
Lecture Notes in Computer Science 16504
Founding Editors
Gerhard Goos
Juris Hartmanis

Editorial Board Members

Elisa Bertino , USA
Wen Gao, China

Bernhard Steffen , Germany
Moti Yung , USA

Advanced Research in Computing and Software Science
Subline of Lecture Notes in Computer Science

Subline Series Editors

Giorgio Ausiello, University of Rome ‘La Sapienza’, Italy

Vladimiro Sassone, University of Southampton, UK

Subline Advisory Board

Susanne Albers, TU Munich, Germany

Benjamin C. Pierce, University of Pennsylvania, USA

Bernhard Steffen , University of Dortmund, Germany

Deng Xiaotie, Peking University, Beijing, China

Jeannette M. Wing, Microsoft Research, Redmond, WA, USA

https://orcid.org/0000-0002-4029-7051
https://orcid.org/0000-0001-9619-1558
https://orcid.org/0000-0003-0848-0873
https://orcid.org/0000-0001-9619-1558


More information about this series at https://link.springer.com/bookseries/558

https://link.springer.com/bookseries/558


Elvira Albert · Corina Pasareanu
Editors

Fundamental Approaches
to Software Engineering
29th International Conference, FASE 2026
Held as Part of the International Joint Conferences
on Theory and Practice of Software, ETAPS 2026
Turin, Italy, April 11–16, 2026
Proceedings



Editors
Elvira Albert
Complutense University of Madrid
Madrid, Spain

Corina Pasareanu
Carnegie Mellon University
Pittsburgh, PA, USA

ISSN 0302-9743 ISSN 1611-3349 (electronic)
Lecture Notes in Computer Science
ISBN 978-3-032-22773-7 ISBN 978-3-032-22774-4 (eBook)
https://doi.org/10.1007/978-3-032-22774-4

© The Editor(s) (if applicable) and The Author(s) 2026. This book is an open access publication.

Open Access This book is licensed under the terms of the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International License (http://creativecommons.org/licenses/by-nc-nd/
4.0/), which permits any noncommercial use, sharing, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license and indicate if you modified the licensed material. You do not have permission under this
license to share adapted material derived from this book or parts of it.
The images or other third party material in this book are included in the book’s Creative Commons license,
unless indicated otherwise in a credit line to the material. If material is not included in the book’s Creative
Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use,
you will need to obtain permission directly from the copyright holder.
This work is subject to copyright. All commercial rights are reserved by the author(s), whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information storage
and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology now known
or hereafter developed. Regarding these commercial rights a non-exclusive license has been granted to the
publisher.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this book
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or the
editors give a warranty, expressed or implied, with respect to the material contained herein or for any errors
or omissions that may have been made. The publisher remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Please refer to the chapters to see the exact Creative Commons Attribution licenses that apply in each case.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

If disposing of this product, please recycle the paper.

https://orcid.org/0000-0003-0048-0705
https://orcid.org/0000-0002-5579-6961
https://doi.org/10.1007/978-3-032-22774-4
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


ETAPS Foreword

Welcome to the 29th edition of ETAPS, which took place as an on-site event in Turin,
Italy during April 11–16, 2026!

ETAPS 2026 was the 29th instance of the International Joint Conferences on Theory
and Practice of Software (ETAPS). ETAPS is an annual federated conference established
in 1998, and consists of four main conferences: ESOP, FASE, FoSSaCS, and TACAS.
Each conference has its own Program Committee (PC) and its own Steering Committee
(SC). The ETAPS main conferences cover various aspects of software systems, ranging
from theoretical computer science to foundations of programming languages, tools and
algorithms for system analysis, and formal approaches to software engineering. Organiz-
ing these conferences in a coherent, highly synchronized conference programme enables
researchers to participate in an exciting event, having the possibility to meet many col-
leagues working in different directions in the field, and to easily attend talks of different
conferences. In addition to its four main conferences, ETAPS 2026 also hosted fifteen
satellite workshops and two colocated events, which together further attracted many
researchers from all over the globe.

ETAPS 2026 received 456 submissions in total, 138 of which were accepted, yielding
an overall acceptance rate of 30%. Out of the 138 accepted papers, 16 papers were
selected as ETAPS distinguished papers. I thank all the authors of submitted papers 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 in a constructive, objective and timely manner. I congratulate
all authors of the ETAPS 2026 accepted papers!

ETAPS 2026 featured the unifying invited keynotes by

– Monika Henzinger (Institute of Science and Technology Austria, Austria), delivering
a talk about “Guarding Privacy Over Time: Challenges and Solutions in Continuous
Data Observation”,

– Einar Broch Johnsen (University of Oslo, Norway), discussing “Formal Methods
Meet Digital Twins: Challenges and Opportunities”.

ETAPS 2026 hosted the invited keynote speakers

– Christel Baier (Technische Universität Dresden, Germany) for FoSSaCS, presenting
“Verification of Infinite-horizon Properties of Dynamic Bayesian Networks”,

– Guy Van den Broeck (University of California, Los Angeles, USA) for TACAS,
introducing “Symbolic Reasoning in the Age of Large Language Models”.

The ETAPS 2026 invited tutorials were provided by

– Mieke Massink (CNR-ISTI Pisa, Italy) on “Model Checking in Space with Applica-
tions to Medical Image Analysis”,

– Leonardo de Moura (Amazon Web Services, USA) surveying “The Lean Program-
ming Language and Theorem Prover”.
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The ETAPS 2026 programme also featured a lively Ask-Me-Anything session, inter-
active tool demos, a Diversity, Equity, and Inclusion session, SV-Comp and Test-Comp
community building events, and the ETAPS industry day. The goal of the ETAPS indus-
try day is to bring industrial practitioners into the heart of the research community and
to catalyze the interaction between industry and academia. The ETAPS 2026 indus-
try day was organized by Giorgio Audrito (University of Turin, Italy), Sean Kauffman
(Queen’s University, Kingston, Canada), and Nikolai Kosmatov (Thales Research and
Technology, Palaiseau, France).

ETAPS 2026 was organized by the Department of Computer Science of the Uni-
versity of Turin, which is the center for coordinating research, teaching, dissemination
and technological transfer in computer science in Turin, Italy. The department covers
both methodological and application oriented aspects of computer science, and performs
research in several interdisciplinary areas. This is reflected in the collaborations with
other research centers and companies in many scientific areas and in its participation in
national, European and international projects.

