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The engineering of industrial systems, particularly in safety-critical domains such as railways, demands
rigorous verification and validation processes to ensure system dependability. Formal methods have emerged
as powerful tools to complement traditional software engineering practices. In the railway sector, which
increasingly relies on complex, distributed, and cyber-physical control systems, formal methods have demon-
strated particular value for many decades now. In this article, we provide a retrospective overview of the
application of formal methods and tools in the railway domain, with emphasis on two prominent verification
approaches and one frequently verified railway system: modeling and validation with the B method and tools
and formal verification of interlocking systems by model checking. We explore their role in the design and
development of key railway systems, highlighting both academic research and industrial success stories, as
witnessed by international projects and initiatives. We conclude with an outlook on the potential of integrating
AI and formal methods to enhance the efficiency of next-generation railway systems.
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Acronyms:

AI Artificial Intelligence
APS Autonomous Positioning System
ATC Automatic Train Control
ATO Automatic Train Operation
ATP Automatic Train Protection
ATS Automatic Train Supervision
BEA-TT Bureau d’Enquêtes sur les Accidents

de Transport Terrestre (French Land
Transport Accident Investigation
Bureau)

CBTC Communication-Based Train
Control

CENELEC Comité Européen de Normalisation
Électrotechnique (European
committee for electrotechnical
standardization)

CTCS Chinese Train Control System

ERA European Railway Agency
ERTMS European Rail Traffic Management

System
ETCS European Train Control System
FM Formal Method
GE General Electric
HL3 Hybrid Level 3
IXL Interlocking
LLM Large Language Model
MA Movement Authority
NYCT New York City Transit
RATP Régie Autonome des Transports

Parisiens (Parisian Transport
Autonomous Administration)

RBC Radio Block Center
RER Réseau Express Régional (regional

express network)

SACEM Système d’Aide à la Conduite, à
l’Exploitation et à la Maintenance
(driver assistance, operation, and
maintenance system)

SAT Boolean Satisfiability problem
SIL Safety Integrity Level
SMC Statistical Model Checking
SMT Satisfiability Modulo Theories
SNCF Société nationale des chemins de fer

français (national company of the
French railways)

SSCS Subway Speed Control System
SysML Systems Modeling Language
S3 Systerel Smart Solver
UIC Union Internationale des Chemins

de fer (International Union of
Railways)

UML Unified Modeling Language

1 Introduction
The engineering of industrial systems typically follows a structured development methodology
comprising successive phases, including requirements analysis, architectural and detailed design,
implementation, verification, validation, and maintenance. Each phase yields formal or semi-formal
artifacts (models) that must be internally consistent and aligned with preceding and subsequent
phases. Ensuring this consistency—both within and across phases—is essential for building depend-
able systems, especially in safety-critical and mission-critical domains. Formal methods, which are
mathematically rigorous techniques for the specification and (manual or automated) verification
of software and hardware systems, offer strong guarantees of correctness and serve as a crucial
complement to traditional software engineering practices.

Formal methods support the precise modeling of system requirements, behavior, and environ-
ments, enabling exhaustive analysis through mathematically defined notions of correctness. Unlike
testing and simulation—which provide probabilistic or partial evidence—formal methods can rigor-
ously prove the absence or presence of undesirable behavior by reasoning over the entire state space
of a system.The two principal approaches aremodel checking [14, 63] and theorem proving [152, 164].
Theorem provers (e.g., the Rocq Prover (formerly Coq [30]), Isabelle [153], and Z3 [151]) facili-
tate expressive, user-guided reasoning about highly abstract or infinite-state systems, whereas
model checkers (e.g., SPIN [125], NuSMV [59]/nuXmv [55], ProB [141], UPPAAL [26–28, 71, 72],
FDR4 [109], CADP [104], and mCRL2 [12]) automate the verification of finite-state models against
formal specifications, offering push-button analysis subject to state-space limitations.1

Extensions such as probabilistic model checking allow analysis of systems with stochastic or
uncertain behavior, yielding quantitative guarantees (e.g., satisfaction probabilities of temporal
properties). Statistical Model Checking (SMC) [6, 140], in particular, provides scalable, simulation-
based verificationwith quantifiable confidence levels, although it remains challenged by occurrences
of rare events. Arguably the best known SMC tool is UPPAAL SMC [72]. Complementary techniques,
including static analysis, model-based testing, and symbolic/concolic execution, offer additional
ways to explore or approximate system behavior, trading off between precision, automation, and
scalability.

As software systems grow in complexity and criticality, the integration of formal methods into
industrial development lifecycles becomes increasingly important. Despite challenges such as
tool complexity, required expertise, and computational limits, formal methods deliver a level of
assurance unattainable by empirical techniques alone. Their ability to rigorously validate models,

1At the end of the article, we collect pointers to public resources for all the mentioned tools.
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detect subtle errors early, and provide exhaustive guarantees, makes them indispensable for the
development of reliable, robust, and verifiably correct systems.

Modern railways are in most cases controlled by real-time computer-based systems. Those
systems feature embedded, cyber-physical, distributed, and heterogeneous architectures, which
are increasingly large and complex. To fulfill the safety requirements, railway control systems
must undergo extensive verification and validation, which is typically rather time-consuming
when conducted by intensive software testing. Model-based analyses and formal methods promise
to make such verification activities less error-prone, therefore increasing the effectiveness and
efficiency of the overall process.

The railway domain has traditionally been considered one of the most fruitful areas of application
for formal methods. In this article, we provide a retrospective on the history of formal methods
in railways, highlighting the types of systems and subsystems in which these approaches have
been applied, including interlocking, automatic train control systems, and others, and illustrating
the research and practical experiences conducted over the years. Our aim is not to present an
exhaustive or definitive account, but rather to offer a historically informed narrative that brings
into focus major technological strands, representative applications, and long-term trends.

In contrast to comprehensive and data-driven surveys such as the systematic mapping study
by Ferrari and ter Beek [99], which categorizes and quantifies the literature, we adopt a selective
and narrative viewpoint. Given the breadth of the field and the intricate relations among its many
contributions, a fully systematic reconstruction would be beyond the scope of a single article.
Instead, we focus on two particularly representative and influential strands, the B method and the
use of model checking for interlocking systems, which have played a central role both in research
and in industrial practice, as motivated next. Moreover, our historical narrative focuses primarily
on European developments documented in English-language scientific publications, while we refer
to existing surveys for broader geographical coverage and complementary perspectives.

The landscape of formal methods and tools used in the railway domain is broad [18, 99]. This
makes it difficult for practitioners to decide which formal method to adopt. According to the
aforementioned mapping study by Ferrari and ter Beek [99], the Unified Modeling Language (UML)
is the dominant modeling language (cf., e.g., [39, 58, 61, 62, 113, 171, 183]), second to the B method
during the most recent years [99, Figure 9: Modeling language families considered in the studies].
UML is typically used in combination with different tools; a high-level UML model is translated
into the input language of the specific formal verification tool used. Moreover, the B method and
its evolution Event-B, together with their supporting tools such as ProB, Atelier B, and Rodin, are
among the most widely used formal methods and tools, in particular among the most recent and
the industrial studies [99, Figures 9 and 10: Tools], with numerous success stories (cf. Section 4).
Applications of the B method started in the early 90s [25, 70, 112] and the method evolved together
with railway technologies and industrial priorities, until the latest development of tools, such as
OVADO,2 supporting the validation of configuration data (cf. Section 4.3).

Furthermore, the mapping study showed that model checking is by far the most commonly
adopted formal verification technique, used in roughly half of the studies [99, Figure 7: Techniques].
Frequently used tools that are not from the B family include NuSMV/nuXmv (cf., e.g., [58, 61, 62])
and UPPAAL (cf., e.g., [15, 19, 178]) [99, Figure 10: Tools], which has also enabled SMC to address
scalability issues in the verification of railway systems of increasing complexity (cf. Section 5.2.2).

Finally, the mapping study showed that a vast majority of the literature (two fifths of the
studies [99, Figure 13: Category of railway subsystem]) focuses on interlocking platforms, among
the different railway systems. Interlocking systems have been analyzed and validated through

2https://www.ovado.net/
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different technologies, including model checking and SMT solving, and more recent work focuses
on analyzing more advanced system architectures such as distributed interlocking systems. Other
systems, such as level crossings, platform screen doors, as well as more advanced railway signaling
platforms, such as the moving block distancing system, have also gone through experimentation
with formal methods [99, Figure 13]. Notably, many of the studies are associated with real-world
applications of formal methods since the early days dating back to the final decade of the last
century, which indicate the practical suitability of these approaches, despite well-known scalability
problems, such as, e.g., state-space explosion.

For the above mentioned reasons, this retrospective provides a more extensive treatment of these
three topics as the two main contributions (namely, a history of the B method applied in the railway
domain in Section 4 and a history of formal verification of interlocking systems by model checking
in Section 5) compared to other methods and systems, which are, however, surveyed (in Section 6)
as they help to characterize the large variety of solutions and applications.

Overall, this indicates that formal methods have demonstrated a sustained relevance in the
railway domain, not only in research but also in industrial deployment. The continued adoption
of formal methods underlines their adaptability to evolving system requirements and increasing
complexity. As systems become more distributed and data-intensive, especially with the rise of
cyber-physical and autonomous railway technologies, formal methods are increasingly being inte-
grated into larger toolchains that support verification, simulation, and validation at various stages
of the development lifecycle. Furthermore, the emergence of domain-specific modeling languages
and domain-aware verification strategies has enhanced the usability and effectiveness of formal
methods in practice. These developments have facilitated better abstraction mechanisms, modular
verification strategies, and the combination of multiple formal techniques (e.g., model checking,
model-based development and testing, and abstract interpretation) to tackle challenges such as
integration testing and code generation. Industry consortia and standardization bodies have also
played a significant role in shaping the application of formal methods in railway contexts, encour-
aging the alignment of formal models with certification standards like the CENELEC standards
EN 50128 [80], EN 50129 [82], and the recently adopted EN 50716 [83] for railway applications.
This alignment has not only improved the credibility of formal methods in safety assurance pro-
cesses but also fostered their adoption in safety-critical subsystems across various global railway
infrastructures.

Ultimately, this evolving landscape confirms that formal methods, though demanding in terms of
expertise and computational resources, continue to offer robust solutions to ensure the dependability
of railway systems. Their integration into industrial practice—through tool support, case studies,
and compliance with standards—indicates a maturing ecosystem where formal methods serve both
as analytical instruments and as enablers of innovation in safety-critical system design.

