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2 Università di Firenze, Florence, Italy
{davide.basile,alessandro.fantechi}@unifi.it

3 SIRTI S.p.A., Genoa, Italy
{a.piattino,d.trentini}@sirti.it

Abstract. Formal methods and tools have been widely applied to the
development of railway systems during the last decades. However, no uni-
versally accepted formal framework has emerged, and railway companies
wishing to introduce formal methods have little guidance for the selec-
tion of the most appropriate methods and tools to adopt. A work pack-
age (WP) of the European project ASTRail, funded under the Shift2Rail
initiative, addresses this problem, by performing a survey that considers
scientific literature, international projects, and practitioners’ perspec-
tives to identify a collection of formal methods and tools to be applied
in railways. This paper summarises the current results of this WP. We
surveyed 114 scientific publications, 44 practitioners, and 8 projects to
come to a shortlist of 14 methods considered suitable for system mod-
elling and verification in railways. The methods and tools were reviewed
according to a set of functional, language-related, and quality features.
The current paper extends the body of knowledge with a set of publicly
available documents that can be leveraged by companies for guidance on
formal methods selection in railway system development.
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1 Introduction

The railway field is characterised by its rigorous development processes and
its robust safety requirements. During the last decades, formal methods and
tools have been widely applied to the development of railway systems (cf.,
e.g., [1,4–6,8,9,11,12,14,15,17,18,20–25,28,29]). Formal methods are men-
tioned as highly recommended practices for SIL 3–4 platforms [10,14] by the
CENELEC EN 50128 standard for the development of software for railway con-
trol and protection systems. The extensive survey on applications of formal meth-
ods by Woodcock et al. [30], which includes a structured questionnaire submitted
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to the participants of 56 projects, also identified the transport domain, including
railways, as the one in which the largest number of projects including applica-
tions of formal methods has been performed. Relevant examples are the usage
of the B method for developing railway signalling systems in France, like, e.g.,
Line 14 of the Paris Métro and the driverless Paris–Roissy Airport shuttle [1].
Another is the usage of Simulink/Stateflow for formal model-based development,
code generation, model-based testing, and abstract interpretation in the devel-
opment of the Metrô Rio ATP system [12]. Many projects have been also carried
out, often in collaboration with national railway companies, for the verification
of interlocking systems [7,16,18,27–29].

Also the EU’s Shift2Rail initiative1 considers formal methods to be funda-
mental to the provision of safe and reliable technological advances to increase
the competitiveness of the railway industry. In particular, a specific call was
issued asking for an analysis of the suitability of formal methods in support-
ing the transition to the next generation of ERTMS/ETCS signalling systems,
which will include satellite-based train positioning, moving block distancing, and
automatic driving. The Horizon 2020 Shift2Rail-RIA-777561 project ASTRail2

(SAtellite-based Signalling and Automation SysTems on Railways along with
Formal Method and Moving Block Validation) responds to this call. As part-
ners of this project, we are involved in a specific work package (WP) of the
ASTRail project, focussing on the contribution of formal methods to address
this challenging transition; this WP operates in the following two phases:

1. An analysis phase dedicated to a comparison and evaluation of the main
formal methods and tools that are currently being used in the railway industry
to guarantee that software bugs do not jeopardise safety;

2. An application phase in which selected formal methods are used to model
and analyse two main goals addressed by the project, namely moving block
distancing and automatic driving, in order to validate that the methods are
not only able to guarantee safety issues, but also—more in general—the long
term reliability and availability of the software.

This paper reports on the first phase. It illustrates the results from a survey
based on 114 publications and 8 projects, and a questionnaire filled in by 44
practitioners. Based on the results of the survey, a set of 14 formal tools have
been analysed according to a set of functional, language-related, and quality
features. Given the extensive amount of work, this paper only summarises the
results. The interested reader can refer to our public deliverable [13] for further
insights.

The remainder of the paper is structured as follows. In Sect. 2, an overview of
the approach is provided. In Sects. 3–5, the results of a literature review, projects
review, and questionnaire are presented. In Sect. 6, the tools review is presented.
Section 7 provides final remarks.

1 shift2rail.org.
2 astrail.eu.

http://shift2rail.org/
http://astrail.eu/
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2 Context: Formal Methods and Tools in ASTRail

In this section, we briefly describe the context of our paper, namely the ASTRail
project and its specific concern for formal methods and tools.

