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Abstract. This paper offers a retrospective on collaborative projects
that involved Alessandro Fantechi and the authors over the past two
decades, from the shared perspective of the Formal Methods and Tools
(FMT) lab of the Italian National Research Council (CNR) and for-
mer collaborators at General Electric (GE) Transportation and Alstom.
The focus is on research and technology transfer efforts in the field of
formal methods for railway systems, where Alessandro Fantechi’s con-
tributions have been central to the development and application of for-
mal specification, model-based verification, and tool-supported analysis.
Joint work in projects such as ASTRail, 4SECURail, and TRACE-IT,
as well as in industrial collaborations with Alstom and GE Transporta-
tion Systems illustrates the sustained impact of these activities on both
academic research and industrial practice. This contribution reflects on
the evolution of these efforts, the formal methods adopted, and the out-
comes achieved in terms of methodologies, tools, and integration into
safety-critical development processes. It also highlights the collaborative
environment fostered across institutions and organizations, which has
been instrumental in advancing the use of formal methods in the railway
domain.
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1 Introduction

Alessandro Fantechi is well recognized as one of the foremost experts on the
application of formal methods (FMs) and tools to railway systems [31,51-53,
55]. He is the most cited researcher in Scopus when searching for publications
on “formal method” and “railway”. He is member of the steering committee of
the dedicated conference series RSSRail on Reliability, Safety, and Security of
Railway Systems: Modelling, Analysis, Verification, and Certification.

Alessandro is an authority in the field of FMs [40] and member of the board of
the ERCIM Working Group on Formal Methods for Industrial Critical Systems
(FMICS), which organises a dedicated annual conference for three decades now.!

Alessandro’s involvement in the railway industry is also witnessed by the
numerous collaborations he has had with the main companies in this sector, such
as Ansaldo Ferroviaria, Alstom Ferroviaria, General Electric (GE) Transporta-
tion Systems, SIRTI s.p.a., and others. Alessandro Fantechi is also a member of
the Strategic Technological Steering Committee (STSC) of DITECFER, S.c.ar.l
(an acronym for “District for Railway Technologies, High Speed, Network, Safety
& Security”), whose objective is to promote collaboration, innovation, research
and development among its members to make them more competitive and sup-
port integrated internationalization in foreign markets.

Arguably the first applications of FMs and tools to railway designs in which
Alessandro was involved concern two exemplary cases. In both cases, a CCS
dialect is used to model the example, ACTL—an action-based extension of
CTL [48,49]—is used to specify the logical properties to be verified, and EMC—
the first model checker developed by E.M. Clarke et al. [43,44]—is used to per-
form the formal verification. In [46], a road crossing a railway is modeled and
both safety (“it never happens that both a car and a train are able to cross”) and
liveness (“whenever a train (a car) approaches, it eventually crosses”) properties
are model checked. In [47], a circular railway, divided into six track sections,
with two trains is modeled and the property “it never happens that both trains
are running on the same track section” is model checked.

In the context of industrial collaborations, which have characterized Alessan-
dro’s career, one of his first experiences of applying FMs and tools to railway
systems concerns the formal verification of a computer-based interlocking sys-
tem provided by the Italian railway company Amnsaldo Trasporti. The system
was modeled in CCS and a number of safety properties expressed in ACTL were
verified using the ACTL model checker AMC developed at CNR [6,36]. This
experience was followed a few years later by related experiences on the specifi-
cation and validation of fault-tolerance mechanisms for safety-critical systems,
among which a railway interlocking system, inside the EU project GUARDS [35],
and by a number of other national and international projects dedicated to the
railway domain, discussed in more detail in the remainder of this paper.

! https://fmics.inria.fr/.
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Outline In Sect. 2, we discuss some of Alessandro Fantechi’s aforementioned col-
laborations with the Railway industry. In Sect. 3, we describe the regional project
TRACE-IT. In Sects.4 and 5, we describe the EU H2020 projects ASTRail
and 4SECURail, financed under the Shift2Rail initiative. In Sect. 6, we describe
the regional project STINGRAY. In Sect. 7, we describe the NextGenerationEU
project MOST (National Center for Sustainable Mobility), Spoke 4: Rail Trans-
portation, financed under the Italian National Recovery and Resilience Plan
(PNRR). Section 8 provides a summary of contributions and lessons learned,
while Sect. 9 concludes the paper.

2 GE and Alstom Collaborations

Alessandro Fantechi has collaborated extensively with railway signaling manu-
facturers, including General Electric (GE) Transportation Systems and Alstom
Ferroviaria (now part of Alstom), on projects involving FMs, model-based devel-
opment, and requirements analysis in safety-critical railway systems. These col-
laborations span interlocking systems, automatic train protection (ATP) sys-
tems, and the detection of defects in requirements documents. The projects
emphasize the adoption of formal modeling and verification techniques, such as
SDL (Specification and Description Language), Statecharts, model-based test-
ing, abstract interpretation, and natural language processing (NLP) for require-
ments quality assurance.