This article is structured as follows. Section 2 surveys related reviews, focusing on those with
specific attention to the railway domain, and further motivates the reason to focus on the B method
and on model checking interlocking systems. Section 3 discusses the main context in which the
application of formal methods to railway systems has been developed. Sections 4 and 5 provide
a historical perspective of the two main areas of long-running experience of the application of
formal methods in railways: on the one hand the success stories of the B method on train distancing
control systems, and on the other hand verification by model checking of railway interlocking
systems. Section 6 offers glimpses of other railway equipment that has captured the interest of
the formal methods community. Section 7 serves as source of information on the vast body of
work developed on the theme of this article by summarizing the projects and initiatives that have
accompanied and supported research on railways. Section 8 discusses future work, after which
Section 9 concludes the article.

Form. Asp. Comput., Vol. 38, No. 3, Article 27. Publication date: July 2026.
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2 Railways in Related Surveys on Formal Methods
Formal methods have been the subject of academic research as well as the focus of industrial
applications for several decades. Their adoption in the development of safety-critical software
systems can be traced back to the early 1990s, with foundational contributions from both aca-
demics [157, 165, 179] and industrial practitioners [174, 175].

Significant early accounts document the challenges and lessons learned from deploying formal
methods in real-world settings [45, 107]. One of the earliest and most comprehensive evaluations
concerns a systematic survey analyzing the role of formal methods in industrial projects [67, 68].
The authors drew upon twelve industrial case studies, including the development of Automatic
Train Protection (ATP) systems for subway networks in Paris and Calcutta [70, 112].

The influential 1996 survey on formal methods by Clarke and Wing and colleagues [64] presents
a range of case studies related to specification and verification, notably including the previously
mentioned railway signaling application, as well as an additional study focused on formalizing the
signaling rules for railway interlocking systems [132].

In the early 2000s, initial informal surveys specifically focused on the railway domain started to
appear [31, 161], offering anecdotal yet insightful perspectives on formal techniques and tools, along
with illustrative examples of their application within railway systems. Noteworthy contributions
include an accessible tutorial on the B method [3], alongside a concise summary of two high-profile
industrial applications of B [2]. These include the use of B in developing safety-critical components
for Paris’s Metro Line 14 and the Roissy airport shuttle [13, 25].

The landmark 2009 survey on the industrial application of formal methods by Woodcock
et al. [182] examined 62 industrial projects employing formal methods. In all but six of them,
data was collected directly from project participants, ensuring a high level of authenticity and
detail. Among the eight highlighted projects selected by the authors to be presented in detail, one
focuses specifically on railway signaling and train control. The others include projects on firmware,
smart cards, microprocessors, Airbus, and a Dutch Storm Surge Barrier.

Over the past decade, a number of studies have explored evolving trends, experiences, and
lessons related to the role of formal methods in developing safety-critical systems [44, 110, 119].
A significant portion of this literature focuses on the railway sector, particularly from academic
contributors such as Fantechi et al. [86–88, 93]. From an industrial perspective, especially within
the broader transportation domain, Boulanger has examined the use of formal methods and tools
like the B method and SCADE [40–42].

Several additional studies have delved into the insights and challenges encountered through
decades of integrating formal methods across research, education, and industrial applications—
again with a strong emphasis on transportation systems [32, 52, 73, 139, 149]. It is also relevant to
note a collection of broader railway-related surveys [85, 124, 143, 145, 150, 177, 185], which, while
informative, do not focus on formal methods.

A comprehensive and widely cited report by Garavel and Graf [103] outlines the state-of-the-art
in formal methods across academia and industry. Their report includes a curated list of 30 detailed
success stories—one per year from 1982 to 2011—many of which relate directly to railway systems,
in particular railway signaling systems with an emphasis on railway interlocking verification (cf.,
e.g., [35, 36, 78, 102, 111]).

Moreover, three recent questionnaire-based studies [18, 20, 100], conducted under the Shift2Rail
initiative, collected input from both academic and industrial stakeholders. These surveys highlight
the most commonly used formal methods and tools in the railway domain and identify key features
considered valuable in practice.

The most recent comprehensive review, by ter Beek et al. [22], expands the discussion beyond
safety-critical domains. While reaffirming the success of formal methods in areas like transportation

Form. Asp. Comput., Vol. 38, No. 3, Article 27. Publication date: July 2026.
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and railways, the study also highlights their growing use in diverse sectors such as lithography, cloud
security, and e-commerce. The article presents testimonials from industry professionals around
the globe—Europe, Asia, North and South America—demonstrating the widespread and varied
use of formal methods in real-world industrial projects. It emphasizes that the skills foundational
to formal methods, such as abstraction and rigorous reasoning, remain critical competencies in
computer science. Industry voices included in the study reinforce the value of these capabilities,
especially for graduates transitioning into professionals.

Only recently, the first systematic mapping study on formal methods in the railway domain
was performed [99]. It focuses on railway signaling, given the long history of applications
of formal methods in this field [87]. The authors retrieved and selected 328 high-quality re-
search papers from the literature in the time span 1989–2020, and categorized them according
to three different facets: demographic and empirical, identifying years, publication venues, and
research methods used; formal methods, categorizing techniques, tools, and languages; and rail-
way, concerning systems and development phases addressed by the research. Moreover, they
performed further analyses to understand the characteristics of the studies on industrial ap-
plications, as well as the main trends of the most recent years. The results from [99] confirm
that formal methods in railways is a prosperous field of research with a prominent industrial
participation.

Compared to the above mentioned related work, in this article we take a different viewpoint.
In particular compared to the systematic mapping study by Ferrari and ter Beek [99], which we
referred to in the previous section for facts and figures supporting our quantitative claims, we
use a more narrative and historical perspective, with the aim of better helping the reader to nav-
igate the history of formal methods in railways, railways, without ever claiming completeness,
but highlighting key milestones, recurring challenges, influential projects, and the evolution of
formal methods and tools over time. However, addressing the intricate temporal and contextual
relations between so many studies is outside the scope of this article. Instead, as mentioned in
the Introduction, in this article, we focus on the B method (cf. Section 4) and on model checking
interlocking systems (cf. Section 5), which we consider among the most representative and which
have been extensively treated in the literature. We believe this approach provides a contextu-
alized understanding of how formal methods have been adopted, adapted, and validated in the
railway domain, offering insights that complement more data-driven or taxonomical analyses.
Furthermore, the B method is strongly based on theorem proving for consistency and invariant
verification, hence addressing the B ecosystem allows us to touch upon this prominent formal
verification technique as well. Moreover, the main reported applications of the B method regard
the ATC/ATP/ATO railway subsystems mentioned in Section 3, which can thus be considered
as representative also from this point of view. In a very recent survey [101], Fokkink provides
a comprehensive overview of the employment of formal methods and tools for developing and
analyzing interlocking systems and how this has progressed over the last decades, including recent
developments regarding satellite-based moving block technologies, as well as directions for future
research.

Finally, the historical narrative of this article focuses on European developments, accessible in
scientific publications in the English language, since the theory and practice of formal methods
has mainly been developed in Europe. Moreover, Europe has pioneered issuing and enforcing
standards regarding railway systems, and this has provided European companies with a competitive
advantage in procurements all over the world. We refer the reader to the surveys cited above for non-
European examples and in particular to [188, Section 5: Industry Contributions and Applications]
for a paragraph on industrial contributions and applications of formal methods and tools in railway
in China.

Form. Asp. Comput., Vol. 38, No. 3, Article 27. Publication date: July 2026.
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3 Railway Systems Subject to Formal Methods
The challenges posed by the metamorphosis of railway transportation, especially in Europe, due to
economic, political, and logistic drivers like the liberalization of the access to the European railway
infrastructure, the consequent distinction between infrastructure and operation, high-speed trains,
European interoperability, and so on, have had a significant impact. This has been counterbalanced
by a growing adoption of innovative signaling equipment (most notably the ERTMS/ETCS European
standard for railway control and management, cf. Section 3.1) and monitoring systems (like on
board and wayside diagnosis systems). The evolution of railway signaling systems has seen railways
moving from a protected market based on national railway companies and national manufacturers
to an open market based on international standards for interoperability. In this context, systems of
systems are providing more and more complex automated operation, but maintaining—and even
strengthening—highly demanding safety standards. Basically all of the devices involved include
software, which in the end makes up the major part of their design costs; the malleability of software
is paramount for the innovation of solutions. On the other hand, software is notoriously often
plagued by bugs that may threaten its correct functioning. An important question is thus how the
high safety standards assumed as normal practice in railway operation can be compatible with
such threats?

The employment of very stable technology and the quest for the highest possible guarantees
have been key aspects for the adoption of computer-controlled equipment in railway applications.
Formal specification, verification, and proof have therefore been seen as a necessity.

The early attention towards formal methods by the railway sector is witnessed by the coming
into force back in 2001 of the first edition of EN 50128, the European guidelines for the development
of safe software in signaling equipment [80]. These were the first guidelines to mention formal
methods among the mandatory techniques for the highest Safety Integrity Level (SIL) software. A
recommendation that was confirmed in the second edition from 2011, where model checking was
explicitly mentioned among the most relevant formal methods. EN 50716, the successor of EN 50128,
extended to rolling stock, which has recently come into force [83], confirms these recommendations
about formal methods, with a stronger focus on modeling (either formal or semi-formal) techniques
according to the emerging industrial trend of model-based design.

The designation of formal methods as mandatory techniques in EN 50128 has further strengthened
the existing industrial interest in formal methods within the railway sector, in particular to address
the safety-critical signaling systems. To facilitate the discussion in the next sections, in this section
we provide the following rough classification (in two large classes) of the main safety-critical
railway signaling equipment, excluding only a few future innovations:

(1) train movement and distancing control systems, including three subsystems:3
ATC – Automatic Train Control
ATP – Automatic Train Protection
ATO – Automatic Train Operation

(2) IXL – Interlocking (Input and eXit Locking)
Figure 1 provides a broad outline of the purpose of the two classes. On the left, it showcases a

train control system based on the communication between trains and a central controller—the Radio
Block Center (RBC), according to ETCS terminology. On the right, it showcases an IXL system
controlling the routing of trains inside a station. The drawing also hints at currently researched
innovations, such as the use of GNSS-based satellite positioning of trains [19, 145].