2.1 ASTRail Objectives

ASTRail is one of the Shift2Rail initiatives to increase the competitiveness
of the European railway industry, in particular concerning the transition to
the next generation of ERTMS/ETCS signalling systems, which will include
satellite-based train positioning, moving block distancing, and automatic driv-
ing. ASTRail aims to introduce recent scientific results and methodologies as well
as cutting-edge technologies from other transport sectors, in particular avionics
and automotive, in the railway sector, leveraging on formal methods and tools
for careful analyses of the resulting novel applications and solutions in terms of
safety and performance.

One of the main focuses of ASTRail concerns the usage of the global naviga-
tion satellite system (GNSS) [26] for onboard train localisation. While satellite-
based positioning systems have been in use for quite some time now in the
avionics and automotive sectors to provide accurate positioning and distanc-
ing, the current train separation system is still based on fixed blocks (a block
is the section of the track between two fixed points), implemented by specific
equipment along the lines. One of ASTRail’s aims is to define a moving block sig-
nalling [2] (according to which a safe zone around the moving train can be com-
puted, thus optimising the line’s exploitation) and to perform its hazard analysis.
For this solution to work, it requires the precise absolute location, speed, and
direction of each train, to be determined by a combination of sensors: active and
passive markers along the track, as well as train-borne speedometers. One of the
current challenges in the railway sector is to make such moving block signalling
systems as effective and precise as possible, leveraging on an integrated solution
for signal outages (think, e.g., of tunnels) and the problem of multipaths [26]. A
related aim of the project is to study the possibility of deploying the resulting
precise and reliable train localisation to improve automatic driving technologies
in the railway sector.

2.2 Formal Methods and Tools in ASTRail

WP4 of the ASTRail project—discussed in this paper—aims to identify, on the
basis of an analysis of the state of the art, of the past experiences of the involved
partners and on work done in previous projects, the candidate set of formal
and semi-formal techniques that appear as the most adequate to be used in the
different phases of the conception, design, and development of railway systems in
general, and of the class of signalling systems that is the subject of the ASTRail
project in particular. In the following, when we will use the general term formal
method, we will implicitly include also semi-formal methods, i.e., those methods
that use languages for which the semantics is not formally defined but depends
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Fig. 1. Overview of the approach adopted in the analysis phase of WP4

on its execution engine. Furthermore, given that in practice a formal method
always needs a support tool to be practically applicable, we will use the terms
formal methods and formal tools interchangeably.

Figure 1 presents the overall approach applied in the context of this analysis
phase. To address the goal of identifying the most mature formal/semi-formal
languages and tools to be applied for the development of railway systems, we
first performed a benchmarking task, by gathering information from three differ-
ent sources: Scientific Literature, information from other Projects, and Railway
Practitioners. Information from these sources were gathered through a System-
atic Literature Review (SLR), a Projects Review and a Survey submitted to
practitioners in the form of a questionnaire. The information was used to iden-
tify a set of main formal and semi-formal tools that appear to have been used
in the railway domain (Relevant Tools in Fig. 1). Specifically, scientific literature
was used as a primary source, since it provides more extensive information for
guidance in the selection of relevant formal methods, while other projects and
railway practitioners were used as sources to complement the information from
the literature review. Furthermore, Evaluation Criteria for the different tools
were defined based on collaboration between academic and industrial partners.
These were applied to carefully evaluate the selected tools in a Tools Review.

The SLR produced a Paper Analysis Matrix (included as Annex 1 in our
deliverable [13]), which may support the identification of the possible tools to
be used depending on the specific railway system to be developed, and depend-
ing on the life-cycle phase to address. Furthermore, a Tool Evaluation Matrix
(Annex 2) was defined for the different tools based on the tools review, and a
Tool Evaluation Report (Annex 3), which provides details about the evaluated
tools. The Tool Evaluation Matrix aims to support the selection of a formal
or semi-formal tool for the railway problem at hand, based on specific prefer-
ences selected by the user of the matrix, concerning different evaluation criteria
(e.g., functionalities supported by the tool, flexibility, usability) and guided by
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the information from the Paper Analysis Matrix. The Tool Evaluation Report
provides details to perform a more informed selection.