Early work with industry explored modeling choices for complex interlock-
ings, contrasting “geographical” vs. “functional” Statechart decomposition and its
impact on understandability and reuse [10]. In parallel, a component-oriented
SDL specification—explicitly based on an interlocking model from GE—was
validated using MSC-driven techniques and coverage criteria [9]. A companion
experience report describes the overall adoption path of FMs in a signaling man-
ufacturer, detailing drivers like European standards and process constraints [§].
Foundational background on distributed interlocking modeling and the role of
FMs is reported in [11]. A broader experience report in [8] detailed the adoption
of FMs at GE, including SDL-based modeling of interlocking systems. External
factors like European regulations (e.g., EN 50128) and university collaborations
drove the choice of notations and tools, leading to internal acceptance.

A later collaboration with GE’s Safety & Validation group engineered a
model-extraction pipeline from delivered interlocking logic: the extracted model
is (1) executed against planned test suites to accelerate fault finding and reduce
target testing cost, and (2) formally verified with an iterative process combining
slicing and CEGAR-like refinement to tame complexity [38]. A short, practice-
oriented precursor shows how exercising the extracted model enables order-of-
magnitude faster feedback than on-target tests [37].

The Metro Rio ATP case study in [61] applied Simulink/Stateflow for on-
board equipment development. A two-phase verification approach (model-based
testing and abstract interpretation) ensured functional correctness and runtime
error freedom, with formal verification as a side activity. Results showed reduced
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bugs and verification costs. Reference [62] reported restructuring unit-level ver-
ification at GE from code-based to model-based testing plus abstract interpre-
tation, achieving 70% cost reduction and improved bug detection on two case
studies. Complementing this, a set of guidelines codified modeling rules aimed
at qualified code generation in the railway domain, explicitly contextualized at
GE and their ATP products [57]. In [58], lessons from adopting formal model-
based design at GE were reviewed. Challenges included defining a safe subset
of Simulink/Stateflow, ensuring code-model conformance via back-to-back test-
ing, and integrating with EN 50128 processes. Incremental refinements across
projects enhanced safety and cost-effectiveness. A final magazine publication
summarizing all these experiences was published in IEEE Software [59].

Recent work addressed requirements quality in the railway domain using NLP
techniques. With Rosadini et al. [72] and Ferrari et al. [60], Fantechi applied
NLP patterns with the GATE tool to detect defects in 1866 requirements from a
railway signaling manufacturer (likely GE/Alstom context). Patterns identified
vagueness, optionality, and other issues, complemented by the SREE tool for
ambiguity detection. The study highlighted discrepancies between manual and
NLP-based analysis, suggesting hybrid approaches for industrial use. Although
not strictly FM studies, these works focus on preparatory activities in require-
ments, which are needed for later translation into formal logic expression, an
area that is seeing an increasing interest thanks to recent developments in Large
Language Models (LLMs) [66].

Across two decades, these collaborations demonstrate how FMs and model-
based techniques were concretely embedded in industrial practice:

— For interlockings, the pathway led from exploratory modeling choices and
SDL validation with GE artefacts [9,10] to scalable validation processes that
extract models from logic and leverage testing and model checking [37,38].

— For ATPs, the emphasis was on process integration: safe modeling subsets,
evidence of model-code conformance, and certification-friendly workflows [57,
58], supported by a published product case [61].

— For requirements, the Alstom collaboration shows the feasibility and limits
of NLP-based defect detection at scale, and how results feed back into both
tools and company practices [60].

3 TRACE-IT

TRACE-IT (Train Control Enhancement via Information Technology) was a 4-
year project started in 2011, funded by the Tuscany Region. It was coordinated
by ECM (now Caterpillar) with the participation of CNR and the University of
Florence. The project’s objective was the development of an ATP system and an
Automatic Train Control (ATC) system based on ERTMS/ETCS levels 2 and 3,
and an innovative Communication Based Train Control System (CBTC).

The involvement of CNR-ISTI in the project centered around the develop-
ment of a demonstrator of the ATC system integrating the ECM components
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with a custom Automatic Train Supervision (ARS) system based on a specific
railway layout selected as case study (cf. Fig. 1).
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Fig. 1. The railway layout user for the case study (from [71]).

The case study used for the demonstrator was supposed to model a CBTC-
based metro system, in which 8 trains have the mission to safely and continuously
loop in the system. The developed ATS system was not concerned with modeling
specific timetables at the various stations, but focused on the more challenging
problem of defining a strategy for avoiding deadlocks in the system and on
formally proving its correctness [70]. The formal proof was achieved by modeling
the layout and the strategy with the UMC tool, and using the UMC on-the-fly
model-checking features to prove the absence of (partial) deadlocks (i.e., it never
happens that a train is no longer able to continue its mission).