ETAPS 2026 was further supported by the following associations and societies:
ETAPS e. V. (the ETAPS Association), EATCS (European Association for Theoretical
Computer Science), EAPLS (European 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 Laura Kovács (TU Wien, chair), Andrzej
Wa̧sowski (IT University of Copenhagen, vice-chair), Thomas Noll (RWTH Aachen,
treasurer), Arnd Hartmanns (University of Twente, artifact evaluation coordinator), Bar-
bara König (University of Duisburg-Essen, proceedings coordination), Caterina Urban
(Inria, PhD activities), Elizabeth Polgreen (University of Edinburgh, social media),
Jan Kofroň (Charles University Prague, organisational support, website), Jan Křetínský
(Masaryk University Brno and TU Munich, diversity & inclusion), and Marieke Huis-
man (University of Twente, blog, awards). Further members of the ETAPS Steering
Committee committee are: Robbert Krebbers (Radboud University Nijmegen), Azalea
Raad (Imperial College London), Luı́s Caires (Tecnico ULisboa), Elvira Albert (Univer-
sidad Complutense de Madrid), Corina Păsăreanu (Carnegie Mellon University), Erika
Ábrahám (RWTH Aachen), Marsha Chechik (University of Toronto), Marie-Christine
Jakobs (LMU Munich), Nathalie Bertrand (Inria Rennes), Stefan Milius (Friedrich-
Alexander Universität Erlangen-Nürnberg), Alexandra Silva (Cornell University), Joël
Ouaknine (MPI-SWS Saarbrücken), Andrzej Murawski (University of Oxford), Sebas-
tian Junges (Radboud University Nijmegen), Guy Katz (The Hebrew University of
Jerusalem), Christian Schilling (Aalborg University), Naijun Zhan (Peking University),
Joost-Pieter Katoen (RWTH Aachen and University of Twente), Dirk Beyer (LMU
Munich), Fabrice Kordon (Sorbonne University Paris), Laure Petrucci (Université Paris
13), Peter Y.A. Ryan (University of Luxembourg), Claudio Menghi (University of Berg-
amo and McMaster University Hamilton), Mark Lawford (McMaster University Hamil-
ton), Maurice ter Beek (CNR-ISTI Pisa), Ferruccio Damiani (University of Turin), Kim
Guldstrand Larsen (Aalborg University), Bernhard Beckert (KIT Karlsruhe), Mattias
Ulbrich (KIT Karlsruhe), Reiko Heckel (University of Leicester), Vladimiro Sassone
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(University of Southampton), Anton Wijs (Eindhoven University of Technology), and
Nikolai Kosmatov (Thales Research and Technology, Palaiseau).

The ETAPS 2026 local organization team consisted of Maurice ter Beek (CNR-
ISTI Pisa, general co-chair), Ferruccio Damiani (University of Turin, general co-chair),
Barbara Boni (Synesthesia Turin, local organization chair), Vincenzo Ciancia (CNR-
ISTI Pisa, satellite events co-chair), Luca Paolini (University of Turin, satellite events
co-chair), Maria Tacconi (Synesthesia Turin, satellite events co-chair and publicity co-
chair), Francesco Brocero (Synesthesia Turin, web co-chair and volunteers co-chair),
José Proença (University of Porto, web co-chair), Gianluca Torta (University of Turin,
publicity co-chair and local proceedings co-chair), Lucy James (Synesthesia Turin,
sponsor chair), Giovanna Broccia (CNR-ISTI Pisa, local proceedings co-chair), Giorgio
Audrito (University of Turin, volunteers co-chair), Riccardo Sieve (UiO Oslo, volunteers
co-chair), and Reiner Hähnle (TU Darmstadt, wine chair).

I would like to take this opportunity to thank all authors, keynote speakers, invited
tutorial speakers, and attendees. Special thanks goes to the organizers of the ETAPS
2026 satellite workshops and colocated events. ETAPS 2026 is grateful for the generous
support of Amazon Web Services, AccessiWay, Camera di Commercio Industria Arti-
gianato e Agricoltura di Torino, the Department of Computer Science of the University
of Turin, Springer Nature, and Turismo Torino e provincia Convention Bureau. I thank
our general co-chairs Maurice ter Beek (CNR-ISTI Pisa) and Ferruccio Damiani (Uni-
versity of Turin), who made it all happen in Turin, and their local organization team for
their enormous efforts to make ETAPS 2026 a fantastic event. I am especially grateful
to Barbara Boni, Maria Tacconi, and Lucy James (Synesthesia Turin) for handling the
organizational process in a smooth and reliable way. Last but not least, a big thanks to
Jan Kofroň for all his help as an ETAPS Fellow and providing online presence support
for the ETAPS conferences and the ETAPS Association.

I hope you all enjoyed ETAPS 2026!

April 2026 Laura Kovács
ETAPS SC Chair, President of the ETAPS

Association



Preface

FASE 2026, the 29th International Conference on Fundamental Approaches to Soft-
ware Engineering, was held from April 11–16, 2026, in Turin, Italy, as part of the 29th
ETAPS International Joint Conferences on Theory and Practice of Software (ETAPS
2026). FASE serves as a premier venue for researchers, developers, and users to discuss
innovations in software engineering.

The topics of interest for FASE include: requirements, design, architecture, and mod-
eling of software systems, applications of AI to software engineering and applications of
software engineering to AI-based systems, software quality, model-driven engineering,
software processes, as well as software evolution.

There were four submission categories for FASE 2026:

1. Research papers, which clearly identify and justify a principled advance to the
fundamentals of software engineering.

2. Empirical-evaluation papers, which evaluate existing software challenges or critically
validate current proposed solutions with scientific means, that is, by empirical studies,
controlled experiments, rigorous case studies, and simulations.

3. New Ideas and Emerging Results (NIER) papers, which seek to disrupt the status quo
with forward-looking, thought-provoking, innovative research on the foundations of
software engineering, as well as lessons learned from the past.

4. Tool demonstration and data showcase papers, which present a new tool, a new tool
component, novel extensions to an existing tool, or a new dataset.

This year, 68 papers were submitted to FASE. Three papers were desk rejected. The
remaining 65 papers were distributed in categories 1–4 as follows: 45 research papers, 9
empirical-evaluation papers, 8 NIER papers, and 3 tool-demonstration and data showcase
papers. Each paper underwent a double-blind peer review process, where three program
committee members reviewed each submission. The review process spanned 9 weeks,
ensuring thorough evaluation and discussion of submissions. It was possible to submit
an artifact for evaluation alongside a paper, if made long-term available and declared
in the Data-Availability Statement. The program committee extensively discussed the
papers and ultimately decided to accept 21 papers included in these proceedings: 15
research papers, 3 empirical studies, 2 NIER papers, and 1 tool paper, resulting in an
acceptance rate of 32%.

Artifacts comprise tools, models, proofs, or other data for validating the results of
a paper. The artifact evaluation committee (AEC) reviewed the artifacts based on their
documentation, ease of use, and, most importantly, whether the results presented in the
corresponding paper could be accurately reproduced. As in 2025 FASE offered a joint
voluntary artifact evaluation together with ESOP and FoSSaCS to authors of accepted
papers. All of the 8 artifact submissions that were linked with accepted FASE 2026 sub-
missions met the requirements for the “Artifacts Available” badge. In addition, 2 sub-
missions were awarded the Artifacts “Evaluated – Functional” badge and 5 submissions
the Artifacts “Evaluated – Reusable” badge.
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FASE 2026 was proud to host an invited tutorial by Mieke Massink from the C.N.R.
–Area della Ricerca di Pisa– Ist. ISTI. These proceedings contain the invited paper
supporting the tutorial.

