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General Introduction

Context

With the advance of the technology, modern electronic systems are becoming more and more
important in the human life as the automation of essential tasks is taking place in the people
routines. In some cases, these systems are responsible for such important tasks that their correct
functioning is crucial in order to avoid severe repercussions. When the consequences of a failure
result in loss of life, significant property or environmental damage or another unacceptable
consequence, these systems are considered as safety-critical, which requires more advanced
approaches for the verification of their correctness in order to avoid hazardous situations [Knight
2002]. Some examples of these systems are Aircraft Flight Control, Railway, Medical Devices
and Nuclear Systems. In this context, the use of modern verification approaches may be the
differentiating factor in order to guarantee the safety of these systems.

In the railway context, Railway Interlocking Systems (RIS) are an example of safety-critical
systems. The RIS are the part of the railway signalling systems that controls the trains movements
in order to prevent hazardous situations like collisions or derailments. With the objective
of avoiding the occurrence of several problems like the loss of people lives, injuries, severe
environmental damage and economical loss, for instance, the safety of RIS must be guaranteed.
Thus, the technologies used by the railway companies for the development of such systems must
be able to detect and prevent hazardous situations before their implementation and use.

In general, these systems can be implemented using some different technologies, like relay-
based or computer-controlled, this last one being the most recent [Hansen 1998a]. In some
cases, the relay-based technology has been used for decades in such a way that the existing
interlocking systems are recognised as safe. Nonetheless, despite the historical success of
relay-based RIS, computer-based systems are easier to handle and maintain, cheaper and more
adaptable to functional requirements changes [Akita et al. 1985|. The use of new technologies is
an industrial interest due to their benefits, however, the preservation of the system safety level is
a strong requirement in order to replace the existing systems. Thus, the transformation of the
existent well succeeded relay-based systems into safety-proved computer-controlled ones can be
extremely beneficial in both economical and safety aspects.

In order to prove the safety of a system and support its implementation, Formal Methods may
be used. Grounded on a strong mathematical foundation, formal specification methodologies
allow the system modelling based on mathematical expressions as a way to define and prove
system properties. Currently, there exist several different formal languages documented, each one
with a different focus and capable to specify different aspects of the systems. Furthermore, many



2 General Introduction

formal languages have well-defined refinement methodologies that allow the transformation of
the abstract system models into concrete models that may be implemented as software. Some of
these languages are supported by tools that automate the process of verification and refinement.
Thus, the use of Formal Methods may be the key in order to specify, safety prove and transform
the existing relay-based RIS into computer-controlled ones by refinement. The B-method [J.-R|
Abrial, Lee, et al. 1991] is one example of a formal language that, together with its supporting
tools, allow the system specification, verification, analysis, refinement, implementation and
automatic code generation. In fact, the B-method has been already successfully applied in
industrial railway projects ([Behm et al. 1999], [Lecomte, Servat, Pouzancre, et al. 2007])).

In this context, the LCHIP (Low Cost High Integrity Platform) Project! aims at the implemen-
tation of safety-proved computer-based RIS based on the existing relay-based systems used by
the French National Railway Company? (SNCF - Société Nationale des Chemins de fer Frangais).
It is a project funded by the Unique Interministerial Fund (FUI) and developed by a consortium
coordinated by Clearsy> and combining the work from different partners, like SNCF and Univer-
sité Gustave Eiffel*. One of the major objectives of this project is to use the B-method as a tool for
the specification, safety proving and implementation of the logic behind the existing relay-based
RIS in the form of programming code. By following this procedure, it is possible to produce
safety-proved computer-based Railway Interlocking Systems whose execution logic is the same
of its predecessor technology. Then, these computer-based RIS may run in micro-controllers that
can replace the existing relay-based systems as a way to evolve them towards a new technology
that is safer, extendable and maintainable.

This doctoral dissertation presents part of the research developed inside the LCHIP Project
in the laboratory ESTAS of the Université Gustave Eiffel. It presents a methodology for the
specification of relay-based RIS behaviour based on a formalisation of the information contained
inside the relay diagrams used by SNCFE. The mathematical formalisation of these diagrams
as well as their formal specification represent the initial steps towards the implementation of
the existing relay-based RIS as computer-based systems as envisaged by the LCHIP Project. In
this thesis, the B-method is used as the formal language that supports the specification of these
systems. As a result, it is possible to perform proofs regarding the system safety and continue
the formal development life-cycle as a way to implement relay-based RIS as computer-based

systems.

Problematic

The first built RIS was purely mechanical, than it evolved to use new technologies, becoming
electromechanical systems, relay-based systems and, more recently, computer-controlled systems
[Hansen 1998a]. Despite the existence of a new technology, relay-based RIS are still used by
many railway infrastructure managers, like SNCE. This choice can be explained by the historical
success of this technology in addition to the lower complexity and unequivocally defined fault

modes [Pasquale et al. 2003]. Although ancient systems have been tested enough to be considered

I'Low Cost High Integrity Platform - https://www.clearsy.com/en/4260-2/
Zhttps://www.sncf.com/

3https://www.clearsy.com/

“4https://www.univ-gustave-eiffel.fr/
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safe, their maintenance and the development of new relay-based systems must face a known
problem in this type of system: the difficult, time consuming and error prone verification process.

Relay-based Railway Interlocking Systems are generally modelled by electrical circuit draw-
ings named as relay diagrams, which present the structure of the systems based on the electrical
connections between the components. This structural model possesses a certain level of formali-
sation as modelling rules are followed for the system design, although each company defines
its own patterns and guidelines. Nevertheless, the lack of a behavioural description makes
the safety verification an arduous and error prone process as the system behaviour must be
deduced from the relay diagrams. Thus, in order to verify the safety of relay-based RIS, an
expert must manually inspect the relay diagrams and draw conclusions about the system safety.
“Due to the high number of diagrams and their mutual correlation, this process is complex, time
consuming (and thus expensive) and possibly error prone, which is not satisfactory for a safety critical
system” [Haxthausen, Le Bliguet, and Kjaer 2008]|]. Besides, as each person may have a different
interpretation of the system behaviour based on the modelled structure, this process is subject
to ambiguity. As a consequence, the models inspection cannot be completely trusted. Moreover,
after the manual verification, it is necessary to perform tests in the field. This is an important
step in every system as a way to guarantee the correct functioning. Nevertheless, as the system
safety cannot be guaranteed, this process can be costly and even risky in some cases.

In such circumstances, the industry needs a more effective approach for the verification of
the relay-based Railway Interlocking Systems in order to guarantee their safety. In this context,
the European EN50128 guidelines [CENELEC 2011], issued by the European Committee for
Electrotechnical Standardisation® (CENELEC), strongly recommends the use of Formal Methods
for the specification of systems/components during the development of railway systems. Formal
specification methodologies allow the proof of the system safety by modelling its behaviour
based on mathematical expressions, which can be used as basis for formal verification processes.
So, the use of modern formal specification approaches is not only necessary, but it is also strongly
recommended by the railway standards.

Furthermore, as the computer-based technology offers some benefits like a better maintain-
ability and extensibility when compared with the relay-based systems, the railway industry has
interest on evolving its systems. Nonetheless, before implementing a new solution, it is impera-
tive to guarantee that the new system safety level is at least equal or better than the precedent
technology. This is because the existing relay-based systems are generally already recognised as
safe. Moreover, the adaptation of the new system regarding the existing installations must be
considered as the industry demands a cost-effective solution.

In conclusion, despite the success of the relay-based technologies, it is a fact that the safety
verification of the relay-based RIS can be costly and error prone. As a way to solve this problem
and conform to the railway standards, the railway industry needs to be adapted to use modern
formal verification approaches, which is able to give a guarantee of the system safety based on
their mathematical foundations. Due to the benefits of the use of computer-based technologies,
the industry has interest on using this type of technology. Nonetheless, it is important to take
precautions in order to maintain the system safety and make this system evolution cost-effective.

In this context, the creation of an approach capable of formally verifying the relay-based RIS

Shttps://www.cenelec.eu/
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and promoting their evolution to computer-based systems maintaining their execution logic can
be extremely beneficial to the industry as a way to guarantee the system safety and maintain

their previous functioning logic.

Motivations and Objectives

In this present thesis, there is a strong interest on analysing and improving the railway systems
as a way to guarantee their safety. The problems faced by the industry regarding the relay-based
RIS safety proof require a study about the context of application, the techniques and tools
that may be used as well as the experiences of other works in this field. This thesis is also a
conciliation between the Railway and Formal Methods areas, which demands a special attention
in order to integrate the knowledge, experiences and tools of both fields. Relay-based systems
have their own logic and functioning. As a result, the process of formally specifying these
systems has a tendency to be a challenging task. A careful analysis of these systems is imperative
in order to support their formal specification.

The existence of modern technologies compared to the ones used in the relay-based systems
and the industrial interest on evolving their systems are some of the motivations of this work.
This is because these technologies can introduce new benefits that were not supported in the
preceding systems. Formal specification methodologies has gaining space in the railway field
and they have proved their effectiveness by the successful documented experiences about their
use. In consonance, the European Committee for Electrotechnical Standardisation recognised
the importance of the Formal Methods in this area and strongly recommended its use in the last
versions of the norm EN50128 [CENELEC 2011]. All these facts only reinforce the interest on
using this technology in our relay-based context.

The formal specification of the existing relay-based Railway Interlocking Systems can support
their formal verification as a way to guarantee their safety. Furthermore, the use of a formal spec-
ification language that supports a formal development process may allow the implementation of
the relay-based RIS as safety-proved computer-based systems. The creation of an approach to
support this formal specification is the most fundamental aim of this present thesis, which can
be resumed in the following research objective:

RO1: How to formally specify the existing relay-based RIS as a way to be able to verify and
implement these systems by refinement?

However, it is important to consider that there is a communication problem between the
Railway and Formal Methods experts as they may occasionally do not share the same knowledge.
Generally, railway experts have a small background on working with formal specification.
Similarly, Formal Methods experts typically have none or few experiences on the railway field.
In this context, a solution presented for the formal specification of relay-based RIS must be
understandable for experts of both fields. Based on these considerations, it is possible to
formulate a second research objective as:

RO2: How to formalise the relay-based RIS in a manner that it can be comprehensible to the

different experts involved?
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In the French context, which is the focus of this thesis, relay diagrams are used as models
that guide the system implementation. As these models are the most important documentation
of these systems, they can also be used to guide an approach for the relay-based RIS formal
specification. However, one must take into consideration that each railway company uses a
different set of electrical components and different design rules for drawing the relay diagrams.
In this situation, it is important to provide a solution that can be extended in order to conform to
other contexts and design rules. Thus, it is possible to formulate the third research objective as:

RO3: How to create a formal model of relay-based RIS that can be extended as a way to support
different contexts?

This latter research question is related to the consideration of the railway system context.
However, one must also acknowledge that the formal specification language chosen to specify
such systems may impact on the verification that can be performed. This is because every
language focuses on different aspects of the system and is able to verify different properties. The
literature regarding the use of formal specification languages presents many successful examples
that can be adopted, so it is desirable that the RIS formal specification approach can be adapted
in order to allow the specification of these systems in different formal languages. In this context,
it is possible to define a last research objective:

RO4: How to define an approach for the formal specification of relay-based RIS that can be adapted

to use different formal specification languages?

As presented in the research objectives, this thesis aims not only at the formal specification of
the relay-based Railway Interlocking Systems, but also the development of an approach that can
be used in many contexts and that can be adapted for the verification of different aspects of the
system. Furthermore, we consider it important the creation of a model that can be understood
by different experts involved. The next section presents the main propositions of this work in
order to answer these research objectives.

Contributions

After an extensive analysis of the use of Formal Methods for the specification of relay-based
Railway Interlocking Systems in literature, it is possible to observe that there are not many works
with the objective of formalising these systems. The contributions in this field are mostly focused
on the computer-based RIS formal specification and implementation based on a higher level
of abstraction of the interlocking procedures. Besides, the existing approaches are generally
devoted to the specification of these systems from a specific context and in a specific formal
language.

In order to formally specify the existing relay-based RIS, this work proposes a complete
structural and behavioural analysis of the relay diagrams used by the SNCF. In this analysis, the
structural design and the behavioural logic are studied in order to define the relations between
the components and produce a more formal model which can be then used as basis for the
system formal specification. By following this approach, it is possible to maintain the system
execution logic. Furthermore, it allows the definition and verification of safety properties as a
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way to guarantee the system safety.

The formal specification approach chosen in order to specify these systems in this thesis is
B-method, due to its successful history in the railway field, strong mathematical background,
support to a complete formal development process and the existence of supporting tools for the
implementation, analysis, automatic verification and implementation of the systems. Based on
the formalisation of the information contained inside the relay diagrams, this work proposes
an approach for the adaptation of the formalised logic in order to conform to the B-method
syntax. Once formally specified, it is possible to benefit from the advantages of this language in
order to verify and implement the relay-based RIS as safety-proved computer-controlled systems,

answering the Research Objective 1.

With the objective of formalising the relay-based RIS in a manner that it can be comprehen-
sible to the experts involved, this work proposes the analysis of the relay diagrams based on
basic mathematical foundations that are generally studied and understood in all the exact and
technological sciences. So, it is proposed to use a graph in order to model the electrical circuit
network and the application of First Order Logic and Set Theory as a way to define the structural
and behavioural relations between the electrical components. This analysis and formalisation
of the systems allow a manual formal verification of the structure well-definedness and the
behaviour safety. Furthermore, this analysis proposes a model that can act as a middle course
between the structural relay diagrams and the behavioural formal specification, providing a
common understanding of the system for the experts of both areas and answering the Research
Objective 2.

The use of basic mathematical foundations also provides an extendable and adaptable model
that can be adjusted to many different railway contexts, which is our Research Objective 3. The
formalised model does not impose limits to the components that may be specified and the logic
used allows the specification of the behaviour of a great variety of electrical components. Besides,
all the components found in literature are used in the SNCF context. As a consequence, this
work presents a non-exhaustive list of components structural and behavioural formalisation that
can be used for the system formalisation in many different contexts.

Another benefit of modelling the system with basic mathematical foundations is the possibil-
ity of adapting this model to conform with many different formal languages. This is because Set
Theory and First Order Logic are some of the most basic foundations of many formal specification
languages. So, the expressions used in the relay diagrams formalisation model can be adjusted to
the syntax of languages like B-method, for instance. By proposing an approach that can support
the formal specification of the relay-based RIS in many different formal specification languages,

this work also answers the Research Objective 4.

So, the main contributions of this thesis is the analysis and formalisation of the information
contained inside a relay diagram using strong mathematical foundations. This formalisation
generates a model that can be adapted and extended in order to conform to different railway
contexts. Besides, it can be used to support the formal specification of these relay-based systems
in many different formal specification languages due to the common mathematical background.
In this work it is also proposed an adaptation approach in order to formally specify the SNCF
relay-based RIS in the B-method, which is a method that can support the automatic safety

verification and the use of a formal development process for the generation of computer-based
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systems. Figure(l|depicts a diagram that presents the approach proposed in this work for the
formal specification of the relay-based RIS. The solid lines represent the approaches that are
detailed in this thesis, while the dashed lines demonstrate the alternative processes that are

supported by these approaches.
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Figure 1 — Diagram presenting the approach proposed in this work for the formal specification
of relay-based RIS.

Outline

This manuscript is divided into five main chapters and a general conclusion that are distributed
into three parts. The first part of this thesis is devoted to the preliminaries, presenting the back-
ground of our work and the state of the art in the literature regarding the formal specification of
Railway Interlocking Systems. Then, the second part of this work is devoted to the methodology
construction, where it is detailed an approach for the formalisation of the existing relay-based
RIS based on mathematical foundations. Then, as presented in this same part, this formalisation
may be adapted for the formal specification of these systems in the B formal language. The
last part of this thesis is the conclusion, providing a summary of what has been presented and
discussing some new research opportunities that result from this work.

In Chapter|[T]it is presented the background, i.e., all knowledge that grounds the approaches
presented in this thesis. In this chapter, we detail all the information necessary in order to
understand the formalism and notations used in the next chapters. It begins by contextualising
the railway systems and signalling as it presents the characteristics and safety aspects of these
systems. Furthermore, the different types of Railway Interlocking Systems are discussed and
detailed and a real industrial case study is presented. Then, this chapter introduces the formal
specification methodologies and the mathematical foundations that are used in our approach for
the relay-based RIS formalisation. These mathematical foundations are: Propositional and First
Order Logic, Set Theory, Relations, and a graph description based on Set Theory. In fact, some of
these foundations are also the basis for the B-method syntax, which is also discussed at the end

of this chapter. The use of this language in industrial and academic works is also discussed.
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Chapter [2|is devoted to the state of the art of this work, i.e., it discusses the use of for-
mal specification methodologies for the analysis, verification and implementation of Railway
Interlocking Systems as presented in the literature. This chapter is divided according to the
system level of abstraction and the objectives of each presented work. Regarding the level of
abstraction, it analyses the use of Formal Methods for the specification of systems focused on the
dispatchers and interlocking levels. Then, concerning the latter level, this chapter discusses the
approaches that propose the formal specification of relay-based RIS, the ones that propose the
implementation of interlocking systems with computer-based technologies and other unusual
approaches that contain some similarities to the objectives of this present thesis. Thus, it focuses
in positioning our work regarding to what has already been presented in the literature, by
discussing how the existing solutions cannot solve our problematic, but are still inspiration to
our proposed solutions.

The first chapter of Part|[[I|is Chapter 3] In order to be able to formally specify the structure
and behaviour of relay-based RIS, this chapter presents a mathematical description of the
information contained inside relay diagrams. Based on First Order Logic and Set Theory, it is
presented how a graph structure may be used in order to represent the relations between the
RIS electrical components. Then, the state of each component is represented and defined in
relation to the state of the others. This state definition allows the description of the system
behaviour based on the specific behaviour of each component. Furthermore, the impact of the
time constraints demanded by some determined components over the system general state is
also discussed. As this formalisation is based on mathematical notations, it can already be used
as a way to prove determined structural well-definedness and behavioural safety aspects, as it is
detailed in this chapter. Then, a case study is analysed according to the generated formalisation
model and the results are presented.

The next chapter (Chapter |4) details how the relay-based Railway Interlocking Systems
may be formally specified from the relay diagrams by using the behavioural formalisation
as a middle course. The B-method is used as formal language and methodology due to its
success in the railway field as well as its support for First Order Logic and Set Theory. In
this specification approach, the behavioural formalisation described in the previous chapter
may be adapted in order to conform to the abstractions provided by the B-method as a way to
create a mathematical description that can be verified by the supporting tools. Furthermore, the
mathematical description is adapted in order to use the state evolution support given by the
formal language as a way to prove the system safety in the complete system state-space. A case
study is specified and the results of the formal verification is presented and discussed.

The last part of this thesis (Part concludes this manuscript by presenting a summary
of the conducted work and the obtained results. Moreover, as this work creates new research
opportunities, many future works are presented, like the use of the behavioural formalisation
for the specification of relay-based RIS with the use of other different formal languages, or
the creation of a specific refinement methodology for the implementation of these systems as
computer-based systems with well-defined inputs and outputs. All these research opportunities
are detailed and discussed in this last part, concluding that a thesis work is only a small and
important step towards multiple research directions.
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12 CHAPTER 1. Background

1.1 Introduction

The railway domain contains several examples of critical systems, whose failures may cause
severe consequences like the loss of people lives. The Railway Interlocking Systems (RIS) are one
of these examples. As part of the signalling systems, the RIS are responsible for controlling the
trains movements in a safe manner in order to avoid hazards. These systems can be implemented
by using many different technologies, the computer-controlled systems being the most recent
and industrially beneficial.

However, many companies still use relay-based technologies in order to implement the
Railway Interlocking Systems. This can be explained by their historical use and the safety
provided by this technology regarding possible dysfunctional problems. The transformation
of the existing relay-based RIS into computer-based RIS are under the interest of the industry
as a way to maintain the system operation with the same or even improved safety level. The
use of formal specification methodologies may be the key in order to produce safety-proved
computer-based RIS, since their mathematical background may support the formal specification,
analysis and verification of the relay-based systems as well as their implementation through
refinement.

Nonetheless, before presenting the approaches for the formal specification and implemen-
tation of these systems, it is important to understand the role of these Railway Interlocking
Systems in the Railway Systems as well as their safety-critical aspects. Furthermore, one must
comprehend the differences between the RIS abstract levels and the different technologies that
can be used for their implementation.

In this chapter all the details regarding the Railway Interlocking Systems are discussed,
which is necessary for understanding the work presented in this thesis. A case study of a real
example provided by the French National Railway Company (SNCF) is also detailed as a way to
demonstrate the importance of the safety guarantee in these systems.

Then, this chapter provides a discussion about the formal specification methodologies and
their use. As a way to support the mathematical formalisation and specification of the RIS, all
the mathematical foundations necessary in order to ground our methodology are detailed. These
foundations are also the basis of many formal specification languages, like B, for instance. A
discussion about the B syntax, supporting tools and successful academical and industrial use
concludes this chapter.

All the background information presented in this chapter are essential in order to fully
understand the work presented in this thesis. The industrial case study discussed here is used
as an example throughout the whole manuscript. Furthermore, the discussion about the safety
aspects of these railway systems and the examples of successful use of the B-method in railway
industry reinforce the need of the use of formal methodologies for the development of railway

systems.

1.2 Railway Systems and Signalling

The railway means of transportation was the first to have mass mechanised movement. After
its creation, its velocity, supporting weight and length has constantly increased. According
to [Theeg 2017], all railway systems may be identified by two features:
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* The train path is determined by the mechanical guidance system comprised by wheels,

rails and turnouts;

* The train may move at high speeds in a way that its wheels poor braking response may
require a breaking distance longer than what is visible by the driver, so precautions must

be taken in order to safely control the train movements.

On its most basic structure, a railway system is composed by steel wheels, rails (tracks) and
turnouts, being this last one the way how trains may change their direction. The steel material
allows the system to withstand heavy transits, but its low adhesion coefficient impacts negatively
on the breaking capabilities. In order to make the regulation of traffic and the prevention
of accidents, Railway Signalling Systems are responsible for detecting data like the trains
positions and track availability, process them and control the trains movements and other track
components.

Railway Signalling Systems are subdivided into three levels: the Element, Interlocking and
Operation Control levels, as presented in Figure[1.1] The Element Control Level is the interaction
between the system and field elements like train detectors, turnouts and signals. This is the part
of the system responsible for controlling and monitoring the track electrical and mechanical
components. The Interlocking Level is the part of the system responsible for processing the data
and responding accordingly to safety aspects as a way to avoid dangerous situations. Then, the
Operation Control Level is the interface between the system and the signaller, i.e., the person
that induces the train movement. Thus the safety of the system depends on the Interlocking
Level capabilities of processing the data and sending the correct information to both Element

and Operation Control levels.

]

Train Signaller

’Operation Control Level ‘

!

‘ Interlocking Level ‘
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Figure 1.1 — Railway Signalling Levels Scheme.

Railway Signalling System

Above the Operation Control Level, there is the train signaller, which is the responsible for
directly inducing the train movement. The signaller decisions are made based on timetables,
signalling rules and the current situation. The train traffic management schedules are produced
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in the form of timetables by the dispatchers, which have the objective of organising a well-thought
train schedule and communicate with signallers any unexpected situation. The Dispatchers
Level is right above the Signaller Level in the Railway Signalling level hierarchy.

In order to guarantee the safety of these Railway Interlocking Systems, the Interlocking and
the Dispatchers levels must be analysed. In the Interlocking Level it is necessary to guarantee
that the system is indeed executing accordingly to safety aspects and avoiding any hazardous
situations, which requires a deep analysis of the logic behind these systems. In the Dispatchers
Level, one must assure that the timetables do not cause a dangerous situation by avoiding any
proximity between trains during their route. Although these analysis have the same objective
of guaranteeing the system safety, they are made in completely different manners that require
different approaches. While the verification of interlocking systems is made regarding a specific
local situation, the verification of timetables requires the analysis of several train routing in order
to guarantee that they do not share the same track point. Both works are extremely important in
order to guarantee the system safety and many methodologies and studies have been made in
both areas. This thesis focuses on the analysis and verification of the systems in the Interlocking

Level.

1.2.1 Safety-critical Aspects in the Railway Field

The main concern about safety-critical systems is with the consequences of failure [Knight
2002]. In this case, a failure may be defined as an external incorrect behaviour according to
the system requirements and the expected behaviour [Ammann 2016]. When a failure leads to
acknowledged unacceptable consequences, the system is determined as safety-critical. Some
well known examples of traditional areas where safety-critical systems are applied are medical
devices, aircraft flight control, weapons, and nuclear systems [Knight 2002]. In the railway
field, the safety-critical nature of railway systems is evident, since a failure may cause severe
consequences like the loss of people lives, substantial economical loss and even extensive
environmental damage.