3Terminology and taxonomy may vary in the literature on railway signaling; we assume this distinction to simplify the
presentation.
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Fig. 1. Main classes of railway signaling systems, adapted from [23]

3.1 Automatic Train Control and Related Subsystems
ATC subsystems are complex systems of systems, made of distributed equipment located on the
ground (a.k.a. wayside or trackside) and on board the trains. The main objective of the on-board
ATC subsystem is to elaborate and apply the ‘dynamic speed profile’ (a.k.a. braking curve) to
control the maximum train speed and automatically brake in case of need (i.e., in case of a risk
of collision). To this aim, the on-board ATC subsystem receives the necessary information on
the allowed maximum speed and on the status of the line from trackside subsystems. In cur-
rent ATC subsystems, trains typically receive Movement Authority (MA) messages via radio
from a monitoring centre that computes related information based on knowledge of the posi-
tion of the trains along the line. The safety-critical enforcement of emergency braking is also
called ATP.

Modern driverless ATC subsystems have Automatic Train Operation (ATO) functionalities,
often used in metro railways, allowing the train to automatically accelerate and decelerate to
respect the speed profile and even stop in stations for passenger service whenever required. ATC
subsystems may also feature auxiliary control functionalities (e.g. train integrity check, or control
of pantographs4).

ATC/ATP/ATO subsystems typically refer to international standards to ensure interoperability
between the different subsystems described. Standard frameworks include ERTMS/ETCS (European
Rail Traffic Management System/European Train Control System), its Chinese counterpart CTCS
(Chinese Train Control System), both focusing on interoperability for passenger, high speed and
freight lines, and CBTC (Communication-Based Train Control) systems, mainly aimed at the
automatic operation of high-capacity metro lines.

The main characteristic of CBTC, shared with the ERTMS/ETCS Level 3 standard,5 is the concept
of moving block signaling (cf. Section 6). In a nutshell, it consists of computing the safety distance
between trains by considering the exact position of each train rather than considering the segment
of the line occupied by the train as its position. The wayside ATP for CBTC systems is typically
called Zone Controller.

4A pantograph is the device mounted on top of electric trains that collects power from the overhead catenary wires.
5The ERTMS/ETCS standards traditionally distinguished four levels (L0–L3) of operation of signaling systems, depending on
the role of trackside equipment and on the way information is transmitted to and from trains (cf. https://www.era.europa.eu/
domains/infrastructure/european-rail-traffic-management-system-ertms_en). L0 denotes no ETCS equipment, L1 and L2 are
currently in operation. In 2023, key features of L3, such asmoving block, which are currently in a trial phase, have beenmerged
into L2 with CCS TSI 2023 (cf. https://www.ertms.net/faqs/ and https://eur-lex.europa.eu/eli/reg_impl/2023/1695/oj/eng).
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3.2 Interlocking Systems
A railway interlocking (IXL) system is responsible for safely guiding trains through a network
composed of track devices such as switches and crossings, ensuring exclusive access to the requested
routes. Once a route is set for a train, all movable components involved are locked into position,
and a proceed signal is given. After the train has passed, the section is released and made available
for subsequent use by other trains.

An interlocking system is designed to ensure that a signal to proceed cannot be displayed unless
the corresponding route has been proven safe. For example, it ensures that a signal indicating a
diverging route cannot be activated unless the related switches have been properly aligned first.

3.2.1 Technical Development. Historically, the first interlocking systems were mechanical (from
1843) until they evolved over electromechanical systems to relay-based systems (since 1929), and
finally to computer-based systems (since 1978) [127]. Today there are still some relay-based systems,
but more and more of them are computer-based. This development reflects both advancements in
technology and a growing emphasis on dependable, advanced safety solutions.

3.2.2 Major Design Paradigms. Interlocking systems have been designed according to different
logical paradigms [155, 160]. Two of the most widely used are (1) route-based/functional/tabular
interlocking and (2) geographical interlocking. The former is based on predefined routes through
the rail network and uses an interlocking table specifying safety conflicts between different routes
as well as point positions and signal states to be enforced before a route may be entered by a
train. For the latter, routes through the railway network are not predefined, but can be allocated
dynamically.

For the computer-based interlocking systems, the software is usually designed for re-use, so
that novel interlocking software designs can be realized by instantiating a generic application
with configuration data. For the route-based interlocking systems, interlocking tables are used for
configuration data, while for geographical interlocking systems the track layout is used [160].

4 A History of the B Method Applied in the Railway Domain
The B method [1] is a formal method for the specification, design, and verification of software
systems, particularly in safety-critical domains. It is rooted in mathematical logic and emphasizes re-
finement, proof obligations, and tool-supported development. Over 30 years, B has seen widespread
industrial application [52], especially in the railway sector and for ATP functionalities. Its industrial
adoption has been supported by continuous tool development, methodological refinement, and
regulatory alignment, particularly with the EN50128 standard. In fact, as mentioned in Section 2,
according to the systematic mapping study on formal methods in railways [99], the B method and
its supporting tools are the most dominant formal methods and tools, in particular among the most
recent and the industrial studies.

This section is structured as a synthesis of the major application areas of the B method, following
its historical and technological progression, namely:

— Classical B for Software Development – focusing on the refinement-based generation of
correct-by-construction safety-critical software.

— Event-B for System Modeling – extending B to early-phase system-level reasoning and
specification across interacting components.

— Data Validation with B – the most recent and industrially successful application of B for
verifying large-scale configuration datasets.
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4.1 Classical B for Software Development
The B method, introduced by Jean-Raymond Abrial in the early 1990s as a successor to Z, was
conceived to support software development through refinement and proof. Early adoption emerged
within the Paris railway network, notably with RATP (the public company in charge of the ground
transportation in and around Paris) and Alstom during the SACEM (embedded, automatic speed
train protection system for rapid transit railways, first deployed on the RER Line A suburban
railway in Paris in 1989) project [112]. The success of this pioneering effort led to the development
of the driverless Line 14 of the Paris metro [25], a hallmark for B’s industrial applicability.

The maturation of the method was paired with tool development. Initially, Alstom collaborated
with Abrial to create an internal toolset (type checker, proof obligation generator, theorem prover),
which evolved into Atelier B, industrialized by Digilog (nowCLEARSY) [2]. Atelier B is the industrial
tool that allows for the operational use of the B method to develop defect-free proven software. This
ecosystem—comprising RATP, CLEARSY, academia, and railway companies—enabled large-scale
adoption and training [49].

Methodological questions emerged regarding integration into conventional development lifecy-
cles, documentation, and safety assessment, particularly given the strict requirements of EN 50128.
These were addressed by practice and codified through internal user guides and training programs.

Driverless metro systems, and specifically ATP subsystems, became prime showcases for the
industrial application of the B method. The most emblematic example is Paris Métro Line 14 [25],
which was the first fully automated line in the RATP network.The safety-critical software developed
using B covered core functions of an ATP system, including train localization, speed supervision,
movement authority management, automatic braking, and interface control with interlocking and
platform screen doors. The formal development resulted in over 115,000 lines of B code and the
generation of 27,800 proof obligations, demonstrating the method’s scalability. Impressively, more
than 90% of these were discharged automatically, and only a small fraction required manual proof
(8.1%). A similar success was achieved with the Roissy Airport Shuttle (CDGVAL) [13], also using B
for its ATP functions, where even larger models were built: 183,000 lines of code and 43,610 proof
obligations, with a lower manual proof effort (3.3%). In both cases, the B models served as the single
source of truth, from which Ada code was generated automatically using certified code generators.
No unit testing was performed on the safety-critical components; instead, formal proofs substituted
low-level testing, and only integration and system-level validation tests were carried out. These
projects showed that rigorous formal proof could provide a sufficient basis for safety assurance in
place of traditional test campaigns [135, 139]. The B method further expanded into international
products like Alstom’s URBALIS 400 (a CBTC signaling system designed for metro and urban rail
networks), now deployed on over 100 lines worldwide.

The Canarsie Line [79] of the New York City Subway marked a major international deployment
of B-based formal methods and the first full implementation of CBTC in the United States. The
system was developed by Siemens Transportation and was derived from the formal development
framework previously used for Paris Line 14. However, the Canarsie project presented greater
system complexity, particularly due to mixed traffic conditions, where CBTC-equipped and non-
equipped trains shared the same tracks.

The safety-critical software, developed entirely using the B method, included essential CBTC
functions such as train localization using trackside beacons and odometry, dynamic movement
authority calculation, speed monitoring and braking curve enforcement, safe management of
interlocking interfaces, door control logic for platform screen doors, and fail-safe fallback modes
and degraded operation handling. The application of B enabled the formal specification, refinement,
and verification of these components. Semi-automated refinement tools, such as BART [48] (a rule-
based refinement tool that generates B machine implementations and refinement components from
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specifications, now integrated into Atelier B), were heavily used to streamline the transition from
abstract specifications to implementable models, significantly improving development productivity.
These tools supported automatic generation of low-level B models (B0, the implementable subset
of B that enforces deterministic, translatable constructs suitable for automatic code generation
into programming languages), from which Ada code was generated. Despite the complexity of the
system, the use of the B method helped Siemens manage the verification burden and obtain the
necessary safety assurances. Proof obligations were automatically generated and discharged to
demonstrate critical properties such as collision avoidance, speed limit compliance, and correct
response to command and control signals. An important conclusion drawn by the Siemens teamwas
that, although the formal method was initially perceived as an additional burden, the overall cost of
development, from specification to validation and certification, was lower than that of conventional
software development methods. The formalism not only reduced the number of late-stage errors,
but also improved system maintainability and clarity.

The B method was also used for embedded systems and platform screen doors controllers using
the CLEARSY Safety Platform, enabling development up to SIL 4with redundant proof and execution
layers [134]. Despite its success, recent industrial use of classical B outside the railway sector has
declined. Key challenges include human expertise requirements and the cost of exhaustive proof
obligations, though advances like automatic refinement tools mitigate some issues [136].

Beyond software, B has been used to generate safety-critical code for hardware platforms.
CLEARSY’s Platform Screen Door controllers and its SIL 4-certified CLEARSY Safety Platform [138]
exemplify this transition. The platform integrates proof-based development, automatic code gener-
ation, and safety-assured execution, reinforcing B’s applicability to embedded systems.

4.2 Event-B for System Modeling
While classical B focuses on the formal refinement of software specifications into executable code,
Event-B extends the method to the system level, enabling the modeling of entire systems, their
components, and their interactions [4].

This extension addresses a critical limitation of software-only approaches: software requirements
often depend on assumptions about the operational environment, including interactions with
hardware, other software modules, and human operators. If these environmental assumptions are
incorrect or incomplete, the final system may malfunction despite being provably correct at the
software level. Event-B emerged from the convergence of industrial needs and academic research,
notably within several collaborative EU projects dedicated to its development and industrialization.
The notation evolved from B, introducing constructs suitable for modeling complex, distributed
systems while retaining the mathematical rigor of proof-based verification. The approach [166]
supports early-phase system validation, ensuring that high-level architectural and behavioral
properties are correct before detailed design and implementation.