3 Literature Review on Formal Methods in Railways

The primary goal of the systematic literature review (SLR) was to identify the
most mature formal and semi-formal methods to be applied in railway devel-
opment. The SLR was conducted based on the guidelines of Kitchenham [19].
Performing a SLR requires to define a search string (e.g., “formal methods” and
“railways”) to automatically retrieve scientific papers from search engines, such
as Scopus and SpringerLink, and to extract the data of interests from the rele-
vant papers. The complete report of the SLR, including search string and data
analysis procedures, can be found in the project’s deliverable. Here, we present
the most relevant results.

The search was conducted on the 7th of December, 2017, while the analysis
and data extraction were performed during the following months. From the initial
search, and a first analysis of the abstracts of the papers, we identified a set
of 411 potentially relevant papers to use for data extraction. Given the large
amount of literature, and given that the focus of ASTRail is not on interlocking
systems, we decided to focus solely on studies that do not deal exclusively with
interlocking (hence, 124 papers focussing mainly on interlocking were excluded
from our analysis). We manually analysed 294 papers to check their quality and
to identify shorter versions of other papers in the set. We excluded 180 studies of
low quality, according to our quality checklist, or which turned out to be shorter
versions of other papers from the set. In the end, a set of 114 papers was used
for data extraction. Therefore, in the following, we report on the data extracted
from 114 high-quality, and non-interlocking studies.

When appropriate, the statistics in the following sections will distinguish
between the total number of papers considered in the review, and the papers that
had either an industrial evaluation, or that led to actually developed products.
These papers, identified as IND/DEV in the statistics, were considered more
important, since they show evidence of industrial maturity of a certain method
or tool.

3.1 Languages from the Literature Review

Figure 2 reports the results in terms of number of papers that use certain semi-
formal and formal languages. The list of languages is extensive, and, in the
statistics, we do not report on languages that appeared in only one non-industrial
paper. The most used input language, according to the analysed papers, is UML.
This is a semi-formal language, which is often used in the early phases of system
design, and it is typically translated into a formal language, like, e.g., the B lan-
guage, in the considered studies. State Machines or Statecharts, in their different
dialects, such as Simulink/Stateflow, are also frequently used. Also more formal
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Fig. 2. Languages cited in the literature

languages, like Timed Automata, Petri Nets, CSP and Promela occur in a non-
negligible amount of papers. However, these formal languages are mainly used
in academic papers, while few industrial papers use them. Indeed, industrial
papers tend to privilege State Machines, UML and B/Event B, or the SCADE
language. It is also worth noticing that some industrial papers use several spe-
cific modelling languages, e.g. DSTM4Rail, that are used only in the context of
the paper, but not in purely academic papers.

3.2 Tools from the Literature Review

Figure 3 reports the results in terms of number of papers that use a certain
support tool. The list of tools mentioned in these papers is extremely extensive
and each paper uses a different combination of methods and tools. Therefore,
in the statistics we consider solely those tools for which there are at least two
papers using the tool. The most used tools are those that belong to the B family:
by summing up the contributions of Atelier B and ProB, we have 13 papers using
these tools (Rodin is normally used in combination with Atelier B or ProB). By
summing up the contribution of the two tools, they also dominate in industrial
studies. These B method tools are followed by Simulink, UPPAAL, NuSMV,
SPIN and other tools. We do not report the complete list of identified tools,
since this is particularly long, and because here we are interested in identifying
the most used tools for industrial studies in railways.

Interestingly, tools such as UPPAAL and SPIN, which appear frequently in
the papers, are less frequent in industrial papers, in which, besides Atelier B, we
see a greater usage of NuSMV, Simulink, Statemate and SCADE. We also see
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Fig. 3. Tools cited in the literature (tools marked with ∗ support semi-formal modelling
only, and do not have formal verification capabilities).

that, among the industrial papers, NuSMV appears to be more frequently used
than other tools, such as, e.g., Simulink, which is inherently more industry ori-
ented. We argue that this may be related to the particular capability of NuSMV
to deal with the formal verification of large, realistic systems. Simulink is more
oriented to modelling and simulation, and its formal verification tool, Simulink
Design Verifier, although used in industrial works, has been rarely used for for-
mal verification of large systems, but more of sub-components [12]. It should be
noted, however, that in the inspected industrial papers, modelling and formal
verification with NuSMV was not performed by railway practitioners, but by
formal methods experts [9]. This suggests that the usage of state-of-the-art for-
mal verification in industry still requires the support of formal methods experts
to be actually effective in practice.