The safety in this context is related to the "functional safety within the system and protection
against hazardous consequences caused by technical failure and unintended human mistakes” [Theeg
2017]]. Given that an error is an incorrect internal state of the system [Ammann 2016], the system
safety may be achieved by avoiding the occurrence of errors through a careful inspection before
putting the system into operation. Nevertheless, "a spontaneous (random) faillure during operation
cannot be prevented. However, dangerous consequences of such a failure can be prevented by the design
of the system” [Theeg 2017]).

According to [Schon et al. 2013], the railway operation presents five major problems:

1. Collision between trains that go in the same direction in the same track in different speeds;
2. Collision between trains that have converging routes;

3. Frontal collision between trains that travel in the same track in opposite directions;

4. Collisions at a road level crossing;

5. Derailments, which may be caused by excessive speed, for instance.
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Except for derailments, all the other cited problems are related to collisions while the train
is under its route. The causes of these accidents are numerous, but the human factor and
equipment defect are some of the most significant causes [Liu, Saat, and Barkan 2012|. Regarding
derailments, for instance, it is known that at low speed, they are mostly caused by certain track
and human factors, like improper train handling, braking operations and improper use of
turnouts (points). At higher speeds, these problems are mostly caused by equipment defects [Liu
Saat, and Barkan 2012]. While human erroneous decisions are difficult to predict and control, the
correct operation of interlocking systems may guarantee the non-occurrence of some problems
when considering that their instructions are well followed by all the related humans. In this
case, although the signalling installations can solve the railway operation problems, it does not
diminish the importance of regulation, since the obedience to signal indications and exceptional
procedures are a matter of regulation [Retiveau 1987|).

Table 1.1 - Some railway signals presented in [Rétiveau 1987|.

‘ ‘ Green Signal - Normal operation is authorised, if there
) are no objections.

Yellow Signal - It is necessary to be able to stop before
the next stop signal.

Double horizontal yellow Signal - Commands to not ex-
ceed the speed of 30km/h when passing over the corre-
sponding turnout.

Double horizontal flashing yellow Signal - Commands
to not exceed the speed of 60km/h when passing over the
corresponding turnout.

Red and purple Signals - Instructs to stop in front of the
signal.

In order to indicate the safe procedure for a train in its route, railway signals are used. In the
french context, light signals are used as stop, speed limit and direction signs [Rétiveau 1987], as
presented in Table As the interlocking system is also responsible for controlling the railway
turnouts, they must guarantee that a train only passes through them when they are placed and
locked, since an unexpected switch movement may cause the derailment of the train that is
using it. Together with the signals that control the train speed, a RIS whose instructions are
well followed have the responsibility to avoid the occurrence of collisions and derailments in
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several different situations. Therefore, the logic of these systems must be safety proved as a way
to guarantee the absence of accidents.

In the European context, the electrical engineering standardisation is a responsibility of
CENELEC, the European Committee for Electrotechnical Standardisation (Comité Européen de
Normalisation Electrotechnique). Some of the most important European Norms (EN) regarding
the railway systems development and operation are the EN 50126 [CENELEC 2017al|[CENELEC
2017b], EN 50128 [[CENELEC 2011]] and EN 50129 [CENELEC 2018].

Regarding the safety, EN 50126-1 [CENELEC 2017a] provides a Safety Management Process
for the Railway Systems development. This process is supported by the guidance and methods
presented in the EN 50126-2[CENELEC 2017b|]. The approach defined in EN 50126 is consistent
with the application of quality management requirements defined in the ISO 9001 [ISO 2015|.
This norm also defines several terms, like:

* Accident — “unintended event or series of events that results in death, injury, loss of a system or
service, ot environmental damage”;

* Error — “discrepancy between a computed, observed or measured value or condition and the true,

specified or theoretically correct value or condition”;
* Failure — “loss of ability to perform as required”;
e Hazard - “condition that could lead to an accident”;

* Reliability — “ability to perform as required, without failure, for a given time interval, under

given conditions”;

* Risk — “combination of expected frequency of loss and the expected degree of severity of that

loss”;
* Safety — “freedom from unacceptable risk”;
* Safe state — “condition which continues to preserve safety”;

* System — “set of interrelated elements considered in a defined context as a whole and separated

from their environment”;
* Subsystem — “part of a system, which is itself a system”;

* Verification — “confirmation, through the provision of objective evidence, that specified require-
ments have been fulfilled”.

While EN 50126 addresses system issues in a widest scale, EN 50128 concentrates on the
methods for the development of software that complies with the safety demands. In this context,
Software is defined as "intellectual creation comprising the programs, procedures, rules, data and
any associated documentation pertaining to the operation of a system”. This norm also defines five
software Safety Integrity Levels (SIL), being SILO the lowest and SIL4 the highest one, measuring
the risk resulting from software failure. Furthermore, the EN 50128 gives recommendations
of techniques and measures according to each Safety Integrity Level. For instance, the use of
Formal Methods of specification based on a mathematical approach is recommended for systems
SIL1 and SIL2, but it is highly recommended for systems SIL3 and SIL4.
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Regarding the electronic part of the signalling system, the safety-related acceptance require-
ments of electronic systems are defined in the EN 50129. During the execution of a signalling
system, one must consider that problems caused by electrical components defects are hard
to predict and prevent. These problems can be mitigated by the use of ancient relay-based
Railway Interlocking Systems, which have lower complexity and unequivocally defined fault
modes [Pasquale et al. 2003]]. Nevertheless, these systems are difficult to model, safety proving
and maintain. Thus, they are being replaced by computer-controlled systems, which are easier
to handle and maintain, cheaper and more flexible to extend functions [Akita et al. 1985]. Each
of these technologies have their advantages and disadvantages, which are discussed in the next

section.

1.2.2 Relay-based and Computer-controlled RIS

In the beginnings of the railway operations, all the interlocking procedures were made by
humans, which had the responsibility of manually interacting with the field elements [Theeg
2017|. This "interlocking" procedure is not a real interlocking, since no technical locks are
provided. For safety reasons, this procedure was widely replaced by mechanical systems.
In fact, the first Railway Interlocking System was purely mechanical. Then, as electricity
became common, the mechanical systems evolved to electromechanical relay-based systems.
More recently, computer-based technology is replacing the electrical systems [Hansen 1998a].
Nowadays, many railway infrastructure managers are replacing the existing relay-based systems
by computer-based technologies.

Some of the first steps towards the use of electrical components in the RIS started around
1870, with the development of partial electrical systems beginning around 1900. But it was
only between the two world wars that the firsts relay-based RIS were developed and installed in
various countries. This type of system is still used in the majority of existing installations [Theeg
2017]. However, With the existence of more advanced technologies, the relay-based systems are

being replaced by the computer-based ones (electronics).

Relay-based Systems and Modelling

Relay-based RIS are implemented in the form of electrical circuits whose electrical current flux
is controlled by relays. As an electromagnetic component, a relay is composed by a electromag-
net (coil) and a movable armature containing one or more electrical contacts. When electrified,
the relay coil produces a magnetic field that attracts the armature, changing the contacts posi-
tions, which may open or close circuits according to their initial positions. Figure[l.2|depicts the
states of a relay R and its related contacts C1, C2 and C3. By controlling the flux of electrical
current in other wires, the alteration between the relay states may activate or deactivate other
relays, which creates a chain effect until the system reaches a stationary state, i.e., the moment
where no component has its state altered.

Relays are divided into two different kinds: Monostable and Bistable. The main difference
between them is the impact of the gravity on their states. A monostable relay contains only
one electromagnetic coil that pulls the contacts against gravity. In this case, the contacts are
physically disposed horizontally so they can fall down when the coil is not energised, as presented
in the Figure A bistable relay, on the other hand, has two electromagnetic coils that pull
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Figure 1.2 — A monostable relay and its related contacts states.

vertically positioned contacts to different sides, as presented in the Figure The contacts

are attracted to the energised coil. The relay coils positions are typically called as "left" and

"right" [Schon et al. 2014]. Furthermore, if both bistable relay coils are activated or deactivated,

gravity causes the contacts to maintain their previous states.

Rcl

=)

Rel

-

Rcl

Rc2

-

Rcl

-

Figure 1.3 — A bistable relay and its related contact states.

The contacts related to monostable relays, the monostable contacts, may be divided into

three categories: normally-open, normally-closed and changeover contacts [Schon et al. 2014]),

which are represented in Figure [1.2]as the contacts C1, C2 and C3, respectively. A normally-

open contact is open when the relay is deactivated and closed otherwise. On the other hand, a
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normally-closed contact is closed when the relay is deactivated and open otherwise. In the case
where a contact is able to establish a connection independently of the relay state, it is called as a
changeover contact, since it is able alternate between two different connections.

The differentiation of contacts types is important because the most stable state of a monostable
relay is the deactivated state, i.e., when it is not energised. As the contact falls down by gravity,
this position is called as the "safe position" as it is used in order to keep the system safety in
case of a component failure. In this case, the system must always give an information that can
only leads to a safe state, thus the "down" position of a contact generally leads signals to be red
or detectors to indicate a train presence. Besides, relays are made following strict compliance
requirements so they can be trusted during a system execution. An example of the dysfunctional
safety guarantee given by relays is detailed in the case study presented in Section[1.2.3}

Before their implementation as electrical circuits, relay-based RIS are generally modelled as
electrical circuits schemata named relay diagrams. They represent in a graph format how the
electrical components are connected by wires. Nonetheless, there is not a unique approach for
drawing relay diagrams, as each company has its own set of electrical components and design
rules. Although some diagrams may be similar, their representation may have a big impact on
how the system behaviour may be understood from the drawings. This thesis focuses on the
relay diagrams representations given by the French National Railway Company (SNCF) and
their documentation in [Rétiveau 1987| and [Schon et al. 2014].

Besides the relays, many other components may be used in the implementation of relay-
based RIS and modelled inside a relay diagram. Table[I.2] presents how some of these electrical
components are graphically represented. Each component has its specific behaviour and plays

an important part on the complete system exececution.

Table 1.2 — Representation of electrical components inside relay diagrams.

—0 — Jo— Energy sources.
ES
g& %@f A lever and a button, respectively.
E;{ EE Monostable and bistable relays, respec-
. tively.

A monostable and a bistable contact,

' N L g
Ranl respectively.

4LOOHz >
LOOHz o— Alternating current energy sources.
LOOHz »—

; Blocks for timed activation and deacti-
S . .
vation, respectively.

# *l I" R A junction, a capacitor and a resistor,
<0 | respectively.

The energy sources are responsible for providing energy to the system in order to activate
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determined components. Generally, a component is electrified when connected to both energy
sources poles, negative and positive. Nonetheless, components may also be electrified when
connected to other more complex components, like blocks or capacitors, as discussed later.
However, even these components require a connection to energy sources in order to function

correctly.

It is also possible to define an interface that allows the system user to control the electricity
flow inside the wires as well as obtain important information about the system state. This
interface may be implemented by the use of buttons and levers as the system inputs, and lights
and antennas for the system outputs. A button allows the environment to control the current
flow in one single wire, since this component acts like a contact that requires physical force
in order to close. A little more complex than buttons, levers allow one to control the flux of
electrical current in many wires at the same time. Levers are connected to a set of contacts
which always alternate their states together. When the lever state changes by an environmental
physical force, all its related contacts alternate their states together, blocking and allowing the

current to flow in different wires at the same time.

Monostable relays and bistable relays are represented inside relay diagrams as single and
doubled coils, respectively. Each coil has two independent connections to wires. The relation
between relays and contacts are represented as a semi-dotted vertical line, as presented in the
example of the Figure This figure represents a solution for a Temporary Reversed Direction
Installation (ITCS - Installations Temporaires de Contre Sens), given by SNCF, discussed with
more details in Section[1.2.3]

As a way to improve readability, bistable relays and levers may have specific names for each
of their states. These names are generally related to the effect of these components states over
the rest of the system. A lever may have the names "on" and "off" for each of its states and a
bistable relay may have the states "in service" and "out of service" instead of "left" and "right", for

instance.

Relays may also be considered as inputs or outputs of the system in determined situations.
When the relay is not presented inside the diagram but its related contacts have influence on
the system execution, this relay is considered as an input. In this case, the relay is considered
as part of the environment, since it is not controlled by the modelled system. Furthermore, if
the relay is presented inside the diagram, but its related contacts are not part of it, this relay is
an output, since it impacts the environment through its contacts. Indeed, any relay may be an
output, as long as it has at least one contact that is not presented inside the diagram. In this case,
the interpretation of the diagram and the knowledge about the system is extremely important in

order to define what is indeed an output or not.

One of the possible system outputs are the light signals. Differently from the rest of the
system, these outputs are powered with an Alternating Current (AC) of 400Hz. The alternating
current is only a variation of the energy sources used in the relay diagrams. As this type of
current is only used for signal lights, this work refers to the Direct Current (DC) energy sources
as the "energy sources". Otherwise, when alternating current energy sources are used, they are
specifically referred as "alternating current energy sources" (or "AC energy sources"). This is
because the majority of the system uses DC energy sources, so there is no need to state this every
single time. In order to differentiate the AC energy sources, some of them may be modelled
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in the relay diagram with the word "retour” ("return", in english). So, in order for a light to be
electrified, it must be connected to a normal and a return AC terminals.

Other important characteristic of the signals is that they can be flashing or fixed. In order
for the light to flash, the AC energy source flashes. In this case, in order to indicate that the
alternating current of the energy source is flashing, the wire coming out of this component is
represented by a dashed line. The Figure presents an example of a circuit using the AC
energy sources giving the possibility of the light signals to flash or not.

Figure 1.5 — Example of a circuit that electrifies a light signal.

During the execution of relay-based RIS, the existence of timed behaviours may be necessary.
As electrical components may physically require some time to reach their determined states,
the system safety may be guaranteed by waiting specific times in order to change signals, for
instance. In this context, complex structures used in the system implementation are responsible
for timely controlling the electricity flow. These structures are abstracted inside relay diagrams
as blocks.

A block is generally drawn as a box with many different connection. They represent complex
structures that are not explicitly depicted in the diagram. There are are many types of blocks
with different functions. In this work we consider only the existence of timed activation and
deactivation blocks. These components may generally have five or six connections that may be
classified as:

* positive energy connection;
* negative energy connection;

* one or two independent connections, which are responsible for energising the block itself

when the configuration allows the current to flow;

* two dependent connections, whose electricity flows from and to the block when it is

activated.

The block connections are presented in Figure Indeed, there is no visual differentiation
between the block independent and dependent connections. Although only the dependent
connections require the block to be activated in order to produce energy, both of these connections
may act as power sources.

Differently from other components, a block is electrified if there is a cycle that begins and
finishes in the block independent connections or if there is a connection between an independent
connection and an energy source, as presented in Figure However, a block may not be

activated right after its electrification. In this context, blocks may be divided into two different
types:
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Dependent { —

connections } Independent

connections

Positive connection +@—
Negative connection - @=

Figure 1.6 — Indication of the block connections as it is depicted inside a relay diagram.

* Blocks with timed activation - represented in the relay diagram with a thicker line on the
top, these components activate a certain time after their electrification, but they deactivate

right after the energy is cut;

* Blocks with timed deactivation - represented in the relay diagram with a thicker line on
the bottom, these components activate right after their electrification, but they deactivate

only after a certain time that the energy is cut.

When activated, the block produces energy to the circuit connected to its dependent connections.
The complete succession of blocks states is represented in Figure[I.7] In this figure, the compo-
nents in yellow are activated, while the components in white are deactivated. The first column
of this figure depicts the blocks electrification, which activates the timed deactivation blocks.
After X seconds, the timed activation blocks also activates (second column). When these compo-
nents are no longer electrified, as represented in the third column, the timed activation block
deactivate. The timed deactivation blocks, on the other hand, only deactivate after X seconds, as
depicted in the fourth column.

.

Time = Xs m Time = 0s m Time = Xs

Time =0s
M SE. M M
Xs Xs Xs Xs
+o— +o—| +o—] —— ™ +o— ]
b — b — b b
] I ] @ ]
+o—| Xs — o+ ol A= — 0.+ +o] Xs —o\b—Q+ +o—] Xs —o\o—.+
] I ] @ ]
ol Xs rol Xs ol Xs N ol Xs N
+o—] Xs +ol Xs +o] Xs | o +o— Xs | o
b — ] b — ] b b
|| IR || ||
10 X | 0. o X5 [ e oy 1o X —-\—oa, 10 X5 —o\—o+
|| N || ||
+o—] Xs — e o- +o— Xs —e—o- +o— Xs ——o\b—‘- +o—| Xs —o\o—g-
|| N IR ||

Figure 1.7 — Succession of blocks states according to their types.



24 CHAPTER 1. Background

An electrical junction allows a component to be connected to many others at the same time.
It makes the contact between three or four wires as a way that the electrical current that comes
from a wire is able to pass through all the others. In fact, this component has no behaviour, but
it is an important support component during the design and implementation of relay-based RIS.

The component with the most complex behaviour is the capacitor. This component is able to
store energy after a certain time that it is energised, which can be discharged during a certain
time in order to electrify other components. So, its behaviour is time dependent when charging
and discharging. Besides, a capacitor is only able to electrify other components if it is completely
charged, which makes this component state to be dependent from its previous state. A capacitor
consists of two conductive regions (plates) separated by a non conductive material. Thus, this
component has the ability of storing a different energy charge in each of its conductive regions
according to the energy source pole they are connected to. When each plate of a capacitor is
connected to a different energy source pole for a certain time, the plate connected to the positive
pole accumulates positive charges while the plate connected to the negative pole accumulate

negative ones. A capacitor possible state succession is presented in Figure[L.8]

+ ——'—0+ X seconds

] it

Y seconds + ﬂ | +

Figure 1.8 — Simple succession of a capacitor states.

As well as junctions, resistors are one type of component that has no behaviour when
electrified. On the other hand, these components are used together with capacitors (as presented
in Figure as the resistor level may control the time for capacitors to charge. They have an
structural and behavioural importance, as they must be physically configured in order to fulfil
the capacitors time requirements.

Generally, the safety verification of relay diagrams is made by human inspection, which
may not be satisfactory for a safety-critical system [Haxthausen, Le Bliguet, and Kjeer 2008]. A
structural verification aims to guarantee that the electrical circuits are well-defined, i.e., all the
components electrical connections follow the electrical circuits design rules. The behavioural
verification, however, is the interpretation of these diagrams as a way to investigate if the inputs
generate the expected outputs. Due to the complexity of these systems, a manual inspection
has a high tendency to be time consuming and error prone, besides, the diagrams may require
high level of expertise in order to be correctly understood. Despite the historical success of
this technology and its well defined fault modes, relay-based RIS are being replaced by a more
intelligent and modern technology: computer-based RIS.
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The New RIS Generation of Computer-controlled Systems

Firstly applied in the 1980s, the electronic RIS have been continuously developed in a way
that many different versions of systems have been created by different manufacturers and
applied in different countries [Theeg 2017]. As computer-based systems, the interlocking
functions are programmed in a software format. In fact, these electronic systems have some
risky characteristics. One must consider that the low voltage used makes these systems highly
sensitive to external influences and that their failures are difficult to predict. Furthermore, the
hardware of these systems are always evolving and they are complex, in a way that it is hard to
prevent manufacturing errors and guarantee the well functioning of the system.

However, as these systems have a tendency to be cheaper and flexible, many different
approaches may be applied in order to overcome the unfavourable situations. For instance,
hardware safety redundancy may be used as a way to execute the logic in different pieces of
hardware and compare the results as a way to produce a final decision. This approach allows the
exclusion of spontaneous errors. Furthermore, hardware availability and redundancy may be
used in order to allow the system to maintain its operation when some piece of hardware fails.
In this approach, the system maintains extra components that may be automatically used in case
of failure as a way to guarantee the system operation.

The interface of a computer-based RIS, i.e., its Operation Control Level, is generally provided
as a remote control system, which sometimes is not even considered as part of the interlocking
system. However, the Interlocking and Element Control Levels are still part of the interlocking
system and they may be implemented with the use of many different technologies. As computer
systems are always evolving, new methodologies for increasing the RIS safety are continuously
being studied. A computer-based RIS may also make diagnosis in order to check the correct
operation of components in all system levels. This part of the system may sometimes be allocated
in a different hardware block [Theeg 2017|].

As the interlocking logic is concentrated in the form of software, the system that used to be
implemented as a big web of cables and electric components may be reduced to small electronic
boards that execute software, as depicted in Figure The communication with track-side
components as sensors, signals and turnouts can be maintained and all the system logic may be
centralised and easily processed in order to give multiple useful information to operators.

Furthermore, as part of the Software Engineering practices, formal approaches for software
development may be applied in order to meet safety requirements. The use of formal spec-
ification methodologies in the railway field is indeed strongly recommended by the railway
norms [CENELEC 2011]). This can be explained by the Formal Methods strong mathematical
background and supporting tools that allow the automatic safety analysis and proof. Some formal
languages have already been used in industry with successful results. One of the examples is the
B-method, which is considered as one of the strongest approaches for the specification of railway
systems [Fantechi, Fokkink, and Morzenti 2013]] and which has already been successfully used
for the analysis and development of software in many different projects, like METEOR [Behm
et al. 1999], COPPILOT [Lecomte, Servat, Pouzancre, et al. 2007 and SACEM [Guiho and
Hennebert 1990]. Other examples of languages used in this context are Petri Nets [Peterson
1977], CSP [Schneider 2000| and Z [Spivey and J. Abrial 1992, used in works like [Sun, Collart{
dutilleul, and Bon 2015, [Winter 2002] and [N. A. Zafar 2006], respectively, as discussed in the
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Figure 1.9 — Representation of a relay-based RIS implemented as a piece of software that com-
municates with the track-side components through the system inputs (in yellow) and outputs (in
green).

Chapter

1.2.3 Case Study

A well known example of a Railway Interlocking System safety application is the control of
the railway signals during a Temporary Reversed Direction Installation (ITCS - Installation
Temporaire de Contre Sens). In a normal situation of a pair of tracks, each track is used for the
trains to go in one different direction. However, some determined circumstances may cause
a track to be blocked, either because of repairs, maintenance or even accidents. In order to
maintain the flux of trains, a special approach must be used. The ITCS system uses two turnouts
in order to allow the trains that should pass through the blocked tracks to temporarily use the
track in the wrong direction in a safe manner.

Relay-based RIS are divided into control areas. Each control area contains a small portion of
the system, which is responsible for controlling the signals and turnouts inside the limits of this
area. The communication between the control areas can be performed by specific components,
like antennas, for instance. Figure[T.10| presents the track plan of the ITCS example between the
control areas A and C, depicting the normal and the critical situations. In a normal situation, the
trains are able to transit between the areas in tracks reserved for each specific direction. Then,
due to a problem in one of the tracks, the train may continue its route by passing through the
other track in an temporary installation, going in the opposite direction. However, when a train
that comes from a Control Area A changes to the other track, it may cause a collision with a train
that comes from the Control Area C. In order to avoid this collision, the interlocking system
must be able to detect the train presence and control the signals according to safety principles.

In order to solve this problem, many different solutions may be given. One of the solutions
used by SNCF and installed in the Control Point A is partially presented in Figure This
is the part of the diagram presented in Figure [I.4]responsible for controlling the signal in the
Control Area A. Besides, according to the context in this control point, this system also indicates
the track availability to the Control Area C through the output EF11. Each electrical component
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Figure 1.10 — Track plan representing the normal and the critical situations of the tracks between
the control areas A and C.

in this diagram has an importance in order to guarantee the system safety.
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Figure 1.11 — Partial relay diagram of the solution for the ITCS problem used by SNCF in the
Control Area A.

This case study begins when a problem in the track is detected. The lever L ITCS is responsible
for indicating if the itinerary of the train that comes from Control Area A must pass through the
opposite direction. In this case, this lever may assume the states DV (two-way route - Double
Voie) or ES (in service - En Service). When this component is in service, the system must provide
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a safe mechanism for a train that comes from the Control Area A to pass through the opposite
direction track for a moment. This lever state induces the bistable relay C CSS V2 to go likewise
to the ES state. This component is responsible for the control of the opposite direction route.

Once the exceptional (critical) situation is set, the system waits for the permission for the
train that comes from the Control Area A to continue its route in the opposite direction. This
permission is given by the Lever L C CSS. When the state of this lever is changed from F (closed -
Fermé) to O (opened - Ouvert), the procedure in order to allow the train to change tracks begins.
The objective of the system at this moment is to block the trains that may come in the normal
direction so a train may pass in the opposite direction. With the critical situation set and the
permission given, the control command EIT C CSS, a bistable relay, is also set to the O state. This
command already deactivates the output EF11, indicating to the Control Area C that an ITCS
procedure is beginning.