FASE 2026 also hosted Test-Comp 2026, the 8th International Competition on Soft-
ware Testing. This event evaluated 21 tools for automatic test generation for C programs,
where 11 test-generation tools were registered and actively supported by development
teams, including one tool that participated for the first time. One coverage validator was
run in four different configurations to evaluate the coverage of the test-suites produced
by the test-generation tools. In addition, the new test-suite validation tool TestCoCa
participated for the first time. The FASE 2026 proceedings contain a competition report
by the Test-Comp chair and 5 short papers selected by the competition jury. The short
papers describe 5 out of the tools participating with active team support. The 5 short
papers were reviewed by a separate program committee (jury); each was assessed by
at least three jury members. Two sessions in the FASE 2026 program were reserved
for Test-Comp: (1) a presentation session with a report by the competition chair and
summaries by the development teams of participating tools, and (2) an open community
meeting in the second session, jointly with SV-COMP.

We would like to thank all the people who helped make FASE 2026 successful.
First, we thank the authors for submitting their papers. The PC members and additional
reviewers did a great job: they contributed informed and detailed reports and engaged
in the PC discussions. We thank Reiner Hähnle and Marie-Christine Jakobs, initial and
current chairs of the FASE steering committee, and Marieke Huisman and Laura Kóvacs,
also initial and current chairs of the ETAPS steering committee, for their valuable advice.
Lastly, we would like to thank the overall organization team of ETAPS 2026. We extend
our gratitude to Gianluca Torta and Giovanna Broccia, the local proceedings chairs,
for their diligent oversight of the proceedings preparation. We also thank the Artifact
Evaluation Committee (AEC) for their assessment of submitted artifacts and the Test-
Comp 2026 jury members for their evaluation of competition submissions. Additionally,
we appreciate the editorial support of Springer Nature, as well as the local organizers of
ETAPS 2026 in Turin, Italy, for their efforts in facilitating this event. Finally, we note the
Gold Open Access publication of these proceedings in the Lecture Notes in Computer
Science (LNCS) series, ensuring unrestricted access to the contributions presented at
FASE 2026.

February 2026 Elvira Albert
Corina Pasareanu

Dirk Beyer
Yannic Noller
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Search-based Software Testing
for Drone Applications:

An Experience with the Simulink Environment

Annalisa Sergi1, Yousef Ahmed Abdel Rahman Shoeib1,
Andrea Bombarda1 , Nunzio Marco Bisceglia1 ,

and Claudio Menghi1,2

1 University of Bergamo, Bergamo, Italy
{a.sergi2,y.shoeib,n.bisceglia1}@studenti.unibg.it

{andrea.bombarda,claudio.menghi}@.unibg.it
2 McMaster University, Hamilton, Canada

Abstract. Unmanned aerial vehicles (UAVs) are frequently used in mon-
itoring and inspection of large and isolated areas, and often use line
following techniques to guide their movement. The successful execution
of this task greatly depends on the correct design of the software con-
troller. Search-based software testing (SBST) is a widely used technique
to check for software defects. It iteratively generates test cases until ei-
ther violations of the system requirements are detected or the time bud-
get is exceeded. However, the effectiveness of SBST strongly depends
on the application domain. This empirical evaluation paper assesses the
effectiveness of SBST in supporting the design of UAV applications by
considering a rigorous case study. It considers three different versions of
a drone software controller. It assesses the capability of SBST in gen-
erating failure-revealing test cases and the usefulness of the test cases.
Our results confirm the effectiveness of SBST and the usefulness of the
generated test cases.

Keywords: Drone Controller, Model Development, Simulink, Search-
based Software Testing

1 Introduction

Unmanned aerial vehicles (UAVs), a.k.a. drones, obtained significant attention
in recent years due to their wide range of applications [35]. Drones are cyber-
physical systems used for aerial inspection, delivery services, defense [19], en-
vironmental monitoring, and search-and-rescue missions [51]. Many application
scenarios where drones are employed are safety-critical or mission-critical: The
development of reliable and adaptable control systems for such vehicles is crucial,
particularly when operating in dynamic or partially structured environments.

Autonomous flying is a desirable feature for drones, as they are frequently
used in monitoring and inspection of large and isolated areas [9, 54]. In such situ-
ations, the GPS signal is not guaranteed; hence, other methods of local position
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feedback are required. One of the most adopted position feedback methods is
the line following [10, 5]: A line represents the track to be followed by the drone,
which exploits cameras or sensors to track it and controls its motors as needed.
Line-following is important benchmark for evaluating autonomous navigation
capabilities [44, 45], sensor integration, and control software robustness.

Assuring the dependability and reliability of drones during line following is a
critical research concern, as demonstrated by the existence of UAV testing com-
petitions (e.g., [46]). The successful execution of this task is highly dependent
on the correct design of the software controller and on the interaction between
software components and their environmental conditions, making it particularly
susceptible to subtle faults and performance degradation. For this reason, sev-
eral testing techniques have been applied to drone software testing, such as
simulation-based [31], metamorphic [23], and model-based [47] testing.

Search-Based Software Testing (SBST) employs metaheuristic optimization
to generate test cases that aim at detecting failure-revealing test cases. It is
widely applied to CPSs development [3, 28] in various domains, such as real-
time, concurrent, distributed, embedded, and safety-critical systems [1]. SBST
iteratively generates test cases until violations of the system requirements are
detected [26] or the time budget for testing is exceeded. Despite being widely
recognized as useful tools, the effectiveness and applicability of SBST test gen-
erators are strongly affected by their application domain [25]. An SBST tool
that is effective in one domain may be less effective in another, or may require
customizations that are not easily implementable.

To increase the use of SBST for drone design, engineers require precise in-
dications of its efficiency and effectiveness in this domain. Practitioners need
guidelines and lessons learned that discuss if, how, and when SBST is useful.
They also need studies that assess different tools to understand their level of
maturity [1]. The assessment of the efficiency of tools and the replication of ex-
periments in different domains is widely recognized as a need by the research and
industrial communities [1, 13, 34, 42, 48, 38, 14, 41]. This need is particularly rele-
vant in the context of CPS model-driven development [6, 49, 7, 8], where models
are typically created and maintained in an industrial contexts and not publicly
available due to confidentiality agreements or license restrictions [4, 11].

In this empirical evaluation paper, we evaluate the effectiveness of SBST
in the context of drone applications via a rigorous case study. We consider
S-TaLiRo [2] as an SBST tool. It searches for test inputs violating a requirement
of interest by applying evolutionary algorithms and/or stochastic optimization
techniques (e.g., Monte-Carlo, Ant-Colony optimization, and Simulated Anneal-
ing). Our case study is the Parrot minidrone software controller we have been
developing for the MathWorks Minidrone Competition [50]. More specifically, we
iteratively and incrementally developed a line following controller for the drone
under study. We assess how SBST supports testing our controllers.

We extensively used the SBST framework for testing three different versions
of the drone controllers, including the last one that successfully participated in
the MathWorks Minidrone Competition, obtaining remarkable results. By run-
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Fig. 1: Parrot SA Mambo Fly Minidrone.

ning software-in-the-loop (SIL) experiments, we assessed (RQ1) how effective
SBST is in generating failure-revealing test cases, and how different search algo-
rithms compare, and (RQ2) how useful the failure-revealing test cases produced
by SBST are. For RQ1, our results confirm the effectiveness of SBST in generat-
ing failure-revealing test cases and that Uniform Random (UR) is more effective
than Simulated Annealing (SA) for version V3 of the controller and comparable
for the other two versions. For RQ2, our results confirmed the usefulness of the
failure-revealing test cases: All the behaviors identified by the framework were
violating the requirements and helped identify weaknesses in the controller. Sur-
prisingly, SBST identified requirements violations for version V3 of the controller,
which was considered correct during manual validation. Finally, we present our
reflections and lessons learned on applying SBST (and S-TaLiRo) to a new and
significantly different problem.