Overall, we notice that there is a large fragmentation of the papers in terms
of used tools, and even the most used tools appear in no more than eight papers.
This indicates that in the literature there is no clear, indisputable evidence or
direction about which tools to employ in railway system development, and many
tools may be adequate for the same purpose.
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3.3 Maturity of Formal Methods for Railways

To identify the most mature tools, we consider the papers that are marked
as IND/DEV, which indicate studies with industrial participation. We recall
that the answer to this question is given for the railway context, and
for non-interlocking systems. If we consider solely the tools and languages
used in industrial papers, the most mature languages appear to be State
Machines/Statecharts, UML and B/Event B. The literature shows an accept-
able amount of evidence in this sense, with more than five industrial scientific
publications for each language. Furthermore, non-industrial works also confirm
the dominance of these languages. Less evidence is available for tools. If we
arguably consider a tool to be industrially mature if it is used in at least two
industrial studies, then the tools that can be considered mature are: Simulink,
NuSMV, Atelier B, Prover, ProB, SCADE, IBM Rational Software Architect,
Polyspace, and S3. Statemate also appears to be mature, but there is no recent
work using the tool, and the tool appears not to be maintained anymore by IBM.
A similar situation occurs for VIS, which does not appear to be used in recent
publications, and does not appear to be currently maintained.

As mentioned, these considerations on tools are based on fragmented evi-
dence from the literature, and no empirically grounded answer can be given on
the most appropriate tools to employ for railway software development. How-
ever, in the context of ASTRail, this information was considered sufficient to
be used as first guidance for selecting relevant tools to be evaluated during the
tool review. It should also be noticed that these conclusions are applicable solely
based on the published evidence, and do not take into account possible experi-
ence performed in industry with formal tools, if they do not have an associated
scientific publication. To have an insight on tools that may be neglected by the
literature, we complement the SLR with a Projects Review and a Survey with
railway practitioners, which are presented in the following sections.

4 Projects on Formal Methods and Railways

The projects review has been based on the identification of projects from the
last twenty years that have addressed the use of formal methods and tools
in railway applications. The list of projects was identified based on pointers
from the papers analysed in the SLR, and based on the knowledge of the
authors. The available documentation for each project, like papers and web
pages, has been examined in order to list the formal methods used. We found
14 projects which, starting from 1998 to this day, have addressed the use of for-
mal methods and tools in railway applications. Among those projects, only 8
are not dealing solely with interlocking-related applications, namely: CRYS-
TAL, Deploy, DITTO, EuRailCheck, MBAT, OpenCOSS, OpenETCS-ITEA2,
and PERFECT.

Figure 4 shows the adopted modelling languages, while Fig. 5 shows the tools
used. The two figures substantially confirm the information extracted by the
SLR, with a prominence of the “B eco-system”, but otherwise confirming the
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Fig. 4. Languages used in the projects

Fig. 5. Tools used in the projects

industrial preference to UML/SySML as modelling languages, followed by dif-
ferent state machine-based languages, and the importance of a commercial tool
such as SCADE, emerging from a number of academic tools, mostly dedicated
to formal verification.

5 Survey with Practitioners

For the non-trivial task of obtaining a significant amount of data from industrial
stakeholders, a survey was carried out by means of a structured questionnaire,
submitted to the participants of the RSSRail’17 conference3, which is normally
attended by academics and practitioners interested in applying formal methods
in railways, and as such a promising source for a population sample that might
be able to provide a well-informed judgment. We have reported and discussed
the detailed results from the questionnaire in a recent paper [3]. Here, we report
the ones that are more relevant in the context of this paper.