The strict collaboration between academia and the industrial partner has
been very productive for increasing the awareness of CNR-ISTI concerning
railway-related topics, and for increasing the awareness of the industrial partner
towards advanced methods of system modeling, analysis and verification.

From the point of view of CNR-ISTI, the selected case study has been the
starting point for further studies on formal methods diversity. After the project,
in fact, at CNR-ISTI, we performed the experiment of modeling and verify-
ing the same TRACE-IT case study using nine other different formal methods
approaches [68,69] (SPIN, NuSMV, mCRL2, CPN, FDR4, CADP, TLA+, ProB,
and UPPAAL). This complex experiment has been useful for better understand-
ing the position of our UMC tool in the context of the state of the art of formal
modeling and verification, and for gaining valuable knowledge of the advantages
and difficulties of the various frameworks. This acquired knowledge proved to be
very useful in enriching the CNR’s participation in other projects.

The TRACE-IT project also produced other outputs focused on CBTC.
Specifically, in [65], a global model for CBTC systems was developed by com-
bining semi-formal modeling with product line engineering, based on a com-
prehensive market analysis. The methodology enabled the derivation of novel
CBTC products and system requirements for individual components. Scenario-
based requirements elicitation, supported by rapid prototyping, was employed,
with requirements written in constrained natural language (CNL) and evaluated
using NLP techniques to enhance quality. The approach aimed toward formal
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requirements representation and was applied to derive a novel CBTC architec-
ture and a prototype tool showcased in collaboration with ECM, the company
involved in the project, demonstrating practical implementation.

4 ASTRail

ASTRail (SAtellite-based Signalling and Automation SysTems on Railways
along with Formal Method and Moving Block validation) [74] was a 2-year
project funded by the European Union under the Shift2Rail initiative, started in
2017 and coordinated by ISMB, with the participation of SIRTT S.p.A., Ardanuy
Ingenieria, ENAC, UNIFE, and CNR-ISTI. The involvement of CNR-ISTI cen-
tered on review and assessment of the main formal modeling and verification
languages and tools used in the railway domain, with the aim of evaluating the
actual applicability of the most promising ones to a moving block signaling sys-
tem model provided by an industrial partner. This has been achieved in four
steps:

1. A survey on the state of art on the use of FMs in Railways;

2. Experimentations of an extensive set of FM tools and systematic evaluation;
3. A trial application of a moving block system with a short list of tools;

4. A final validation of the designs of the moving block and the ATO system.

The first two steps involved a detailed study of the state-of-the-art, by scru-
tinizing the existing literature, performing surveys, observing recent projects,
and carrying out a set of experimentations with a list of 14 candidate methods
and tools to get first-hand experience concerning their usability, availability and
efficacy (cf. Fig.2). These studies have been published in [7,28,56,63,64].

The last two steps have been performed by developing and modeling the
system requirements starting from descriptions in the form of UML statecharts.
A short list of frameworks (Simulink, UMC, and ProB) has been used to get a
feeling of three different kinds of approaches: fully industrial (Simulink), exper-
imental academic (UMC), and mature academic (ProB). The moving block sys-
tem was also formalized and analyzed using UPPAAL and the original Simulink
design, and the results have been published in [12,15,16].

The result of the survey and classification of the state-of-the-art in the appli-
cation of FMs in the railway sector has been very successful and has been cited
and referred to by many studies on the use of FMs.

The first-hand modeling with the final three selected frameworks has
allowed us to experience directly the actual importance of standard (framework-
independent) notations like UML, and the importance of simulation and anima-
tion, at different levels of abstraction, to achieve a deep understanding of the
system behavior. The formal verification of the systems has proved useful to get
a more complete picture of the system under development, but at a much higher
cost and requiring particularly well-trained personnel.

As the modeled systems are just academic case studies and not parts of any
real industrial product, the impact of the formal experimentation on the actual
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software development process of the industrial partner has not gone beyond an
increased awareness of the potentialities of FMs.

5 4SECURail

4SECURail (Formal methods and CSIRT for the railway sector) [4,73] was a
2-year project funded by the European Union under the Shift2Rail initiative,
started in 2019 and coordinated by Ardanuy Ingegneria S.A. The project had
two completely independent objectives, involving different and non-interacting
teams. A first activity, led by Hit Rail B.V. with the collaboration of UIC and
Tree Technology, was targeted at the design and delivery of a prototype of “Com-
puter Security Incident Response Team” (CSIRT). A second activity, led by
CNR-ISTI with the collaboration of SIRTI (later MerMec STE) and Fit Con-
sulting, had as objective the setup of a FMs Demonstrator for the evaluation,
in terms of costs, benefits and required learning curve, of the impact of the
use of FMs for the rigorous specification of the components of railway signaling
infrastructures.