This work is organized as follows. Section 2 describes our drone case study
and introduces the development of control software. Section 3 presents SBST
and describes how we have extended S-TaLiRo to support track generation.
Section 4 reports our evaluation methodology and results. Section 5 discusses
results, lessons learned, and the improvement of the state of practice. Section 6
presents related works. Section 7 concludes the work.

2 Drone Study Subject

This section presents our drone case study subject: The controlled system (Sec-
tion 2.1), its requirements (Section 2.2), and the models of its controller we
developed and tested (Section 2.3).

2.1 Controlled System

The controlled system is the Parrot SA Mambo Fly Minidrone from Figure 1.
It is a drone platform produced by Parrot SA [43] and used in the MathWorks
Minidrone Competition [50]. This competition offers a standardized environment
in which participants design and implement control algorithms for a simulated or
physical drone vehicle. The drone is modeled as a nonlinear dynamic system with
six degrees of freedom. The drone actuators consist of four rotors. The thrust
forces generated by the four rotors collectively determine translational movement
along the three spatial axes as well as angular orientation through roll, pitch, and
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Fig. 2: The Simulink model.

yaw. Additionally, the controlled system possesses a downward-facing camera
that can be used to gather information from the environment. Figure 2 shows the
Simulink model of the drone used in the competition. The model consists of four
components. The Signal Builder component is responsible for providing input
commands for the simulation (acCmd) to the Flight Control System component.
The Flight Control System component contains the flight control algorithm and
has three input ports. It receives input from the cameras (imageData) for image
processing, input commands (acCmd) from the Signal Builder component, and
a signal (sensors) from the Simulation Model component for the path planning
logic. Furthermore, the Flight Control System has four output ports. It sends
commands to the actuators in the Simulation Model component (actuators), and
provides three outputs used by our SBST framework: the current time the drone
is off the line (timeOutsideLine), the track completion status (completed), and
the current distance between the center of the drone and the closest border of the
line (distance). The Simulation Model component encapsulates the models of the
drone, the sensors, and the environment. It has one input port (actuators) for
the commands to the actuators from the Flight Control System component, and
three output ports: the data from the different sensors (imageData and sensors)
is sent to the Flight Control System component, and a state signal (states) is
sent to the Simulink 3D Visualization component, which also takes the actuator
signal from the Flight Control System component to visualize the drone in the
simulation environment.

2.2 Requirements

The competition requires participants to develop a line-following navigation al-
gorithm on a track. The drone is tested across different unknown tracks (e.g., the
one track from Figure 3). The track is represented by a 10 cm wide red line, and
the drone is requested to land when the line ends on a circular marker having
its center 25 cm from the end of the line and with a 10 cm radius. The number
of sections that compose each track is always between 2 and 13. The angles be-
tween two contiguous sections are between 15 and 345 degrees. Intersections or
very close (parallel) sections are not enabled in the competition.

The performance of the controllers is assessed by considering:
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Fig. 3: The MathWorks Minidrone Competition arena.

1. the capability of the model to generate code to be uploaded to the drone,
2. the capability of the controller to land accurately and “softly”: A landing is

considered soft if the altitude is reduced gradually, and accurate if the drone
lands within the circle with at least 20% of its total body, and

3. the accuracy of the drone following the track, measured with the number of
straight sections completed (1 point per section).

In case of a tie between two or more teams, the deciding factor will be time
(fastest wins).

To design the controller for our drone, we consider the requirements from
Table 1. Specifically, Requirement R1 mandates the drone to be out of track for
at most 1.25 seconds. This requirement is not explicitly mentioned in the com-
petition rules: Adding this requirement helps distinguish between the accuracy
of different versions of the controller. Requirement R2 mandates the drone to
always land in the circular marker at the end of the track. Requirement R3 man-
dates the maximum horizontal distance between the center of the drone and the
closest border of the track to be less than or equal to 12.5 cm. Indeed, since the
drone is 13.21 cm wide, the distance of 12.5 cm is the one assuring an acceptable
overlap between the drone and the track (both on the left or on the right).

2.3 Controller

The drone controller was developed by two of the authors, both undergraduate
students in computer science engineering. It is embedded in the Flight Control
System subsystem from Figure 2. The controller uses the camera to detect the
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Table 1: Requirements considered for designing the controller of our drone.
ID Description

R1 The drone shall be out of the track for at most 1.25 seconds.
R2 The drone shall always land in the circular marker at the end of the track.
R3 The distance between the drone and the track shall not exceed 12.5 cm.

Fig. 4: Examples of paths for the versions V1, V2, and V3 of the controller.

position and orientation of the track relative to the drone’s body frame. The
input received by the camera is processed by the control algorithm, which com-
putes appropriate rotor commands to maintain alignment with the track while
ensuring stability of flight. Thus, the controlled system is a closed-loop interac-
tion between the drone’s motors, the environment, including the track, and the
line-following control logic.

Table 2 summarizes the versions of the controller developed by the students.
The development activity required approximately 400 hours. This time includes
the time required for developing the different controllers and the time needed to
test them. Figure 4 shows a track and three examples of paths obtained with
the three different versions of the drone controller we have designed. The paths
for versions V1, V2, and V3 are depicted in yellow, green, and blue.

The versions of the controller we developed are as follows:

– Version V1. Divides the input image from the camera into four portions
(i.e., top, bottom, left, and right). For each portion, the number of pixels
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Table 2: Identifier (ID), number of blocks (#B), and description and supported
tracks for the controllers developed in this work.

ID #B Description and supported tracks

V1 47 Checks for the line in each of the 4 directions: forward, back, left, and
right. Supports tracks with long segments and ideally 90-degree angles
aligned with the x and y axes.

V2 44 Checks for the line in front of the drone until the end of the current
segment is identified. Then, it rotates the image acquired by the drone
until the next segment is in front of it. Supports tracks with medium-
length segments and angles above 60 degrees.

V3 44 Checks in the section in front for the end of the current segment and
the sides to know which direction to turn next. Turns the drone at
the end of the segment until the next segment is in front of the drone.
Supports the competition advanced tracks with a minimum distance
between lines of 20 cm and a minimum angle of 15 degrees.

corresponding to the color of the line is computed. The drone uses this infor-
mation to maintain or adjust its current direction and proceed exclusively
along the X and Y axes, resulting in step-like trajectories and non-straight
paths.