3 http://conferences.ncl.ac.uk/rssrail/.

http://conferences.ncl.ac.uk/rssrail/
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One of the goals of the questionnaire was to identify the current uptake of
formal and semi-formal methods and tools in the railway sector according to
the experience of practitioners. The first part of the questionnaire was dedicated
to identify the respondents in terms of affiliation and experience in railways
and in using formal/semi-formal methods and tools. The 44 respondents are
balanced between academics (50%) and practitioners (50%, of which 47.7% from
railway companies and 2.3% from aerospace and defense). A large percentage of
respondents had several years of experience in railways (68% more than 3 years
and 39% more than 10 years) and in formal methods (75% more than 3 years,
52% more than 10 years), which confirms that the sample provides informed
opinions on the proposed questions.

Tools. Among the various questions, the respondents were also asked to list the
tools used in the context of their projects. We believe it is interesting to separate
the results of industrial respondents from those of academics. In Fig. 6, we can see
that the large majority of industrial and academic respondents mentioned tools
belonging to the B method family (e.g. B, ProB, Atelier B, Event B, RODIN).
Actually, there are only slightly more industrial users than academic users in
our sample, but we recall that the academic users were asked to report on their
collaborative projects with industry. Other methods and tools mentioned by
both groups are the Matlab toolsuite, including Simulink and Stateflow, SCADE,
Petri nets/CPN tools and Monte Carlo Simulation: the overlap between tools
used in industry and in academia is actually limited to these five. Industrial

Fig. 6. Tools cited in the questionnaire (from [3])
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users named a few other tools as well, whereas a large list of other tools has
been named by academics, with popular model checkers like NuSMV and SPIN
leading this list. An interpretation of this can be that a frequent pattern of
collaboration between academia and industry includes the academic support in
adopting advanced formal verification techniques inside a collaborative project.

Quality Aspects. Figure 7 reports the most relevant quality aspects that a tool
should have to be applied in railways. The maturity of the tool (stability and
industry readiness) is considered to be among the most relevant quality aspects
by 75% of the respondents, followed by learnability by a railway software devel-
oper (45.5%), quality of documentation (43.2%), and ease of integration in the
CENELEC process (36.4%). Overall, the most relevant quality aspects are asso-
ciated with the usability of the tool. Less relevant are deployment aspects, such
as platforms supported (9.1%) and flexible license management (11.4%). Inter-
estingly, also the low cost of the tool (13.6%) appears to be a not so relevant
feature. This is a reasonable finding. Indeed, the development and certification
cost of railway products is high and, hence, if a company expects to reduce these
costs through a formal tool, it can certainly tolerate the investment on the tool.

Fig. 7. The most relevant quality aspects a (semi-)formal tool should have (from [3])

6 Tools Review

The main goals of the SLR was to identify the most mature formal and semi-
formal methods to be applied in railways. From the analysis of the papers, we
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derived the following list: Simulink, NuSMV/nuXmv (latest version of NuSMV),
Atelier B, Prover, ProB, SCADE, IBM Rational Software Architect, Polyspace,
and S3. From this list, we discarded IBM Rational Software Architect because it
is just a design tool that does not allow any kind of formal verification, Polyspace
because it is a static analysis tool that does not support any kind of behavioural
verification, and Prover as well as S3 because of difficulties in finding sufficient
documentation and inability to access a demo version within the time allocated
to this project task. Thus, the subset of tools that have been selected for a fur-
ther, more specific evaluation are Simulink, NuSMV/nuXmv, Atelier B, ProB,
and SCADE. Furthermore, the results of the Survey with Practitioners indi-
cate two additional tools sometimes used in railway-related industrial projects,
namely SPIN and CPN Tools. Therefore, these tools have been also selected for
further specific evaluation. Additionally, we are aware of other relevant tools and
frameworks used in industrial projects, even if not widely used within the railway
sector so far. Without the ambition to make an exhaustive coverage, and with-
out any negative bias towards unselected tools, we wanted to experiment with a
spectrum of tools and verification techniques (e.g. Logical approaches, Process
Algebras, Statistical approaches) wider than that of the mainstream approaches.
Therefore, we have decided to extend our specific evaluations adding to our list
UPPAAL, FDR4, CADP, mCRL2, SAL, and TLA+. Finally, we have also taken
into consideration one more tool, namely UMC, which—even if lacking a solid
background in terms of industrial usage—has the uncommon feature of allow-
ing a direct verification of UML-based models. We recall that, according to the
SLR, UML is the most common semi-formal language used for the high-level
specification of railway systems. Hence, the final list of 14 tools or frameworks
selected for a deeper evaluation is as follows:

Simulink, nuXmv, Atelier B, ProB, SCADE, SPIN, CPN Tools, UPPAAL,
FDR4, CADP, mCRL2, SAL, TLA+, and UMC.