At the European level, the importance of a set of rigorous railway standards
like UNISIG, ERTMS, and EULYNX to guide the development of a common
european railway infrastructure is well recognized. Railway standards are how-
ever written in natural language, often with the support of UML-like statechart
images to highlight the main state transition concepts of the protocols, and this
leaves spaces to potential ambiguities, incompleteness, and inconsistencies. It is
therefore of high interest to evaluate how the introduction of FMs might be of
help in the strengthening of the standards, and at what cost.

It is important to observe that the focus of CNR’s activity, in which Alessan-
dro Fantechi was involved, was the evaluation of the introduction of FMs from
the point of view of the infrastructure managers, interested in the definition of
high-quality standards, and only secondarily to the point of view of the sys-
tem providers, potentially interested in the rigorous development of commercial
products conforming to the standards or, more specifically, conforming to some
custom developed system requirements specification.

In more detail, the “FMs Demonstrator” activity started with the definition
of the tools and methodologies to be used, as described in [1,14]. UML/SysML
was selected as the starting point notation for the construction of an operational
model of the system under specification. Indeed UML fragments often appear
inside the standard documents, and UML has been often used as a starting point
for formal analysis [14,41,45,50,67]. For this reason, UML/SYSML may play the
role of a bridge between for the formal and industrial world.

The tool UMC? was selected for initial fast prototyping of the systems and for
their formal analysis. UMC is an open-access, open-source, UML-based model
checker developed at CNR-ISTI that had already been used in other railway
related projects. The developed UML models were translated also in the formal

2 http://fmt.isti.cnr.it /kandisti/.
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Fig. 2. The ASTRail tool evaluation table (from [7]).
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notations used by ProB and CADP/LNT to achieve a more complete and mature
analysis of the systems. A partial effort has also been made on the use of the same
UML models as a starting point for an industrial model-based framework (Sparx
EA) to experiment a possible point of view from the developer side [2,25,26].

The overall impact of the formal modeling approach confirmed (cf. [2,3])
the actual usefulness of FMs for the identification of inconsistencies, missing
points, and ambiguities in initial natural language requirements, has allowed
to gain deeper insights on the intended system evolutions, and has allowed the
generation or more robust specification documents [33] (cf. Fig. 3).
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Fig. 3. The 4SECURail formal modelling process (from [4]).

The cost/benefit analysis [5,32] provided a rare insight on the economic
impact of the introduction of FMs in the process of system requirements defini-
tion, both in terms of investments (CAPEX) and operational costs (OPEX) and
confirmed the economic advantages of the approach.

The formal modeling experiment was conducted on a fragment of the so-called
RBC/RBC handover protocols, following a case study selected by SIRTT [3] based
on the standards UNISIG SUB-039 and SUB-098, and all the generated UMC,
Prob, and LNT models have been made publicly available [26,67].

Another output in which Alessandro Fantechi has been involved, was to
use the tool UPPAAL to model and analyze the case study of the 4SECURail
project [24]. This work involved an M.Sc. student at the University of Florence,
trained in FMs in a postgraduate course at the University of Florence, taught
by Alessandro Fantechi. The output of this analysis has been used as input to
the cost and benefit analysis phase, as well as uncovering issues in the stan-
dards UNISIG SUB-039 and SUB-098, thereby showcasing the efficacy of the
application of FMs to a railway industrial project.
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From the academic point of view the project was quite successful. Its results
were presented in several venues, stimulating the implementation of several ideas
for improving the UMC verification framework, and raising many points worth-
while of further studies. Among the points that would need further investigation,
it is worth mentioning a reasonably clear and tool-supported formal semantics
for simple UML/SYSML designs, the relation between abstract requirements,
system requirements, and operational models, the possible integration of model-
driven frameworks with formal verification frameworks, and the construction of
bridges among different verification frameworks to enable the exploitation of
their diversity to achieve a more complete and user friendly analysis of a system.

6 STINGRAY

STINGRAY (SmarT station INtelliGent RAilwaY was a 2-year project, started
in 2018, funded by the Tuscany Region. It was coordinated by ECM with the
participation of CNR and the University of Florence. STINGRAY addressed the
role of the railway station, traditionally seen as a meeting point for a city, to
enhance its importance and integration into the smart city of the future.

Although railway stations are a central hub of the city, a primary point of
aggregation in the urban environment, they traditionally have a private energy
distribution and communication system. The main reasons for this are to ensure
uninterrupted power supply and security, but this isolation has two main draw-
backs. First, it prohibits integration with “smart cities”, in which, ideally, infor-
mation between different transport systems (i.e., bike sharing, car sharing, urban
transport) is synergically exploited. Second, the station system fails to benefit
from modern energy-saving techniques.