– Version V2. Divides the input image from the camera into three portions:
two lateral portions (i.e., left and right) and a smaller area located at the
front of the drone. The drone alternates between linear trajectories along
the X and Y axes and rotations along the Z axis.
This controller makes the drone follow a linear trajectory when the computed
number of pixels in a 5×5 control matrix corresponding to the line color in
the front portion is higher than a threshold of 4 pixels. When the number
of pixels is lower than the threshold, the drone is approaching a corner: it
stops, computes the number of pixels for the line color in the lateral portions
(i.e., left and right), and performs a rotation of the image around the Z axis
(i.e, counterclockwise and clockwise, respectively) depending on the pixels
in the two areas. The rotation ends when a new line is revealed in the front
portion, and the drone resumes a linear motion along the new direction.
The controller regulates the flight speed based on the number of pixels cor-
responding to the line color revealed at the front, slowing down in proximity
of a corner. Compared with version V1, the track navigation is smoother.

– Version V3 (final). Relies on a finite-state machine with four states, as
reported in Figure 5 and described in the following:
• State 0 (Take-off). The controller checks whether the drone is aligned

with the line, counting the number of pixels in a 29×27 matrix sensed
by the onboard camera under the center of the drone. If the number of
pixels is between 324 and 360 pixels, the controller transitions to State 1;
otherwise, it transitions to State 2.
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Fig. 5: State machine.

• State 1 (On-the-line). The drone is facing the right direction and
proceeds until the end of the current segment, using a matrix that checks
the number of pixels corresponding to the line color revealed by the
front drone’s onboard camera. Furthermore, the new direction to follow
is computed using lateral matrices. The idea of using a matrix in the
front and lateral matrices comes from the previous version (V2) of the
controller. Size and positions of the matrices are not the same since this
controller can stay within the line more precisely: It splits the central
matrix into 2 halves (left and right) and performs micro adjustments to
stay exactly in the middle of the line.

• State 2 (Turning). The drone is not facing the right direction or has
reached the end of a segment, and no circle is detected. The end of
a segment is detected when the pixels corresponding to the line color
revealed at the front of the drone are zero, and the pixels with the color
of the line detected by the lateral matrices are more than zero. The lateral
matrix control was added since there is a break in the track between the
landing spot and the end of the last segment. If this situation is detected,
the controller should transition to State 3. Otherwise, the drone stops,
rotates along the Z axis until it aligns with the new line, and transitions
to State 1.

• State 3 (Landing). Lands the drone.

We extensively used SBST to search for software behaviors of the versions V1,
V2, and V3 of the controller that violate the specification from requirements R1,
R2, and R3 as detailed in the next section. We emphasize that we employed SBST
during development to uncover issues or vulnerabilities in the controller and to
address them in the next version.
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Fig. 6: SBST: An Overview.

3 Testing the Controller with SBST

SBST aims at generating failure-revealing inputs for the system under test. An
overview of the SBST process is provided by Figure 6. Each box represents
a step of SBST. Incoming and outgoing arrows represent inputs and outputs.
Arrows with no source or destination represent inputs and outputs of the SBST
framework.

When using SBST frameworks, users must provide a model of the system
to be tested (S), an assumption on its inputs (A), a time budget (T ), and a
requirement (φ). SBST provides as output a failure-revealing test case (tc(i))
or an indication that no failure-revealing test case was found (NFF — No Failure
Found) within the time budget.

To produce this output, SBST iteratively performs the steps from Figure 6:

– Input Generation ( 1 ). The SBST framework generates an input (i) for the
model (S) compliant with the assumption (A);

– System Execution ( 2 ). The SBST framework runs the system model (S) by
providing the generated input (i) and obtaining a system execution (S(i));

– Fitness Assessment ( 3 ). The fitness value (f(S(i))) associated with the
system execution (S(i)) is evaluated by the SBST framework that assesses
whether the fitness value is below a threshold value.

For each input (i), the SBST framework evaluates whether the associated
test case (tc(i)) is failure-revealing, i.e., (a) the input satisfies the assumption
(A), and (b) the fitness value (f(S(i))) is smaller than a threshold value (typ-
ically the value 0). The fitness value is negative if the property is violated and
positive otherwise. In addition, the higher the positive fitness value, the further
the system is from violating its requirement; the lower negative values indicate
that the system is further from satisfying its requirement [18, 17, 52, 40, 15].

The fitness value (f(S(i))) guides the search algorithm used by the SBST
framework, which searches for an input associated with a negative fitness value.
Specifically, SBST uses the fitness value computed in step 3 to drive the gen-
eration of the next input ( 1 ). The SBST framework terminates when a failure-
revealing test case is detected or when the available time budget (T ) expires
and no failure-revealing test case is found. For the former case, SBST returns
the failure-revealing test case. Note that, while many failure revealing test cases
may exist for the S, SBST returns only one of them. For the latter case, SBST
returns the NFF value.
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The Input Generation, System Execution, and Fitness Assessment compo-
nents are shared and implemented by many SBST tools, e.g., ARIsTEO [39],
ATheNA [20], S-TaLiRo [2], Breach [12], HECATE [21], FalStar [16], FalCAuN [52],
falsify [53], FalStar [16], and ForeSee [55].

SBST can be instantiated by considering different modeling formalisms. In
this work, we assume that the CPS is modeled as a reactive system that receives
inputs (produced by the Input Generation component) and produces outputs
that can be monitored (used by the Fitness Assessment component). Alterna-
tive instances of SBST differ in the implementation of the Input Generation, Sys-
tem Execution, and Fitness Assessment components. In this work, we consider
S-TaLiRo [2] as our SBST framework. S-TaLiRo is a toolbox for temporal logic
falsification within the MATLAB environment. It searches for counterexamples to
Metric Temporal Logic (MTL) properties in Simulink/Stateflow diagrams, mini-
mizing a robustness metric. It uses stochastic optimization techniques, including
Monte-Carlo methods and Ant-Colony Optimization, to perform a random walk
over the initial states, controls, and disturbances of the system. The search re-
turns the simulation trace with the smallest robustness value that was found.
The lower the value of robustness, the closer the property is to being falsified
by the tool. A simulation trace with a negative robustness indicates that the
temporal logic properties were falsified.

To use S-TaLiRo, we customized the Input Generation ( 1 ) component to
generate tracks for the drones. This was done as follows.

3.1 Track Generation

We modified the Input Generation ( 1 ) component to generate different tracks
according to the competition rules, as specified in Algorithm 1.

Algorithm 1 takes inpRanges and prevSample as input for the generate-
Track function. The first defines the minimum and maximum coordinates for
each point that connect the track segments, and the latter is the previously gen-
erated track. Algorithm 1 behaves as follows. Line 2 generates a new track. Line 3
checks if the track is compliant with the rules of the competition. In particular,
a track will be discarded if (a) the angle between two consecutive sections is
lower than 15 degrees or higher than 345 degrees, (b) the distance between two
segments is lower than 20 cm, and (c) the track has one or more intersections. If
the track is compliant, Line 6 calls the interpolate function from Algorithm 2
and the track is returned (Line 7). Otherwise, Line 4 generates a new sample.
In the first iteration, prevSample is null and the sample is randomly generated.
From the second iteration, S-TaLiRo slightly updates the prevSample, while still
complying with the possible input range (inpRange).