Then, the system waits for a permission from the Control Area C in order to continue
the procedure. This permission is given by the component KSS E V2. The activation of this
component provokes the electrification of the block TA.SS E V2 and its activation after five
seconds (the time indicated inside the block). This time is a security measure in order to make
the train wait five seconds more before entering in the dangerous zone (the shared portion of the
tracks where a collision may occur). In this time, any sensor that may have been delayed for any
reason may indicate any possible presence in the tracks. After five seconds, the block activates,
provoking the activation of the safety relay SS E V2. If nothing more blocks the entrance of the
train, the activation of the relay SS E V2 leads to the activation of the relay KIT C CSS, which is
the final command in order to activate the KIT C 911. Then, the train is able to safely enter in
the dangerous zone.

The activation of the component KIT C 911 could be prevented by other components in two
main cases. The first case occurs when the axle counter detects that part of a train is still in
the dangerous zone. This component is responsible for guaranteeing that the same amount of
wheels that entered in a determined portion of the track is the same amount that left, i.e., no
rolling stock is missing. In this ITCS example when the component INT AC V2 is deactivated,
it indicates that part of the train is still in the dangerous zone, which blocks the activation of
the component KIT C CSS. The second case occurs if the pedal in the dangerous zone detects
the presence of a train (relay RPD FA C 911 deactivated) at the same time that the turnout is
is in the left position, allowing the train to change tracks (relay KAG a G deactivated). In this
configuration, the relay PG 911 is deactivated, blocking the component KIT C 911 to activate.
Once the pedal does not detect the presence of a train, the relay PG 911 is activated and the
procedure may continue.

In this example, the relays RPD FA C911, KAG a G and INT AC V2 are used in order to
prevent dangerous situations in case of dysfunctional failure, i.e., when a component has a
malfunction. The functional state of these components are the deactivated state, which means
that in a case of failures or lack of energy, the relays RPD FA C911, KAG a G and INT AC V2 will

indicate, respectively:
» That there is a train in the dangerous zone, even if there is not;

* That the turnout is switched so a train may change the track, even if it is not true;
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* That a part of a train is still in the dangerous zone, even if it is not.

In a failure mode, the system may stop working for a time until an external intervention.
Although it is not the most functional procedure, it is the most safe, since no train will be
allowed to move if the system detects that it may cause a collision. This is one of the reasons
relay-based RIS has been so successful in the last decades.

Although the case study used in this thesis finishes here, the system continues executing in
order to lead the train in the opposite direction back to the upper track through the other turnout
and then allow a train to enter in the dangerous zone in the normal direction. These operations
are controlled by the other part of the relay diagram, which is responsible for controlling the
Control Area C. This part of the system is responsible for identifying the temporary exceptional
situation and control the turnout in this area so the train may change to the upper track.
Furthermore, once the Control Area A informs the availability of the track or the end of the
exceptional situation, the system in Control Area C may allow the entrance of a train in the
normal direction. Although this part of the system is not presented as part of the case study, its
analysis, formalisation and specification may be performed in a future work.

This case study is useful in this work since it allows the analysis of the possible occurrence of

a frontal collision or a derailment.

Collision Avoidance

During the execution of the system existing in the Control Area A, a train may enter in the
dangerous zone if the component KIT C 911 is activated. It is clear that the activation of this
component may imply the extension of the track towards the opposite direction so a train in the
Control Area A may pass. In this situation, one must guarantee that this train will not collide
with a train that may enter in dangerous zone in the normal direction.

The permission for a train to enter in the dangerous zone through the Control Area C is given
by the RIS existing in this area. However, this permission can only be granted if Control Area
A informs the availability of the track, i.e., the train in the opposite direction cannot enter in
the dangerous zone. This message is sent by Control Area A through the component EF11. So,
the track can only be used in the normal direction by the control Area C if, and only if, this is
indirectly allowed by Control Area A.

As a way to avoid a frontal collision, one may guarantee that the components KIT C 911 and
EF11 are never activated at the same time, so the tracks cannot be used in both directions at the

same time.

Derailment Avoidance

As presented before, many situations may cause a derailment in a relay-based Railway Interlock-
ing System. Apart from the physical causes (components physical problems, like bent tracks, for
instance), this problem may also be caused by errors in the system design. A faulty system may
not be able to safely control the signals and turnouts or even predict and avoid problems caused
by components malfunctions. In this context, it is crucial to guarantee that the relay-based RIS
have a safe behaviour and that it is able to deal with every known malfunctions that may lead to

accidents.
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In the ITCS example, for instance, during the ITCS procedure, a derailment may be caused
by the passage of the train over an unlocked turnout. The blockage of the turnouts is a known
procedure in order to avoid these components to move when the train is in transit over it, which
could cause the train to run out from the tracks. Indeed it is a safety measure which guarantees
that a train does not pass over an unlocked turnout. However, due to an incompleteness of the
relay diagram of this case study, it is not possible to guarantee this safety measure.

Nevertheless, although not presented in the diagram, the turnout locking is guaranteed by
the SNCEF specialists. Many components cannot be presented in only one relay diagram due to
the space limitation. Some of the interlocking procedures are divided into many different relay
diagrams and this is the case of the turnout locking in the ITCS example. So, this is one example
of a lack of information due to the relay diagrams syntactical and semantic limitation. The
analysis of the presented solution for the ITCS problem will thus conclude that the behaviour
that can be deduced from this relay diagram is faulty and needs revision in order to avoid a
derailment.

In fact, it is clear that the system analysis based only on the information presented inside the
relay diagrams is not complete. The real position of the train cannot be detected based on the
relay diagram, so it is not possible to define when a train is indeed in transit over the turnout.
As a consequence, the knowledge about the system background and environment is crucial in
order to be able to give a safety guarantee.

Anyhow, the use of a more complete and modern methodology for the system specification
may be beneficial to the railway companies. The manual analysis of the relay-based RIS is not a
satisfactory approach for a critical system. Instead of using relay diagrams for the structural
modelling of the electrical circuits, one may use formal specification languages in order to
structurally and behaviourally specify these systems. Formal specification approaches like the
B-method, for instance, is grounded in mathematical foundations and is supported by many
tools that allow the specification, analysis, verification and the automatic refinement and code
generation. All these features may be used as a way to completely prove the system safety and

transform these relay-based systems into computer-based RIS by refinement.

1.3 Formal Methods and Mathematical Foundations

One way to improve the quality of a system is to change the way it is documented. Many existing
methods of documentation are sometimes inefficient, imprecise or ambiguous. An alternative
that solves this problem is the use of Formal Methods, which is grounded in elementary mathe-
matics and is able to produce precise and unambiguous documentation [Woodcock and Davies
1996]. This section focuses on presenting some of the capabilities of the formal specification
methodologies as well as some of the mathematical foundations used and the B-method, a formal
specification language that has been successfully applied in the railway industry.

1.3.1 Formal Specification Methodologies

Formal Methods use mathematical definitions in order to help in the documentation, specifi-
cation, design, analysis and certification of computer software and hardware [Rushby 1995].
The mathematical rigour of these methods allows the analysis and verification of the models at
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any part of the development life-cycle: requirements engineering, specification, architecture,
design, implementation, testing, maintenance and evolution [Woodcock, Larsen, et al. 2009]].
Furthermore, Formal Methods are known by their analytical techniques relying on mathematical
models that allow the exclusion of design errors in hardware [Black et al. 1996|.

The mathematical basis for Formal Methods has the same purpose as the ones for others
engineering areas: "add precision, to aid understanding, and to reason about properties of a de-
sign” [Woodcock and Davies 1996]. However, while Aeronautics and Nuclear Engineering are
grounded, respectively, on Fluid Dynamics and Quantum Mechanics, for instance, the basis of
Computer Science is Mathematical Logic. This basis provides precise interpretation for some
notions like, consistency, satisfiability and implementation [Rushby 1995, which are important
for the software development.

Formal methods may be applied at the development of any system and it may benefit many
areas [Hall 1990]. Moreover, in critical situations, increasing the level of formality may be
necessary and a completely formal proof may be even required in some situations [Woodcock
and Davies 1996|. The specification of a system allows one to prove properties about it, like
consistency, or completeness. Furthermore, it is possible to guarantee that the system meets
determined requirements, like safety or security.

Nowadays, it is possible to find many different formal languages applied to different types of
systems. CSP (communicating Sequential Processes) [Schneider 2000] is one example of a formal
specification language focused on the specification of concurrent systems and the patterns of
interaction between them. Petri Nets [Petri 1962] is a formal approach for the development
of concurrent and distributed systems where the system is specified in a graphical notation.
Besides, this language is based on a mathematical theory that allows its use for some formal
proofs [Sun 2015[. Regarding the industrial use of formal specification methodologies, the
B-method [J.-R. Abrial, Lee, et al. 1991]] has been successful. One of the reasons of this success
is because the B-method disposes of a complete development methodology that begins in the
abstract system specification until its implementation based on the system refinement.

In this context, aiming at the development of safe Railway Interlocking Systems, the use of
Formal Methods is strongly recommended [[CENELEC 2011]. In fact, as they are critical systems,
the formal specification mathematical foundations can be used in order to prove the system
safety. One example of a formal language that has been successfully used in industry for the
development and verification of railway systems is the B-method. It has been used in projects
like METEOR [Behm et al. 1999], COPPILOT [Lecomte, Servat, Pouzancre, et al. 2007|] and
SACEM [Guiho and Hennebert 1990]], for instance. Furthermore, it is known to be one of the
strongest approaches for the development of railway systems [Fantechi, Fokkink, and Morzenti
2013]. Some of the mathematical basis of B-method are Propositional and First Order Logic and

Set Theory, which are presented in the sequel.

1.3.2 Propositional and First Order Logic

"Logic is one of the oldest intellectual disciplines in human history” [Suppes 1999]. It can be used to
state observations, define concepts and formalise theories. In computer science, Logic may be
utilised in order to prove mathematical theorems, validate engineering designs and diagnose

failures, for instance. Logic is divided into several branches focused in different logical aspects.
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Propositional Logic, for example, is concerned with propositions and their relationships.

A proposition is one statement about the world that may be either true or false. The Proposi-
tional Logic can be used as a way to combine and relate these propositions so one may express
specifications and reason about them [Schneider 2001]. A proposition may be simple or com-
pound. The former contains only one statement, while the latter can be formed by more than

one sentence. Some examples of propositions are:
* "The relay r is activated";
* "The system is safe";
e "The block b is electrified and activated".

Propositional sentences can be compound by using five different operators: negations, con-
junctions, disjunctions, implications and biconditionals. A compound sentence is also true
or false and it can be formed by the combination of a simple sentence and an operator, two
sentences and an operator, or many sentences and operators. Every operator gives a different
meaning to the sentence. A negation of a sentence P, for instance, is written as —=P ("not P") and

it inverts the Boolean value of P, i.e.:

p -P

true | false

false | true

Thus, if P is the sentence "The relay r is activated", =P must have the meaning of "The relay r is
deactivated".
A conjunction between two sentences P and Q results in the compound sentence P A Q ("P

and Q"). This compound sentence can only be true if P and Q are true:

P Q | PAQ

true true true

true | false | false

false | true | false

false | false | false

If P and Q mean "The relay r is activated" and "The relay s is activated", respectively, a component
whose activation depends on the activation of r and s will be activated only when P and Q is
true, i.e., PA Q.

A disjunction between the sentences P and Q is written as PV Q ("P or Q"). This sentence is

true if either P is true or Q is true, being false otherwise:

P Q |pPvoQ

true true true

true | false | true

false | true true

false | false | false
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Following the same example, if the safety of a system depends on the activation of at least one of
the relays (r or s), one must consider that the system is safe when P v Q is true.

It is also possible to make an implication between the sentences P and Q, which is written as
P = Q ("P implies Q"). This compound sentence can only be false if P is true and Q is false.

P Q P=Q

true true true

true | false false

false | true true

false | false true

In the relays example, if s is always activated when r is activated, this can be expressed as P = Q,
since it is falsified when r is activated (P is true) and s is deactivated (Q is false).

However, in a situation where P = Q and Q = P are both sentences that describe a deter-
mined situation, one may write P & Q ("P if and only if Q"), which is called as a biconditional

or equivalence. This sentence is true either if both P and Q are true or if they both are false:

p Q |Ps0

true true true

true | false false

false | true false

false | false true

Following the same example, if r is activated when s is activated and vice-versa (another compo-
nent always activates them together), one may conclude that P < Q. If this is a condition for the
system safety and there is the possibility of one of these relays to activate without the other, the
system may not be considered safe.

In this work, simple and compound sentences are used in a way to describe properties about
the system. As each operator has a unique and well established meaning, the properties about
a system may be verified during its execution in order to guarantee that they are respected.
The safety of the system may be validated based on a logical verification of well defined safety
properties. "Propositional Logic does a good job of allowing us to talk about relationships among
individual propositions, and it gives us the machinery to derive logical conclusions based on these
relationships” [Suppes 1999].

However, Propositional Logic is inadequate to express more general conditions. If one may
express that every functional relay is activated if, and only if, it is electrified, the propositional
logic fails because it does not provide means to make general assumptions. In this context,
First Order Logic extends the Propositional Logic by allowing the definition of variables and
quantifiers.

By using First Order Logic one may define logical, relational or quantified sentences. A
logical sentence is the one defined in propositional logic, which can be made using the negation,
conjunction, disjunction, implication and biconditional operators. A relational sentence is

defined in the form of:
q(a,b);

where g is a constant related to the variables a2 and b. A relational sentence is analogous to a

proposition in the Propositional Logic, since it can either be true or false. It is defined based
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on the relation between variables that represent objects from determined sets. For instance,
we may assume that the relation q determines that a relay belongs to an electrical circuit. So,
q(a,b) is true every time any relay (represented here by the variable a) belongs to an electrical
circuit (represented by the variable b). In fact, a relational sentence may have one or several
variables and it gives a characteristic about them by relating them.

A quantified sentence makes use of quantifier operators in order to define properties for the
defined variables. A universally quantifier (V) is used in order to define that all objects of each
variable group has a certain property. In this case, an implication is generally used inside the

universally quantified sentence, which has the form:
Va,b.((o(a) Ap(b)) = q(a,b)). (1.1)

In this context, o(a) is a relational sentence defining that the variable a is a relay, while p(b) is
another relational sentence stating that the variable b is an electrical circuit. Thus, this complete
quantified expression is true when, for every component a and b, if a is a relay and b is an
electrical circuit, a belongs to b (g(a, b)).

In the same format, one may define an existentially quantified sentence. An existentially
quantifier (3) defines that at least one object of each variable group has a certain property. In
this case, a conjunction is generally used inside the sentence, which has the form:

da,b.((o(a) A p(b)) A gq(a,b)). (1.2)

This expression is true if there exists at least one a and b that belong to the relay and electrical
circuit groups, respectively, where a is part of the electrical circuit b.

First Order Logic enriches the Propositional Logic concepts by allowing the definition of
more general properties. Furthermore, it gives initial concepts of sets and relations by defining
variables that represent elements from a group (set) and relations between these elements that
define properties about them. As well as Logic, Set Theory is a mathematical foundation that is

widely used as a basis for many formal specification languages.

1.3.3 Basics of Set Theory and Relations

Basically, a set is defined as a collection of objects called elements. A known example is the set
containing all natural numbers N. Two sets A and B are equal (A = B) if they contain the exact
same elements. In order to describe that an object x is an element of a determined set A, the
notation "x € A" is used. Contrarily, the notation "x ¢ A" indicates that the object x does not
belong to the set A. In this work, sets and elements are represented by strings of letters, numbers
and underscores. However, sets are represented with the first letter in upper case format, while
the elements representation does not contain upper case letters. Besides, some known sets have
their own representation, like the sets B and N, containing Boolean values (true and false) and
natural numbers, respectively. In this context, some true propositions are:

e 1eN,

e true € B or
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e —1eN.

Sets may be explicitly defined by listing their elements using curly brackets, as in A =
{1,2, 3,4}, which describes a set A containing the sequential numbers from 1 until 4. This same
set may be written by set comprehension, which uses mathematical and logical notation in order

to describe the set:
A={xlxeNAx>0Ax <4}

In this case, "x e NAx >0 A x <4"is a formula in x that describes a property of x as a condition
for the object to belong to the set A. In this context, the notation x..y is a way to implicitly define

a set containing the numbers between x and y:
x.y={zlzeNAx<zAz<yp)}

Besides sets of numbers and Boolean values, the Set Theory supports the description of sets
containing any type of objects. For instance, one may define the sets of components, relays and

contacts as, respectively:

Components = {relayl,relay2,contactl, contact2},
Relays = {relayl,relay2},

Contacts = {contact1,contact?2}.

Sets may be related to each other and manipulated. The notation A C B implies that all the
elements of A are elements of B, i.e., Yx.(x € A = x € B). In the components example, it is possible
to state that Relays C Components, for instance. Besides, the set of all possible subsets of the set
B can be denoted as P(B), known as the power set of B. The notation AU B represents the union of
the sets A and B, resulting in a unique set containing the elements of both sets. Furthermore, the
notation A N B represents the intersection of these sets, whose result contains only the elements
that belong to both sets. So, it is possible to state that (Relays U Contacts) = Components and
(Relays N Components) = Relays, for instance. The number of elements of a finite set is defined
by its cardinality, which can be expressed by the notation card(A), where A is a set.

All these notations are resumed in the Table Based on these notations, given the sets
Components, Relays and Contacts defined before, and the sets A = {1,2,3,4} and B = {4,5, 6},

some true propositions are:
+ AUB={1,2,3,4,5,6},
* ComponentsU Relays = Components,
e card(A) =4,
* card(Components) = 4,
* (ANB)={4},

« (ANB)CB,
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* Relays e P(Components),

* ANBeP(B).

Table 1.3 — Set notations.

SetAUSetB, Union and Intersection between the
SetAN SetB sets SetA and SetB, respectively
P(SetA) Power set of the set SetA
Membership notation indicating that
A el_a is an element of the set SetA
card(SetA) Cardinality of the set SetA

As anything may be an element, pairs of elements may also be elements. Thus, it is possible to
define relations between them. In this work, relations are represented as sets with the indication
"". In the set of natural numbers, it is possible to define a relation between the numbers and
their squares as Square., = {(x,v)|x € NAy € NA x = y?}. The set containing all possible pairs
between the elements of the sets A and B is denoted as A x B. This set is also called as the
Cartesian Product and it represents the set {(a,b)la € A A b € B}. For instance, the Cartesian

product between the sets Relays and Contacts may be defined as:
Relays x Contacts = {(relayl, contactl),(relayl,contact2),(relay2,contactl),(relay2, contact2)}.

Based on the Cartesian product, it is possible to define what is a relation between sets. The
set containing all the possible relations between the sets A and B (A <> B) may be defined as all

the possible subsets of A x B:
A < B=P(AxB).

In this context, it is possible, for instance, to establish that Square., € (N < N). In a relation
R_, € A < B, the elements of A that are related to elements of B are elements of the relation
domain (dom(R,,)). Contrarily, the elements of B that are related to elements of A are elements

of the relation range (ran(R.,)). These sets are mathematically described as:

dom(R,) ={alae AANTAb.(be BA(a,b) e R,)},
ran(R,) ={blbe BAJa.(ae AA(a,b) € R,)}.

A function is a type of relation in which the elements of the domain relate with, at most, one
element of the range. Functions may be differentiated into partial or total functions. In this
work, functions are represented as sets with the indication "4," for partial functions and "_," for
total functions. According to the definition, in the function F_, € (A + B), each element of A

may appear in only one pair of elements, which may be described as:

A+ B={x|]xe A< BAVabl,b2((aec ANbl1 € BAb2€B)=
(((a,b1) e x A(a,b2) e x) > bl =b2))}.

This function is called as partial function because some elements of A may not be related to an



1.3. Formal Methods and Mathematical Foundations 37

element of B. In a total function F_, € (A — B), the domain must be the same set as A, which

may be mathematically described as:
A—>B={x|xeA-»BAdom(x) = A}.

In order to work with a part of a relation or function, it is possible to restrict its domain
or range to a set of elements. The domain restriction of a relation R, to a set A (A < R.,) of

elements results in a relation containing only the pairs whose first element is an element of A:
A <R, ={(a,b)l(a,b) e R, Nae A},

Similarly, the range restriction of a relation R, to a set B (R, > B) of elements results in a

relation containing only the pairs whose second element is an element of B:
R, > B={(aDb)|(a,b)e R, AbeB}.

In opposition to the restrictions, it is possible to make the domain and range anti-restrictions
in order to restrict the domain or the range of a relation R, to all its elements except those inside
a set A. The notation A < R, represents the domain anti-restriction of R, to A, resulting in a
subset of the relation R, without the pairs whose first element belongs to A. It can be logically
defined as:

A <R, ={(a,b)l(a,b)e R, Nae A}

Similarly, the notation R, & B represents the range anti-restriction of R, to B, resulting in a
subset of the relation R, without the pairs whose second element belongs to B. It can be logically
defined as:

R & B={(ab)(ab)e R, AbeB)

Given an element a that belong to the domain of a function F_,, i.e., a € dom(F), it is possible
to use the notation F_,(a) in order to obtain the element from the range set that is related to a.
This notation is not allowed to be used when dealing with relations. Instead, one may use the
relational image notation R_,[A] in order to obtain the set of elements from the range of the

relation R_, that are related to the elements contained inside the set A:
RL[A] ={blb e ran(R ) Ada.(a€ AN (a,b) € R,)}

The relational inverse of a relation R, (written as R_!) is the relation that contains the same
pairs of elements as R, but with an inverted order, i.e., dom(R.,) = ran(RZ!) and ran(R.,) =

dom(RZ!). The relational inverse of R, may be defined as:
R_<—>1 = {(a,b)|(b,a) € R<—>}

Based on the notion of function, it is possible to define a sequence of elements from a set A
as a function from the set of positive natural numbers to A. In this context, the set containing all
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the non-empty sequences from the set A can be defined as:

SEQ1(A (1.1 — A))
=1

n

which describes the union of all total functions between a segment of N (from # = 1 until n = c0)
and the elements of the set A, excluding the empty set (0). Furthermore, a set containing all the

non-empty injective (with no repeated element) sequences from the set A can be defined as:
ISEQ1(A) = {x|x € SEQ1(A) Ax~! € (A + N)}.

So, a sequence S_, of elements from a set A is defined as S_, € SEQ1(A) if the elements can be
repeated and as S_, € ISEQ1(A) if there is no element repetition inside the sequence.

In order to extract elements from a sequence S_,, some notations may be used:
o first(S_,) gives the first element that appears in the non-empty sequence S_,,
* tail(S_,) gives the sequence S_, without the first element,

* last(S_,) gives the last element of the non-empty sequence S_, and

* front(S_,) gives the sequence S_, without the last element.

A summary of the relation, function and sequence notations is presented in Table Set
theory may be applied in the Formal Methods domain for the specification of many different
systems. As relay diagrams are represented in a graph format, Set Theory may be used in order
to define and represent graphs, which can be used later as a way to prove safety properties about
the relay-based RIS.

1.3.4 Graph Description Based on Set Theory

As it is presented in [Trudeau 1994], Graph is a representation of a set of points (as objects) and
how they are joined up. A graph may depict electrical circuits or road maps for instance. As this
structure may be represented graphically, it may support one to understand its properties [Bondy
and Murty 1976|. Figure depicts a graph representation of an electrical circuit, where the
electrical components and wires are depicted as vertices and edges. respectively.

+.J— -—

Figure 1.12 — An example of an electrical circuit and its graph representation.
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Table 1.4 — Relation, function and sequence notations.

SetA x SetB

Cartesian product between the sets
SetA and SetB

Rel _, € (SetA < SetB)

Relation Rel_, between the sets SetA
and SetB

TFE_, €(SetA — SetB),
PF_; € (SetA + SetB)

Respectively, a total function TF and a
partial function PF from the set SetA
to SetB

Rel_[SetA]

The relational image of the set SetA in
the relation Rel_,

SetA < Rel_,,
SetA 9 Rel_,
Rel_, > SetA,
Rel, > SetA

Respectively, the relation Rel,, domain
restriction, domain anti-restriction,
range restriction and range anti-
restriction to the set SetA

Rel_!

The relational inverse of the relation
Rel

Seq_, € SEQ1(SetA)

Non-empty sequence Seq_, of elements
of the set SetA

Seq_, € ISEQ1(SetA)

Non-empty injective sequence Seq_, of
elements of the set SetA

first(Seq_,), last(Seq_,),
tail(Seq_,), front(Seq_,)

Given a non-empty sequence S, these
notations denote: the first element, the
last element, the sequence S without
the first element and the sequence S
without the last element, respectively.

A graph is considered directed when the edges are represented as arrows, indicating a

direction from the vertex they begin to the vertex they end. Otherwise, the graph is considered

undirected. Both graph types have their meanings and properties to be studied. As an example,

while the graph in Figure represent the structure of the electrical circuit, the graph in

represents the electricity flow in this circuit.