Each of these tools, with the exception of SCADE4, has been downloaded,
installed, and experimented with the design and verification of simple railway-
related cases studies. Part of the results were published in recent works [2,22].
The corresponding available tool documentation has been analysed with the
depth allowed by the project timeline. To evaluate the tools, a set of 34 evalua-
tion features was considered, including functional features (e.g., formal verifica-
tion, code generation), language-related aspects (e.g., support for concurrency,
non-determinism), and the quality aspects also considered in the questionnaire
(e.g., maturity, ease of use). The complete list of features is reported in the
deliverable [13].

4 In the case of SCADE, due to licensing issues, it was not possible to gain a hands-on
experience within the limited timespan of the project. Hence, our evaluation is based
on the analysis of the available official tool documentation and presentations, and
on the experiences reported in students’ assignments at the University of Florence,
carried out under the ANSYS SCADE Academic Program.
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6.1 Results and Discussion

The tools review produced two main reference documents. A Tool Evaluation
Report, in which for each feature a qualitative evaluation is given, together with
the motivation for the assigned evaluation, and a Tool Evaluation Matrix, which
summarises the evaluation for the tools. An excerpt of the matrix focussing on
quality aspects is presented in Fig. 8 (the matrix is reported in its entirety in
our deliverable). Overall, the majority of tools offer formal modelling and verifi-
cation through model checking, and they generally offer simulation in textual or
graphical form. Less frequent are features such as code generation, model-based
testing, and traceability. With few exceptions, such as SCADE and Simulink,
graphical user interfaces (GUIs) for these different tools are rather limited. Fur-
thermore, in terms of learnability, the tools mainly require medium to advanced
competences in formal methods, and, in the majority of the cases, require the
support of an expert to be successfully used. This is in contrast with the demands
of practitioners (Fig. 7), who primarily require tools that are easy to learn. It is
also worth noticing that only SCADE is fully certified according to CENELEC.

Fig. 8. Tool Evaluation Matrix (Excerpt)

7 Conclusion

The current paper reports ongoing results from WP4 of the ASTRail project.
We presented a number of activities aimed at supporting the identification of
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the most suitable formal and semi-formal methods to be used for railway system
development. Specifically, a SLR was conducted to categorise 114 scientific pub-
lications on formal methods and railways according to features such as the type
of system and the phase of the development process addressed by the experi-
ence considered in the publication. The SLR was complemented with a projects
review and a survey with practitioners, to identify the most mature formal and
semi-formal methods and tools to be used in a railway context. This analysis
has shown a dominance of the UML modelling language for high-level represen-
tation of system models, and a large variety of formal tools being used, with
a dominance of the tools from the B family (ProB and Atelier B), followed by
several other tools, including Simulink, NuSMV/nuXmv, Prover, SCADE, IBM
Rational Software Architect, Polyspace, S3, SPIN, CPN Tools, etc. The projects
review and the survey with practitioners confirmed this scattered landscape. As
part of a tools review, tools supporting both modelling and formal verification
were considered for accurate experimentation and evaluation. A set of 14 tools,
considered to be the most promising, was carefully reviewed by means of a sys-
tematic evaluation based on a set of 34 evaluation features. The final product
of these activities is a set of informative documents to support the ranking and
selection of formal and semi-formal methods for railways, based on (a) the infor-
mation retrieved from the literature, summarised in a Paper Analysis Matrix,
(b) the information available from the tools evaluation, and (c) the Tool Eval-
uation Matrix, which allows practitioners to perform a fine-grained selection of
the most appropriate formal methods and tools, suitable to their specific needs.

Based on the results presented in this paper, we are currently conducting the
application phase of the project. In this phase, we first model the moving block
distancing principles by means of 8 formal tools, namely Simulink, SCADE,
NuSMV/nuXmv, SPIN, Atelier B, ProB, UPPAAL and UMC, selected based
on the previous results. We then perform a usability evaluation of the tools
together with railway practitioners. Finally, we further assess the applicability
of the tools, involving our industrial partners in the modelling of automated
driving principles.
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