Once the coordinates of the track satisfy the constraints, the set of coordi-
nates (curSample) is passed as input (Line 6) to the custom interpolation function
interpolate from Algorithm 2. Indeed, S-TaLiRo allows users to pass a func-
tion pointer as the interpolation method. Algorithm 2 behaves as follows. Line 2
transforms the 10-coordinate array into a matrix with each row representing a
point. Line 3 generates the coordinates of the points composing the track (tiles)
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Algorithm 1 Input Generation component.
1: function generateTrack(inpRanges,prevSample)
2: curSample=getNewSample(inpRanges,prevSample);
3: while checkTrack(curSample) == 0 do
4: curSample =getNewSample(inpRanges,prevSample);
5: end while
6: track=interpolate(curSample)
7: return track
8: end function

Algorithm 2 Track Interpolation.
1: function interpolate(curSample)
2: points = arrToPointsMatrix(curSample);
3: [tiles,land] = linePatches(points);
4: lines2wrl(tiles,land);
5: end function

and the center of the landing circle (land) from the points previously generated.
Line 4 updates the virtual world of the competition arena using the function
lines2wrl, receiving as parameters the lines and the final circular marker in
simulation.

4 Evaluation

Our evaluation assesses the usefulness of SBST in testing drone control software,
considering the following research questions:

RQ1: How effective is SBST in generating failure-revealing test cases, and how
do different search algorithms compare? (Section 4.2)

RQ2: How useful are the failure-revealing test cases produced by SBST? (Sec-
tion 4.3)

RQ1 assesses the performance of two different algorithms to assess how the
choice of the algorithm influences the effectiveness of SBST within drone scenar-
ios. RQ2 assesses the usefulness of SBST in detecting model failures.

4.1 Experimental Setup

To run our experiments, we formalized our requirements in MTL/STL as

ψ := □(timeOutsideLine ≤ 250) ∧ ♢(completed = 1) ∧□(distance ≤ 25).

The symbols □ and ♢ represent the always and eventually temporal logic
operators. The first part of the specification (r1 := □(timeOutsideLine ≤ 250))
encodes requirement R1 from Table 1 and requires that the time the drone is
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Table 3: Configuration parameters for S-TaLiRo.
Parameter Value

Search algorithms UR, SA
Number of runs 10
Maximum number of iterations per run 1500
Time budget (T ) 300 s

Table 4: Experimental results for the Drone case study.
UR SA

Controller FR S̄ Ŝ FR S̄ Ŝ

Version 1 10/10 1.0 1.2 10/10 1.0 3.5
Version 2 10/10 1.0 1.4 10/10 1.0 1.5
Version 3 10/10 45.0 69.1 10/10 122.0 132.6

out of the track is less than 250 iterations. Since there are 200 iterations in a
second, 250 iterations are equivalent to 1.25 seconds. The second part of the
specification (r2 := ♢(completed = 1)) encodes requirement R2 from Table 1
and requires the drone to always land in the circular marker at the end of the
track. If completed equals 1, the drone successfully landed; otherwise, completed
is equal to 0. The third part of the formula (r3 := □(distance ≤ 25)) encodes
requirement R3 from Table 1 and requires that the maximum distance between
the drone and the line shall always be less than or equal to 25 pixels (12.5 cm).
The specification ψ is automatically mapped to a fitness function by S-Taliro [2].

We assume that the arena considered to generate the tracks is a 4 m× 4 m.
We generated tracks with five points represented by (X, Y) coordinates, which
must be within the boundaries of the arena.

Table 3 reports the configuration parameters considered for our experiments.
We considered two search algorithms: Uniform Random (UR) and Simulated
Annealing (SA). To evaluate the effectiveness of our SBST framework imple-
mentation in generating failure-revealing test cases, we performed six (3 models
× 2 search algorithms) experiments, each obtained by considering one version of
the three controllers from Section 2.3 and one of the search algorithms.

We ran our SBST framework for 10 runs to account for the nondeterminism
of the search algorithms. The experiments were executed on a personal laptop.3

4.2 Effectiveness and Comparison (RQ1)

Table 4 shows our experimental results. Each row represents the version of the
drone controller. The table is divided into two parts related to the UR and SA
search algorithms. For each experiment, the table outlines the falsification rate
(FR), i.e., the number of times our SBST framework found failure-revealing
3 Intel(R) Core(TM) i7-13700K 3.4 GHz CPU, 16 cores, 32 GB of RAM
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test cases within the given time, and the average (Ŝ) and the median number
(S̄) of iterations required to find the test cases. Note that S-TaLiRo does not
indicate which specific requirement (e.g., r1, r2, or r3) was violated and caused
the falsification of ψ.

For all versions of the controller, our SBST framework could generate a
failure-revealing test case. Therefore, all versions of the controller may cause
the drone to violate one of the three requirements of Table 1. This confirms the
effectiveness of SBST in generating failure-revealing test cases.

Both Uniform Random (UR) and Simulated Annealing (SA) showed a 10/10
falsification rate in all the experiments. While comparing the number of itera-
tions required by UR and SA for versions V1 and V2 is meaningless since they
both require a very limited number of iterations, the comparison is relevant for
version V3. Surprisingly, UR performed better than SA for version V3 of the
drone controller. The average (Ŝ) and the median number (S̄) of iterations re-
quired to identify the failure-revealing test case show that for version V3 of the
controller, UR required fewer iterations (69.1 vs 132.6 for the average, and 45.0
vs 122.0 for the median) to identify the failure-revealing test cases than SA. This
result is caused by our current definition of the fitness function, which cannot
efficiently guide the search procedure employed by SA. This behavior is due to
the improvements made to version V3 of the controller, which reduces the MTL
specification to just the predicate R2, because the requirements R1 and R3 are
always satisfied. In particular, the drone is always able to follow the track, so
the time outside the line is always less than 250 iterations, meaning that R1 is
always true. Furthermore, the distance between the drone and the line is always
less than 25 pixels, meaning that R3 is always true. The only unsatisfied pred-
icate remains R2, which, however, is not a good metric to efficiently guide the
search because it remains false until the track is completed. This behavior makes
the uniform random algorithm a better solution than using a fitness function.

Across all our experiments, the SBST framework took on average 32′ 38′′

(min=20′′, max=4h 3′ 59′′, StdDev=59′ 34′′) and 34.88 iterations (min=1, max=
235, StdDev=63.80) to detect failure-revealing test cases.

RQ1: Effectiveness
Our results confirm the effectiveness of SBST in generating failure-revealing
test cases. They also show that, for version V3 of the controller, UR is more
effective than SA, while for versions V1 and V2, the results are comparable.

4.3 Usefulness (RQ2)

We manually inspected the failure-revealing test cases returned by our SBST
framework to analyze our software failures. In the following, we summarize our
findings for each version of the controller.

Version V1. Version V1 could execute diagonal segments by proceeding
exclusively along the X and Y axes, resulting in step-like trajectories. Therefore,
the drone was unable to complete the entire track due to its inability to navigate
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(a) Failure for Version V1. (b) Failure for Version V2

Fig. 7: Failures for versions V1 and V2 of the controller.

non-right angles, resulting in the drone getting stuck in corners and failing the
requirements R1 and R2. As shown in Figure 7a, the drone is not able to find
the next direction and is stuck in the corner.