T e

Figure 1.13 — Directed graph representing the electricity flow inside an electrical circuit.

According to [Bondy and Murty 1976]], a graph is an ordered triple (V(G), E(G), ), where:

* V(G) represents a set of vertices,

* E(G) represents a set of edges and

* 1) represents the incidence function that associates each edge to a pair of vertices.

In this work, based on Set Theory, it is possible to define the graph triple as (Vert, Edg, Incid_,),

being Vert the set of vertices, Edg the set of edges and Incid_, the incidence function. In this
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context, the incidence function can be defined as:
Incid_, € (Edg — (Vert x Vert)),

i.e., a total function from the set of edges to the set containing all the possible pairs of vertices.

In fact, as pairs of elements have an original ordered meaning, this graph definition based on
Set Theory relations represents a directed graph. However, it is possible to work with this graph
as an undirected graph by considering the vertices pairs and its relational inverse when defining
the graph properties. This possibility may be observed during the definition of a graph path, for

instance:

Path(va,vb,Incid_,) = {Seq_,|Seq_, € ISEQ1(Vert)
A first(Seq_) =vaAlast(Seq_,)=vbA
Vil,i2.((i1 edom(Seq_) ANi2 € dom(Seq_,)A

i2=il1+1)=((Seq_(i1),Seq_(i2)) €
(ran(Incid_,) U (ran(Incid_))™')))).

In this case, a path from a vertex variables va to vb is described as an injective non-empty
sequence that begins in va and finishes in vb, where every couple of sequential elements is

connected by an edge.

Similarly, a cycle may be defined as:

Cycle(va,Incid_,) ={Seq_,|Seq_, € SEQ1(Vert)
A first(Seq_,) =vaAlast(Seq_,) =vaA
card(Seq_)>2 A
(Vil,i2.((i1l e dom(Seq_,) Ni2 e dom(Seq_,)A

i2=il+1)=((Seq_(il),Seq_(i2))
(ran(Incid_) U (ran(Incid_))™")))A
(Vj1,72.((j1 € dom(Seq_,)
ANj2edom(Seq  )Ajl>1Aj2>1)=
Seq_,(j1) # Seq_(j2)))A
(card(Seq_)=3=
(Seq_(1),Seq_,(2)) e ran(Incid_,)A
(Seq_(2),Seq_,(3)) € ran(Incid_,))}.

In this definition, a cycle in va is a non-empty sequence of elements that begins and finishes in
va, where every couple of sequential elements is connected by an edge. Besides, the sequence
must have more than two elements, every element must be different, except for the first and
last, and if the sequence contains only 3 elements, it must be guaranteed that the two edges are
different.

Based in this mathematical graph formalisation, one may also define other specific graph
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notions, like the vertex degree, for instance. The degree of a vertex is the number of edges that

are connected to this vertex, which may be mathematically described as:
degree(vertex,Incid_,) = (card({vertex} < ran(Incid_,)) + card(ran(Incid_,) > {vertex})),

where vertex is a variable that represents a vertex of the graph whose incidence function
is Incid_,.

In order to provide a formal specification of relay-based Railway Interlocking Systems, this
work proposes a formalisation of the information contained inside relay diagrams based on
Propositional Logic, Set Theory and Graphs. Many formal languages support this mathematical
background. Then, it is possible to perform an adaptation from the RIS formalisation to the
system formal specification. One example of formal method that can be used in this context is
the B-method, which has been successfully used in industry for the specification and proof of

railway systems.

1.3.5 The B-method

The B-method [J.-R. Abrial, Lee, et al. 1991] is a formal method proposed by Jean-Raymond
Abrial and published in details in 1996 in the book "The B-book: Assigning Programs to Mean-
ings"” [J.-R. Abrial 2005]. It defines the B-method as a "model oriented” method for specifying,
designing, and coding software systems. It is close to VDM [Bjerner 1979a]] and Z [Spivey and
J. Abrial 1992] as some ideas of these methods can be recognised in B. This language focuses on
the definition of abstract machines and their refinement until their implementation and code
generation. In this context, refinement is the transformation from the abstract specification
towards a more concrete one based on well-specified transformation rules aiming at the imple-
mentation of the system. more details can be found in [J.-R. Abrial 2005]. In B-method, a system
implementation must provably be a refinement of a previously specified abstract machine.

The B-method abstract machines offer a structured approach that allows the management of
large volume of detailed system description [Schneider 2001]. It is the basic building block of
the language that allows a compositional approach where a large specification is constructed
from smaller pieces. The combination of various abstracts machines is again an abstract machine.
Furthermore, each abstract machine is divided in smaller parts, the clauses, each one describing
different aspects of the specification.

A simple example of a B machine is presented in Figure This example presents a
machine that allows the storage of an information that can be either the answer yes or no.
This small example is used throughout this section in order to demonstrate the usability of
each clause. The notations used during the specification of an abstract machine are the basic
mathematical notations for arithmetic, Logic and Set Theory, for instance. In order to be read
by computers, these notations are generally transcribed to ASCII (American Standard Code for
Information Interchange) character encoding, as presented in Table

The first clause of a B-machine is the MACHINE clause, which defines the name of the machine.
In a system specification, each machine must have a different name. The state of the system is
defined in the form of variables inside the VARIABLES clause. Each variable must also have a
different name. In the example of the Figure the only defined variable is answer, which is
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1- MACHINE

2 example

3

4- SETS ANSWERS = {yes, no, error}

5

6 VARIABLES answer

7 INVARIANT answer : ANSWERS & answer /= error

8 INITIALISATION answer :: {yes, no}

9- OPERATIONS
10
1Lk ans <—- set_answer(input) =
12 PRE input : ANSWERS & input /= answer & input /= error
13 THEN answer := input || ans := input
14 END
15
16 END

Figure 1.14 — Example of a simple B-machine.

responsible for storing the information.

Variables may be typed in terms of values, sets, relations, functions, sequences and other
mathematical structures. These variables may be typed as natural numbers (NAT) or Boolean
values (BOOL), for instance. Furthermore, new types may be defined inside the SETS cause in
the form of sets of constant information. A variable typed as ANSWER, for instance, may assume
the values yes, no or error. Conventionally, sets names are defined completely with letters in
upper case format. The type of each variable must be assigned inside the INVARIANT clause.
Moreover, any additional information about the variables must be defined inside this clause.
The information specified as an invariant is treated as a set of properties that the system must
meet during its execution. So this clause is used as a way to define any condition that must be
met, like safety properties, for instance. As an example, the machine presented in Figure[I.14]
contains an invariant specifying that the variable answer must never assume the value error,
which could indicate a system malfunction. If the system execution may violate the conditions
established in this clause, the machine is considered inconsistent, which may have different
meanings depending on the type of information specified as invariant. If the invariant is a safety
property and the system execution is inconsistent with it, the system may be considered unsafe,
for instance.

The initial state of the machine must be provided inside the INITIALISATION clause. Every
variable must be initialised, which must be consistent with the invariant. Then, the system state
evolves with the execution of the system operations, which are specified inside the OPERATIONS
clause. Each operation must have a specific name. The definition of inputs and outputs for the
operation are optional. Every input is defined after the operation name inside the parenthesis
and separated by commas. The outputs are placed before the operation name and followed by
the notation <--. The operations must contain the preconditions after the reserved word PRE,
specifying restrictions on parameters and limitations about when the operation may be called.
In the machine example, for instance, a precondition for the set_answer operation is that the
value of the input is different from the one stored by the machine and that the input value is
nor error. Once the operation precondition is satisfied, the operation body can be executed,
changing the machine state by modifying the variables values.

The B-method accepts the use of non-determinism for the specification of abstract machines.
Many non-deterministic operators are defined, being ": :" one example of them. This operator
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Table 1.5 — B-method notations in unicode and ASCII [Schneider 2001].

Meaning Unicode ASCII
Disjunction PvQ P or Q
Conjunction PAQ P&Q

Negation -P not(P)
Implication P=Q P =0
Biconditional PsQ P <=>0Q

Universally quantifier Vx.(xeT=P) | !x (x : T =>P)
Existentially quantifier dx.(P) #x . (P)
Equality E=F E=F
Set Union SUuT SA\/ T
Set Intersection SNT ST
Member of ecT e : T
Not member of eeT e [: T
Subset or equal ScT S<: T
Not subset or equal S¢T S /<: T
Power set P(S) POW(S)
Cartesian product SxT Sx T
Cardinality card(T) card(T)
Set comprehension {x|]x € S AP} {x | x: S &P}

Empty set 0 {}

Assignment x:=E x = E
Non-deterministic assignment x:€E x 1+ E
Parallel S||IT S||T
Sequencing S;T S T
Operation declaration v «— op(w) v <-- op(w)
Natural numbers set N NAT
Boolean values set B BOOL
Numbers from m to n m..n m..n
Domain of R dom(R.,) dom(R)
Range of R ran(R.,) ran(R)
Domain restriction U<R, U<|R
Domain anti-restriction U<gR, U <<| R
Range restriction R,>U R |>U
Range anti-restriction RopU R |>>U
Relational image R, [U] R[U]
Relational inverse R]! R~
Total function S—>T S-—>T
Partial function ST S +->T

allows the assignment of any value inside a set to a variable. For instance, the initialisation
answer :: ANSWERS arbitrarily assigns either yes or no to the variable answer. In abstract
machines, there is not an operator for sequential actions, everything must be specified based on
the parallel operator "| |" between each pair of actions. However, in an implementation of an
abstract machine, the parallel operator is not accepted and everything must be specified by means
of the sequential operator ";". As non-determinism is also not accepted in an implementation, the
refinement must replace the non-deterministic operators by the deterministic ones. A possible
deterministic refinement of this initialisation may be, for instance, the explicit assignment of

yes or no to the variable answer.
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The B-method is supported by many tools that allow the specification, verification, analysis,
refinement, implementation and code generation in order to produce systems that are correct by

construction [McDonald and Anton 2001]. Some of the most used tools in industry are:

* Atelier B! [Clearsy 2011] - a set of tools that allow the development of systems using the
B-method, offering an environment for the specification, refinement and code generation
and making verification at each step based on the B-method proof obligations and its

mathematical foundations;

e ProB? [Leuschel and Butler 2008]] - a validation set of tools for the B-method, containing,
for instance, a model checker, a refinement checker and an animator, which allows the

animation of models as a way to allow the analysis of the system execution;

* Rodin?® [Butler and Hallerstede 2007] - a tool for modelling and verification of the B-
method and an extension from it called Event-B [J.-R. Abrial and Hallerstede 2007].

Atelier B and ProB are some of the main tools that have been used in industrial projects as
a way to support the use of the B-method and its mathematical foundations for the systems
development and verification.

Regarding the industrial use of the B-method, some of the most important successful exam-
ples are the SACEM, METEOR and COPPILOT projetcs.

Delivered in 1989, the SACEM system was developed with the objective of being a comput-
erised signalling system for controlling the RER line A in Paris [Bowen and Stavridou 1993|. The
goal was to be able to increase the traffic movement by 15% maintaining the same safety levels
of the conventional system. In this context, 63% of the system code was formally specified and
verified, as this part of the system was considered as safety-critical [Guiho and Hennebert 1990].
In this case, "the proofs were done interactively using automatically generated verification conditions
for the code” [Woodcock, Larsen, et al. 2009)].

The SACEM system was the first industrial application of the B-method, which shows how
this language was already mature at this time as it was able to contribute to the system safety.

After the experiences with the SACEM project, the capability of the B-method to be used
for the development of large-scale industrial systems was proved with the development of the
first driverless metro in Paris: METEOR. In Operation since 1998, the metro line number 14
was designed to manage the driverless trains in an enviroment mixed with manually driven
trains. The safety-critical part of the system "controls the running and stopping of every train, and
controls opening and closing of doors located in trains and platforms" [Behm et al. 1999]. Thus high
safety levels was a strong requirement, together with high quality of service and easy operation
management.

The use of the B-method in this project allowed this language to evolve and mature so it
could be able to deal with such large-scale project. The METEOR development process is the

natural development cycle of the B-method:

1. Modelling of the abstract models;

Ihttps:/ /www.atelierb.eu/
Zhttps://www3.hhu.de/stups/prob/
Shttp://www.event-b.org/
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2. Refinement of the models until a concrete one that is able be translated into code.

The concrete model was translated to Ada [Booch, Bryan, and Petersen 1994]. During the proof
of the systems, errors were found and corrected. As a result, "no bugs were detected after the proofs,
neither at the functional validation, at the integration validation, at on-site test, nor since the metro
lines operate (October 1998)" [Lecomte, Servat, Pouzancre, et al. 2007].

The METEOR development demonstrated that the use of a formal development approach,
like B-method, can be successful in a large industrial system development process. Furthermore,
it made it clear that the complete proof of a complex system is feasible, where no bug is found
after its development. Another important conclusion after this experience is that the use of
Formal Methods can be cost-effective, since the METEOR development stayed within the initial
budget and delay [Behm et al. 1999].

An experience of using the B-method in a different railway context was made in the COPPI-
LOT project, which is an example of how formal specification methodologies may be used for
the development and verification of other parts of the railway systems other than the signalling
systems. In France, platform screen doors are used in order to avoid passengers to fall on tracks
in many metro stations, which was adopted from the METEOR system. However, in order to
be able to use these doors in stations where the trains are manually driven, a new system was
required. In fact, as the trains could not be modified, the system should be able to detect their
presence and open automatically the doors when the train is in the right position. An error in
this system could lead to a risk for people lives.

The development of a SIL3 compliant system was made with the use of infrared and radar
sensors and the B-method development cycle. The system was formally specified, proved,
animated and refined until the generation of concrete models. The animation of the abstract
specification allowed the designers to check the models against reality and verify their suitability.
The concrete models were translated to the LADDER language. During the eight months system
experiment controlling around 96.000 trains, no fault was observed.

Besides the successful use of this language in the industrial context, many academic re-
searches have presented fruitful results on the use of the B-method in the railway field. Some
important contributions in this field are the PERFECT and the NextRegio projects.

The PERFECT project [Ferlin et al. 2016| aimed at the creation of a global approach for
implementing the ERTMS* (The European Railway Traffic Management System) according to
the country particularities. The proposed approach used high level Petri Nets [Peterson 1977] as
a way to model the interlocking and signalling logic of the country, while the operating rules are
modelled in UML. As Petri Nets and UML can both be translated to B, the global specification
can be verified using the B-method supporting tools. A similar approach is provided by the
NextRegio project [Ben Ayed, Collart-Dutilleul, and Prun 2016]. As a way to decrease the safety
certification delay and efforts for single track low traffic French lines, this project proposes an
approach for the system analysis focusing on the users needs as a way to produce a functional
solution based on the requirements and the possible ways to fulfil them. As a way to verify the
system, the interlocking and signalling systems are formalised in UML and than translated to B.
Afterwards, the interlocking and operating rules are integrated, producing a complete model

of the global system. The consistency of the model and the respect to the safety constraints are

4http://www.ertms.net/
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verified by the Atelier-B tool.

Another example of academic work that uses the B-method in the development of railway
systems is presented in [Sun, Collart-dutilleul, and Bon 2015]], which proposes the transformation
of the RIS models specified in Coloured Petri Nets [Jensen 1987 to B models. One of the
objectives of this work is the use of the formal development process supported by the B-method
refinement as a way to produce computer-based RIS. More details about this work is presented
in the next chapter.

The B-method has been successfully applied at the development and verification of railway
systems, but it has not been the only language used for this purpose. It is possible to find in
the literature the usage of many different Formal Methods for the Railway Interlocking Systems
safety proof and analysis, for instance. The next chapter presents an overview of these works,

comparing their objectives with this present thesis.
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2.1 Introduction

The use of Formal Methods in the development of Railway Signalling Systems has been studied
for many decades. Due to the critical aspect of these systems, many different efforts have
been presented in the literature in order to use formal methodologies as a way to assure safety.
Although the guarantee of the system safety is a common focus between all the approaches, the
existence of many different formal languages capable of specifying different aspects of RIS results
on the existence of multiple different approaches, each one dealing with different problems
that must be addressed. In order to position this thesis in the literature, this chapter presents
some of the existing works related to the use of Formal Method for the specification of Railway
Interlocking System:s.

Regarding the application of formal techniques and tools to problems involving railway
systems, [Bjorner 1998 is an important reference that lists 299 references separated by methods
techniques and tools. This work is one evidence of the importance of using formal methods
in the Railway domain in order to assure the system safety. As this list is from 1998, several
new approaches and technologies have been studied and applied in the railway field. In this
chapter many old and recent works that are close to the research context of this present thesis
are discussed and differentiated.

Regarding the Railway Signalisation field, its safety-critical aspect is evident as the signalling
systems control the trains movements, which is a task that has the potential to cause collisions
and derailments if not performed with care. In order to guarantee the safety of these systems,
many works have presented approaches for formally specifying them. Furthermore, with the
technological advances, some approaches also proposed the use of formal development processes
in order to implement these systems with computer-based technologies. In the RIS context, it
is important to mention that there are two different levels of systems used for the interlocking
safety: the Dispatcher and the Local Interlocking levels. Each one has a different view of the
system and deals with different problems.

In the Dispatchers Level, the system has the objective of managing the trains timetables. So,
this system is responsible for creating the trains routes as a way that they will never lead trains
to collide with each other. More specifically, it guarantees that trains that use the same tracks
or turnouts maintain a certain safe distance between each other. Once the collision absence is
guaranteed, the system deals with the control of turnouts and level crossings when the trains
are close to them. Furthermore, it must deal with emergence situations, being able to re-route
trains when necessary. Thus, the dispatchers system is responsible for giving the train routes
and keep track of them and their needs when they are following these routes. The systems in
this level are often called as "functional", since a centralised computer-based system that stores
the interlocking logic is responsible for controlling the whole interlocking operation and the
trains routing. The physical geographical position of the components is not relevant for this type
of system [Banci, Fantechi, and Gnesi 2004].

In the Local Interlocking Level, the system has the objective of controlling the electrical
components in a way to ensure local safety. The interlocking systems are generally implemented
by electrical circuits or a joint implementation of computer and electrical components. In this
context, the RIS is responsible for detecting the presence of the train and controlling every
track-side electrical component (turnouts, signals, antennas) in order to guarantee safety. These
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systems are divided into small areas that have their own particularities that must be taken into
consideration. Hence, they are often named as geographical, since they are responsible for small
portions of the system, being able to be extremely specific to the track configuration and the
geographical position of the electrical components [Banci, Fantechi, and Gnesi 2004].

In fact, the existence of these two systems is extremely important as a way to guarantee the
RIS safety. The redundant overlapping safety measures is an approach that is indeed stimulated
as a way to decrease risks. However, as the logic and the level of abstraction of these systems
are extremely different, they are generally specified and developed separately. While one is
centralised and focused on the train routing through a fixed rail network, the other is divided
into small parts that deal with local specific problems and configurations. Thus, this chapter
divides the existing approaches in the literature into two different subgroups according to the

different interlocking system levels.

2.2 Timetables-based Approaches

Many formal methodologies for the specification of Railway Interlocking Systems are focused
on the functioning of the systems present in the Dispatchers Signalling Level. So, they specify
the logic of a system that is focused on the control of the trains routes, which generally is based
on the timetables, control tables, routing tables or interlocking tables. Although this is not
the context of this thesis, some of the works discussed in this section present some interesting
methodologies that can be used as inspirations for proposing a solution to our problematic. Thus,
it is important to position this thesis in the literature regarding the characteristics of these other
works. Although the use of formal specification methodologies in the RIS context is the focus of
this section, some more informal methodologies are also discussed due to their important and
inspiring contributions. This is the case of [Xiangxian, Yulin, and hai 2011]] and [She et al. 2007].

In order to specify an interlocking system, some approaches propose the separation between
the specification of the interlocking rules from the system structure. The main reason for this
separation is that the interlocking rules always remain the same, thus the system interlocking
logic is determined by the physical structure, which must be analysed. In [Xiangxian, Yulin, and
hai 2011]], for instance, it is proposed the use of a component-based model for the description of
the station topology, which can be associated automatically with the fixed interlocking rules by
using software tools. Despite the difference of the RIS level, the separation between the system
structural design and the interlocking rules can also be applied to the relay-based systems.
Indeed, the structure of these systems is the only documentation presented in the form of relay
diagrams. In order to formally specify these systems, the separation between structure and
behaviour may be an interesting solution.

The specification of the system structure is also an interesting topic for discussion, as many
works propose the use of traditional data structures for describing the physical system design. In
order to represent the railway topology, a graph is an abstraction commonly used, as the railway
network can easily be represented with this data structure. This is the case of [Xiangxian, Yulin,
and hai 2011]], which use non-oriented graphs in order to represent the connections between
track sections, semaphores and turnouts. In this case, a graph is used in order to implement a

tool for finding the trains possible routes and their compatibility. Similarly, the work presented
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in [She et al. 2007] proposes the use of graphs for the railway topology description. By using a
directed weighted graph it is possible to define an algorithm in order to find the shortest route
between two places as well as define all the possible other routes in case the shortest one is not
available during the system execution. The representation of the system structure as a graph
allows the use of the native graph operations in order to reason about the system. Although a
formal specification methodology is not the focus of these works, they illustrate how graphs and

their supporting operations may be useful in order to abstract these systems.

Besides the graph structural representation of the system, many of the works in the dis-
patchers level use the control tables in order to represent the interlocking systems behaviour
based on another structural representation of the system. These tables present all possible and
required routes in a station derived from the signalling layout, so it is possible to apply formal
methodologies in order to verify the control tables and identify conflicting routes. This is the
case, for instance, of the work presented in [Mirabadi and Yazdi 2009||, which proposes a tool for
the generation and formal verification of the system control tables based on the signalling layout
planner. In this context, the structural representation of the system supports the definition of the
possible routes based on the knowledge about the system general behaviour. Similarly, [Winter
et al. 2006] presents an approach where control tables are generated from the track layouts.
Then, these control tables are used in order to produce a model of the system behaviour based
on the positions of the trains on their routes.

The specification language used in order to model these systems is also an important point of
discussion. Each language has different capabilities and focus in a way that the language used
must be chosen wisely. CSP [Hoare 1978]| [Schneider 2000], for instance, is a language for the
specification of concurrent systems used for the specification of RIS in [Winter 2002]. This work
proposes a formal model of the functional specification for a track layout and uses a signalling
principles formal model in order to verify the system safety. The specification of the track layout
is based on the control tables. Therefore, this work concludes that the process algebra that basis
CSP is not very well suited for describing the content of control-tables as it does not yield a good
documentation. Then, in [Winter et al. 2006, the authors propose the formal specification of the
interlocking using Computational Tree Logic (CTL) [Emerson 1990]. The objective of this work
is the improvement of a pre-existing toolset for the generation of control tables.

In the general signalling context, Petri Nets [Peterson 1977] is a well known language that is
commonly applied in the system specification. This language allows modelling the system in
a graphical form which is generally more comprehensible for non experts in Formal Methods.
In [Khan, N. A. Zafar, et al. 2014], for instance, it is proposed to limit the responsibility of
controlling the trains movements only to the trains. In this work, Petri Nets is used as a tool
for the specification of the concurrency issues in the communication between the train and the
track components (turnouts or level crossing agents). The routing map is then used in order to
inform the upcoming components in the train route. Coloured Petri Nets(CPN) [Jensen 1987], an
extension of this language, is also widely used, like in [Vanit-Anunchai 2010], which proposes the
formal modelling and verification of control tables. In this latter example, one of the reasons of
using Petri Nets is its high level of user friendliness, which may be helpful for control engineers

to understand the system models.

As each language has the potential to allow the specification and verification of a different
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aspect of the system, they may provide different and useful views of the system execution and
safety. In the context of relay-based systems, the use of these languages may be studied in order
to identify the possible benefits that each formalism may provide.

Regarding the verification of these functional systems, there is an important discussion about
the use of model checkers. The application of model checkers in this context is a natural choice
as the system safety is verified in order to avoid dangerous states. Nonetheless, this technology
has a limitation regarding the size of the state space. In the dispatchers level, the verification
of the system with a model checker tends to be costly as the specification contemplates the
whole railway network, which is generally large. So, when specifying the railway topology,
it is necessary to consider this issue. The work presented in [Winter 2002|, proposes some
solutions in order to reduce the number of states that the model checker has to investigate.
Although it concludes that CSP is not well suited for the context of this work, it presents that
the counter-examples provided by the FDR [Gibson-Robinson et al. 2014]] model checker were
useful and easy to understand, even for non-experts on CSP.