A prominent application was conducted by CLEARSY for New York City Transit (NYCT) in two
major CBTC projects [167]. In the first project, concerning the Flushing Line, CLEARSY developed
formal Event-B models capturing train movements, switching logic, and speed enforcement. These
models incorporated key safety properties—such as collision avoidance, prevention of traversing
unlocked switches (to avoid derailment), and overspeed protection, which were formally specified
and proved. The modeling process identified critical assumptions about subsystem behavior and
interface contracts, ensuring these were made explicit and communicated to stakeholders.

The second NYCT project involved a different interlocking implementation, yet CLEARSY was
able to reuse significant portions of the original system-level models thanks to their abstraction
from implementation details.This reuse substantially reduced the safety analysis effort in the second
deployment, illustrating Event-B’s potential for model portability and cost efficiency across projects.
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Event-B’s benefits were also demonstrated in the validation by CLEARSY of the Octys CBTC
system for RATP [65]. For each safety property, an informal reasoning step preceded formalization,
framing the modeling approach. The transition from informal to formal reasoning often revealed
gaps or implicit assumptions in the safety arguments, enabling their correction early in the process.
Formal proofs further allowed the identification of minimal assumption sets needed to guarantee
the properties, thus improving the precision and completeness of the safety requirements.

Another example concerns Alstom’s URBALIS 400 Zone Controller [66], where—in a collaboration
between CLEARSY, Alstom France, and Universität Düsseldorf—the classical B development ensured
conformance of the software to its specification, but could not guarantee the algorithmic correctness
with respect to system-level safety goals. Event-B models were constructed to bridge this gap,
linking environmental variables (e.g., actual train positions) to software variables (e.g., calculated
protection envelopes). Tools such as Atelier B and ProB were used to verify safety properties
essential to tuning or extending the algorithms without compromising safety.

Event-B has also supported graphical modeling approaches to improve communication with do-
main experts. Thales Austria GmbH and researchers from the University of Southampton combined
Event-B with UML-B and applied it to the RailGround interlocking system specification [53] (devel-
oped by Thales Austria GmbH). The graphical representation proved easier for signaling engineers
to understand than textual models, enabling direct expert feedback and improved validation.

This approach was also applied to novel concepts such as ETCS Hybrid Level 3 (HL3)6 [114],
aiming to increase train throughput without additional track infrastructure. In this cooperation,
Thales Deutschland GmbH and Universität Düsseldorf, with support by CLEARSY, used Event-B
and ProB to develop a reference model of HL3 principles, including degraded modes and edge
cases. The model was executed in real-time with actual trains in a field demonstrator, serving as a
reference implementation during validation.

Finally, Event-B has been integrated into model-based systems engineering workflows [38, 43,
168] for standardizing railway signaling interfaces within the EULYNX and Shift2Rail initiatives.
EULYNX is a European initiative in railway signaling that aims to standardize interfaces and
elements of signaling systems in the railway industry, while Shift2Rail is the first European rail
initiative to seek focused research and innovation and market-driven solutions (cf. Section 7). In
these contexts, the SystemsModeling Language (SysML) is often used to capture system architecture;
however, as a semi-formal language, SysML lacks formal proof capability. By translating SysML
specifications into UML-B and Event-B, formal verification could be performed, enabling the
systematic validation of interlocking logic and ensuring compliance with safety standards at an
early design stage.

4.3 Data Validation with B
An important and increasingly widespread industrial application of the B method is data valida-
tion [137], a practice that has grown rapidly over the past decade. Many safety-critical railway
systems—such as signaling, CBTC, and IXL, rely on configuration data, that is, tailored to the specific
characteristics of each deployment. These parameters may encode track layouts, permissible speeds,
braking curves, route definitions, or interlocking tables. Given their direct impact on operational
safety, the correctness of this configuration data is essential: any inconsistency or omission can
lead to unsafe system behavior, even if the underlying software is correct.

The B language has proven particularly well-suited for this task. Its ability to express
precise properties, invariants, and constraints—combined with automated proof and model

6After the merge of L3 into L2 (cf. Footnote 5), the concept known as ETCS Hybrid Level 3 (HL3) is referred to as ETCS
Hybrid Train Detection (HTD).
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checking—allows for formal verification of configuration datasets against safety and operational
requirements. This approach replaces rigid, custom-built validation programs, which were costly
to maintain and update, with flexible, property-driven verification engines where a change in
requirements can be accommodated simply by modifying the formal specification.

One of the earliest dedicated tools in this domain was OVADO, initially developed by CLEARSY
for RATP. OVADO is a formal data validation tool for railway systems configuration which uses the
B method to automatically check that configuration data meets safety requirements. Before OVADO,
RATP relied on ad-hoc, hard-coded validators that required extensive redevelopment for every
new line or system modification. OVADO provided a generic framework in which properties were
written in B, enabling rapid adaptation and reuse across projects. In parallel, Siemens developed
RDV, a similar tool built on top of the ProB model checker and constraint solver [84].

ProB played a transformative role in this field [115]. Originally designed for specification val-
idation, it was extended to handle large datasets and complex constraints, providing automated
detection of inconsistencies that often escaped manual verification. Siemens’ deployment of ProB
for data validation on Paris Metro Lines 1 and 14, the Paris Charles De Gaulle airport automated
shuttle (CDGVAL), São Paulo Line 4, and Barcelona Line 9 revealed at least one real defect missed
by manual review (during a first test with intentionally corrupted data, four errors were uncovered
whereas three were expected), underlining the value of automated formal analysis. Before the
adoption of ProB, Siemens relied on Atelier B with customized proof rules for large datasets, but
this approach did not scale well for highly parameterized systems, making automation critical.

CLEARSY and its partners have developed a family of domain-specific data validation tools,
tailored for different customers and contexts:

— DTVT, for Alstom’s URBALIS 400 CBTC system, used in deployments such as Mexico City,
Toronto, São Paulo, and Panama.

— Caval, also called CLEARSY Data Solver, is CLEARSY’s most recent generic validation plat-
form, incorporating lessons learned from earlier tools and achieving EN 50128 certification
(Class T2) in 2019.

— Dave, for General Electric (GE) signaling products.
— Rubin, used by Thales to verify engineering rules for ETCS RBCs.

In several cases, these tools implement a dual-chain verification architecture, in which a pri-
mary tool performs the validation and a secondary, independent tool re-checks the results. This
redundancy further reduces the risk of tool-induced errors.

The railway sector’s safety standards, particularly EN 50128, classify data validation tools as
Class T2, meaning that a tool “supports the test or verification of the design or executable code,
where errors in the tool can fail to reveal but cannot directly create errors in the executable soft-
ware.” Compliance requires rigorous specification of the tool’s purpose, a well-defined verification
methodology, and extensive testing. OVADO, DTVT, and Caval all meet these requirements, with
some undergoing certification by multiple independent bodies for use in international projects.

Data validation with B has now become a standard practice in railway projects worldwide,
covering metro, mainline, and high-speed systems. Its industrial success can be attributed to the
following three factors.

— Scalability: ProB’s constraint solving enables the efficient handling of very large datasets.
— Flexibility: new or modified operational rules can be incorporated simply by editing the B

property set, without altering the validation engine.
— Safety assurance: the combination of mathematical proof and exhaustive checking ensures a

high degree of confidence in the correctness of deployed configurations.
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As a result, data validation using B has evolved from a niche application into a core element of
the safety assurance process for modern railway signaling systems. It complements both classical B
and Event-B, ensuring that the software and system-level proofs are not undermined by incorrect
operational parameters.

5 A History of Formal Verification of Interlocking Systems by Model Checking
Conventional development and verification of interlocking systems has been informal and mostly
manual, as described in [121], and therefore inefficient and error-prone. That is, quite problematic
as interlocking systems are safety-critical systems for which the correctness is vital due to the
potential for catastrophic failures. Therefore, with the introduction of formal methods, the research
community saw an opportunity to overcome these problems and they started in the late 1980s and
the 1990s to research the use of formal methods for the specification and verification of interlocking
systems [99]. As mentioned in Section 1, the two core formal (verification) methods are model
checking and theorem proving. The latter has been addressed in Section 4. In this section, we
address model checking by providing a (non-exhaustive) historical account of the application of
formal verification by model checking to interlocking systems. As mentioned in Section 2, according
to the systematic mapping study on formal methods in railways [99], model checking is the most
common formal verification technique, used in roughly half of the studies, while almost half of the
studies focus on interlocking systems.

5.1 Early Applications of Model Checking for Interlocking Systems
Model checking [63] is a technique that, given a finite-state model of a system and a property in
some appropriate logical formalism (typically a temporal logic), automatically checks the validity
of the given property for the given model. As this technique, in contrast to theorem proving, is
fully automated, it has been considered quite attractive in a variety of domains, especially for
industrial use.

In the 1990s, formal verification of interlocking systems by model checking started. The first
papers on the applications of model checking include [173], published in 1990, and [9, 111, 116],
all published in 1995. Of these, [9] and [116] used the AMC model checker and the SMV model
checker, respectively, whereas [111, 173] did not use a traditional model checker, but a prover based
on Stålmarck’s method (a SAT‑style propositional logic solver) [172].

These early applications addressed only interlocking systems for small (fractions of) railways
networks. The models expressed the dynamic behavior of the systems and the properties to be
verified were typically at design level, expressing signaling principles in terms of the states of
entities like signals, points, and routes (e.g., that two that opposing signals are not open (green)
at the same time). Only later high-level (design-independent) safety requirements expressing the
absence of train collisions and derailments were used as properties.

In the second half of the 1990s, several other applications followed, including an industrial
application of the SPIN model checker to model and formally verify a rather complex part of a
railway interlocking system [60].

5.2 Further Development
In the following years, from the late 1990s onward, a lot of research was dedicated to how to
improve model checking of interlocking systems and industrial adoption started to increase. Some
of the major research questions were how to ease the formal modeling and how to make the
verification scalable such that large interlocking systems of industrial size could be verified. In
Sections 5.2.1 and 5.2.2, we describe some efforts that were made in regard to these two questions,
while Section 5.2.3 considers industrial adoption.
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5.2.1 Dedicated Tools and Domain-Specific Languages. In the late 1990s and early 2000s, re-
searchers and companies started to develop dedicated domain-specific languages, tools, and method-
ologies for model checking interlocking systems. We now describe these ideas that became trend
setting, both in academia and in industry.