Version 2. The problem from version V1 was fixed by rotating the image
depending on the number of colored pixels in the left and right front (and lateral)
sides of the drone. However, it was unable to navigate acute corners under 60
degrees due to reaching a position where there were no colored pixels in the left
and right front (and lateral), i.e., the drone shall navigate “backwards”. Figure 7b
shows an example of such a track.

Version 3. Surprisingly, our SBST framework was effective in finding a
failure-revealing test case also for this version. Table 5 summarizes the four
failures identified by our test cases. For each failure, it reports the number of
the experiment (Experiment) in which the failure was identified and describes
the failure (Description). When the same failure is identified by multiple experi-
ments, the ID of each experiment is reported in the first column. Figure 8 outlines
examples of tracks that lead to the violation of the requirements. For example,
experiments 1, 3, 4, 6, 7, 9, and 10 show that version V3 of the controller was
unable to overcome two short segments that were very close to each other (see
Figure 8a), i.e., connected by a very acute angle. However, the problem was not
the angle but the length of the segments. The drone turned too much during the
corner, treating the current segment as the next one, and returning to the start
point. Thus, it failed to find the final circular marker. However, the rules of the
competition did not specify any minimum length of the segments. The problem
would be solved with longer segments.

RQ2: Usefulness
The manual inspection confirmed the usefulness of the failure-revealing test
cases: All the behaviors identified by the framework were violating the re-
quirements and helped identify weaknesses in the controller. Surprisingly,
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Table 5: Description of the failure identified by each SBST experiment.
ID Experiments Description

F1 1, 3, 4, 6,
7, 9, 10

The controller fails on a track with a very short last segment
and a tight angle between the last segment and the previous
one, such as in Figure 8a. The drone reaches the last turn
and starts to turn to align with the track. However, it aligns
itself with the previous segment due to the limited length of
the last one and the tight angle.

F2 2 The controller fails on the track in Figure 8b on the second
segment, where the drone was not able to align itself prop-
erly before starting to turn towards the next segment. This
results in losing the line and going back to the start of the
track without being able to finish.

F3 5 The controller fails on the track in Figure 8c because of an
artifact on the last turn, which results from the way the track
is created between points by simply overlapping segments
of the right width. The areas of the image acquired by the
drone camera and used to check if the drone is turning in
the right direction intersect that artifact on the right edge.
This mistakenly makes the drone turn right and go back on
the same segment it came from, thus failing to complete the
track.

F4 8 The controller fails on the turn between the second and the
third segment due to the fourth segment being very close to
the end of the second one, as shown in Figure 8d.

SBST identified requirements violations for version V3 of the controller,
which was considered correct.

5 Discussion

We discuss lessons learned (Section 5.1) and threats to validity (Section 5.2).

5.1 Lessons Learned

Competition regulation. The SBST framework we established could identify
a failure-revealing test case also for the final version (i.e., version V3) of our
implementation of the Parrot minidrone software controller, which obtained re-
markable results in the MathWorks Minidrone Competition. In Section 4.3, we
discussed that the issue with the controller was the presence of very short seg-
ments connected by a very acute angle. The competition rules did not specify
any minimum length of the segments or any other constraints, except for the
minimum distance between two lines. We contacted MathWorks for clarification.
Our objective is to understand if there is missing information in the competi-
tion rules, or if we should consider these test cases as failure-revealing. From
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(a) Failure F1. (b) Failure F2. (c) Failure F3. (d) Failure F4.

Fig. 8: Failures for version V3 of the controller.

this experience, we learned that SBST is useful to identify failure-revealing test
cases. However, in some cases, its usage can also pinpoint other problems (e.g.,
underspecified requirements or missing assumptions).

SBST effectiveness. We were confident about the drone’s ability to follow
any track for the last version of the controller. However, our experimental re-
sults showed that our SBST framework was effective in finding a failure-revealing
test case (with a 10/10 falsification rate) for each experiment, identifying paths
that do not allow the drone to reach the end of the track. From this result, we
learned that engineers may be overconfident about their product. After investing
a long time and significant effort in their design activity, they may overlook cer-
tain situations, configurations, and behaviors that lead to failures. Using SBST
helps identify these behaviors and corner cases. Therefore, we expect similar
SBST-based approaches to benefit all other competition participants. Since all
competition participants develop within the same environment and under the
same set of requirements, adapting the methodology presented in this paper to
other drone controllers should be straightforward.

Tool customization. There are many SBST tools within the research liter-
ature (e.g., ARIsTEO [39], ATheNA [20], S-TaLiRo [2], Breach [12], HECATE [21],
FalStar [16], FalCAuN [52], falsify [53], FalStar [16], and ForeSee [55]). How-
ever, applying these tools in different domains requires customization. For ex-
ample, in our case, we had to modify the Input Generation ( 1 ) component to
generate tracks (see Section 3.1). S-TaLiRo easily supports the customization
of the Input Generation. However, track generation wasn’t trivial and required
considerable time to design a component that correctly generates tracks that sat-
isfy the rules of the competitions. From this experience, we learned that while
the high-level behavior of SBST is common and shared across many applica-
tions, different applications have peculiar needs that may require (non-trivial)
customizations that can affect the effectiveness and efficiency of SBST. Simi-
larly, we observed that tailoring SBST tools to different application scenarios
can be labor-intensive, which may restrict the set of tools that can reasonably
be considered in analyses such as the one presented in this paper.
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SBST during development. In our case study, we implemented three ver-
sions of the Parrot minidrone software controller and assessed their ability to
follow the lines using our SBST framework. The use of SBST during the de-
velopment phase would have been beneficial in discovering different paths that
lead the drone to fail to follow the track, improving the quality of the controller.
For example, they would have been useful to identify the problem with version
V3 of the controller. From this experience, we learned that using SBST during
development can be beneficial to identify bugs and problems.

Fitness function design. Our results show that our fitness function could
not efficiently guide the search procedure employed by SA. From this result, we
learned that a proper definition of the fitness function is crucial for the effec-
tiveness of the search process. The use of techniques such as fitness-landscape
analysis could help this process. These techniques evaluate how the fitness value
changes over the search space and usually support the fitness function design,
helping understand the search process and its probability of success [20]. How-
ever, the fitness function design remains a complex activity and may require a
combination of automated and manually defined fitness functions to guide the
search of the input domain in order to increase the probability of finding failures.

5.2 Threats to Validity

The requirements we considered in this study subject could threaten the external
validity of our results since it influences how our they can extend to other study
subjects. However, the fact that the requirements were defined following the
MathWorks Minidrone Competition mitigates this threat.

Our conclusions are specific to the competition environment and its regu-
lations and may not generalize to other settings in which drones are used but
no equivalent line-following task, or the same requirements, exists. However, the
approach presented in this paper is general, and alternative requirements can be
encoded to accommodate different use cases.

The values assigned to the fitness function and other configuration parame-
ters in S-TaLiRo could threaten the internal validity of our results: Other values
may lead to different results. However, the fact that we made a replication pack-
age publicly available mitigates this threat as it helps replicate the experiments
with different parameters.

6 Related Work

Recent advancements in drone technology, driven by progress in areas such as ar-
tificial intelligence, computer science, and obstacle avoidance, have significantly
expanded the capabilities of drones and opened new possibilities across various
industries [35]. However, given the criticality of these systems, ensuring their
reliability and safety is paramount.