Model checking techniques are also used in [Mirabadi and Yazdi 2009] and [Ghosh et al|
2016 for the verification of control tables using the NuSMV model checker, but no discussion
about the limitation of this tool is provided. Nevertheless, [Ferrari et al. 2011]] reaffirms that
the use of model checkers in this context may be difficult due to the high number of variables,
which may cause a state space explosion. In this work, it is presented an analysis of the use of
model checkers for the verification of Control Tables and one of its conclusions is that small
interlocking systems can be addressed by model checking, but medium or large size interlocking
systems cannot. [Ferrari et al. 2011[] compares and analyses the performance of the NuSMV and
SPIN [G. Holzmann 1997] model checkers in this RIS context. NuSMV is also used for the system
formal verification in the work presented in [Winter et al. 2006, but it proposes a number
of optimisations in order to minimise the state explosion problem and improve performance
without losing credibility regarding safety issues. Thus, in order to verify these systems using
model checkers, it is required to use alternative solutions in order to reduce the size of the
state space. Nonetheless, in the context of this present thesis, the use of model checkers in the
geographical context may still be analysed as these systems are generally concerned with local
installations instead of a considerable railway track network.

A last work that is worth mentioning is the one presented in [Ghosh et al. 2016], which
proposes a mixed approach between the functional and geographical view points of the system.
This work presents a tool flow for the generation and verification of RIS safety properties as well
as the prioritisation of acceptation tests. Control tables are used as a way to detect conflicting
routes, but the safety properties are defined based on the states of the relays, signals and turnouts
in a route. Despite its proximity with our relay-based context, this work is more focused on the

generation and verification of control tables for a yard.

2.3 Relay and Computer-based RIS Formal Specification

The experiences of the use of Formal Methods for the specification of systems in the Dispatchers
Signalling Level can inspire our work. However, as the focus of this present thesis is the

formalisation of the systems in a geographical point of view, the analysis of the literature
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regarding the works that propose the formal specification of local interlocking systems is
extremely important in order to position this thesis. Nonetheless, the literature does not present
many efforts on formalising relay-based systems, as they are generally being directly replaced by
computer-based ones. As we also objective the creation of computer-based systems through the
formal specification of the ancient relay-based ones, this section also presents many of the efforts
on the use of formal methodologies for the creation of computer-based RIS as documented in
the literature. Than, some extra approaches with unusual techniques and presenting contextual

similarities with this present thesis are also discussed.

2.3.1 Formalising Relay-based RIS Logic

This section presents the works which have the most correlations with the context of this present
thesis: the formal specification and verification of relay-based Railway Interlocking Systems.
There are not many contributions in this field, since these ancient systems are being replaced by
modern computer-based ones. So, the formalisation of the relay-based RIS are generally made
with the objective of (1) proving the safety of the existing systems that still have not evolved
to the new technologies or (2) use formal methods as a tool for the generation of safety-proved
computer-based RIS by refinement based on the successful existing historical relay-based ones.
This section discusses some of the most important works in this field, focusing on their contexts,
objectives and propositions. Table summarises the methodologies presented in this section,
containing their industrial context, the formal method used and the verification methodology

applied.

Table 2.1 — Methodologies presented in literature for the relay-based RIS formal specification.

Formal Verification

Work Industrial context method used | methodology

THaxthausen, Kjeer, and
Le Bliguet 2011] [Hax{ Danish systems SAL and LTL | Model-checking
thausen 2013

| [Cavada et al. 2018]] Italian systems SMDKN Model-checking

| [Sun, Collart-dutilleul]

g ] i
Wand Bon 2015][Sun 2015 French systems Petri-nets Model-checking
| [Van Eijk 1997] Independent models | PROMELA Model-checking

[2](2)1?;6]35, Lawrence, et all Ladder models Logic Model-checking

4This work also used B-method for the RIS specification, but not for the models related to the relay diagrams as
discussed in the next section.

Regarding relay-based systems, the railway context is an important factor for comparing
the works in this field, as each company in each country has its own design rules for modelling
relay diagrams. The methodologies created for the formal specification of relay-based RIS are
generally based on the relay diagrams that model the structure of these systems. However, as
there is not a unified methodology for designing these diagrams, the approaches presented here
have a tendency to be focused on their own contexts, being generally incompatible with the
others. The Figure[2.1| present some relay diagrams used in some of these approaches.

In the Danish context, an important contribution to this field is made in [Haxthausen, Kjeaer]
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Figure 2.1 — Some relay diagrams modelling styles: (a) Danish [Haxthausen, Kjer, and Le Bliguet]

2011, (b) Ttalian [Cavada et al. 2018], (c) Ladder-like [Van Eijk 1997], (d) French [Sun 2015].

land Le Bliguet 2011|] [Haxthausen 2013|]. These papers propose a set of tools for: the automatic

generation of formal models based on the circuit diagrams of the RIS, and their automatic
verification regarding safety requirements. The relay diagrams presented in these works for
the Danish systems are quite simple: they contain energy sources, relays, contacts and buttons
connected by wires. Moreover, the components states are indicated by arrows and the relays and

contacts are related by having the same name.

A solution for the formal specification of the Italian relay-based RIS is proposed in
let al. 2018]. This work presents a methodology and a tool chain for the analysis of these systems.
The relay diagrams in this Italian context present many details about the electrical current and
resistors values. Furthermore, they contain many different components like energy sources,
levers, relays, contacts and lights, for instance. As this work proposes the formalisation of a
wider set of components, it presents a more complete approach that can be applied to other
different contexts. As well as in the Danish systems, the relays and contacts are related by their
names and the indication of the electrical components states is depicted by arrows.

An ancient discussion about the use of formal modelling and verification tools to support
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the description of electromechanical relays circuits is presented in [Van Eijk 1997]. Differently
of the other contributions presented in this section, the relay diagrams used as basis in this
work are not designed by railway companies, in a way that they are graphically closer to ladder
diagrams. Due to this lack of design rules, there is not much discussion about the limitations
of this approach. Nevertheless, it presents an interesting initial debate about the possibility of

using Formal Methods for the specification of relay-based RIS.

Ladder is still used by many companies in order to model the interlocking systems electrical
circuits. A recent example of a work that proposes the formal specification of the logic used in
these models is detailed in [James, Lawrence, et al. 2013|. This work presents how the systems
modelled in ladder can be transformed into a formal specification based in propositional logic
so it can be automatically verified according to safety properties. It is a successful example of

applying formal specification into the development of industrial interlocking systems.

Working in the same context as this present thesis, a formal specification of the French
Railway Interlocking Systems is proposed in [Sun, Collart-dutilleul, and Bon 2015][Sun 2015|.
Although the focus of these contributions is the modelling of the system according to the position
of the components in the tracks, they also proposes an event-based specification of the low-level
systems (relay-based) in order to clarify their structure and to make them easier to be constructed.
The french relay diagrams are complex as they support many different types of components,
differentiating monostable and bistable relays and allowing the modelling of timed components.
These characteristics make the French diagrams the most rich in terms of syntax and semantics,
thus, methodologies used to formalise systems from other contexts can be difficult to be applied

in the French one.

All these works are focused on their specific railway contexts. The execution of these systems
are similar independently of the context, since they are focused on the electrification and
activation of components. However, the variety of different components that can be modelled as
well as the interpretation of the relay diagrams are some factors that must be considered when
applying one of these methodologies in a different context. The creation of an approach offering
the possibility to be adapted to different contexts can be beneficial as a way to establish a general
common strategy, enabling its use by many different companies in order to formalise and verify
the relay-based RIS.

The language used in order to model these systems is an important factor to be considered in
the analysis of these approaches as it can impact on the properties that may be verified. Each
language has a different focus and different characteristics that make them advantageous in
determined aspects. Petri Nets, for instance, is a graphical language known for being clear and
comprehensible so it can be understood by railway engineers. In the French context, Coloured
Petri Nets is recognised by the French National Railway Company as a formal tool for scientific
research [Lalouette et al. 2010][Buchheit et al. 2011[]. The work presented in [Sun, Collart;
dutilleul, and Bon 2015[[Sun 2015| proposes the use of Coloured Petri Nets in order to model
the high level functions of a RIS. Nonetheless, it also presents an approach for the specification
of relay-based systems, supporting the specification of the system synchronisation based on the
concurrency notations of the language.

The work presented in [Haxthausen, Kjer, and Le Bliguet 2011]][Haxthausen 201 3[|[Hax+
thausen 2014] make use of two different formalisms: the SAL language [De Moura, Owre, and
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Shankar 2003] for modelling the RIS, and LTL (Linear Temporal logic) for the definition of the
safety conditions. The former supports the specification of the system based on state transitions
as a way to describe the relays states, which is the particular interest of this work. Then, LTL can
be used to express all the required system properties over the states of these components.

A different approach for modelling the systems is presented in [Cavada et al. 2018]], where
the systems are reduced to a Switched Multi-Domain Kirchhoff Networks (SMDKN) [Janschek
2011]. This formalism allows the modelling of a network of components connected according
to the Kirchhoff conservation laws. So, it enables the definition of the system state transition
over time. Then, for each system configuration, the SMDKN behaviour is defined with a
Differential Algebraic Equation derived from the components behaviour and the Kirchhoff
laws. This formalism allows the analysis of the circuits at the physical level, supporting a
comprehensive understanding of the railway control actions. This specification is more focused
on the description of the system based on the required voltage and current for the components
states.

In [Van Eijk 1997] the use of PROMELA [G. J. Holzmann and Lieberman 1991] is proposed
as a formalism for the formal specification of the electrical circuits. This language was originally
designed for modelling communicating finite state machines, but it can also be used for the
specification of other parallel or distributed systems. Similarly to CSP, this language allows
the system specification in the form of processes and the state succession is represented by
the succession of events represented through channels. This allows one to model the electrical
components state succession and analyse it.

The work presented in [James, Lawrence, et al. 2013|] presents how the interlocking systems
can be modelled in propositional logic. Thus this approach is close to our proposition of using
pure logic as basis for modelling these systems. Although propositional logic is simpler than
First Order Logic (considering that the latter is an extension of the former), it is still enough for
modelling the ladder diagrams, which is only composed by energy sources, relays and contacts.
Furthermore, as this work presents a precise formalisation of the transformation from ladder
logic to logical mathematical expressions, this transformation can be automated, which is an
interesting contribution that is worth to be mentioned.

Regarding the system formal verification, model checking techniques is used in [Sun, Collart;
dutilleul, and Bon 2015]|[Sun 2015]], but the space state is compacted by a simplification method-
ology, which allows a lighter verification without losing reliability. Model checking is also
applied in [Haxthausen 2013 in order to verify that the defined safety conditions are satisfied by
the model that describes the system states. In this work, the SAL model checker! [Moura, Owre|
and Shankar 2003 is used and it does not report any problem regarding scalability issues. An
SMT-based model checking is proposed in [Cavada et al. 2018]). In this work, it is demonstrated
the practical scalability when using the model checking techniques in experimental evaluations.
In [James, Lawrence, et al. 2013|, it is also presented a successful use of model checking in order
to verify these systems when verifying an industrial case study with different tools.

There is a wide tendency on using model checking for the verification of such relay-based
RIS. The definition of the system behaviour based on the electrical components states is logical

and model checkers are the perfect tool for the verification of these systems. Moreover the

Thttp://sal.csl.sri.com/
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works presented in this section provide examples of successful use of model checkers for the
verification of such systems. Nonetheless, there is a lack of analysis in this field regarding the
limitation of this technique in terms of state space size. In this context, it is still necessary to
perform an evaluation of the use of this technique on the verification of different systems with
different sizes. Furthermore, the use of other approaches of verification can still be analysed. For
instance, one could use the B-method logical proof obligations in order to analyse the system
consistency regarding the defined invariant. As there are not many contributions in this field,
there are still not many works related to the investigation of the use of different verification
methodologies in this context.

Some works that propose the formal specification and verification of RIS also present a
methodology for the refinement of these models in order to produce computer-based RIS. This is
the case of [Sun, Collart-dutilleul, and Bon 2015]/[Sun 2015, for instance. In this context, many
documented approaches have the objective of formally specifying these systems from scratch
based solely on their execution logic, using a formal development process for the generation of
computer-based systems. The formal specification for the computer-based RIS implementation
is discussed in the next section.

2.3.2 Formal Specification and Implementation of Computer-based RIS

The formal methodologies of specification may be used as a tool for the generation of safety-
proved computer-based RIS. Some of the approaches already presented in the previous sections
also objective the creation of computer-based systems, like [Ghosh et al. 2016] and [Sun, Collart}
dutilleul, and Bon 2015], for instance. This section focuses on discussing the methodologies
for the specification and implementation of computer-based Railway Interlocking Systems that
control the interlocking components with the objective of avoiding unsafe situations. It is
important to mention that, although some works use control tables or other models based on the
railway network modelling as a way to support the system specification, they still support the
verification of the local components behaviour (related to signals or turnouts). Thus, they are
also detailed in this section.

The most important difference between the works presented in this section is the information
about the systems that they use as basis for their formal specification. While in the context
of this present thesis the relay diagrams are the most structured models that grounds the
understanding of the system behaviour, in some other contexts the system are modelled by
railway networks representations. This is the case of [Xiangxian, Yulin, and hai 2011], for
instance, which proposes the use of graphs as a tool for abstracting the railway network and
then generating the interlocking logic for the control of the interlocking components. The
authors affirm that this is a more efficient solution to generate the interlocking logic, since this
approach may be easily automated. However, although the use of graphs to support the system
implementation is an interesting solution, [Xiangxian, Yulin, and hai 2011]] does not present a
strong mathematical background that could allow the safety verification of these systems.

A graph representation of the system structure is also used in [Hansen 1994]|[Hansen 1998al,
which presents a first attempt in order to formally specify the Danish RIS. This work proposes
an approach for the formal specification of RIS based on a graph representation of the tracks
map. It considers the positions of elements like turnouts and signals in the tracks as a way to
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define collision-avoidance safety requirements in VDM [Bjorner 1979bf and then validate the
system through simulation. The use of a graph approach is an interesting solution in order to
analyse the system as it allows the modelling of the railway network topology. Later, in [Hansen
1998b||, this approach is improved so the existence of derailments can also be analysed.

The information contained inside the train routing maps are used in [Khan, N. A. Zafar, et al|
2014] in order to inform the upcoming components in a train route. As mentioned before, this
work aims the development of a system where the train is the only responsible for controlling
the track-side components so there is no conflict between two systems decisions. This is a
completely different approach that uses Petri Nets and their concurrency aspects in order to
specify the communication between the dispatchers office, the trains and the track electrical
components. This language is also used in [Sun 2015]|[Sun, Collart-dutilleul, and Bon 2015],
which proposes the use of its extension, Coloured Petri Nets, in order to formalise the French
RIS. The focus of this approach is on the simulation of the RIS behaviour based on a specification
of the system installations, signalling operations and rolling stock movements. Furthermore,
it also proposes the formal specification of relay-based RIS from the existing relay diagrams.
As a way to allow the implementation of these systems, this work proposes the translation of
the CPN specifications to B, a language that supports a complete development process through
refinement. However, it does not include the implementation of the existing relay-based systems
as computer-based ones. The main objective of this work is to produce mixed systems which are

referred as relay-based computer-controlled RIS.

The layout of the interlocking system is also used as basis for the geographical RIS formal
specification in [Banci, Fantechi, and Gnesi 2004]. This work focuses on modelling each physical
entity (turnouts and signals, for instance) based on their position in the yard topology. Then the
union of the entities specification supports the description of the interlocking rules. The safety
rules are defined in order to allow only certain combinations of components states as a way to
avoid collisions. The RIS formal specification is made in statecharts [Harel 1987], which allows

the description of the transitions between states.

The work presented in [Roanes-Lozano et al. 2011]] proposes a simple use of logic in order to
specify and prove the safety of local RIS. In this approach, a general railway topology is analysed
based on a conceptual knowledge regarding the position of the trains and the safety conditions,
ignoring the technical physical part of these systems. As the relation between the Boolean
values and the physical electrical components are extremely simple in this work, it can operate
in a higher level of abstraction than what is presented in other works. A specification based
on the occupation of the trains on the tracks is also proposed in [Antoni 2009]. It objectives
the reduction of testing time and cost during the production of SNCF computer-controlled
RIS. Although this specification is based on a higher level of abstraction of the RIS, it aims the
conservation of the relay-based RIS safety level when producing computer-based ones, which is

an objective of this present thesis.

Interlocking tables are used as basis for the RIS formal specification in [Hei, Takahashi, Naka+
mura, et al. 2006[|[Hei, Takahashi, and Hideo 2008]][Hei, Takahashi, and Nakamura 2009]. This
work proposes the creation of Component-Based Decentralised RIS (CBDRIS), using component-
based software development technology in order to allow the standardisation of hardware and
software in such systems. As the interlocking tables describe the conditions for signals to change,
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they are used in this work to support the definition of the standardised components. The
safety and reliability analysis of the components in this work is performed using two types of
extended Petri Nets: G-nets [Figueiredo and Perkusich n.d.] and Deterministic and Stochastic
Petri Nets (DSPNs) [Zimmermann and Hommel n.d.|[Marsan and Chiola 1987]. Petri Nets
are also used in [Amendola et al. 1996] in order to represent the design measures adopted to
detect faults and errors and prevent the error propagation within the Italian RIS. This work
summarises an approach for the design, implementation and validation of computer-based RIS
regarding the European safety integrity levels. Moreover it also proposes the generation of the
system preliminary evaluations regarding their safety integrity. In this context, the system safety

integrity is estimated based on conservative assumptions on the model parameters values,

The formal specification of the logic described in the system interlocking tables is also
proposed in [Eris and Mutlu 2010]. This work analyses the use of three different formal methods
for the development of a software algorithm for a signalling system: an Asynchronous Sequential
Circuit, an Automaton-based and a Petri Net-based design model. It concludes that Automaton-
based and Petri Nets models are the best solutions for the design of the railway signalling
systems. This is because the asynchronous sequential circuit design method presents problems
in the design and application phase of the system development. Although the main objective of
this work is the evolution of the Turkish relay-based systems to Programmable Logic Controllers,
it does not work in a direct translation from the logic behind the existing systems.

An unusual approach is presented in [Dipoppa et al. 2001], which proposes the integration of
a formal verification tool in a preexisting design flow in order to ensure safety through automatic
verification. For this purpose, this work proposes the use of two SAT-based model checkers,
BMC [Biere et al. 1999]] and SATO [Zhang 1997], in order to verify safety requirements given by
an expert. As a way to make this integration cost effective, the verification is applied directly to

the RIS program.

The methodologies for the refinement of the system specification are also an interesting
discussion point as they can represent a deciding factor in order to apply these methodologies
in industry. This is because some refinement approaches can be supported by tools that ease
the process. Furthermore, some specification languages have a small number or even no step
for the implementation of these systems. This is the case of the work presented in [Hansen
1994][Hansen 1998al [Hansen 1998b]|, whose specification language can be executed using the
VDM tool-box [Elmstrem, Larsen, and Lassen 1994]. As a consequence, the refinement of the
models towards the creation of an implementation was not necessary. Although the use of
specification as implementation is discouraged [Hayes and Jones 1989], this work mentions the
reduction of the number of models and refinement proofs as an important advantage of this

approach.

The work presented in [Sun, Collart-dutilleul, and Bon 2015]|[Sun 2015] proposes the trans-
formation of the RIS formal specification made in Coloured Petri Nets to the B-method, which
supports the refinement and implementation of these systems. Nonetheless, this transformation
does not include the implementation of the existing relay-based systems as computer-based ones,
since it operates in a higher level of abstraction as a way to produce mixed systems that are
referred as relay-based computer-controlled RIS. The use of a tool to support the implementa-
tion of the formal specification is also proposed in [Banci, Fantechi, and Gnesi 2004]. In this
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work, the I-Logix statemate tool [Bienmuller, Damm, and Wittke 2000][Damm and Klose 2001]]
supports not only the description of the statecharts, but also the execution of the specification
and automatic generation of source code based on the model.

Despite the fact that the works presented in this section aim at the implementation of
the systems based on formal methodologies, not all of them present the refinement or code
generation approaches. The logical models presented in [Roanes-Lozano et al. 2011], for instance,
are implemented in the computer algebra system Maple [[Char et al. 1983], whose Logic package
and the language facilities support the sets notation required for such model implementation.
Nonetheless, no refinement details have been presented in this work.

Although the formal specification of new computer-based RIS is desirable in order to produce
safety proved systems, the formal specification of the existing safe-acknowledged relay-based
technology as a way to transform them into computer-based systems has the potential to be
beneficial to the industry. Some of the reasons that explain this fact are the exploitation of an
existing logic instead of defining a new one, the preservation of the system behaviour and the
improvement of the existing system safety-level. In the context of this present thesis, the formal
specification of relay diagrams may allow not only its verification, but also its implementation
through refinement towards computer systems, supporting the evolution of the existing relay-

based technology to a computer-based one.

2.3.3 Other approaches

Some academical approaches for the specification and verification of local RIS installations have
been proposed. These works are not related to the relay-based technology and do not aim at
the implementation of these systems, but they allow the application of Formal Methods on the
railway domain for the verification of RIS safety properties. Their interesting characteristics are
worth to be mentioned as they share some contextual particularities with this present thesis.

An interesting work made in conjunction with railway engineers is presented in [James,
Moller, et al. 2014]. It uses CSP||B [Schneider and Treharne 2005] in order to model the
interlocking systems, combining event-based and state-based modelling. Although the creation
of these models is based on track plans and control tables, this work proposes a decomposition
of the railway network into smaller schemes, modelling and verifying smaller portions of the
tracks (similar to our geographical context) and proposing a compositional verification approach.
[James, Moller, et al. 2014] works with a different abstraction level when compared to our
work, since the models are based on the trains movements on a railway network while we focus
on the electrical circuits that control the track-side components. Nonetheless, [James, Moller]
et al. 2014] has many similarities with our work that are worth to be mentioned: the models
are developed together with industrial partners, it proposes the modelling and verification of
small parts of a huge interlocking system in a compositional approach and it also proposes the
transformation of a pre-existing domain-specific model into a formal specification. All these
similarities present how similar works can be applied into two railway systems with different
abstraction levels.

Z [Spivey and J. Abrial 1992] is a formal specification language with a strong basis in
mathematical notations like Set Theory, Functions and Logic. It has been applied for the
specification of Railway interlocking systems in many projects. In [N. A. Zafar 2006, [N. A|
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Zafar 2009] and [N. A. Zafar, Khan, and Araki 2012], for instance, it is proposed the use of
Graph Theory and Z in order to formally specify RIS and their safety properties in the interest
of being able to prove the absence of collisions and derailments. Previously, a similar approach
has been presented by the same author in [N. Zafar 2006] using the VDM-SL [Elmstrem, Larsen|
and Lassen 1994] formal language and supporting tools. Z is also used in [Khan and N. A. Zafar
2009], which focuses on enforcing a safe distance between the trains. This work defines a length
for the moving blocks based on the train velocity and it represents the tracks in a graph model.
The system is factored into local train operation and global control operation and the safety is
verified along a straight motion or along crossings. In [Janota 2000], it is presented a discussion
about the use of Formal Methods in the railway domain and it presents a small example of the
use of Z for the specification of a RIS. In this case, the specification is based on the train routes
and the turnouts states. Although this work only presents a simple example of application of
a formal language, it concludes that the lack of concurrency aspects on the specification may
represent a limitation and it discusses the possibility of using CSP in order to complement the

design.

In [Busard et al. 2015], it is proposed the creation of an executable model of a RIS in NuSMV
based on the track layout, which is generally modelled in the SSI [Bellon 2014]] language in the
Belgian railways. So, this work proposes a translator from SSI to NuSMV and the generation
of safety properties in order to verify the safety of these systems. Similarly to the context of
this present thesis, this work proposes the formalisation of the systems described in an domain
specific language, SSI.

Another work that proposes the specification of RIS based on the position of track-side
components in a route is presented in [Hernando et al. 2012]. Differently from the other
methodologies, this work proposes an algebraic approach that allows the verification of large
systems, which is generally a limitation in this field. In this context, it presents an approach
for representing Boolean formulae as polynomials and then logic problems are translated into
algebraic problems. In a comparison with the time required for the system verification in other
approaches, the algebraic model verification is extremely efficient and seems to be a promising
method for detecting safety problems in large systems. This is an example of an alternative

formal verification approach for the model checking, allowing the verification of large systems.

A completely different approach is presented in [Bordlv 1998|]. In this work, the formal
verification of the system safety requirements is made using a tool that translates the system
implementation into the input for the verification software. The differentiated approach for the
specification, implementation and verification of the RIS in this work allows the use of formal
proofs as a way to replace parts of the system-level test phase. The integration of formal methods
in the development cycle of a RIS is also presented in [[Cimatti et al. 1998a]|[Cimatti et al. 1998b|.
This is one example that model checkers can still be successfully used in the RIS context. In
this work, the safety logic of the part of the Ansaldo Italian interlocking system [Mongardi
1993] is specified in PROMELA, which is the input language of the SPIN model checker. This
language has a process-based syntax that is based on CSP, allowing the definition of processes
and the asynchronous messages they may exchange via channels. Indeed the specification
presented in this work focuses on the information exchanged between the computerised RIS and
the electrical components or the controllers. The integration of the formalisation and formal
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verification steps with the current development process allows an advantageous cost/benefits
relation. Furthermore it presents a successful example of the use of model checkers for the
verification of complex RIS. This success is essentially due to the use of a powerful model checker

and the specification of careful designed model.