To this aim, the design and development of a station communication infras-
tructure was studied, integrating powerline and wireless technologies (cf. Fig. 4).
Powerlines are utilized to enable a more efficient management of machinery and
energetic resources. The concrete goals of the project were:

1. To realise a LAN over the station plants using power line and wireless tech-
nologies;

2. To allow control and monitoring of station equipment via Supervisory Control
And Data Acquisition (SCADA), in particular railroad switch heaters;

3. To create value-added services for both customers and railway staff, such as
connectivity, monitoring fault prediction service (FPS), video surveillance,
environmental surveying and integration and access to so-called smart city
infomobility services, in particular the energy management service (EMS);

4. To optimize existing strategies for managing energy consumption within the
station, to avoid wasting energy.

The case studies of STINGRAY provided by the industrial partners from
the railway domain concerned station lighting and the heating of the railroad
switches in ice conditions.
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Railroad switch heaters assure correct working of switches in case of ice and
snow through a central control unit in charge of managing policies of energy con-
sumption while satisfying reliability constraints. Although apparently a rather
focused system, with restricted functionalities, it represents very well the pecu-
liarities of a cyber-physical system: physical components (the heater), cyber
components (the heating policies and the related coordinator), stochastic aspects
(failure events and weather forecasts), and logical /physical dependencies. The
adopted policy of energy consumption was an on/off strategy based on temper-
ature thresholds (both for turning off and on the energy).

In [13], Fantechi et al. addressed the railroad switch heaters case study. It was
modeled and analyzed with stochastic activity networks (SAN) and Mobius on
the one hand and with stochastic hybrid automata (SHA) and UPPAAL SMC
on the other hand, followed by a comparison of the two methodologies.

The system was initially modeled and analyzed in [17-19,23] using M6bius
and SAN. It was assumed that heaters have different priorities in accessing the
energy resources, and the energy consumption policy was tuned to adapt both to
the different priorities of the heaters and to the different periods of the day. The
model was equipped with a logical part, representing the energy consumption
policy, and a physical part, modeling temperature behavior and weather.

In [22], the same system was modeled and analyzed with UPPAAL SMC and
SHA. Temporal logic was used instead of Markov reward models to capture the
measures of interest, namely energy consumption and probability of failure. The
logic of the energy policy was verified in [21] against the progress of interactions,
to prevent deadlocks in communications between the different components.

The two formalizations were compared in [23] to highlight the pros and cons
of each approach. Lastly, in [20], the methodology was generalized to automati-
cally map an automata-based model, representing a qualitatively verified energy
consumption policy, to a stochastic Petri net dialect. This enabled the inclusion
of stochastic behavior (e.g., weather conditions) for quantitative evaluation.

At the end of the project, the design of future smart station lighting manage-
ment applications was addressed, with the aim of reducing station illumination
whenever (time) and wherever (space) possible while guaranteeing minimum
illumination levels as required by legislation. A station platform’s (ceiling) lights
(LEDs) are equipped with a data acquisition module called MADILL. A C-MAD
unit collects the messages from each MADILL and it is equipped with brightness
sensors and commands to switch (groups of) lights on, off, or dim them.

In [30], the authors considered user-experience related requirements such as
“passengers should always be able to rely on an illuminated pathway when getting
on or off a train, from the main entrance, to the platform”, to avoid passengers
transiting or waiting in non-illuminated areas, with the associated risks (e.g.,
theft or injury), or “there should be an illumination level greater than x on plat-
forms where a train is about to arrive, even if the train is late”. Such requirements
are inherently spatial or spatio-temporal, as they deal with the possibly complex
reachability relations and pathways of a train station.
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The authors described how to tackle these requirements in an experiment
aimed at identifying poorly illuminated platform areas of the Pistoia railway
station by the application of spatial model-checking techniques and the Vox-
LogicA model-checking tool [34]. Provided with concrete images and given a
threshold on the illumination value, VoxLogicA managed to compute both areas
that are and parts of the platforms that are not sufficiently illuminated.

The application of formal methods and tools to the STINGRAY case studies
described above contributed successfully to the project’s third and fourth goals.

7 MOST Spoke 4

Spoke 4 “Rail Transportation” of the Sustainable Mobility National Research
Center (MOST) concerns a project, started in 2022, which received funding from
the European Union NextGenerationEU framework through the Italian National
Recovery and Resilience Plan (PNRR).

The initiative aims to promote sustainable and digital innovation in mobility
and transportation systems through strategic collaborations between academia
and industry, and Spoke 4 focuses on the development of advanced methodologies
and tools for enhancing the efficiency, safety, and resilience of railway systems.

In Spoke 4, CNR-ISTI coordinates WP3 (Digitization of railway transport)
and task T3.1 (Learning formal models for predictive maintenance), and par-
ticipates in task T1.3 (Resilient and sustainable railway infrastructure) of WP1
(Increase of capacity of railway transport) coordinated by Alessandro Fantechi.