It was recognized that the creation of formal models and properties for a product line of interlock-
ing systems could be automated and hidden for the user, such that formal models and properties
should no longer be made by hand. The idea was as follows: for a given product line, software
developers should provide (1) a domain-specific language for describing interlocking systems, using
terms and concepts from the railway domain (e.g., track layouts and interlocking tables7 as already
used by railway engineers) and (2) tools for generating verifiable, formal models and properties
from specifications in the domain-specific language. Hence, for each system to be verified, the
railway specialists should (i) specify application-specific parameters in the domain-specific lan-
guage, (ii) apply the generators to the specification to automatically generate a model and desired
properties, and (iii) apply a model checker to the output of step (ii).

Following this idea, for relay-based interlocking systems several tools were produced to derive
models from relay circuit diagrams used by railway engineers for specifying/documenting relay
interlocking systems (cf., e.g., [8, 119]). Similarly, tools were produced to derive formal properties:
high-level properties of no collision and no derailments from the track layouts, and design-level
properties from the interlocking tables (cf., e.g., [117, 118]). The purpose of the subsequent model-
checking step is to verify safety and correctness of the circuit design.

Also for computer-based interlocking systems the idea of using dedicated tools and domain-
specific languages, such as OnTrack and SafeCap, was proposed (cf., e.g., [126, 128, 130, 158,
181]) and adopted by companies like Prover Technology and Systerel. In these cases the domain-
specific languages typically support descriptions of track layouts and for route-based systems also
interlocking tables, and the model and property generators instantiate a generic (configurable)
model and generic properties with configuration data derived from the domain-specific descriptions.
(As previously mentioned, interlocking systems are typically configurable and, consequently, the
models can be so too.)

The above approach to model checking of computer-based interlocking systems checks the
correctness of (the model of the dynamic behavior of) a concrete instance of a generic interlocking
system and can be used to catch errors in configuration data as well as in the generic application.

5.2.2 Addressing Scalability. In the 1990s, 2000s, and 2010s, a significant challenge for the
scalability of (global) model checking was encountered: the state-space explosion problem, due to
the number of possible states in the system growing exponentially with its size and complexity. For
instance, in [95], a systematic study of applicability bounds of the symbolic model checker NuSMV
and the explicit model checker SPIN showed that thesemodel checkers could only verify interlocking
systems for small railway networks. Since then, many research groups have investigated techniques
to overcome this scalability problem pushing the applicability bounds toward industrial size.

One of the most frequently used techniques has been to abstract certain aspects (data or behavior)
of the system to reduce the size of the model, while also ensuring that the abstraction preserves the
correctness of the model checking results. The choice of abstraction technique usually depends on
the specific characteristics of the system. Many domain-specific abstraction techniques have been
proposed [33, 95, 129, 180], usually exploring the fact that interlocking systems typically exhibit a
high degree of locality such that a property to be verified only depends on a part (the so-called
cone of influence) of the model.

7An interlocking table is a table that specifies the train routes in the network under control and for each of these routes the
conditions for allocating them.
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A related technique is compositional verification as proposed for interlocking systems in [120, 142].
Here the idea is to decompose the network under control into several sub-networks and then apply
model checking for the interlocking restricted to each of the sub-networks.

Yet another way to tackle the problem has been to improve the verification engines of model-
checking tools. Here, a promising approach has been to use bounded model checking utilizing
powerful SAT/SMT solvers. When bounded model checking is combined with induction reasoning
(in k-induction), it is possible to verify safety properties without having to explore the whole state
space (cf., e.g., [126, 159]). These ideas have also been adopted in commercial tools, for instance, by
Systerel [46] and by Prover Technology [37].

Finally, as anticipated in the Introduction, also SMC has been applied to tackle scalability.
Compared to traditional model checking, which produces results that are exhaustive, i.e., if there
exists any execution that violates the property this will lead to a counterexample, SMC uses a
simulation-based and sample-based approach to reason about precise properties specified in a
stochastic temporal logic, offering a scalability advantage over exhaustive (or probabilistic) model
checking due to the fact that there is no need to analyze the entire state space. Moreover, even
though the outputs of sample-based methods are not always correct, statistical inference enables
quantifying the confidence in the obtained result, thus trading the lack of exact results (100%
confidence) for improved scalability [6, 140].

5.2.3 Industrialization and Standardization. During the 1990s, the first pilot studies and aca-
demic/industry collaborations on model checking interlockings took place (cf., e.g., [9, 60], as
mentioned in Section 5.1) and industrial adoption started. During this period, several commercial
tools developed by Industrilogik/Prover Technology were used for interlocking verification [36, 173].
These tools were not based on traditional model checking, but were based on Stålmarck’s method
(which can be seen as a natural deduction proof system with a novel proof-theoretic notion of
proof depth) that inspired the later use of bounded model checking.

With the start of the new century, bounded model checking based on induction and SAT solving
appeared, allowing larger stations to be verified, and Prover Technology readily applied this
technology in their interlocking verification tools, allowing a significant number of real systems to
be verified [37]. At the start of the new century, other companies such as CLEARSY and Systerel,
specialized in formal method solutions (including model checking) for railways, were established
and these have since then supported railway infrastructure managers and suppliers.

Since then, railway companies such as RATP, SNCF, Alstom, and Siemens have adopted the
use of model checking for interlocking systems on a routine base, notably using ProB [141], not
publicly available (S3)8 [46, 156], and Prover iLock Verifier.9

The ProB model checker has been used for validating configuration data for interlocking systems.
For instance, dedicated tools built on top of ProB have been developed by CLEARSY and applied
for data validation10 of interlocking systems for customers like Atkins and SNCF.

S3 has been used for safety verification of interlocking systems (e.g., it has been applied by
Alstom to verify several Smartlock 400 GP interlocking applications on multiple subway lines,
like Amsterdam, Lusail, and Guadalajara) [156]. Lately, S3 has been used for safety verification on
the following industrial interlockings: the ESTER project for Trafikverket (Sweden) with Ansaldo
(2018–2020), the PHPI family (a kind of relay-based IXL) at RATP (2024–2026), and on the new

8https://www.systerel.fr/en/innovation/products/systerel-smart-solver/
9https://www.prover.com/products/prover-ilock/
10Descriptions of some selected CLEARSY projects using data validation can be found here: https://www.clearsy.com/en/
railway/formal-methods-for-validating-parameterization-data-clearsy-is-chosen/ and https://www.clearsy.com/en/railway/
clearsy-carries-out-the-formal-validation-of-data-from-sncf-reseaus-mistral-ng-program/
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interlockings based on the AMS (Atelier Métier Signalisation, a signaling engineering framework
used at SNCF to develop their newest generation of IXL) ARGOS project for SNCFwith interlockings
from both Hitachi and Thales (started in 2023, still ongoing in 2026).

Prover iLock Verifier has been used for safety verification of a significant number of interlocking
systems around the world,11 e.g., for Bankverket (Sweden), Stockholm Metro (Sweden), Bane Nor
(Norway), Network Rail (UK), New York City Transit (US), and Canadian Pacific. RATP and Prover
Technology collaborated in the late 2000s on creating a formal verification solution called Prover
Certifier12 (using the Prover PSL model checker13) to meet the RATP demand for safety verification
of interlocking software14 [34]. The solution was first evaluated in parallel with a traditional testing
effort on the interlocking systems for the Paris metro line 3bis in 2009. After that, the solution
entered production use for interlocking systems on the Paris metro lines 1, 4, 8, and 12, as well as
on other interlocking systems.

In the 1990s, work on a standard (CENELEC EN 50128) for the development of software for
railway control and protection started and the first version was ready in 2001 and was later
updated [80]. The 2023 standard EN 50716 supersedes EN 50128 (incorporating its content) as the
current CENELEC software standard for railway applications in line with current industry practices
and technologies, including both signaling systems and rolling stock applications. EN 50128 will
only effectively be withdrawn once EN 50716 is fully adopted across Europe. According to these
standards, interlocking systems have the highest safety integrity level (SIL 4) and the use of formal
methods including model checking is strongly recommended (cf. Section 3).

6 Other Equipment and Formal Methods
The previous two sections illustrate how the application of formal methods has developed when
addressing the two main classes of railway systems introduced in Section 3. That classification
excludes some other railway equipment that nevertheless captured the interest of formal methods
practitioners due to the high degree of responsibility for software to ensure safety. These include
safety-critical systems that are specific subsystems of those introduced in Section 3 (such as level
crossing control or platform screen doors), as well as systems focused on traffic management and
supervision, or advances in train control policies.

In this section, we briefly mention some of these systems, in particular those to which formal
methods have been applied successfully. This illustrates the diversity of railway systems that have
benefited from the application of formal methods. To begin with, we briefly mention some success
stories involving formal methods different from B.

6.1 Formal Methods and Tools Used in the Railway Domain
Specific success stories with formal methods other than B worth mentioning include the aforemen-
tioned development of Rio de Janeiro’s metro control system [94] supported by Simulink/Stateflow
and by static analysis via Abstract Interpretation; the verification of ERTMS/ETCS [58] by means
of NuSMV and that of ERTMS/ETCS HL3 with a variety of formal methods and tools [19, 51] (cf.
Section 6.5); the modeling of the MA scenario of CTCS Level 3 and its verification, reported in [7],
with an interactive theorem prover based on Isabelle/HOL; and—more recently—the analysis of an
Autonomous Positioning System (APS) for Florence tramways [17], carried out with the support of
UPPAAL SMC. This is just a glimpse, we refer to [96, 97, 99, 147] for comparisons of different formal

11Descriptions of selected projects using the Prover tools can be found here: https://www.prover.com/references/.
12https://www.prover.com/products/prover-certifier/
13https://www.prover.com/products/prover-psl/
14https://www.prover.com/references/ratp-paris/
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methods and tools for railway system design. In particular, in [96, Figure 1: Evaluation table] the
authors present a systematic evaluation of a set of 13 formal methods tools, including SPIN, nuXmv,
ProB, Atelier B, UPPAAL, FDR4, CADP, mCRL2, TLA+, and UMC, against a set of 33 features,
grouped into functional features (e.g., type of formal verification), language expressiveness (e.g.,
non-functional aspects and modularity), and quality features (e.g., tool flexibility, maturity, and
CENELEC certification).15

Moreover, not all industrial success stories are published, on the contrary. We mention here
the SIL 4-certified SafeProver model checker (developed by SafeRiver, now part of SERMA).16 It
uses bounded model checking for reachability analysis as well as algorithms derived from the
𝑘-Induction principle for invariant satisfaction analysis. SafeProver offers the possibility to formally
analyze discrete-time bounded systems in an exhaustive manner, but both system and properties to
be verified must be written in ICL, a proprietary input language. Success stories include the formal
verification of a CBTC system for the former GE Transportation and a SACEM speed control system
for RATP. SafeProver has recently been extended to prove C language properties on C language
models and tested on industrial-size source code generated from Simulinkmodels. SafeProver for C is
currently under industrialization andwill be available for further industrial experiments during 2026.