2.4 Conclusions

The use of formal methodologies for the analysis, verification and safety assurance of the
Railway Interlocking Systems is highly desired by industry. Thus, many different approaches for
integrating formal specification methodologies in the RIS development have been presented in
the literature. In this present thesis, we aim at the formalisation of the existing relay-based RIS
structure and behaviour so it is possible to prove their safety and then evolve these systems to
computer-based ones through refinement in a formal development methodology. So, our logical
description of the system is based on the existing logic that is used for the development of these
safety established systems.

After reviewing the literature about the RIS specification, it is possible to recognise some
technologies that are commonly used. Graphs, for instance, are generally used to support the
structural representation of the RIS track and stations layout. This data structure is a strong
known abstraction that is supported by several studies and contains many standardised notations.
Since it is a known data structure, it is easy to be understood by the different experts involved
in the project. Based on the works presented in this chapter, one may conclude that the use of
graphs in order to support the description of RIS logic is an approach well established in the RIS
scientific community.

Regarding the verification of these systems, the use of model checkers is present in several
works. Despite the limitation issues regarding the space state size reported in many works in
the RIS functional level, there is not a significant discussion about it in the geographical level.
The functional systems are related to a bigger scale of routing maps compared to geographical
systems, which are more focused in local installations, so one may consider that this factor may
contribute for having a smaller state space. However, this field still lacks a complete analysis of
the use of model checkers in this context in order to understand and establish the limitations of
this technology for the formal verification of geographical system specifications. Nevertheless,
the creation of specification methodologies that support more than one verification approach can
be an interesting solution in order to deal with model checking problems, as formal specification
methodologies do not rely only on model checking. The comparison between the different
verification approaches regarding efficiency may also be interesting in order to define the best
technology for the verification of such systems. In this thesis, we aim at the creation of a model
that can be used as basis for the formal specification of the RIS in different formal specification
languages that support different verification approaches. As a consequence, this work is not
limited to one technology and give an initial support for different companies use different tools
according to their needs.

There is also a discussion in the literature about the best formal language for the formalisation
and verification of such systems. Some languages that are successfully applied in determined con-

texts for the verification of specific properties are sometimes not helpful in other circumstances.
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It is important to notice that each language has specific features, capabilities and particularities
that make them more powerful in determined contexts. While languages focused on the system
concurrency are strong for verifying the components synchronisation, languages based on simple
Boolean logic are able to prove the system state safety based on simple expressions. The creation
of an adaptable methodology that may support the specification of systems in different formal
languages may be the key in order to assist the formalisation of different aspects of the same
system and then strengthen their safety verification.

The industrial context that basis the formal specification is also a differentiating factor in
order to define the details, priorities and objectives of the formal verification. The concept
of safety in the Railway Interlocking Systems is generally similar, aiming at the avoidance of
collisions and derailments. Nonetheless, the implementation of these systems are different in a
way that the safety requirements are modelled in different manners. Regarding the relay-based
systems, each company has its own design rules for modelling relay diagrams. Thus, it is a
reasonable alternative to define contextually-specific approaches for the formalisation of these
systems. Nonetheless, order to support the formal specification of wider range of relay-based
RIS, the creation of a more adaptable general approach capable to be adjusted for different
contexts tends to be academically and industrially interesting.

Based on the experiences and needs presented in the literature, this work aims at the for-
malisation of the relay-based RIS in a manner that it can be understood by the many experts
involved, adapted to many different contexts and for the use of different specification languages.
Besides, we focus on the complete transformation from the existing relay-based systems towards
their computer-based implementation through a formal development approach. In this context,
the formal specification proposed in our methodology can be used not only for the system
verification but also as a first step towards their implementation. The next part of this present

thesis presents the methodology for the formal specification and verification of such systems.
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3.1 Introduction

Relay diagrams are generally used by railway infrastructure managers for describing the relay-
based Railway Interlocking Systems, modelling the electrical connection between the physical
components. In this context, every structural or behavioural analysis of these diagrams are made
by manual inspection, which tends to be error prone. An approach for formally modelling and
verifying these systems may benefit the industry by allowing the proof of the system safety
and correctness. However, before formally specifying the relay-based RIS it is important to
understand all their structural and behavioural details.

So, instead of only formally specifying the relay-based RIS with the use of a formal specifi-
cation language, this work proposes the analysis and basic mathematical formalisation of the
relay-based RIS structure and behaviour. The main motivation of making this formalisation
is the definition of a middle course between the informal models and the formal specification
that may support the model transformation by providing a common and well established un-
derstanding of the system. Some of the major benefits of this formalisation are: the definition
of a mathematical model that can be understood by railway engineers and formal specification
experts, the possibility of proving safety properties of the system without using a specific formal
specification language syntax, the creation of a complete mathematical model that can be easily
translated to many different formal specification languages due to the use of common mathe-
matical basis and the definition of a middle course model for the transformation of the existing
relay diagrams to a formal specification, providing a mapping between the models syntax and
behavioural logic.

This formalisation of the relay-based RIS is grounded on the relay-diagrams provided by
SNCEF and the concepts about their functioning as described in [Retiveau 1987]], [Schon et al|
2013[ and [Schon et al. 2014]], which are some of the most important references about the French
Railway Interlocking Systems. In order to represent the system structure as described in the relay
diagrams, a graph structure is defined based on Set Theory and Relations. In accordance with
the knowledge about the behaviour of each electrical component and using the mathematical
structural representation as support, it is possible to mathematically represent the behaviour of
the system using Logic. In this context, it is possible to describe the precondition for achieving
a determined electrical component state based on the state of the others. This behavioural
representation is based on the known behaviour of each electrical component as described
in [Rétiveau 1987], for instance, and it can be used as basis for the system formal specification
and behavioural verification or validation, as presented in Chapter [4]

The structural representation presented in this chapter defines the basic structures that
are needed in order to formalise the information contained inside the relay diagrams. This
structural model may then be specialised in order to represent a specific system by adding the
relay diagram specific information. The behavioural model is based on the structures defined in
the structural model, so it is independent of the specific system information. This is because the
behavioural model defines the possible states of each type of component, which is immutable.
Thus, the description of a specific system is formed by the specialisation of the structural model
together with the behavioural model as it is. The process of formalising a system based on the
behavioural and structural formalisation presented in this chapter is depicted in Figure[3.1}

It is important to mention that the structural and behavioural formalisation presented in
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Figure 3.1 — Description of a specific system based on the RIS general structural and behavioural
formalisation.

this chapter are based on the relay diagrams used in the SNCF French context. Nonetheless,
this formalisation can also be modified and extended with the objective of supporting the
specification of systems under other contexts. The main proposition in this chapter is the use of
well mathematically grounded basis as a way to allow the modelling and verification of relay-
based Railway Interlocking Systems. As the formalisation is grounded on the logical description
of each component behaviour, it is possible to modify and extend this logic in order to consider
different components and different behaviours.

3.2 RIS Basic Logical Description

As electrical systems, the RIS behaviour is completely dependent on the structural configuration
of the wires and electrical components. Thus, as a way to model the system structure and support
the behavioural formalisation, this section describes an approach for representing the system
in a graph format based on how the electrical components are connected by wires. Then, the
structural relation between the components is used as basis for the definition of their behavioural
relation in the behavioural model. So, the relay-based RIS formalisation is divided into two types
of definition: structural and behavioural. The former describes static information about how the
electrical components are connected to others, which means that this information must never
change during the system execution. The latter describes the states of the system based on the

state of each component, an information that constantly changes during the system execution.

3.2.1 Relay Diagrams Basic Structure

A relay diagram presents all the connections between components in a graph-like format. By
depicting how the electrical components are connected by wires, a relay diagram is a structural
model that reflects the system implementation configuration. This structural model is essentially
important in order to support the deduction of the system behaviour as the components elec-
trification depends on their electrical connections. In order to formally analyse these systems,

it is possible to mathematically represent this structure in a graph format based on Set Theory,
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Logic and Relations, as presented in the Structural Definition SD]I} These mathematical founda-
tions provide a strong basis for performing mathematical proofs, as discussed in Sections [3.4.1]

and

Structural Definition SD1 (Relay Diagrams Graph Structure): A relay diagram can be repre-
sented by a graph where a set Components of nodes are connected by elements of the set Wires
of edges according to the Incidence_, function. This graph may be mathematically represented
by the following structures:

* aset Components of electrical components,
e aset Wires of electrical wires and

* a function Incidence_, € (Wires — (Components x Components)) from the set of wires to

pairs of components, denoting the graph incidence function.

By describing the wired connection between the components in an incidence function, it states
that a wire only connects two components. Nonetheless, as described in Chapter [T}, junctions
may be used in order to intermediate the connection between more than two components. In
this context, it is important to notice that the model presented in this chapter for the description
of the system structure is very permissive as it allows the definition of components relations
that one may consider erroneous regarding the electrical circuits design. For instance, the graph
does not limit the number of wires that can be connected to a component. This is a modelling
decision in order to maintain the extensibility of the approach so it can be applied to different
contexts with different modelling rules. Nonetheless, as a way to enforce the system design rules,
this work proposes the definition of structural well-definedness properties, as presented later in
Section which can be used in order to verify the consistency of the definitions against the
expected structure.

As the different types of electrical components are differentiated by their drawings inside
relay diagrams, in this mathematical representation they must also be differentiated, which
can be made in the form of components subsets. The components are divided into positive
energy sources, negative energy sources, buttons, levers, lever contacts, monostable contacts,
bistable contacts, junctions, capacitors, capacitors plates, resistors, blocks, outputs, monostable
relays, bistable relays and bistable relays coils; which are represented in this model, respectively,
in the form of the Components subsets PosSources, NegSources, Buttons, Levers, LeverContacts,
MonostableContacts, BistableContacts, Junctions, Capacitors, CapPlates, Resistors, Blocks, Outputs,
MonostabeRelays, BistableRelays and BistableCoils. Each one of these sets is a subset of the
Components set, as presented in the Structural Definition SD]2|

Structural Definition SD2 (Components Differentiation): The RIS components are divided
into the following Components subsets: PosSources, NegSources, Buttons, Levers, LeverContacts,
MonostableContacts, BistableContacts, Junctions, Capacitors, CapPlates, Resistors, Blocks, Outputs,
MonostabeRelays, BistableRelays and BistableCoils. In this mathematical model, the component
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differentiation may be denoted as:

PosSources C Components
NegSources C Components
Buttons C Components

Levers C Components
LeverContacts C Components
MonostableContacts C Components
BistableContacts C Components
Junctions C Components
Capacitors C Components
CapPlates C Components
Resistors C Components

Blocks C Components

Outputs C Components

MonostableRelays C Components

> > 0> > > > > > > > > > > > >

BistableRelays C Components

BistableCoils C Components.

It is important to note that some components may be composed by other components (sub-
components). This is the case of bistable relays, levers, and capacitors which are composed by
bistable relay coils, lever contacts and capacitors plates, respectively. These subcomponents have
a semi-independent behaviour and they are independently connected to one or two different
wires, i.e., the electricity does not flow between two subcomponents from the same component.

In relay diagrams, each component must have only one type. Furthermore, every component
must have a defined type, since their behaviours must be known. So, in order to guarantee that
the components sets are well defined, a well-definedness property may be described. These
well-definedness properties are important in order to guarantee that the system structure is well
defined according to the relay diagrams design rules.

In the context of the components differentiation, for instance, the system specification must
guarantee that every component has one, and only one, known type. Thus, one must guarantee
that the Components subsets are mutually disjoint and their union forms the Components set.
This may be denoted based on the consideration that all these subsets are part of the family of

sets ComponentsSubsets, which is defined as:

ComponentsSubsets = {PosSources, NegSources, Buttons, Levers, Lever Contacts,
MonostableContacts, BistableContacts, Junctions, Capacitors,
CapPlates, Resistors, Blocks, Outputs, MonostableRelays,
BistableRelays, BistableCoils}.
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So, based on the ComponentsSubsets, it is possible to define that:

Components = U ComponentsSubsetsA

V¥S51,52.((S1 € ComponentsSubsetsA
S2 € ComponentsSubsetsA
S1=S82)=S51NS2=0).

A more detailed discussion about the well-definedness properties is presented in Section[3.4.1]

The definitions introduced in this section represent the most basic structure of a relay
diagram: the components connections and differentiation. This plays an important part on
mathematically describing and analysing the relay-based Railway Interlocking Systems. The
behavioural definition of these diagrams are generally deduced based on the known behaviour
of each component. So, in this formalisation, it is possible to define the behavioural logic of the
system based on the components behaviour and relations as well.

3.2.2 Electrical Components Structural and Behavioural Formalisation

The behaviour of each electrical component is important for the definition of the complete system
behaviour. While some components execute functions when electrified, others are responsible
for controlling the flux of electrical current as a way to activate/deactivate components. This
electrical flux control is based on the fact that the connection between the components is not
fixed. Some components assume states during the execution of the system that restrict their
connections as a way to block the flow of electrical current inside the wires. The components
whose connections with wires may be cut are: contacts, buttons and levers.

Contacts may be monostable or bistable, according to the relay they are related to. They are
generally able to assume two different states according to their physical positions. A monostable
contact may assume the states up or down, while a bistable contact may assume the states right
or left, as presented in Figure In each state a contact may be providing and/or blocking
connections between other components, affecting their electrification. The contacts states are
part of the system behavioural definition, so, the Behavioural Definitions BD[I|and BD]2} present,
respectively, how the state of monostable and bistable contacts may be logically represented.

Left Right
Up vp [
-
% @
m_ Fixed Down Fixed
Down
Fixed

Figure 3.2 — Possible contacts positions in a relay diagram.

In order to be able to define the contacts states representation, one must consider the existence
of constant universal sets, which define the possible states that these components may assume.
The Boolean set B is one example of a constant universal set. Other sets may be specifically
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defined for components that may assume specific states other than the Boolean values.

Behavioural Definition BD1 (Monostable Contacts States Representation): Monostable con-
tacts may assume the states up or down. The state of every monostable contact of a relay diagram

may be represented by a total function. So, given the constant universal set U_D:
U_D = {up,down},

the monostable contacts states may be represented by a total function from the monostable
contacts sets to U_D, which may be mathematically represented as:

MonoContactsSt_, € (MonostableContacts — U_D)

Behavioural Definition BD2 (Bistable Contacts States Representation): Bistable contacts may
assume the states right or left. The state of every Bistable contact of a relay diagram may be
represented by a total function. So, given the constant universal set R_L:

R_L=A{right,left},

the Bistable contacts states may be represented by a total function from the bistable contacts

sets to R_L, which may be mathematically represented as:
BistContactsSt_, € (BistableContacts — R_L).

As total functions, these definitions guarantee that a contact may never assume two different
states in the same system state as transient states are not modelled. Together with the inputs,
these components may control the passage of electrical current inside the wires by blocking or
allowing the current to flow in determined wires.

The system inputs are the connection between the system and the environment. As these
components states are controlled by the environment, they are responsible for causing the system
internal state to change. Together with the components with timed behaviours (discussed in
Section [3.2.3)), they are responsible for the beginning of every chain reaction of the system. In
this study, we consider the existence of three types of inputs: buttons, levers and contacts related
to external relays.

Buttons have a simple behaviour, since they represent a contact that may be closed or opened
when physically pressed. In order to avoid misunderstandings, we express the state of a button
as a Boolean value, i.e., true or false. When a button is on its true state, it is allowing the current
to flow inside the wires it is related to. Otherwise, when the button assumes the false state,
it blocks the electrical current flow. There is no internal event that changes the button state,
moreover it may be changed at any time by the environment. The state of each button may be
described as a total function from the set of buttons to a set of Boolean values B, as presented in
the Behavioural Definition BD3|

Behavioural Definition BD3 (Buttons States Representation): The buttons states may be rep-
resented inside a total function from Buttons to the Boolean values true and false, where true

represents that the button is closed and false represents that the button is opened. So, given the
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constant universal set B:
B = {true, false},

it is possible to define a function ButtonsSt, such that:

ButtonsSt_, € (Buttons — B).

As a function, no button may have two states at the same system state. Furthermore, as a

total function, every button must assume a state.

Unlike the buttons state definition, levers have a complex state caused by its complex
structure. A lever controls two or more contacts that block or allow the current to flow in
different wires. In this case, a lever may have two configurations that are named as config_a and
config_b in this work. Besides, when a lever changes its configuration, all its related contacts
states must change together. Figure [3.3| presents an example of this relation between levers and
lever contacts. In this example, when the lever is in the config_b configuration, only the contact
c3 is closed, allowing the current to flow in the wires related to it. However, when this same
lever has its configuration changed to config_a, all the lever contacts states change, opening
the contact ¢3 and closing the contacts c1 and c2. Thus, the contacts configuration must be
considered when expressing the possible levers states in our model. Before defining the levers
states, the lever structure must be defined, as presented in the Structural Definition S

] _p [ (e] & [orer]

t cl . é (7 .
— —
] - -
“ ! o O Open lever contact

- Q - G - Closed lever contact

' .
. ; c3 . c3 — - Wire

1 ' t | - Relation between levers

1
and lever contacts

Figure 3.3 — Levers states transition example where the small arrows indicate where the current
is flowing.

Structural Definition SD3 (Levers Structure Definition): The lever structure may be defined
by a total function LeverContactsRel_, relating every lever contact to its respectively lever, and
arelation ConfigRel., which describes the association between the lever configuration and the
contacts configuration. For this purpose, this latter relation must then link pairs of levers and
their configurations with pairs of contacts and their configurations. Similarly to buttons, lever
contacts may be opened or closed, which may be described by means of Boolean values (B).
So, given the constant universal set B defined before and the set LeverConfig of possible lever

configurations:
LeverConfig ={config_a,config_b},

the function LeverContactsRel_, and the relation ConfigRel., may be mathematically repre-
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sented as:

LeverContactsRel_, € (LeverContacts — Levers) A

ConfigRel_, € ((Levers x LeverConfig) <> (LeverContacts x B)).

By defining LeverContactsRel_, as a total function, each lever contact must be related to one,
and only one, lever. This Structural Definition may then be used as basis in order to represent
the lever states, as presented in the Behavioural Definition B

Behavioural Definition BD4 (Levers States Representation): The lever states may be rep-
resented by the function LeverSt_,, which defines the state of each lever, and the function
LeverContactsSt_,, which defines the state of each lever contact. So, given the constant uni-
versal sets B and LeverConfig defined before, one may define the functions LeverSt_, and

LeverContactsSt_, as:

LeverSt_, € (Levers — LeverConfig) A

LeverContactsSt_, € (LeverContacts — B).

As these components states are defined as total functions, it guarantees that every lever and
lever contact always assume one, and only one, state. Considering the Structural Definition S
the levers and lever contacts states must meet the structural relation between these components.
Thus, LeverContactsSt_, must be defined as:

LeverContactsSt_, = ConfigRel [LeverSt_,]

Regarding the contacts related to external relays, their states may be described in the same
way that other contacts. Indeed, these contacts are included in the Behavioural Definitions B
and BDJ2} since they are bistable and monostable contacts independently if the relay is modelled
inside or outside the relay diagram. Nevertheless, since the behaviour of these components are
entirely controlled by the environment (considering relays outside the diagram as part of the
environment), they are not impacted by the system state. In fact, as inputs, these components
are responsible for provoking the system state change by allowing or blocking the components
electrification.

In order to define how the current flows inside the wires, it is important to differentiate two
concepts: potential and real connections. In its most basic definition, the connection between
two components is the electrical relation between them mediated by wires. In this case, the
graph presented in the Structural Definition SD]I|represents the potential connections between
components as it is presented in the relay diagram, independently from their states. The real
connections between components must consider the state of components, i.e., the physical
connections in a specific state of the system. These connections depend on the buttons, levers
and contacts states, which may block the flow of electrical current by cutting the connections.
Thus, the real connections may be represented by the potential connections (incidence function
of the graph) excluding the connections that do not exist in a specific state.

In order to define the real connections of a system in a specific state, it is important to define
its disconnections, which is comprised by all edges whose connections to buttons, levers and
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contacts are not achieved. However, in order to list the contacts disconnections, it is important to
know what are the edges related to these contacts. In a determined state, a contact may provide
the connection between two different wires. However, in this same state, the contact may also
block a connection, as it is presented in Figure[3.4} In this figure, while the contact C1 allows
the current to flow between the wires W1 and W3, it also blocks the current flow between W1
and W2. The determination of which wires are connected to the contacts in each of its states is
essential in order to define the wires that are not connected in the system state. The contacts
connections are presented in the Structural Definitions SDi4|and SD5

W1 W2
_

C1
W3

Figure 3.4 — Representation of a contact and its connections.

Structural Definition SD4 (Monostable Contacts Connections): The monostable contacts con-
nections may be represented by a function from the pairs of monostable contacts and their states
to edges, which indicate in which contact state the contact is connected to which edge. So, given
the constant universal set U_D defined before, the monostable contacts connections may be

mathematically represented as:
MonoContactsConn_s € ((MonostableContacts x U_D) - Wires).

Structural Definition SD5 (Bistable Contacts Connections): The bistable contacts connections
may be represented by a function from the pairs of bistable contacts and their states to edges,
which indicate in which contact state the contact is connected to which edge. So, given the con-
stant universal set R_L defined before, the bistable contacts connections may be mathematically

represented as:
BistContactsConn_s € ((BistableContacts x R_L) + Wires).

Regarding these definitions it is important to notice that the relation between the contacts
positions and the connected wires is a partial function. As presented in Figure a contact
may not be connected to a wire on one of its positions. Thus, the use of a partial function in this
context is the best solution in order to guarantee that contacts can be disconnected during the
system execution.

Based on the contacts connections definitions, it is possible to define the system disconnec-
tions, which is a list of every edge (wire) that is not connected in its both extremities to electrical
components. In this situation, a system disconnection is the edge which has one of its extremity
completely physically disconnected due to a button, lever or contact state, blocking the current
flow. In order to list the system disconnections, one must identify which connections from the
graph incidence function are not achieved due to the contacts, buttons and lever states. The
system disconnections are presented in the Behavioural Definition BD{5}
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Behavioural Definition BD5 (System Disconnections): The system disconnections is repre-
sented by all the edges related to contacts, buttons or lever contacts in the graph incidence
function, which are not connected in the determined system state. This may be mathematically
represented as:

Disconections =
(ran(MonoContactsSt_, 9 MonoContactsConns)
U
ran(BistContactsSt_, < BistContactsConns)
U
(Incidence=}[ran(Incidence_,) 1> (LeverContactsSt=} [{false}] U ButtonsSt=![{false}])])
U

(Incidence”![(LeverContactsSt} [{false}]U ButtonsSt~} [{false}]) < ran(Incidence_,)])).
So, the system disconnections is formed by the union of:

* The set of wires that cannot be connected to the monostable contacts due to the contacts

states;
* The set of wires that cannot be connected to the bistable contacts due to the contacts states;

* The set of wires from the incidence function that connect components to opened buttons
or lever contacts, i.e., the edge of each incidence whose second component is an opened
button or an opened lever contact;

* The set of wires from the incidence function that connect opened buttons or lever contacts
to other components, i.e., the edge of each incidence whose first component is an opened

button or an opened lever contact.

Based on the system disconnections, one may define what are the system real connections, which
is constituted by the graph incidence function without the disconnected edges. The system real
connections represent the physical connections of the components during the system execution,

which is extremely important in order to define the components electrification conditions.

Behavioural Definition BD6 (System Real Connections): The system real connections is de-
fined by the connections presented in the relay diagram graph without the edges that are
not physically connected (disconnections). This may be mathematically represented by the

function RC;, which represents the incidence function where disconnected wires are removed:

RC_, = (Disconnections < Incidence_,).

The concept of real connections and its importance for the system state definition can be
better explained using the circuit example presented in Figure which is part of the ITCS
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a ) o w2 w3 w4 w5 o,
pl nl
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pl nl
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LCCSS 1  (activated)

Figure 3.5 — Impact of the components states over the system state.

case study. The incidence function of this circuit is:

Incidence_, = {(w2,(pl,L_C_CSS)), (w3,(L_C_CSS_1,KIT_C_CSS_1)),
(w4,(KIT_C_CSS,SS_E_V2_3)), (w5,(SS_E_V2_3,nl))}.