Smart City Passenger Information System Administrator
Extemal infombilty platforms Of Railway station
! T
Servizi esterni  Informazioni :
diinfomobilita  ferroviarie StingRay
Passenger Information v
\ System -
Infomobility Fault
Service Prediction
(Sim) Service (FPS) |<——Configuratio———
Station
q [“——Weather data——|
Energy Supervisory cather da Controller
Management Control And Data (cTs)
Service (EMS) Acquisition Command———>|
(SCADA)
Service Provider (PRV)
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nfomibility’ T 1‘
Service State Command
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Fig. 4. The STINGRAY architecture.
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In this section, we focus on the participation in task T3.1, in which CNR-
ISTT actively explored predictive maintenance strategies through the integra-
tion of formal methods, machine-learning techniques, and human-centred design
practices. The activities were carried out in close collaboration with a consor-
tium of academic and industrial partners, including the University of Florence
(with Alessandro Fantechi as the referent), the University of Naples Federico II,
Trenord, and Lutech. As part of these activities, CNR-ISTI led two parallel yet
complementary lines: (1) the development of data-driven approaches for antici-
pating failures in railway subsystems such as the Traction Control Unit (TCU),
and (2) the design of an interactive dashboard that aggregates predictive insights
from multiple data-driven approaches and facilitates decision-making for differ-
ent classes of users (maintenance and engineering personnel).

The development of data-driven approaches for predicting railway mainte-
nance needs progressed from classical statistical forecasting models to supervised
machine-learning algorithms. In [54], an analysis of time-series forecasting meth-
ods applied to diagnostic event logs was conducted. Classical models including
but not limited to Autoregressive Integrated Moving Average (ARIMA) and Sea-
sonal ARIMA (SARIMA) were tested on a dataset provided by Trenord. The
dataset originates from Trenord’s fleet, where an on-board diagnostic platform
continuously collects data from each train and transmits it to a wayside sys-
tem for storage and analysis. The performance of these models was evaluated
against a Random Walk baseline, using Root Mean Square Error (RMSE) as
the evaluation metric. Results were promising, particularly concerning ARIMA
and SARIMA algorithms. These models provided useful baselines and helped
uncover temporal properties of the data, but their predictive accuracy proved
highly dependent on the characteristics of each train and limited in capturing
heterogeneous and non-linear patterns across fleets.

Building on these insights, we explored the adoption of supervised machine-
learning methods for predictive maintenance. These methods offer greater flexi-
bility in modeling complex, non-linear, and multivariate relationships in railway
diagnostic data. To this end, time-series diagnostic logs were reformulated into
a supervised learning problem through a sliding-window approach, where fixed
sequences of past observations were used to predict future events. Several fami-
lies of models were evaluated: tree-based ensembles (Random Forests, Gradient
Boosting, and XGBoost), support vector machines, and neural networks (ANNs;
LSTMs, and Temporal Convolutional Networks). Among these, XGBoost consis-
tently provided the best trade-off between recall and precision, a crucial balance
in predictive maintenance where false negatives (i.e., missed failure predictions)
must be minimized for safety reasons. At the same time, limitations were iden-
tified, notably the risk of performance degradation when failure patterns evolve
or sensor drift introduces non-stationarity, underscoring the need for periodic
model retraining and recalibration.

Parallel to algorithmic development, CNR-ISTT employed requirements engi-
neering and user-centred design methodologies to ensure that the predictive
maintenance dashboard was aligned with the operational workflows and stake-



44 D. Basile et al.

holder needs of Trenord. The dashboard is meant to be integrated into Trenord’s
existing maintenance platform and to present the outcomes of different pre-
dictive approaches developed within the project: machine-learning algorithms
implemented by Lutech, fault-tree analysis developed at the University of Flo-
rence by Alessandro Fantechi et al. [42], and clustering and filtering techniques
contributed by the University of Naples. The platform supports both fleet-level
and train-specific views, allowing maintenance personnel to access detailed infor-
mation on individual predictions, while engineering personnel is provided with
dedicated pages offering in-depth analyses across all three methodologies.

The development of the dashboard followed an iterative, user-centred pro-
cess articulated in four phases: requirements elicitation, prototyping, interactive
mock-ups, and final specification. Through meetings, focus groups, and task
observations, CNR-ISTI gathered explicit and implicit knowledge of Trenord’s
workflows, building a clear picture of user goals and challenges. Early low-
fidelity mock-ups were then used to stimulate discussion and refine requirements,
before evolving into interactive prototypes that combined manual design with
Al-assisted mock-up generation [39]. These prototypes were reviewed and refined
in successive iterations, ensuring alignment with stakeholder expectations. The
process culminated in a consolidated requirements document, serving as a shared
reference for all partners and providing the foundation for the further implemen-
tation and integration of the dashboard into Trenord’s diagnostic platform.