6.2 Level Crossings
Level crossing control has been used as a case study in several studies on the use of formal methods
in railways, due to the high safety concerns generated by the intersection of road and rail traffic.
Two notable examples can be found in [148], where timed automata are used for the specification
of a level crossing protection system and validation is conducted by model checking with UPPAAL,
and in [108], where a novel design of a level crossing protection system is modeled with timed Petri
nets in order to elaborate a control strategy suitable for the ERTMS Level 2/3 operation context.
These two examples show how different modeling techniques can be applied to similar systems
when aiming at different purposes (validation vs. control strategy definition).

6.3 Platform Screen Doors
In automated metros, typically operating in a closed environment, platform screen doors are
adopted to prevent passengers from falling on to the tracks. A platform screen door controller has
the responsibility of opening only when the train’s doors are perfectly aligned with the platform
doors. It is worth mentioning that the software of several such installations around the world
was developed with the help of the B method [134], which guarantees a correct-by-construction
behavior of the system in absence of failure of its components.

6.4 Automatic Train Supervision (ATS)
ATS systems are meant for the supervision of all those high-level monitoring, track optimization
and maintenance operations of the railway system that are not addressed by the other subsystems.
While many tasks related to ATS systems (e.g., remote route lock/unlock command) cannot be
considered safety critical, since other subsystems will provide the necessary protection against
hazards, there are situations in which a certain level of criticality is assigned to those systems as
well. An ATS system typically acts by issuing route requests to an IXL system; doing so, it can easily
incur in deadlocks due to the constraints posed by the IXL. Deadlock avoidance can be tackled by
model checking, as shown in [146].

15Subsequent to [96, Figure 1], in 2024, Atelier B has been certified against CENELEC EN 50128 and EN 50129: https:
//www.clearsy.com/en/tools/atelier-b/.
16https://www.serma-safety-security.com/en/formal-methods/
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6.5 Moving Block
The ERTMS/ETCS standard considers different levels of operation for compliant ATC systems. In
the most advanced one, ERTMS/ETCS Level 3, there are no track occupancy sensors and it is the
responsibility of an on-board odometry system to keep track of the train’s position, as well as to
compute the current train speed. The on-board computer of each train periodically sends to the
RBC a position report and the results of a train integrity check. In turn, the RBC sends the MA back
to each train. The MA is computed by considering the minimum safe rear end of the foregoing train
(moving block signaling), further improving a line’s throughput and reducing maintenance costs.

The absence of track circuits as safe train detection and localization mechanism, and the difficulty
of computing the exact train position, have so far prevented the actual deployment of ETCS Level 3
systems, due to safety concerns. Nevertheless, ETCS Level 3 is currently the most promising level
of operation in terms of safety increase, capacity gains and maintenance cost reduction. As such it
provides a challenging case study; in particular, there is a rich literature on the application of a
variety of formal methods and tools, including UML-B, mCRL2, SPIN, and UPPAAL, to a downsized
version named ERTMS/ETCS HL3 [5, 10, 16, 19, 51, 69, 74, 114, 144, 176].

6.6 Satellite Positioning
The localization of trains along a line is currently detected by specific trackside sensors (such as
track circuits or axle counters) that are able to detect the occupancy of a track section. More precise
computation of the current position of a train, required by moving block signaling systems, can be
achieved by on-board odometry, accelerometers and other sensors. Satellite positioning promises
to become an absolute positioning system, significantly reducing the need and cost of trackside
sensing equipment (think also of its maintenance). The statistical nature of positioning information
given by GNSS sensors17 requires a paradigm shift from qualitative formal verification of safety
towards quantitative evaluation aimed at the validation of probabilistic safety requirements. In this
regard, UPPAAL’s statistical model-checking features were used in [122, 123] for the evaluation of
GNSS localization in the context of ETCS Level 3. The choice of UPPAAL SMC was also followed for
the aforementioned safety verification of the satellite-based APS of the Florence tramways in [17].

7 International Projects and Initiatives on Formal Methods and Railways
The steady advancement of the use of formal methods in the railway sector over the past decades
has been accompanied and supported by numerous initiatives aimed at fostering their adoption
and refinement. With no claim to completeness, we briefly describe some international projects and
initiatives spanning from the end of the previous century to the present days. The selection is based
on the knowledge of the authors, who have been in the field for over 30 years, and on the survey of
projects carried out by part of the authors within the ASTRail EU project [100]. While researchers’
bias is unavoidable, given the absence of a specific search engine for projects, we believe that the
current list provides a fairly representative picture and historical perspective.

FMERail (1998–1999): This was an EU ESPRIT ESSI project (no. 26,538) aimed at boosting
the real-world adoption of formal methods in the railway industry. It facilitated the commu-
nication between formal-methods technology providers and the railway industry through
a series of five workshops, case studies, and tutorials. The project partners were Technical
University of Denmark (DTU), IFAD (Denmark), TERMA Elektronik A/S (Denmark), Formal
Systems Europe Ltd. (United Kingdom), and Steria Méditerranée S.A. (France).

17A GNSS receiver provides the coordinates of its position together with a protection level (PL), a statistical bound error
that guarantees that the probability of the real position error exceeding PL is smaller than or equal to a target value called
integrity risk (IR).
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EuroInterlocking (1999–2006): This project of the Union Internationale des Chemins
de fer (UIC) aimed at the harmonization, joint development, and standardization of IXL
and signaling systems in Europe. In particular, it has contributed to the development of
standardized file formats for IXL data exchange, and to the construction of a generic simulation
tool (exploiting the project-defined location and IXL file formats) for the verification and
validation of IXL rules.

EuRailCheck (2007–2010)18 (European Railway Formalization and Validation): This was
a project of the European Railway Agency (ERA), aiming at the development of a method-
ology and supporting tools for the formalization and validation of (a subset of) the ETCS
specifications. Within the project, three main results were achieved: a methodology for the
formalization and validation of the ETCS specifications that goes from the informal analysis
of the requirements to their formalization and validation; a set of support tools, covering the
various phases of the methodology; and a realistic subset of the formalized specifications.

INESS (2008–2012)19 (INtegrated European signaling System): The main goal of this EU FP7
project was to extend and enhance the standardization process defining and developing spec-
ifications for a new generation of IXL systems. One of its tasks was to identify safety require-
ments of the IXL model and their representation in a formal format, as invariant state proper-
ties (using UML-B). A prototypical tool for the verification of these invariants was developed.

EULYNX (since 2014)20 (European Initiative Linking Interlocking Subsystems): This
is a long-running initiative of European Infrastructure Managers. The project aspires
to a mutually shared vision toward harmonization of railway signaling systems, their
technical architecture, functions and interfaces. The project includes items like system
architecture, modeling and testing, data preparation, interfaces between IXL systems,
interfaces to track vacancy detection and adjacent IXL or signaling subsystems: requirement
management tools, UML, and SysML modeling techniques are used to formalize unambiguous
requirements. EULYNX’s has published standardized interfaces and architectures that
will allow interoperable signaling and control components across Europe and help to
reduce lifecycle costs, promote supplier competition, and accelerate the adoption of digital
technologies. Academic efforts have led, e.g., to a model-based testing setup to automatically
test an implementation for compliance to the EULYNX standard and a systematic method
to automatically formalize EULYNX SysML models in the mCRL2 model checker [43].

ASTRail (2017–2019)21 (SAtellite-based signaling and Automation SysTems on Railways
along with Formal Method and Moving Block validation): This EU H2020 Shift2Rail project
included (i) an analysis phase, dedicated to the comparison and evaluation of the main formal
methods and tools that were being used at that time in the railway industry to guarantee that
software design and implementation criticalities do not jeopardize the safety, as well as (ii) an
application phase, in which selected formal methods were used to model and analyze two
main goals addressed by the project, namely moving block distancing and automatic driving.
The aim was to validate that formal methods are not only able to guarantee safety issues,

18https://es.fbk.eu/index.php/projects/eurailcheck/
19https://cordis.europa.eu/project/id/218575/reporting
20https://eulynx.eu
21https://projects.shift2rail.org/s2r_ip2_n.aspx?p=S2R_ASTRAIL
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but also—more in general—the long term reliability and availability of the software. The
main output of the project, for what concerns formal methods in railways, was an in-depth
analysis of the applicability of several formal tools to the moving block problem [97], as well
as a comprehensive guide of how to select the most appropriate tool for the case at hand [96].
The project also included a set of surveys about formal methods in railways, which have
shown the relevance of usability and certification support as primary characteristics that
companies expect from formal methods tools [18, 20].

X2RAIL-2 (2017–2021)22 (Enhancing Railway Signaling Systems): This EU H2020 Shift2Rail
project carried out a survey to identify the railway signaling industry’s expectations of formal
methods and tools, in terms of their most important characteristics, benefits and challenges.
This survey [184] showed that formal methods can provide significant benefits to railway
signaling system development in terms of improved safety, better requirement quality and
reliability and, finally, reduced time-to-market and cost. However, the survey indicated that
there are also significant obstacles increasing to the widespread use of formal methods to
gain such benefits. The main obstacle is the high learning curve, and indeed formal methods
have the image of being too difficult to apply for “ordinary engineers”. This survey moreover
showed that the use of formal methods would be helped by more standardized interfaces.

4SECURail (2019–2021)23 (FORmal Methods and CSIRT for the RAILway sector): This
EU H2020 Shift2Rail project addressed the development of a demonstrator for the use of
state-of-the-art formal methods in the railway environment. The aims of the demonstrator
was answering the questions raised by X2RAIL-2, that is, to evaluate the learning curve
and the use of standard interfaces, and to perform a cost-benefit analysis of the adoption
of formal methods in the railway industry. The demonstrator has been applied to a railway
signaling subsystem described using standard interfaces aimed at illustrating some usable
state-of-the-art techniques for rigorous standard interface specification, as well as at
supporting a cost-benefit analysis to back this strategy with sound economic arguments.