Khatiri et al. [31, 32] implemented a search-based approach that replicates
real drone flights and generates simulation-based test cases by analyzing the field
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test logs and created an experimental platform designed to automate various as-
pects of UAV system testing (e.g., test generation) in a simulation environment.
This platform was adopted during the first UAV Testing Competition [33]. How-
ever, we developed our drone by participating in the MathWorks Minidrone Com-
petition with particular focus on generating challenging tracks that the drone
may fail to follow, rather than realistic ones.

Vierhauser et al. [51] created an approach that defines structured and reusable
field test scenarios for drone missions, executes field tests, and collects data for
processing and analysis. Javed et al. [29] proposed a hybrid approach that com-
bines model-based testing and SBST of unmanned aircraft system (UAS) soft-
ware to automate the generation and execution of test cases, improving fault
detection. Lindvall et al. [36] developed a framework that combines metamor-
phic testing and model-based testing to automatically generate test cases from
models that encode testing scenarios of autonomous drones in simulation. Hilde-
brandt et al. [27] proposed a world-in-the-loop (WIL) approach to reduce the
gap between simulation and reality, integrating real sensor and simulation data
into a running UAV. Our work differs from these contributions, focusing on the
falsification of the STL specification using S-TaLiRo to generate trajectories that
violate line following requirements, rather than deriving test cases from models,
logs, or sensor integration.

Search-based techniques are widely used in the automotive domain. Gambi
et al. [24] proposed an approach that combines SBST and procedural content
generation to generate virtual roads to test autonomous cars. Kendall et al. [30]
proposed a framework based on deep reinforcement learning to generate random
roads for autonomous driving. Similarly, SBST is used by Marzella et al. [37] to
test the controller of an e-bike. Compared to their work, our systems under test
are drones, and our aim is to evaluate different versions of the drone controller
in both simulated and competition environments.

7 Conclusion

This paper evaluates search-based software testing (SBST) for drone control soft-
ware applications. We considered S-TaLiRo, a well-known SBST tool. We cus-
tomized S-TaLiRo for track generation and assessing three software controllers
against three requirements, capturing off-track time, lateral distance, and track
completion status. We considered two search strategies (Uniform Random and
Simulated Annealing). SBST consistently produced failure-revealing test cases
(10/10 runs), uncovering subtle violations even in the final, competition-ready
controller (V3) that manual validation had previously accepted. The generated
failure-revealing test cases exposed controller limitations on short segments with
acute angles, alignment/turning edge cases, and artifacts from track construc-
tion. Our results show that (a) domain-tailored input generation is required
to make SBST applicable in different CPS domains, and (b) integrating SBST
throughout development mitigates overconfidence in manual testing. As future
work, we plan to improve fitness functions for landing (e.g., by considering the
distance between the coordinates where the simulation stops and the landing
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point), compare additional SBST tools and algorithms, and perform hardware-
in-the-loop testing to study the consistency between results from in vitro simu-
lations and real-world experimentation. Additionally, we plan to conduct further
experiments with other SBST tools to assess the effort needed to adapt them to
scenarios involving drones, as the one we used in this paper.

Data Availability A replication package containing all of our data, test results, and
scripts is publicly available [22]. An additional artifact is available at https://doi.
org/10.5281/zenodo.18173673.
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11fig The image displays a 
mathematical formula using 
logical and temporal operators. 
The formula is: [ psi := Box 
(timeOutsideLine leq 250) land 
Box (completed = 1) land Box 
(distance leq 25) ] Here, (psi) is 
defined using the box operator 
(Box) indicating a condition 
that must always hold. The 
formula involves conditions on 
variables: (timeOutsideLine), 
(completed), and (distance).

3 fig1.jpg
A small quadcopter drone with 
a white and black body, 
featuring four propellers and 
protective guards. The drone 
has green lights on the front, 
and it appears to be in flight.

4 fig1.jpg Flow chart illustrating a 
simulation process. It includes 
four main components: Signal 
Builder, Flight Control System, 
Simulation Model, and Simulink 
3D Visualization. Arrows 
indicate data flow between 
components. Signal Builder 
sends "acCmd" to the Flight 
Control System, which outputs 
"actuators," "timeOutsideLine," 
"completed," and "distance" to 
the Simulation Model. The 
Simulation Model processes 
these inputs and sends "states" 
to Simulink 3D Visualization. 
Data loops back from the 
Simulation Model to the Flight 
Control System, completing the 
cycle.
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5 fig1.jpg A 3D plot depicting a zigzagging 
red line with a circular 
endpoint, positioned above a 
blue square on a textured gray 
surface. The scene is enclosed 
by red structural frames, 
suggesting a spatial or 
architectural context.

6 fig1.jpg A sketch illustrating three 
versions of a path on a 
textured background. The 
paths are represented by 
different line styles: dotted for 
Version 1, dashed for Version 
2, and solid for Version 3. The 
paths converge at a red circle 
on the right side. A legend in 
the bottom left corner 
identifies the line styles 
corresponding to each version.

8 fig1.jpg Flowchart illustrating a process 
with four main states: 
"take_off," "on_the_linee," 
"turning," and "landing." Each 
state is represented by a box 
with associated conditions and 
actions. Arrows indicate 
transitions between states 
based on conditions such as 
line detection and direction 
checks. The "take_off" state 
has mode 0, transitioning to 
"on_the_linee" with mode 1. 
The "turning" state has mode 
2, with theta calculated as 
next_direction times pi divided 
by 180. The "landing" state has 
mode 5, triggered by circle 
detection.

9 fig1.jpg Flow chart illustrating a three-
step process. Step 1: "Input 
Generation" with input labeled 
( A ) leading to ( i ). Step 2: 
"System Execution" with input ( 
S ) leading to ( S(i) ). Step 3: 
"Fitness Assessment" with 
inputs ( T ) and ( arphi ), 
resulting in ( tc(i)/NFF ). An 
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arrow loops back from Step 3 
to Step 1 labeled ( f(S(i)) ).

14 fig1.jpg Two-panel image showing a 
drone navigating around red 
obstacles. Panel (a) labeled 
"Failure for Version V1" depicts 
the drone colliding with a red 
line. Panel (b) labeled "Failure 
for Version V2" shows the 
drone encountering a similar 
issue with a red line. Both 
panels illustrate navigation 
failures in different versions.

16 fig1.jpg Four-panel figure illustrating 
different failure modes in a 
sketch format. Each panel 
shows a red geometric shape 
on a textured gray background. 
Panel (a) depicts a zigzag line 
with a circle; panel (b) shows a 
bent line with a circle; panel (c) 
features a wide, red diagonal 
band with green vertical lines; 
panel (d) displays a triangular 
shape with a circle. Each panel 
is labeled with a failure type: 
F1, F2, F3, and F4, respectively.

23 fig1.jpg Creative Commons license 
symbols indicating 
"Attribution" (BY), "Non-
Commercial" (NC), and "No 
Derivatives" (ND). The symbols 
include a person, a crossed-out 
dollar sign, and an equals sign, 
respectively.
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