8 Summary: Achievements and Limitations

This survey has summarized over two decades of studies that were either led by
or involved Alessandro Fantechi. Table 1 highlights contributions and references
(cf. also [27,31]). The overall trajectory that emerges is one of steady matu-
ration: from early feasibility studies and targeted formal verifications, through
the consolidation of methods and tools, to demonstrators and processes that
increasingly satisfy the constraints of certification-oriented, safety-critical devel-
opment. Across projects on interlocking and ATP functions, on standard- and
requirement-level modeling, and on station-level innovation, the repeated pat-
tern was to start from industrially understandable notations and artefacts, to
formalize incrementally where risk and ambiguity were highest, and to close the
loop with empirical evidence about costs and benefits.

8.1 Achievements

A central outcome of these efforts has been the improvement of specification
and standard quality. By grounding models in UML/SysML fragments and con-
strained natural language, and then subjecting them to model checking, ani-
mation, model-based testing, and abstract interpretation, the teams repeatedly
exposed ambiguities, omissions, and inconsistencies that would otherwise have
propagated to design and verification phases. In the 4SECURAail experience, for
example, the formalization of the RBC/RBC handover (from UNISIG artifacts)
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Table 1. Summary of Projects and Collaborations Involving Alessandro Fantechi

Project Topic Outcome Publications

Early Work Formal Verification of Railway Systems - Formal models of railway crossing and|[6,35,36,46,47]
circular railway using CCS and ACTL.
- Verified safety and liveness properties|
with EMC and AMC model ch

- Validated fault-tolerance m nisms
for interlocking systems in the GUARDS
project.

GE/Alstom Collaborations|Interlocking and ATP Systems, Requirements Analysis- Validated SDL/Statechart models for|[8-11,37,38,57-62,66,72]
interlockings with GE artifacts.

- Scalable model-extraction pipeline for
fault finding and verific:
- Metro Rio ATP
Simulink/ Stateflow, reducing bugs and
costs.

- 70% cost reduction in unit-level verifica-
tion via model-based testing and abstract
interpretation.

- NLP-based requirements defect
detection with GATE/SREE tools.
TRACE-IT ATP, ATC, CBTC - ATC demonstrator with deadlock-free|[65,68-70]
CBTC strategy using UMC.

- Formal methods diversity study with
9 frameworks.

- CBTC global model with product line
engineering and NLP-based requirements.
- Prototype tool for CBTC architecture.
ASTRail Formal Methods for Moving Block Signaling - Comprehensive survey and evaluation of|[7,12,15,16,28,56,63,64]
14 FMs tools.

- Trial application of Simulink, UMC, and
ProB to moving block systems.

- Increased industry awareness of FMs
potential.

4SECURail Formal Methods for RBC/RBC Handover Protocols |- FMs demonstrator identifying ambigui-|[1-3,5,14,24-26,32, 33]
ties in UNISIG standards.

- Publicly available UMC, ProB, and LNT
models.

- Cost-benefit analysis showing economic
advantages.

- Limited direct impact on standards due
to absent infrastructure managers.
STINGRAY Smart Station Infrastructure (Energy Management) |- Prototypes for SCADA control of railroad|[13,17-23,30]
switch heaters and EMS.

- Comparative analysis of SAN/Mébius,
and SHA /UPPAAL SMC.

- Generalized methodology for mapping
automata to stochastic Petri nets.

- Spatial model checking future smart
station lighting management.

MOST Spoke 4 Predictive Maintenance, Digitization - Data-driven real-time failure prediction|[39,42,54]
for TCU using ARIMA, SARIMA, and ML
(XGBoost), as well as by data-driven syn-
thesis of stochastic fault tree models.

- User-centered dashboard design for|
Trenord’s maintenance platform.

- Iterative requirements elicitation and
Al-assisted prototyping.

clarified subtle protocol corner cases and yielded actionable feedback for stake-
holders. Similar effects were observed in ASTRail, where a structured comparison
of tools against a moving-block design made explicit the trade-offs among anal-
ysis depth, usability, and integration potential. These results did not remain at
the toy example level: even when the case studies were not product components,
they were selected and parameterized to reflect realistic signaling scenarios so
that the insights would transfer to practice.

Equally important has been the consolidation of repeatable engineering prac-
tices. Over time, the collaborations distilled safe modeling subsets, modeling
guidelines for code generation, and practical back-to-back verification strategies
that link models to code and test oracles. Combining techniques—model check-
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ing to reason about global safety and liveness, model-based testing to exercise
behavior at scale and to drive regression, abstract interpretation to enforce run-
time error freedom—proved more effective than relying on any single approach.
This methodological pluralism, backed by tool diversity and portable artefacts,
reduced lock-in and created a robust basis for technology transfer and education.

The human capital dimension deserves explicit emphasis. The projects cre-
ated concrete training pathways for students and early-career researchers, many
of whom moved into industry or continued to collaborate on subsequent initia-
tives. This injection of nuova linfa into the CNR and partner organizations
strengthened the European FM-for-rail community at large, building shared
vocabularies, data sets, and habits of collaboration across academia, suppliers,
and—when involved—standardization bodies. The pedagogical impact fed back
into project execution: teams with mixed profiles (researchers, developers, asses-
sors) were better able to negotiate the trade-offs between exploratory research
and compliance-driven engineering.