PERFORMINGRAIL (2020–2023)24 (PERformance-based Formal modeling and Optimal
tRaffic Management for movING-block RAILway signaling): This EU H2020 Shift2Rail project
aimed to deliver formal modeling and optimal traffic management of a moving block railway
signaling system using advanced train positioning approaches that mitigate potential hazards
in the diverse market segments. It implemented a holistic system approach to address the open
challenges for the moving block and virtual coupling concepts in terms of safe operational
principles and specifications, reliable TIM technologies, high-accuracy train localization and
optimized moving block traffic management algorithms. The main objectives were to enhance
and verify existing specifications for moving block signaling, while developing formal
models, algorithms and proof-of-concepts to test and validate an integrated future moving
block system architecture that will provide safe and effective operational performance.

X2RAIL-5 (2020–2023)25 (Advanced Traffic Management and Control Systems): This EU
H2020 Shift2Rail project had the objective to improve the standardization and integration

22https://projects.shift2rail.org/s2r_ip2_n.aspx?p=X2RAIL-2
23https://projects.shift2rail.org/s2r_ip2_n.aspx?p=S2R_4SECURAIL
24https://cordis.europa.eu/project/id/101015416
25https://projects.shift2rail.org/s2r_ip2_n.aspx?p=X2RAIL-5
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of formal methods application in the development of Europe’s rail control systems while
reducing time to market and improving effectiveness in the introduction of new signaling and
supervision systems. A particular project output was to propose and apply a methodology
and toolchain to automate the transformation of semi-formal (specification) models
into models suitable for formal verification. The objective was to create a tool that can
automatically translate the semi-formal SysML models into a formal model, to obtain a more
precise and rigorous representation of the system, and to apply formal verification to prove
properties against the formal model. According to this, two toolchains were proposed for
the automated transformation of EULYNX SysML models into formal models.

DisCoRail (since 2019) (”Formal methods for DIStributed COmputing in future RAILway
system”): This workshop series aims to provide a forum to discuss how distributed computing
affects the railway signaling domain, and in particular the intertwining of formal methods
and distributed computing in the design and development of innovative train control systems.
Its proceedings showcase recent experiences and advances in the application of formal
methods in railways [89–91].

R2DATO (2022–2026)26 (Rail to Digital automated up to Autonomous Train Operation):
This project appears to be the only one funded by Europe’s rail that mentions formal methods
as “enabling techniques”: modeling techniques to support the development, engineering
and planning, verification and validation solutions, while incorporating formal methods to
address the basic needs of rail stakeholders. This indicates that formal methods have gradually
evolved from being the subject of research projects to becoming established components that
are now part of the toolkit available for the development and innovation of railway transport.

8 Future Work: Synergies between (Generative) AI and Formal Methods in Railways
The recent advances in Large Language Models (LLMs) and generative Artificial Intelligence (AI)
make it impossible to ignore the potential role that these technologies can play also in the railway
process in general, and in a formal methods-enhanced process in particular. Companies such as
Prover Technology27 are already working on the integration of AI-based solutions with formal
methods-based solutions in specific railway subsystems. According to Prover Technology, “AI
can enhance the efficiency of formal verification tools, such as using AI-tuned tactics to guide the
model checker during proof searches” [162]. Furthermore, “LLMs can make formal methods more
accessible and easier to use” and “simplify the use of complex tools and the creation of necessary
artifacts like formalized requirements and models” [163]. In this sense, LLMs can be regarded as
productivity enablers, rather than safety-critical components, while preserving formal verification
as the primary source of assurance. Indeed, a major bottleneck in the application of formal methods
in railway projects lies in the early lifecycle phases, especially requirements engineering. Signaling
and interlocking systems are typically specified using large collections of natural-language
requirements, interface specifications, and safety constraints distributed across standards, national
rules, and project-specific documents. LLMs are promising means to assist in transforming these
heterogeneous textual artifacts into structured and analyzable representations. LLMs can support
the derivation of candidate formal requirements from natural-language specifications, as done, e.g.,
by Durante et al. [77], for instance by translating operational rules for route setting, point locking,
or MA management into temporal logic properties or contract-based specifications. By accelerating

26https://rail-research.europa.eu/rail-projects/fp2-r2dato/
27https://www.prover.com/
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the creation of such formal artifacts, LLMs reduce the manual effort required from formal
methods experts and domain experts, and lower the entry barrier for applying formal verification
techniques.

Beyond requirements formalization, LLMs can also be used as interactive assistants for formal
verification tools. Model checking and theorem proving for railway systems often require specialized
expertise to interpret counterexamples, refine models, or adjust properties. LLMs can help explain
verification results in domain-specific terms, guide engineers in refining interlocking logic or
signaling models, and suggest corrective actions when safety properties are violated. Importantly,
these interactions do not alter the underlying semantics of the formal tools; instead, they enhance
usability and productivity, which is essential for industrial-scale railway projects. LLM explanations
of formal artifacts can also improve communication between railway practitioners and formal
methods experts in a process according to which the former provide the requirements and the latter
produce formal artifacts, possibly with the support of LLMs. Better communication between these
roles reduces the risk of misinterpretation of the railway requirements, ensuring not only that the
system is built right, by means of formal verification, but also that the right system is built. To
achieve this goal, however, it is necessary to equip LLMs with railway domain-specific knowledge.
Recent work [92] has shown that LLMs struggle when generating models from specialized domains.
The use of retrieval-augmented generation architectures, in which domain and project documents
can be used to support LLM reasoning, can potentially overcome these hurdles [11].

LLMs may also provide heuristic guidance during verification activities by suggesting proof
strategies, invariants, or abstractions. For example, when verifying an interlocking model, an LLM
might propose candidate invariants related to mutual exclusion of conflicting routes or safe point
positions. Any such suggestions remain subject to formal validation, ensuring that the trusted
computing base remains unchanged. To achieve this goal, however, LLMs need to be equipped
with formal logic knowledge and strong logical reasoning capabilities, so that hallucinations are
prevented. There is work addressing this problem (cf., e.g., Cheng et al. [57] for a survey), and other
contributions are also exploring the use of LLMs directly as theorem provers [187], thus these goals
are realistically achievable.

While LLMs can significantly improve efficiency and accessibility, their use in safety-critical
domains raises legitimate concerns regarding correctness, trustworthiness, and explainability. First
and foremost, hallucinations cannot be fully avoided, also due to the way LLMs are trained, which
prevents them from saying “I do not know” and leads them to produce output also in presence
of uncertainty [131, 186]. This means that incorrect formal artifacts could be generated as well as
misleading artifact explanations. The problem is further exacerbated by the surface-level quality
and potentially deceiving nature of the typical output produced, which can look convincing and
well-formed, despite being incorrect. Prior work shows that users may over-trust LLM output
and adopt the recommendations even when these contain inconsistencies and errors, indicating a
risk of distorted human decision making through persuasive but wrong output [170]. This implies
that process-level guardrails need to be put into place to avoid over-reliance, and formal methods
experts as well as railway experts and developers still need to play a primary role. They remain
essential both to independently validate the generated artifacts and to ensure that any AI-assisted
step is embedded within a rigorous assurance workflow, including traceability, review, verification,
and accountability. Indeed, including LLMs in the formal development cycle necessarily requires
humans-in-the-loop and on-the-loop. Novel workflows and processes are needed, in railways and
in other domains alike, to guarantee that human-AI collaboration results in better products and
decisions, rather than faster, yet insufficiently scrutinized, development outcomes. LLM-based
assistance should be integrated only within workflows that preserve independent judgment and
clearly allocate responsibility for the resulting artifacts and decisions.
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Besides humans and workflows, formal methods can also play a role in increasing LLM trust-
worthiness. Ferrari and Spoletini provide roadmaps to, on the one hand, increase the usability of
formal methods with the support of LLMs, along the lines of the ideas suggested above, and, on
the other hand, use formal methods to make LLMs more reliable [98]. According to the authors,
formal methods should be applied directly to the artifacts generated by LLMs, rather than relying
on the AI’s internal reasoning. In a railway context, this means that LLM-generated requirements,
models, or properties must be formally checked for consistency, completeness, and correctness. For
instance, an LLM-generated formalization of an ETCS braking requirement can be model checked
against a reference train control model, or an interlocking rule proposed by an LLM can be verified
to preserve collision freedom and derailment prevention. In such workflows, the LLM acts as a
specification accelerator, while formal methods serve as a gatekeeper that filters out incorrect or
unsafe artifacts.

Formal methods can also provide explainable and certifiable evidence for LLM-assisted develop-
ment. Formal verification results—such as proofs, counterexamples, or verification certificates—offer
objective and auditable evidence that can be integrated into railway safety cases, while LLM ex-
planations can guide interpretation. This is particularly relevant for compliance with CENELEC
standards, which require traceability, justification, and independent evidence of correctness. By
grounding assurance in formal artifacts rather than AI behavior, the opacity of LLMs does not
undermine certification.

Another important aspect is to constrain LLM outputs using formal specifications and domain-
specific rules. In railway signaling and interlocking, formally defined grammars, specification
patterns, or safety invariants can restrict the space of admissible LLM-generated artifacts. This
reduces the risk of hallucinations and ensures that generated models or requirements remain
aligned with established signaling principles and ERTMS/ETCS rules.

A two-way integration of formal methods and railways aligns well with existing railway engi-
neering and certification practices. LLMs can be positioned as supportive engineering tools that
improve productivity and reduce human error, while formal methods remain the authoritative
mechanism for demonstrating safety and correctness. This separation allows LLMs to remain outside
the safety-critical scope, avoiding the need to certify the AI itself. In signaling, interlocking, and
ERTMS/ETCS projects, this approach enables a pragmatic adoption of AI technologies: LLMs
assist engineers in handling complexity and scale, while formal verification provides the rigorous
guarantees required for safety assurance. While LLMs can be used to support and enhance a formal
methods-based development process, it should be remarked that: (1) LLMs are not expected to be
embedded in the railway safety-critical components themselves, given their limited predictability;
and (2) the overall process still includes all the standard and CENELEC-recommended development
practices, including static analysis, all the different levels of testing and associated coverage metrics,
safety analyses (e.g., hazard/risk analysis, failure modes, and effect analysis), and external auditing.
Overall, the ultimate product responsibility falls upon the railway system supplier who signs
the safety case, and all measures need to be taken to ensure safety—including the use of formal
methods—while leveraging LLMs to support process efficiency.

