

2 Software Architecture

We use portfolio-based algorithm selection as in previous years of SV-COMP [4].
Each configuration is executed in a separate process. A generic interface allows
the easy development of complex portfolios defined by finite-state machines. Dy-
namic algorithm selection is used to select a performant configuration for each
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input task, with several ways of recovering when a selected algorithm takes too
long or encounters an exception. For reachability properties in concurrent tasks,
the introduced BMC algorithm is applied first to discover unsafe tasks and prove
safety for loop-free programs (or programs where complete loop unrolling can
be performed). For programs where complete loop unrolling is not possible (be-
cause the number of loop iterations cannot be determined), each loop is unrolled
twice for the BMC algorithm. However, in this case, only unsafe results are ac-
cepted: we switch to an abstraction-based analysis otherwise. Therefore, Theta
always provides complete proofs of safety. The architecture of Theta has not
changed considerably since last year’s SV-COMP: Theta parses and transforms
the input program into a CFA (supporting multi-threading), then, based on the
configuration in the portfolio, spawns one or more worker Theta processes that
perform the verification. We refer the interested reader to our previous tool paper
for a more detailed description of the architecture of Theta [4].

Theta is implemented in Java and Kotlin, and uses Z3 [13] versions 4.12.2,
4.13.0 and 4.5.0 (the latter two versions are integrated natively via the Java
API, while the former one is used via SMT-LIB), MathSAT5 [10] version 5.6.10,
CVC5 [7] version 1.0.8 and Princess [14] version 2023-06-19 as SMT solvers
under the hood. There were major C-frontend updates in Theta, this year,
mainly concerning memory handling language elements, and new C language
features introduced in benchmarks since last year’s SV-COMP.

3 Strengths and Weaknesses of the Approach

The main scope of development for Theta has been reachability properties
and data-race freedom. In these categories, Theta only gives 2 wrong verdicts,
which is a notable precision among other verifiers at SV-COMP (actually, the
wrong verdicts are the results of the hurried development to adapt to last-minute
changes in the language features used in the SV-COMP benchmarks, e.g., the
use of atomic types). Theta produces several wrong verdicts for other properties
(such as memory safety or termination), however, these properties are only ex-
perimental in Theta. We plan to properly support these verification properties
in future versions.

In Figure 1, we include a comparison of the results with the performance of
Theta in SV-COMP, last year. The figure includes both confirmed and uncon-
firmed correct results (since result validation and the possibility of an uncon-
firmed verdict status have only been introduced this year for data race tasks).
The figure shows the categories affected by recent development: reachability tasks
with memory operations or multi-threading, and data-race detection tasks. The
figure highlights the performance increase achieved by the new version of Theta.

We also performed an internal evaluation of our algorithms separately (not
in a portfolio). The BMC method is able to provide a (bounded) verdict for
520 tasks for the reachability property in the concurrency category out of the
544 programs whose language features are supported by this analysis. Without
the optimization described in Section 1, Theta could solve only 514 tasks. The



Theta 263

Arrays
(reachability)

Heap
(reachability)

Recursive
(reachability)

Concurrency
(reachability)

Data race
detection

0

100

200

300

400

1
3

2

4
4

2
9
5 3
5
4

5
7

4
0 5
9

4
0
3

4
2
9

T
a
sk
s
so
lv
ed

Theta’24 Theta’25

Fig. 1: Comparison of successful tasks for Theta on common tasks

optimization achieves a more significant improvement in CPU time: the veri-
fication time is reduced by more than 30% on average. While many of these
results are only obtained by applying a bounded loop unrolling (and thus these
verdicts are not reported by Theta as final results), other BMC tools among
SV-COMP competitors apply a similar strategy. Therefore, we executed Deagle

(a BMC tool with a bounded loop unrolling strategy [12], winner of SV-COMP
concurrency category [8]) on our infrastructure for a fair comparison. Deagle
achieved the same result: 520 solved tasks on the same set of programs. While
Theta is disadvantaged on the full benchmark set due to its frontend limita-
tions, this comparison on a major portion of tasks clearly shows the potential of
our algorithm. It also underlines the need for frontend improvements in Theta
to support even more language features.

Our internal experiments also reveal that our CEGAR analysis is capable
of verifying 365 programs for reachability in the concurrency category. Unfortu-
nately, we slightly misconfigured the algorithm-selection portfolio for concurrent
tasks for the competition. Therefore, the best-performing CEGAR configura-
tion using predicate abstraction was not selected for concurrent programs. We
calculated that around 2% more tasks could be solved by a proper configuration.

4 Tool Setup and Configuration

Theta is highly configurable [11], and choosing a suitable configuration for a
verification task can be challenging. For software verification, we recommend
using our complex portfolio in the competition archive [5]: ./theta-start.sh
<input> --svcomp --portfolio STABLE. To minimize the output verbosity,
--loglevel RESULT can be added. We used these options at SV-COMP 2025.

5 Software Project and Data Availability

Theta is a verification framework maintained by the Critical Systems Research
Group of the Budapest University of Technology and Economics. The project
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is available open-source on GitHub1 under an Apache 2.0 license. The version
(6.8.6) used in the competition is available at [5]. Theta participated in the
reachability, memory-safety, concurrency, overflow detection, and termination
categories of SV-COMP 2025.
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213 and EKÖP-24-3-BME-159, and the Doctoral Excellence Fellowship Programme

under project numbers 400434/2023 and 400443/2023; funded by the NRDI Fund of

Hungary.

References
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