8.2 Limitations

An honest appraisal of technology transfer also reveals structural frictions that
cannot be glossed over. The most impactful studies are invariably those closest to
real systems, yet working with real artefacts is constrained by confidentiality, the
limited time windows typical of funded projects, and the academic and project
pressure to produce publishable results early. These forces can limit scope, reduce
reproducibility, and sometimes bias the selection of problems away from the
most mission-critical ones. Integration with industrial development environments
poses additional challenges: researchers and developers often operate with dif-
ferent stacks, expectations, and acceptance criteria, and the evidence required
for certification demands stability, traceability, and process discipline that go
beyond the lifecycle of a research prototype. Finally, the cost of industrial-grade
verification frameworks—Ilicensing, qualification, and toolchain customization—
remains a significant barrier for academia and for many collaborative projects,
constraining continuity, student training at scale, and open reproducibility.
Within this landscape, the project-specific contributions highlight both util-
ity and limits. TRACE-IT delivered an ATS demonstrator and a formal dead-
lock analysis on a realistic CBTC-inspired layout, offering concrete strategies for
avoiding system deadlocks and a proof-of-concept pipeline that can be adapted to
similar metro contexts; confidentiality and the non-product status of the demon-
strator, however, curtailed direct uptake into supplier processes. ASTRail pro-
duced a widely cited survey and a rigorous tool evaluation against moving-block
requirements, giving decision-makers evidence-based guidance for selecting FM
workflows; its academic case focus, by construction, limited deep embedding
into OEM toolchains. 4SECURAail showcased how formalization can strengthen
standards, from early UML/SysML operational models through translations to
multiple verification back ends, while coupling these steps to a cost-benefit anal-
ysis that articulated where FM activities return the most value; the absence
of infrastructure managers as primary drivers, however, reduced the leverage
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on standardization timelines. STINGRAY, operating at station level, advanced
the integration of SCADA and energy-management requirements and demon-
strated how FM-informed design can clarify interfaces and operating constraints
in heterogeneous environments; the diversity of station technologies slowed con-
vergence on common tooling and limited generalization.

Beyond immediate artefacts and demonstrators, these collaborations opened
new and durable lines of research. One such line concerns the semantics of prac-
tically useful, standards-friendly fragments of UML/SysML so that models can
be verified without abandoning notations familiar to stakeholders. Another con-
cerns end-to-end traceability from controlled natural language requirements to
analyzable models and, ultimately, to test oracles and evidence packages suit-
able for CENELEC processes. A third line, motivated by the realities of indus-
trial artefacts, investigates scalable model extraction and hybrid verification that
combines static analysis, model checking, and runtime monitoring, while preserv-
ing arguments acceptable to assessors. Each of these lines has already yielded
methods and tools that subsequent projects have reused and extended.

9 Conclusions and Outlook

This survey has retraced more than two decades of research and technology
transfer on formal methods for railway systems carried out around the FMT lab-
oratory at CNR-ISTI and in close collaboration with industrial partners, under
the scientific leadership and vision of Alessandro Fantechi. Looking forward, the
experiences surveyed here suggest a concrete and realistic outlook. The most sus-
tainable path to impact begins with shared notations and controlled language,
formalizes incrementally around high-risk behaviour, and engineers traceabil-
ity and certification evidence from day one. Tool diversity should be embraced
and orchestrated rather than minimized, with open artefacts and automation
to keep pipelines maintainable as personnel and tools evolve. Crucially, budgets
and planning must prioritize people as much as tools: effective transfer requires
mixed teams with protected time for joint engineering, training, and mainte-
nance of reproducible assets. On the ecosystem side, there is a clear need for
affordable, open verification stacks, qualified subsets, and shared benchmarks
that lower the activation energy for academia, SMEs, and standardization bod-
ies. If these conditions are met, formal methods can continue to advance both
as a scientific discipline and as a practical instrument for building and assuring
the next generation of signaling and control systems.

There is increasing evidence for the successful application of formal meth-
ods in industry [29], not limited to the safety-critical domain including rail-
ways and other transportation sectors. The body of work reviewed in this paper
confirms that formal methods can deliver concrete benefits—clearer standards
and specifications, richer verification evidence, and better informed engineer-
ing decisions—provided that they are introduced with sensitivity to industrial
realities and supported by the right mix of methods, tools, and people. The
collaborations with GE Transportation, Alstom, and the broader consortium of
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FEuropean projects demonstrate that such a balance is achievable. The challenge,
and the opportunity, is to scale these practices in a way that preserves scientific
rigor while maximizing practical value for a sector where safety, reliability, and
interoperability remain paramount.
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