According to Seisenberger et al. [169], there is a skills gap concerning knowledge of AI principles,
techniques, and practices among railway practitioners as well as formal methods researchers.
At the same time, based on four recent white papers [22, 47, 56, 76]—all together authored by
more than 50 computer scientists and practitioners worldwide—, ter Beek et al. [21] argue that
Formal Methods need to be introduced as a core knowledge area in the ACM/IEEE/AAAI CS
curricula guidelines [133]. Currently, Formal Methods are covered only as elective topics in distinct
knowledge units of two of the 17 core knowledge areas deemed essential for Computer Science,
namely Foundations of Programming Languages and Software Engineering. The evidence put
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forward suggests that the lack of indicating Formal Methods as a core knowledge area in the
CS2023 guidelines is unjustified, arguably similar to the fact that just 10 years ago AI was not
included in the CS2013 guidelines. Computer Science graduates educated in AI and formal methods
will be able to reduce this skills gap and drive the integration of AI-based solutions with formal
methods-based solutions in the railway sector.

9 Conclusion
Railway signaling has evolved frommanual systems, whichwere prone to human error and limited in
capacity, to automated solutions that ensure higher efficiency and safety in modern railway control.
However, the transition to automatic railway control systems has posed significant challenges,
particularly in terms of safety. A small failure in signaling can lead to catastrophic events such as
train collisions. The shift towards automation has also entailed substantial financial investment,
especially when considering the high safety standards required. The CENELEC EN 50128 European
standard outlines the development requirements for safety-critical software in railway systems,
recommending formal methods for the design and verification of systems requiring high safety
integrity levels (SIL 3 or SIL 4). These levels correspond to maximum acceptable probabilities of
dangerous failure ranging between 10−7 and 10−9 per hour. Despite the growing recognition of
formal methods’ advantages, particularly in terms of safety, there is still a lack of comprehensive,
quantitative cost-benefit analyses. While some qualitative assessments have been conducted, the
field remains under-explored in terms of the economic impact of the application of formal methods
in railway control systems.

We are aware of only one cost-benefit analysis, reported in [29]. In the context of EU project
4SECURail (cf. Section 7), the authors evaluated the use of formal methods for developing the
communication layer supporting the execution of the RBC/RBC handover protocol. UML/SysML
models were translated into UMC [24], from which ProB and CADP/LNT [104] models were
generated automatically. Based on data collected within the 4SECURail demonstrator test case, the
economic analysis demonstrated a net convenience of the adoption of formal methods, generating
benefits five times higher than cost borne by the infrastructure managers. Furthermore, benefits
from time saved for passengers turned out to be the most relevant benefit category, justifying the
adoption of formal methods and the necessary investment. In [154], the authors evaluated (without
any monetary measurements) the effect of applying a formal method to an industrial project, and
compared the positive results concerning code quality (good) and productivity (high) with those
of 13 similar projects that used other formal methods such as B. The authors observed a strong
reduction of the number of defects and an increase in productivity. The 2020 survey among 130
formal methods experts [105], which covered the history, current state and future outlook of formal
methods in academia, industry and education, also contained a question that asked the experts to
make an informal cost-benefit analysis of the return on investment over time. A small majority of
58.5% of the respondents answered that the application of formal methods is profitable in medium
and long terms; 15% answered that they are immediately profitable and 12.3% that they are profitable
in the long term only, while 2.3% answered that there is no return on investment and 11.5% had no
opinion. We agree with the authors of [29], who call for “greater attention of the formal methods
community to the quantification of costs and benefits parameters […] since the evidence of the
beneficial effects of formal methods is mostly given instead in the literature in a qualitative way.”

Formal methods offer distinct advantages over traditional testing and simulation. Unlike prob-
abilistic or partial approaches, formal methods provide exhaustive analysis of system behavior,
ensuring that safety properties are upheld and errors are detected before deployment. Two primary
techniques for formal verification are theorem proving and model checking. Theorem provers, such
as the Rocq Prover and Isabelle, allow for high-level reasoning over abstract or infinite-state systems,
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while model checkers like SPIN and UPPAAL automate the process of verifying finite-state models
against formal specifications. These methods are invaluable for ensuring correctness in complex,
safety-critical systems, where even the smallest failure can have catastrophic consequences. In
addition, probabilistic model checking and statistical model checking (SMC) have enhanced the
capability of formal methods to handle systems with inherent uncertainty or stochastic behavior.
These methods provide quantitative analysis of system properties, such as the likelihood of a
system satisfying certain temporal properties. While SMC allows for scalable verification through
simulation-based methods, it still faces challenges related to the detection of rare events.

The numerous success stories across the railway industry mentioned in this article highlight
the effective use of formal methods in developing and verifying railway systems. These include
the verification of the ATP system on Paris’ RER Line A, the Subway Speed Control System (SSCS)
in Calcutta, and Line 14 of the Paris metro [75], and derivatives thereof, like line 1 or the New
York Canarsie line [79], and the driverless Paris–Roissy Airport shuttle [25], all developed with the
B method. The B method has played a significant role in these successful applications, providing a
formal framework for specifying and verifying railway control systems. Tools like Simulink and
Stateflow, which integrate model-based design and formal verification, have also been employed in
the development of systems such as Alstom’s U400 system [22]. Another success story concerns
the metro control system of Rio de Janeiro, developed with the support of Simulink/Stateflow [94].
These applications underline the relevance and growing impact of formal methods in the railway
sector. Further success stories concern the verification of the ERTMS/ETCS European standard for
railway control and management with NuSMV [58] and that of ERTMS/ETCS HL3 with a variety
of formal methods and tools [19, 51, 114].

It would be interesting to understand the historical perspective of how formal methods became so
well used in the railway sector, also because this might—in principle—suggest how to successfully
integrate formal methods into other sectors as well. It is our firm belief that the adoption of formal
methods in the railway sector was driven less by theoretical appeal than by concrete evidence that
rigorous verification could catch what conventional testing could not.

The story begins in the late 1980s, when RATP and the consortium developing SACEM, the
automatic speed protection system deployed on Paris RER Line A (cf. Section 4.1), faced the
challenge of validating the first safety-critical control/command software ever operated in French
railways. They turned to Jean-Raymond Abrial, who proposed formalization and verification of the
software specification using what would become a sketch of the B method (cf. Section 4); critically,
this process uncovered major safety issues that had gone undetected by other means. SACEM
entered into operation in 1988 [52], and the experience had direct institutional consequences: RATP
subsequently requested the use of the B method for the driverless Paris Métro Line 14 [52]. SACEM’s
deployment also eliminated the need for an additional railway line, a saving estimated at hundreds
of millions of dollars [106], providing a compelling economic argument alongside the safety case.

A more recent episode illustrates how incidents continue to reinforce this dynamic. In December
2019, a TGV from Paris to Rennes crossed a diversion switch at LaMilesse at 165 km/h, well above the
100 km/h speed limit imposed by the switch geometry, because the ETCS L2 system was displaying
170 km/h as the maximum authorized speed. The French Land Transport Accident Investigation
Bureau (BEA-TT) traced the cause to an error in ETCS data parameterization, undetected during
verification, and the evaluator’s response to the resulting recommendations explicitly called for the
use of formal proof tools and compliance with applicable standards [50].

We identify a recurring pattern: operational failures expose verification gaps, and formal methods
emerge as the preferred solution, given that they constitute the most rigorous techniques available,
recognized as such by standards like EN 50128 [80] (cf. Section 3). The industrial uptake of this
approach has been documented across multiple operators and suppliers well beyond the French
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context [18]. The normative evolution has continued with EN 50716 [83], which replaces and unifies
EN 50128 and EN 50657 [81] into a single standard (cf. Section 5.2.3). Significantly, EN 50716 extends
its strong recommendation of formal proof verification to all safety integrity levels from SIL 1 to
SIL 4 [54], whereas previously formal methods were strongly recommended primarily at SIL 3 and
SIL 4. This marks a decisive shift: formal verification is now a baseline expectation across the entire
railway software domain.

The integration of formal methods into the development lifecycle of railway signaling systems
holds the promise of not only improving safety but also optimizing costs in the long run. However,
the adoption of formal methods in this context faces barriers, including the complexity of tools, the
need for specialized expertise, and computational limitations. The clear recommendation of formal
methods in the railway industry standards has caused the railway sector to invest in the adoption
of formal methods and tools. Unfortunately, this does not provide any concrete suggestions on how
to improve the integration of formal methods into other sectors.

We are not aware of any literature reporting evidence of projects that substantially failed to
employ formal methods in the railway sector. Failure received little publicity both in industry
and in the academic community. But the challenges often referred to in documents and the not
fully pervasive industrial adoption do suggest that failures have been experienced. Indeed, the
discontinuing of pilot projects, with the apparently missed adoption of their results in industry
could be taken as an indication of cases of low satisfaction of the application of formal methods,
but it is difficult to understand from the outside whether a company has completely ignored the
results of a pilot project, and to trace the reasons for doing so, or whether the company has rather
integrated (some of) the project results in their development process without disclosing this.

The success stories on the application of formal methods in the railway industry have also been
affected by the recent trend of railway systems manufacturing companies to merge and incorporate
each other, to form a few large global actors, in contrast with the many smaller national manu-
facturers of the past. This process has often pushed uniformity in software development processes,
dismissing previous experiences that may have included formal methods adoption. Indeed, all com-
panies were successfully building safe products, each with their own method, and the merits and ad-
vantages of formal methods may have gone unrecognized, especially in the case of a large company
incorporating a small one. However, this phenomenon can only be referred to as personal experience
of the authors in their collaborations with industry, since it is not documented in the literature.

Despite the challenges, the ability of formal methods to provide exhaustive, mathematically
guaranteed correctness makes them an indispensable part of themodern railway system engineering
process. An important goal for the future is to integrate the use of AI-based solutions in the current
formal methods-based solutions in railways.

Pointers to Public Resources for Tools

AMC integrated in UMC
Atelier B https://www.atelierb.eu/
BART integrated in Atelier B
CADP https://cadp.inria.fr/
Caval not publicly available
Dave not publicly available
DTVT not publicly available
FDR4 https://cocotec.io/fdr/
Isabelle https://isabelle.in.tum.de/
mCRL2 https://mcrl2.org/
NuSMV https://nusmv.fbk.eu/
nuXmv https://nuxmv.fbk.eu/
OVADO https://www.ovado.net/
ProB https://prob.hhu.de/
Prover Certifier not publicly available
Prover iLock not publicly available

Prover PSL not publicly available
RDV not publicly available
Rocq Prover https://rocq-prover.org/
Rodin https://www.event-b.org/
Rubin not publicly available
SafeProver not publicly available
SCADE not publicly available
Simulink not publicly available
SMV http://www-2.cs.cmu.edu/~modelcheck/smv.html
SPIN https://spinroot.com/
Stateflow not publicly available
S3 not publicly available
TLA+ https://foundation.tlapl.us/
UMC https://fmt.isti.cnr.it/umc/
UPPAAL (SMC) https://uppaal.org/
Z3 https://github.com/Z3Prover/
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