According to the graph structural definition, there is always a connection between KIT_C_CSS
and the energy sources. On the other hand, the system real connections depend on the com-
ponents states, which are represented as the circuits 4 and b in the Figure In this same
example, when L_C_CSS_1 is open and SS_E_V2_3 is in the down state (circuit a), the system

real connections function considers only the connection provided by the wire w4:
RC,; ={(w4,(KIT_C_CSS,SS_E_V2_3))}.

By disconsidering the components disconnections in the RC_; definition, it is possible to estab-
lish a condition for determining whether components, like the relay KIT_C_CSS, are activated
or not.

On its most basic definition, a component is electrified if there is a path between a positive
and a negative energy sources that contains this component. In this context, a path is defined as
a sequence of connected nodes, as presented in the Section[1.3.4 This electrification definition
must not be generalised, as it does not consider the impact of timed components. Besides,
this definition holds for non-timed components that can be activated and which have only
two connections, i.e., monostable relays, bistable relays coils and outputs. The Behavioural
Definition BD7| mathematically describes the basic components electrification condition. The

use of timed components and a more general electrification condition are defined later in the

Sections[3.2.3land [3.2.4

Behavioural Definition BD7 (Basic Components Electrification Condition): A component
comp from the set of monostable relays, bistable relays coils or outputs, is electrified in a
determined state if there is a path from a positive to a negative energy source that contains the
component comp. This definition holds in the case where no timed component is used. This

condition may be logically expressed as:

electrified(comp) < dps,ns, Pa_,.(ps € PosSourcesA
ns € NegSources A Pa_, € path(ps, ns, RC_5)A

comp € ran(Pa_,)).
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Based on this definition, in Figure one may consider that the relay is activated if there
exists a path in the RC_; function between the positive and negative energy sources pl and nl,
respectively. In this context, the path (p1,L_C_CSS_1,KIT_C_CSS,SS_E_V2_3,nl) begins in
the positive energy source and finishes in a negative one, moreover, it is a path in the RC_, that
contains the relay. In this example, this path exists only in the circuit b of the Figure[3.5] i.e., if
the lever contact L_C_CSS_1 and the contact SS_E_V2_3 are not disconnected.

The component electrification plays the most important part on the execution of the system,
since it is responsible for the component activation. Roughly speaking, the majority of the
electrical components that are energy dependent are activated when they are electrified. Timed
components are the only one exception in this case. Although the word "activation” is usually
used as a synonym of "electrification”, they do not mean the same thing, as some components may
be electrified and take some stipulated time to be activated. Relays are examples of components
that are activated when they are electrified. The behaviour of this component plays an important
part on the system logic, since they are the main control of the electric current flow inside the
electrical circuits

In relay diagrams, relays have a major importance: once activated, they change the contacts
states, which may activate or deactivate other relays creating a chain effect until the system
reaches a stationary state. While monostable relays have a simple structure containing only one
coil, bistable relays have a doubled coiled structure that adds complexity to its structural and
behavioural representation. Before defining the relays states representation, it is important to
understand the structure of bistable relays, which is represented in the Structural Definition SD|6]
In order to specify the bistable relay states, their electromagnetic coils must be placed in the
right and left positions. Furthermore, there must exist a relation between the bistable relays and
their coils, so their states may be linked.

Structural Definition SD6 (Bistable Relays Structural Definition): Each bistable relay is com-
posed by two coils associated with fixed positions (right and left). The relation between
bistable relays and their coils may be represented by a total function BistableCoilsRel_, from
BistableCoils to BistableRelays. Furthermore, the position of each coil inside the relay may be
described by a total function CoilSide_, from BistableCoils to the positions defined in the set
R_L.

So, given the constant universal set R_L defined before, The functions BistableCoilsRel_,
and CoilSide_, may be defined, such that:

BistableCoilsRel_, € (BistableCoils — BistableRelays)A
CoilSide_, € (BistableCoils — R_L).

By defining these relations as total functions, it guarantees that every coil is related to one
and only one bistable relay. Besides, it guarantees that every bistable relay coil has one side
defined. However, this structural definition allows bistable relays to have more than two coils,
which is not a possible configuration. Thus, in order to guarantee the system well-definedness,
one must stablish that each bistable relay must have only two coils, one on the left side and other
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on the right side. This property can be mathematically described as:

Vbr.(br € BistableRelays = dc1,c2.(c1 € BistableCoils A c2 € BistableCoilsA
BistableCoilsRel"}[{br}] = {c1,c2}A
CoilSide_,(c1) =rightA
CoilSide_,(c2)=leftA))

The state of a component regarding its activation may be defined as a Boolean value, where
true represents the activated state and false represents the deactivated state. Concerning relays,
their states depend on the activation and deactivation of their electromagnetic coils. Thus, a
monostable relay may assume the activated or deactivated states, since they contain only one
coil. However, due to the double coil structure of bistable relays, their state definition is also
more complex. Nonetheless, their states may be simply represented based on their impact over
the system, i.e., by the states of their related contacts. So, one may consider that a bistable relay
may assume the states right or left. The state representation of monostable and bistable relays
are presented in the Behavioural Definitions BDj8|and BD[9 respectively.

Behavioural Definition BD8 (Monostable Relays States Representation): As monostable re-
lays may be activated or deactivated, their state may be represented by a total function from
the set of monostable relays to the set of Boolean values B, where true represents the activated
state and deactivated otherwise. So, given the constant universal set B of boolean values de-
fined before, one may mathematically represent the monostable relays states by the function
MonoRelaysSt_,, such that:

MonoRelaysSt_, € (MonostableRelays — B).

Behavioural Definition BD9 (Bistable Relays States Representation): As bistable relays may
assume the states right or left, the state of these components may be represented by a total func-
tion from the set of bistable relays to R_L. So, given the constant universal set R_L defined before,
one may mathematically represent the bistable relays states by the function BistRelaysSt_,, such
that:

BistRelaysSt_, € (BistableRelays — R_L).

Based on the relays state representation and the components electrification condition, one
may define whether each relay assumes each configuration in a determined state. This relay state
definitions is presented in the Behavioural Definitions BDJ10Jand BDTT} A monostable relay is a
simple component, so it is activated once electrified and deactivated otherwise. However, due to
the bistable relays complex structure, the definition of their states must take into consideration
all the possible configurations of both electromagnetic coils.

Behavioural Definition BD10 (Monostable Relays States Definition): Monostable relays are
activated once they are electrified, and deactivated when they are no longer electrified. So, given
the constant universal set of Boolean values B, the state of each monostable relay in a determined
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system state may be defined as:
Vmr.((mr € MonostableRelays) = (MonoRelaysSt_,(mr) & electrified(mr))).

Behavioural Definition BD11 (Bistable Relays States Definition): The states of bistable relays
are defined by the different possibilities of activation of their coils according to the following

conditions:

+ if only the right coil is activated, the relay assumes the right state;
* if only the left coil is activated, the relay assumes the left state;

* if both coils are activated or deactivated, the relay must continue assuming its previous

state;

So, given the constant universal set of Boolean values B and considering the existence of a
function:
RelayPrevSt_, € (BistableRelays — L_R)

that defines the last stable state of a bistable relay, the state of each bistable relay in a determined

system state may be defined as:

Vbr,cl,c2.((br € BistableRelaysA
cl e BistableCoils A c2 € BistableCoils A cl # c2A
BistableCoilsRel"}[{br}] = {c1,c2}) =
(((electrified(cl) A —electrified(c2)) = BistRelaysSt_,(br) = CoilSide_,(c1))A
((—electrified(cl) Aelectrified(c2)) = BistRelaysSt_,(b) = CoilSide_,(c2))A
((—electrified(cl) A —electrified(c2)) = BistRelaysSt_,(br) = RelayPrevSt_,(br))A
((electrified(cl) Aelectrified(c2)) = BistRelaysSt_,(br) = RelayPrevSt_,(br)))).

Although the consideration of a previous state may require an extra effort when analysing a
specific system state, the safety guarantee must not be impacted by the bistable relay previous
state. The reason for this is that the succession of events will only reach the states where both
coils are activated/deactivated in order to change the relay state in a next step. In fact, these
"continued" states generally do not create a dangerous state. Nonetheless, if the execution
accuracy (the precise state evolution of this component) is required, the state succession may be
considered in the system formalisation, as presented in the definition above.

The contacts states are completely dependent on the relays states. An activated monostable
relay must have their contacts in the up state, otherwise the contacts fall to the down state.
Bistable relays and their related contacts must always assume the same state. Before defining
the contacts states, it is important to define the relation between relays and contacts, which
is part of the system structure. This relation is presented in the relay diagrams as semi-doted
vertical lines. The structural relation between relays and contacts is presented in the Structural
Definitions SDZland SD8

Structural Definition SD7 (Structural Relation Between Monostable Contacts and Relays):
The relation between monostable contacts and relays may be represented by a total function
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from the set containing all the system monostable contacts to a set containing all the system

monostable relays:
MonoRelayContactsRel_, € (MonostableContacts — MonostableRelays).

Structural Definition SD8 (Structural Relation Between Bistable Contacts and Relays): The
relation between bistable contacts and relays may be represented by a total function from the set
containing all the system bistable contacts to a set containing all the system bistable relays:

BistRelayContactsRel_, € (BistableContacts — BistableRelays).

The use of total function guarantees that each contact is related to one, and only one, relay. As
the contacts states are directly linked to the relays states, the contacts states may be defined based

on the relation between relays and contacts, as presented in the Behavioural Definitions BD|12]

and BDI13]

Behavioural Definition BD12 (Monostable Contacts States Definition): In a determined sys-
tem state, a monostable contact related to a monostable relay must be in the up state when the
relay is activated (true) and in the down state when the relay is deactivated (false). So, given the
constant universal set U_D and B defined before, the state of all the monostable contacts in a
determined system state may be defined as:

Vmec.(mc € MonostableContacts =
((MonoRelaysSt_,(MonoRelayContactsRel_,(mc)) = MonoContactsSt_,(mc) = up) A
(=MonoRelaysSt_,(MonoRelayContactsRel_,(mc)) = MonoContactsSt_,(mc) = down))).

Behavioural Definition BD13 (Bistable Contacts States Definition): Every related bistable
contact and bistable relay must assume the same states in every system stationary state. So, given

the constant universal set R_L, the state of all bistable contacts in a determined system state may
be defined as:

Vbc.(bc € BistableContacts =
(BistContactsSt_,(bc) = BistRelaysSt_,(BistRelayContactsRel_,(bc)))).

In some cases, specific relays are not drawn in the relay diagram, which means that they are
inputs of the system and their states are controlled by the environment. In this case, a contact
related to an external relay is indirectly controlled by the environment. Nonetheless, all these
components and their states are still normally defined in the formalisation inside their respective
sets and functions.

Regarding the outputs activation, these components have no impact inside the system. They
generally represent lamps, antennas or any type of signalisation that have impact over the envi-
ronment. Their activation follows the general Component Electrification Definition (Behavioural
Definition B, since they are activated once electrified. In this analysis, the activation of
outputs only impacts on the safety verification of the complete system, which is presented later
in this chapter. The Behavioural Definitions BD[14]and BD]15| present, respectively, the outputs
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state representation and definition in this formalisation.

Behavioural Definition BD14 (Outputs States Representation): As outputs may be activated
or deactivated, their states may be represented by a total function from the set of outputs to the
set of Boolean values B, where true represents the activated state and deactivated otherwise. So,
given the constant universal set B of Boolean values defined before, one may mathematically
represent the outputs states by the function OutputsSt_,, such that:

OutputsSt_, € (Outputs — B).

Behavioural Definition BD15 (Outputs States Definition): Outputs are activated once they
are electrified, and deactivated when they are no longer electrified. So, given the constant
universal set of Boolean values B, the state of each output in a determined system state may be
defined as:

VYout.(out € Outputs = (OutputsSt_,(out) & electrified(out))).

Besides the basic electrification condition presented in the Behavioural Definition BD[7} in
some systems one must consider the existence of components that produce energy as a way to
electrify other electrical components. The components that may produce energy are blocks and
capacitors. They are responsible for giving a notion of time to the system as a way to retard
the activation or deactivation of components. The specification of these components requires
a mixed approach, by considering the external influence (time) over the component and its
influence over the rest of the system.

3.2.3 Timed Blocks Impact on the System State Definition

There is still one aspect that has a major impact on the activation and deactivation of compo-
nents: time. In this work, time is considered as an environmental influence over the system and
some components may require a certain time to pass in order to be activated or deactivated. In
this work, the only components that are time dependent are blocks and capacitors.

In the case of blocks, they may have their activation or deactivation delayed after a determined
time. Thus, time is considered as an input and described as a Boolean value, indicating whether
the block time has passed (true) or not (false). This modelling decision is explained by the fact
that only the preconditions for the block activation are important for the system state definition
and analysis. However, one must not ignore the importance of time for the guarantee of the
system safety. In this work abstraction level, the logical time is useful in order to establish
the components states preconditions. Nonetheless, in a later implementation of this logic in a
formalism that supports the description of timed state successions, the physical time must be
considered as it is important in order to guarantee that the trains and the electrical circuits have
enough time to execute their functions. So, although time is treated here as an input, it may be
later implemented by a clock in the system computer-based implementation. As an input, the

passing of time may be described as presented in the Behavioural Definition BDJ16]

Behavioural Definition BD16 (Block Passing of Time State Definition): For each timed block,
the time necessary for their activation or deactivation may be abstracted by a variable indicating
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if the required time has passed or not. In this work the time is considered as an environmental
aspect. So, given the constant universal set B of Boolean values, the time state for each block, i.e.,
whether the time has passed or not, may be represented as a function from the set of blocks to

the Boolean values, such that:
BlockPassOf Time_, € (Blocks — B)

As a total function, it describes that every block has a state related to the passing of time. In
this case, the true value indicates that the required time has passed and the false value indicates
that this time has still not passed.

The block electrification and activation follow different rules which require different defini-
tions. Structurally, a block may have one of two types: timed activation or timed deactivation
block. A timed activation block is represented in a relay diagram with a thicker line on the top of
its component drawing, as detailed in Chapter [1} This component has its activation delayed for a
certain time after its electrification. On the other hand, a timed deactivation block, represented
in the relay diagram with a thicker line on the bottom of its component, has its deactivation
delayed for a certain time. A graphical representation of these blocks as they are used inside
relay diagrams is presented in Figure In order to represent the blocks behaviour, one must
have them structurally differentiated. The blocks structural differentiation is presented in the
Structural Definition SD9l

]
v te ] ]
"o | ]

Figure 3.6 — A timed activation block (on the left) and a timed deactivation block (on the right).

Structural Definition SD9 (Blocks Differentiation): Blocks are differentiated into timed acti-
vation and timed deactivation Blocks. This differentiation may be mathematically represented
by a function from the set of blocks to the set of block types. So given the constant universal set
BlockPossTypes, such that:

BlockPossTypes = {timed_act, timed_deact},

which contains the block possible types timed_act (timed activation) and timed_deact (timed
deactivation), it is possible to differentiate the blocks by the function BlockTypes_, defined

below:
BlockTypes_, € (Blocks — BlockPossTypes).

As a total function, it defines that every block must have one type. Furthermore, structurally
speaking, one may consider that the blocks connections are differentiated into dependent and
independent connections. In the relay diagram, the block is connected directly to a positive
and a negative sources of energy. However, the block is electrified only if its independent
connections are connected to each other or to other energy sources. These connections are
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called as "independent" since they do not require the block activation in order to provide energy,
i.e., the electricity flows in these contacts independently from the block state. On the other
hand, the block dependent connections are the ones whose electricity flow is controlled by the
block activation, i.e., once activated, the block provides energy to its dependent connections. In
fact, there is no visual difference between the block dependent and independent connections
inside the relay diagram, nevertheless, as their differentiation impacts on the block behavioural
definition, they must be differentiated in this formalisation. The block connections differentiation
is presented in the Structural Definition SD[10]

Structural Definition SD10 (Blocks Connections Differentiation): The block connections may
be differentiated into dependent and independent connections. This differentiation may be
represented by two relations from the set of blocks to the set of components. The relation
BlockDepConn,, and BlockIndConn_,, representing the dependent and independent connec-
tions between the block and other components, respectively, may be mathematically represented

as:

BlockDepConn,, € (Blocks <> Components) A

BlockIndConn,, € (Blocks <> Components).

In this context, it is important to establish that the dependent and independent connections
of each block are always different, which may be mathematically defined as:

BlockDepConn_, N BlockIndConn_, = {}.

The electrification of a block does not imply directly on its activation. So it is important to
differentiate when the block is electrified or activated separately. The blocks states representation
is presented in the Behavioural Definition BD|17]

Behavioural Definition BD17 (Blocks States Representation): The blocks states may be repre-
sented by total functions from the set of blocks to the set of Boolean values, where the values true
and false indicate if the block is activated/electrified or deactivated/not electrified, respectively.
So, given the constant universal set B defined before, the blocks states may be represented by
the functions BlockIsElectrified_, and BlockIsActivated_,, indicating whether the blocks are

electrified and activated, respectively. These functions are mathematically represented as:

BlockIsElectrified_, € (Blocks — B) A
BlockIsActivated_, € (Blocks — B).

As total functions, every block must have a state defined. The block electrification does not
follow the component electrification condition presented in the Behavioural Definition BD[7} A

block is electrified by meeting one of the following possible conditions:

* the closing of a cycle that begins and finishes in the block through both its independent

connections,

* the existence of a path between the block and a source of energy through an independent

connection.
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Once one of these conditions is satisfied, the electricity flows inside the block, whose activation,
however, may depend on the passing of time. A timed activation block is activated only when it
is electrified and the block time has passed. In the other hand, the timed deactivation block is
deactivated only when the block is not electrified and the time has passed. The conditions for
the activation and deactivation of blocks is presented in the Table The block states definition
is presented in the Behavioural Definition BD]T8}

Table 3.1 — Conditions that must be satisfied for the activation of blocks from each type.

Electrification | Passing of time | Timed Activation block | Timed deactivation block
Electrified Not passed deactivated activated
Electrified Passed activated activated”

Not electrified Not passed deactivated activated

Not electrified Passed deactivated” deactivated

%Time has no impact on the activation of this component, so this state is defined only by the block electrification
state

bTime has no impact on the deactivation of this component, so this state is defined only by the block electrification
state

Behavioural Definition BD18 (Blocks States Definition): A block is electrified if there is a
cycle that begins and finishes in the block passing through its independent connections or if
there is a path between the block and an energy source that passes through an independent
connection. A timed activation block is activated if the block is electrified and its specified
time has passed, otherwise the block is deactivated. Furthermore, a timed deactivation block is
deactivated if it is not electrified and its specified time has passed, otherwise it is activated. All

these conditions may be generally mathematically defined for all the system blocks as:

BlockIsElectrified ,(bl) &
des,Pa_,.(es € (PosSources UNegSources) A
(((Pa_, € path(bl,es,RC_5) A (I, first(tail(Pa_,))) € BlockIndConn_,)) V
(Pa_, e cycle(bl,RC45) A((bL, first(tail(Pa_,))) € BlockIndConn,,) A
((bl,last(front(Pa_,))) € BlockIndConn,,))))

BlockIsActivated_, (bl) &
((BlockTypes_,(bl) = timed_act A BlockIsElectrified ,(bl) A PassOf Time_,(bl)) V
(BlockTypes_,(bl) = timed_deact A BlockIsElectrified_,(bl)) V
(BlockTypes_,(bl) = timed_deact A —BlockIsElectrified_,(bl) A =PassOf Time_,(bl))).

Based on the block states definition, it is possible to extend the non-temporised components
electrification condition in order to consider the possibility of the blocks to produce energy
in their cycles. So, if a relay diagram contains blocks, one must consider that an electrical

component is electrified if:

* There is a path between two different poles of energy sources that pass through the
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component;

* There is a cycle that begins and finishes on a block that passes through the component and
both independent connections of the block;

* There is a path between a block and an energy source that passes through the component
and a block independent connection;

* There is a cycle that begins and finishes on an activated block that passes through the
component and both dependent connections of the block.

These conditions are represented in Figure [3.7|respectively from left to right, depicting the four
different manners a relay may be electrified when considering the existence of blocks. This new
electrification condition may be defined as presented in the Behavioural Definition BD[T9] As well
as the condition presented in the Behavioural Definition BD7 this block-related electrification
condition also holds only for non-timed components that can be activated and which have only

two connections, i.e., monostable relays, bistable relays coils and outputs.
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Figure 3.7 — Different manners to electrify a relay when considering the existence of blocks (the
components highlighted in yellow are the ones that are activated).

Behavioural Definition BD19 (Block-related Electrification Condition): Non-temporised com-
ponents are electrified when connected to: a positive and a negative energy sources; an energy

source and a block independent connection; two block independent connections; or two block
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dependent connections of an activated block. This may be mathematically expressed as:

electrified(comp) &
((Aps,ns, Pa_,.(ps € PosSources Ans € NegSources A
Pa_, € path(ps,ns,RC4;) A comp € ran(Pa_,))) V
(Abl,es,Pa_,.(bl € blocks A
es € (PosSources UNegSources) A
Pa_, e path(bl,es,RC_;) A comp € ran(Pa_,) A
(bl, first(tail(Pa_,))) € BlockIndConn_,)) V
(3bl, Pa_,.(bl € blocks A Pa_, € cycle(bl,RC45) A
comp € ran(Pa_,) A
(b, first(tail(Pa_,))) € BlockIndConn,, A
(bl,last(front(Pa_,))) € BlockIndConn_,)) V
(361, Pa_,.(bl € blocks A Pa_, € cycle(bl,RC55) A
comp € ran(Pa_,) A BlockIsActivated_,(bl) A
(bl, first(tail(Pa_,))) € BlockDepConn., A
(bl,last(front(Pa_,))) € BlockDepConn_,)) )

where the new conditions for the components electrification based on the use of blocks are
highlighted in yellow.

Despite their complexity, the use of timed components is essential in order to preserve the
system safety in determined cases. For instance, in order to change a signal from green to red,
the system must wait a little time as a way to guarantee that any sensor that may have been
delayed for any reason may indicate any possible presence in the tracks. This safety measure
must be taken even in computer-based systems. Another way to force the system to wait a
determined time is by the use of capacitors. However, these components have an extremely

complex behaviour that must be carefully analysed, as presented in the next section.

3.2.4 Capacitors and their Impact on the System State Definition

Besides the Block, the other timed component that may be used inside the relay diagrams is
the capacitor. This component has a dynamic behaviour that must be deeply analysed before
its formalisation. The most important characteristics of this component are: the possibility of
providing energy to the system, the double timed behaviour and the possibility of assuming
charges on each of its side.

A capacitor may provide energy to the system when fully charged, but this component
requires a certain time connected to the energy sources in order to be charged. Furthermore,
a capacitor may only provide energy for a limited time. So, it is necessary to consider the two
timed behaviours of this component in its formalisation. The charging time is essential in order

to guarantee that the component is fully charged before providing energy. The discharging time
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is important in order to establish the duration in which this component may act as an energy
source.

Physically, a capacitor is formed by two conductive plates separated by a non-conductive
region. When each plate of a capacitor is connected to a different pole of energy source, the
energy cannot pass through the capacitor, but the energy sources cause each plate to store
charges. The plate connected to the negative energy source stores negative charges, while the
plate connected to the positive energy source stores positive charges. This process takes a specific
time that depends on several conditions (like the material used, for instance). After storing a
determined charge, a plate may produce energy by connecting it to another energy source with
the opposite charge. As the plate is discharging, the energy can only be provided for a limited
time.

In order to formalise these components, one must consider all the complexities inherent
to the capacitors behaviour. However, there are some natural limitations about what can be
modelled with the logic presented until now. The main problem is the definition of the capacitors
states, which can only be made based on the capacitors previous states. This limitation is related

to the following questions:

1. What are the charges of the plates of a charged capacitor that is not connected to the energy

sources?

2. A capacitor that is connected to the positive and the negative energy sources is charging or
discharging?

In order to answer the first question, it is necessary to consider what where the connections of
the capacitor in one of the previous states. Similarly, the answer of the second question is related
to the capacitor previous states, i.e., was it previously charged or discharged in the previous
state? Are the charges connected to their opposite energy source poles? All these questions
demonstrate how the definition of the capacitors state depends on their previous ones.

In the Behavioural Definition BD[I1} the description of the bistable relays states required
the use of a previous state value, as this component state may be maintained indefinitely in
determined circumstances. In the case of capacitors, however, the definition of previous states
may be extremely complex and imprecise, since these components states may not be simply
maintained over time, as they may charge, discharge and even change the plates charges during
their execution. While a bistable relay may only switch the state to the other side (from right to
left or from left to right), a disconnected capacitor has a list of possible future and previous
states that are hard to be predicted and described in order to to define their exact state. In this
context, while the bistable relays states may depend on their previous ones, the definition of
the capacitors states may depend on many previous states. Thus, the complete definition of the
capacitors states in basic logic may be unpractical without the use of a state succession logic as
support.

With the purpose of limiting this information and defining the capacitors behaviour as
accurate as possible, this work defines three different types of capacitors according to their
connections represented inside the relay diagrams: Positive-negative, Negative-positive and
Bipolar capacitors. Figure[3.8|presents an example of each of these capacitors.

The Positive-negative capacitor is the one whose left and right plates can only assume the
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Figure 3.8 — An example of each capacitor type: Positive-negative, Negative-positive and Bipolar,
respectively.

positive and negative charges, respectively. As the capacitors in the SNCF relay diagrams always
are depicted in horizontally drawn wires, it is possible to assume the existence of a left and a
right plate. In order to define a capacitor as a Positive-negative one, either the left plate can
only be connected to positive energy sources or the right plate can only be connected to negative
energy sources. As a consequence of this configuration, the left and right plates can only assume
a positive and negative configuration, respectively.

Similarly, a Negative-positive capacitor is the one whose left and right plates can only assume
the negative and positive charges, respectively. So, either the left plate can only be connected to
negative energy sources or the right plate can only connect with positive energy sources.

Positive-negative and Negative-positive capacitors can be both mathematically modelled
with the logic presented in this work. By giving more information about the context of these
components it is possible to reduce the possibilities of charges that may be assumed, so the logic
of this component can be reduced to its charging/discharging states.

Regarding Bipolar capacitors, their plates can be connected to the positive or negative energy
sources. As a result, these plates can assume different charges at different moments. Thus, in
order to determine a Bipolar capacitor state and its plates charges, we must know its previous
states and connections, which can be impractical with the logic we use in this work as mentioned
earlier. So, these capacitors are not modelled in this work.

In order to formalise the Positive-negative and Negative-positive capacitors, one must initially
have means to differentiate them. This differentiation between the capacitors type is presented
in the Structural Definition SDI1]

Structural Definition SD11 (Capacitors Structural Differentiation): In this work only Positive-
negative and Negative-positive capacitors are formalised. In order to differentiate them, a
function from the set of capacitors to the set of capacitors types can be defined. So, given the

constant universal set CapPossTypes, such that:
CapPossTypes = {Pos_neg, Neg_pos},

which contains the capacitors possible types Pos_neg (Positive-negative) and Neg_pos (Negative-
positive), it is possible to differentiate the capacitors by the function CapacitorsTypes_, defined
below:

CapacitorsTypes_, € (Capacitors — CapPossTypes).

As a total function, it assures that every capacitor must have one and only one defined type.
Later, in a future extension of this work, the capacitors types set can be extended in order to
consider the existence of bipolar capacitors.
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In order to formalise the behaviour of these components it is necessary to consider each plate
as a different component. A capacitor is formed by the combination of two plates. This structural
relation between the capacitors and their plates may be formalised as presented in the Structural
Definition SD12]

Structural Definition SD12 (Capacitors Structural Definition): A capacitor is formed by the
combination of two plates. Each plate has a fixed position in the capacitor, which can be right or
left. The relation between the capacitors and their belonging plates as well as the definition of

the plates positions inside a capacitor can be modelled in two different functions:

* PlatesCapRel_,, from the set of plates to the set of capacitors, which relates the plates with
the capacitors to which they belong;

* PlatesPosition_,, from the set of capacitors plates to the set containing their possible
positions (right or left).

So, given the constant universal set R_L defined before, these functions can be mathematically
represented as:

PlatesCapRel_, € (CapPlates — Capacitors) A
PlatesPosition_, € (CapPlates — R_L).

As total functions they define that every capacitor plate belongs to one and only one capacitor,
besides, every plate has a position defined. However, this structural definition allows capacitors
to have more than two plates, which is not a possible configuration. Thus, in order to guarantee
the system well-definedness, one must establish that each capacitor must have only two plates,
one on the left side and other on the right side. This property can be mathematically described
as:

Ycap.(cap € Capacitors = dp1,p2.(pl € CapPlates A p2 € CapPlatesA
PlatesCapRel~}[{cap}] = {p1, p2}A
PlatesPosition_,(pl) = rightA
PlatesPosition_,(p2) = lef tA)).

Based on these structural information, it is possible to define one last structural definition.
This is related to the disposition of capacitors plates to assume specific charges. Due to system
configuration that limits the energy source poles that the capacitors plates can be connected to,
one may consider the existence of a potential of these components to assume determined charges.
This potential may be deduced from the type of capacitor and the position of the capacitor plates,
as it is presented in the Structural Definition SD[T3] It is important to mention that this definition

does not apply to bipolar capacitors, whose plates may assume both charges.

Structural Definition SD13 (Capacitors Plates Potential Charge): Based on the type of the
capacitor and the position of the capacitor plate, it is possible to deduce the potential of the
plates to assume determined charges. Given the constant universal set Charges containing the
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possible plates charges positive (pos) and negative (neg), such that:
Charges = {pos, neg},

the relation between the capacitors plates and the charges they tend to assume may be repre-
sented by the function PlateCharge_, from the set of capacitors plates to the set Charges, such
that:

PlateCharge_, € (CapPlates — Charges) A
PlateCharge_, = {(cp, ch)|cp € CapPlates A ch € ChargesA
((CapacitorTypes_,(PlatesCapRel_,(cp)) = Pos_neg A
PlatesPositions_,(cp) = left) = ch=pos) A
((CapacitorTypes_,(PlatesCapRel_,(cp)) = Pos_neg A
PlatesPositions_,(cp) = right) = ch = neg) A
((CapacitorTypes_,(PlatesCapRel_,(cp)) = neg_pos A
PlatesPositions_,(cp) = left) = ch =neg) A
((CapacitorTypes_,(PlatesCapRel_,(cp)) = neg_pos A
PlatesPositions_,(cp) = right) = ch = pos)}

As a total function, it defines that every capacitor plate has a potential to assume a specific
charge. Nonetheless, in a future extension of this formalisation that considers bipolar capacitors,
this function may be adapted in order to be a partial function, as the plates of bipolar capacitors
do not have a specific potential charge as the other types. In the form it is defined, the capacitors

plates have a tendency to assume:
* a positive charge if it is in the right position of a positive-negative capacitor,
* anegative charge if it is in the left position of a negative-positive capacitor,
* a positive charge if it is in the right position of a negative-positive capacitor or

* anegative charge if it is in the left position of a negative-positive capacitor.

Given all this structural context, one may be able to define the capacitors behaviour. For this
purpose, it is possible to consider that capacitors may assume two states: deactivated or activated.
The former represents the discharged or the charging moments, i.e., when the capacitor cannot
provide energy. The latter represents the charged and discharging moments, i.e., when the
capacitor can act as an energy source. Nonetheless, before defining the capacitors states, it is
important to define the passing of time for these components. Capacitors are similar to both
timed activation and timed deactivation blocks as they need some time to activate and another

time to deactivate. The capacitor passing of time is presented in the Behavioural Definition BDJ20)|

Behavioural Definition BD20 (Capacitor Passing of Time State Definition): For each capaci-
tor, the time necessary for their activation and deactivation may be abstracted by two functions

indicating if the required time has passed or not. So, given the constant universal set B of
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Boolean values, the passing of time for the activation and deactivation of each capacitor may be

represented as two functions from the set of capacitors to the booelan set, such that:

CapActPassOf Time_, € (Capacitors — B) A
CapDeactPassOf Time_, € (Capacitors — B),

where CapActPassOf Time_, indicates the passing of time necessary for the capacitors acti-
vation and CapDeactPassOf Time_, indicates the passing of time necessary for the capacitors
deactivation.

Similarly to blocks, the capacitors states are defined based on their electrification and activa-
tion. These components may be electrified and not activated as well as they can be not electrified
and still activated. This behaviour is caused by the time that this component takes in order to
store and lose energy.

When electrified, a capacitor only activates (charges) after a certain time. Once activated
and no longer electrified, this component only deactivates after another certain time. The
electrified/not electrified and activated/deactivated states may be described based on Boolean
values, where true represents that the capacitor is electrified or activated and false represents
that this component is not electrified or deactivated. When activated, the capacitor is charged
and may provide energy to the system. Otherwise, when the capacitor is deactivated, it is not
charged and cannot provide energy. The capacitors state representation may be mathematically
formalised as presented in the Behavioural Definition BD21]

Behavioural Definition BD21 (Capacitors States Representation): The capacitors states may
be represented by total functions from the set of capacitors to the set of Boolean values, where the
values true and false indicate that the capacitor is activated/electrified or deactivated/not electri-
fied, respectively. So, given the constant universal set B defined before, the capacitors states may
be represented by the functions CapIsElectrified_, and CaplsActivated_,, indicating whether
the capacitors are electrified and activated, respectively. These functions are mathematically

represented as:

CaplsElectrified_, € (Capacitors — B) A
CaplsActivated_, € (Capacitors — B)

In order to be electrified, the capacitor plates must be connected to the positive and negative
energy sources (each one connected to a different energy source pole). When electrified for
a certain time, this component is activated. When activated, if this component is no longer
electrified, it remains activated for a another certain time. The conditions for the capacitors
electrification and activation are formalised in the Behavioural Definition BD22l

Behavioural Definition BD22 (Capacitors States Definition): Capacitors are electrified when
each of their plates are connected to a different electrical energy source pole. However, the
activation of these components only occurs after a certain time that they are electrified. Once
a capacitor is activated and is no longer electrified, it remains activated for a certain time and

then it deactivates. The electrification and activation conditions for a capacitor cap may be
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mathematically described as:

CaplsElectrified_ (cap) &
dp,n,pll,pl2,PPa_,,NPa_,.(p € PosSources Ane NegSources Apll € CapPlates A
pl2 e CapPlates Apll = pl2 A PlatesCapRel_,(pl1) = cap A PlatesCapRel_,(pl2) = cap A
PPa_, € path(pll,p,RC5) ANPa_, € path(pl2,n,RC_;))

CaplsActivated_,(cap) &
((CapIsElectrified_,(cap) A CapActPassOf Time_,(cap)) V
(=CaplsElectrified_,(cap) A—CapDeactPassOf Time_,(cap)))

Once activated, the capacitors may produce energy to the system. This impacts the system
state definition as the capacitors may act as another energy source. So, the components elec-
trification condition may be adapted again in order to consider these components. This is the
complete electrification condition as it considers all the possible energy sources presented in this
work. Once again, this electrification condition is valid in order to state whether non-timed inde-
pendent components are electrified or not, i.e., it defines the activation condition for monostable
relays, bistable relays coils, and outputs. The Complete Electrification Condition is presented in
the Behavioural Definition BD23

Behavioural Definition BD23 (Complete Electrification Condition): Non-temporised inde-

pendent components are electrified when connected to:

1. A positive and a negative energy sources;

2. A positive energy source and a negative capacitor plate of an activated capacitor;

3. A negative energy source and a positive capacitor plate of an activated capacitor;

4. The positive and the negative plates of activated capacitors;

5. An energy source and a block independent connection;

6. A capacitor plate of an activated capacitor, and a block independent connection;

7. Two block independent connections;

8. Two block dependent connections of an activated block.

Based on these conditions, it is possible to mathematically define that the conditions for a
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component comp to be electrified as:

electrified(comp) &

((Aps,ns, Pa_,.(ps € PosSources Ans € NegSources A

Pa_, e path(ps,ns,RC,5) A comp € ran(Pa_,))) V
(dps,ns,Pa_,.(ps € PosSources A ns € CapPlates A PlateCharge_,(ns) = neg A

CaplsElectrified_,(PlatesCapRel_,(ns)) A Pa_, € path(ps,ns,RCL5) A comp € ran(Pa_,))) V
(dps,ns,Pa_,.(ps € CapPlates Ans € NegSources A PlateCharge_,(ps) = pos A

CaplsElectrified_,(PlatesCapRel_,(ps)) A Pa_, € path(ps,ns,RC45) A comp € ran(Pa_,))) V
(dps,ns, Pa_,.(ps € CapPlates A ns € CapPlates A PlateCharge_,(ps) = pos A

CaplsElectrified_,(PlatesCapRel_,(ps)) A PlateCharge_,(ns) = neg A

CaplsElectrified_,(PlatesCapRel_,(ns)) A Pa_, € path(ps,ns,RC4s) A comp € ran(Pa_,))) V
(3bl,es,Pa_,.(bl € blocks A es € (PosSources UNegSources) A

Pa_, e path(bl,es,RC_5) A comp € ran(Pa_,) A (b, first(tail(Pa_,))) € BlockIndConn,,)) V
(3bl,es, Pa_,.(bl € blocks A es € CapPlates A CaplsElectrified_,(PlatesCapRel_,(es)) A

Pa_, € path(bl,es,RC_;) A comp € ran(Pa_,) A (b, first(tail(Pa_,))) € BlockIndConn,,)) V
(3bl,Pa_,.(bl € blocks A Pa_, € cycle(bl,RC_;) A comp € ran(Pa_,) A

(bl, first(tail(Pa_,))) € BlockIndConn,, A (bl,last(front(Pa_,))) € BlockIndConn,.,)) V
(3bl, Pa_,.(bl € blocks A Pa_, € cycle(bl,RC5) A comp € ran(Pa_,) A BlockIsActivated_,(bl) A
(b, first(tail(Pa_,))) € BlockDepConn, A (bl,last(front(Pa_,))) € BlockDepConn_,)))

where the new conditions for the components electrification based on the use of capacitors are

highlighted in yellow.

This Complete Electrification Condition is a general condition that defines whether any non-
timed independent electrical component is electrified or not. However, in cases where capacitors
and blocks are not used, this condition may be adapted or the other defined electrification
conditions may be used.

Although resistors have no structural or behavioural detail that must be formalised, they
may have a structural importance for the system. These components are used in order to control
the time for the capacitors to charge, which has no importance in this formalisation as the time
is abstracted as a system input. However, as part of the model, these components may still be

modelled as a way to make the structural formalisation more accurate and close to reality.

Before finalising this formalisation, it is important to consider a variation of the energy
sources that causes the lights to flash. This variation is analysed and presented in the next

section.
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3.3 Flashing Lights: An Energy Source Variation

The energy sources used to electrify signal lights in the SNCF systems have an alternating current.
As the majority of the French relay-based RIS components use a direct current, the AC energy
sources are only used for the electrification of some specific components, like some determined
outputs. Although the logic of the system tends to be the same in both type of currents, some
adaptations must be considered in order to deal with the energy source variation. Furthermore,
the variety of the energy sources increases when the existence of flashing energy sources are
considered. This last component type allows signal lights to flash, giving new meanings to them.

By considering the existence of AC energy sources, it is possible to extend the formalisation in
order to describe three new types of components: AC energy sources, AC energy source returns
and the flashing AC energy sources. So it is possible to define the sets ACSources, ACReturns
and FlashACSources which are subsets of the Components sets and containing the AC energy
sources, AC energy source returns and the flashing AC energy sources, respectively. This is
mathematically defined as:

ACSources € Components A
ACReturns € Components A

FlashACSources € Components.

The logic for the activation of components connected to these energy sources is the same
presented in the Behavioural Definitions BD7) BD[I9]and BD[23] However, it is necessary to
extend them in order to consider that the components are also activated when they are in the

paths between:
* AC energy sources and AC energy source returns, or
* Flashing AC energy sources and AC energy source returns.

For the system behavioural analysis, it may also be important to verify if the output com-
ponents are connected to a fixed or a flashing energy source in order to determine if the signal
lights are flashing or not. This is because fixed and flashing signals have different meanings that
can affect the system safety. In order to analyse the type of AC current flowing inside an output,
one may verify if there is a path between this component and a flashing AC energy source. In a
positive scenario, the component has a flashing AC flowing through it.

Furthermore, the existence of AC current may cause some adaptations on the block format
and activation conditions. When both direct and alternating electrical current are used in the
system, the block may have direct connections to the direct (24V) and alternating (400Hz) current
energy sources, as presented in Figure In this case, the block activation may also result from
its connection with an AC energy source. Once activated, the block is able to generate a direct
current in order to activate relays, for instance. In this context, the block may be activated when
connected to any type of energy source though an independent connection.

The use of alternating current energy sources is a variation of the relay-based RIS that
requires an extension of the formalisation presented in this work. In this case, it is possible

to extend the components electrification conditions and the blocks electrification conditions
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Figure 3.9 — Block adapted to the use of both direct and alternating currents.
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presented in the Behavioural Definitions BD23|and BD|18|in order to consider the existence of
the new energy sources. These new conditions are described in the Behavioural Definitions BD]24]

and BD25]

Behavioural Definition BD24 (Extended Electrification Condition): In a system that allows
the existence of AC and DC energy sources, non-temporised independent components are
electrified when connected to:

1. A positive and a negative energy sources;

2. A positive energy source and a negative capacitor plate of an activated capacitor;
3. A negative energy source and a positive capacitor plate of an activated capacitor;
4. The positive and the negative plates of one or more activated capacitors;

5. An AC energy source and an AC energy source return;

6. A flashing AC energy source and an AC energy source return;

7. An AC or DC energy source and a block independent connection;

8. A capacitor plate of an activated capacitor, and a block independent connection;
9. Two block independent connections;

10. Two block dependent connections of an activated block.

Based on these conditions, it is possible to mathematically define the conditions for a component
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comp to be electrified as:

electrified(comp) &
((Aps,ns, Pa_,.(ps € PosSources Ans € NegSources A
Pa_, e path(ps,ns,RC45) A comp € ran(Pa_,))) V
(dps,ns,Pa_,.(ps € PosSources Ans € CapPlates A PlateCharge_,(ns) = neg A
CaplsElectrified_, (PlatesCapRel_, (ns) A Pa_, € path(ps,ns,RC_,) A comp € ran(Pa_,))) V
(dps,ns,Pa_,.(ps € CapPlates Ans € NegSources A PlateCharge_,(ps) = pos A
CaplsElectrified_,(PlatesCapRel_,(ps) A Pa_, € path(ps,ns,RC45) A comp € ran(Pa_,))) V
(dps,ns, Pa_,.(ps € CapPlates A ns € CapPlates A PlateCharge_,(ps) = pos A
CaplsElectrified_,(PlatesCapRel_, (ps) A PlateCharge_,(ns) = neg A
CaplsElectrified_,(PlatesCapRel_,(ns) A Pa_, € path(ps,ns,RC45) A comp € ran(Pa_,))) V
((Aps,ns, Pa_,.(ps € ACSources Ans € ACReturns A
Pa_, € path(ps,ns,RC45) A comp € ran(Pa_,))) V
((Aps,ns, Pa_,.(ps € FlashACSources Ans € ACReturns A
Pa_, € path(ps,ns,RC45) A comp € ran(Pa_,))) V
(3bl,es, Pa_,.(bl € blocks A
es € (PosSourcesUNegSources UACSources UACReturnsU FlashACSources) A
Pa_, € path(bl,es,RC_;) A comp € ran(Pa_,) A (b, first(tail(Pa_,))) € BlockIndConn_,)) V
(3bl,es, Pa_,.(bl € blocks A es € CapPlates A CaplsElectrified_,(PlatesCapRel_,(es) A
Pa_, e path(bl,es,RC_;) A comp € ran(Pa_,) A (b, first(tail(Pa_,))) € BlockIndConn_,)) vV
(3bl, Pa_,.(bl € blocks A Pa_, € cycle(bl,RC_;5) A comp € ran(Pa_,) A
(bl, first(tail(Pa_,))) € BlockIndConn, A (bl,last(front(Pa_,))) € BlockIndConn,.,)) V
(Abl, Pa_,.(bl € blocks A Pa_, € cycle(bl,RC45) A comp € ran(Pa_,) A BlockIsActivated_,(bl) A
(b, first(tail(Pa_,))) € BlockDepConn_, A (bl,last(front(Pa_,))) € BlockDepConn_,))).

where the new conditions for the components electrification based on the use of AC energy
sources are highlighted in yellow.

Behavioural Definition BD25 (Extended Blocks Electrification Condition): In a system that
allows the existence of AC and DC energy sources, a block is electrified if there is a cycle that
begins and finishes in the block passing through its independent connections or if there is a path
between the block and an energy source (positive, negative, AC sources or AC source return) that
passes through an independent connection. These conditions may be generally mathematically
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defined for all the system blocks as:

BlockIsElectrified_, (bl) &
des,Pa_,.(es € (PosSources UNegSources UACSources U ACReturns)A
(((Pa_, € path(bl,es,RC_5) A (U], first(tail(Pa_,))) € BlockIndConn_,))V
(Pa_, e cycle(bl,RC45) A((bL, first(tail(Pa_,))) € BlockIndConn,)A
((bl,last(front(Pa_,))) € BlockIndConn,,))))

A last behavioural definition is concerned with the fact that an output (a light signal, more
specifically) may be flashing or not. As the flashing light is a possible behaviour of the system, it
is important to formalise it. Furthermore, this formalisation may be useful for the verification of
the system behaviour in order to guarantee its safety, as flashing lights have a different semantic
meaning than the fixed ones. The conditions for an output to be flashing is presented in the
Behavioural Definition BD26l

Behavioural Definition BD26 (Outputs Flashing Condition): An output is flashing if it is
electrified and connected to a flashing AC energy source while it is not connected to a normal

AC energy source. This may be mathematically formalised for all outputs as:

isFlashing(out) &
(electrified(out) Ades,Pa_,.(es € (FlashACSource) A Pa_, € path(out,es, RC_,))A
—des,Pa_,.(es € (ACSource) A Pa_, € path(out,es,RC_)))

Based on the formalisation of the relay-based RIS presented in this work, it is possible to
formalise a great variety of systems. This formalisation may also be used in order to perform
some structural well-definedness and safety behaviour verification. The system verification

using this formalisation is discussed in the next section.

3.4 Formalisation Support for the System Verification

The structural and the behavioural relay-based RIS formalisation presented in this chapter can
be used in order to verify the relay diagrams structure well-definedness and the safety of the
system behaviour, respectively. This can be made using the logical descriptions as basis for the
definition of well-definedness and safety conditions that can be formally verified. This section
presents how the relay-based RIS formalisation presented in this chapter may be used in order

to perform verifications about the system well-definedness and safety.

3.4.1 Structural Well-definedness Verification

As the structure of the relay-based RIS is able to be mathematically defined, it is also able to
be formally analysed in order to guarantee its correctness. The system behaviour cannot be
properly analysed if the structure can be faulty, since a faulty structure generates a non-viable
system. Although some well-definedness conditions can be generalised to every relay-based

system, each company has different patterns for modelling relay diagrams, so the structural
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well-definedness conditions presented in this section may be adapted as a way to support a
structural verification in other different approaches. Indeed, the capabilities of the mathematical
expressions are almost limitless, so the conditions presented here can be extended and adapted

in order to create new conditions.

In fact, the structural verification of these systems can be more cost-effective if the generation
of the mathematical expressions and the structural verification are made by tools. This is because
the system manual mathematical specification may be a hard and time consuming process.
The creation of a tool for the automatic generation and verification of the system structural
and behavioural mathematical definition is a future work of this thesis. The objective is to
use the structural verification presented in this section as a support in order to guarantee that
the relay-diagrams are well defined before transforming them into a formal specification for
behavioural verification purposes. Thus, the well-definedness condition presented in this section

aims to support the verification of the relay diagrams structural correctness.

In this work we can divide the well-definedness conditions into two different types: general
and specific conditions. The former define properties that must be met by every system inde-
pendently of the companies modelling paterns. These general well-definedness conditions are
related, for instance, to the fact that every bistable relay has only two coils, the blocks dependent
and independent connections are different or that capacitors have always two plates. All these
conditions have been presented in this chapter as part of the structural definitions. Nonetheless,
they are also considered as well-definedness conditions since they were created with the objective
of guaranteeing the structural correctness of the model.

Another example of general well-definedness condition presented before is related to the
relay diagrams basic structure. In this context, it is important to guarantee that the components
subsets are mutually disjoint and that their union forms the Components set. This condition is

expressed as:

Components = U ComponentsSubsetsA

V¥S51,52.((S1 € ComponentsSubsetsA
S2 € ComponentsSubsetsA
S1=282)=51NnS2=0).

This expression states a condition that must be met in order to assure that components have not
a double function.

The specific well-definedness conditions specify the properties that the system must meet
according to a company design patterns. These properties are not generalised as they are related
to the relay diagram structure. One simple example is the definition of a condition that states
that the set of wires and components must be disjoint. This is an important condition in our
relay-based RIS model in order to guarantee that the name given to the components are not the
same as the names given to the wires during the formalisation. This condition may be defined as:

Wires N Components = (.
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Regarding the basic structure of the relay diagram in the form of a graph, it is possible
to define some specific structural properties in order to guarantee its well-definedness. For
instance, it is possible to determine the quantity of connections of each component as a way
to guarantee that the components connections are well defined in the incidence function of
the graph. The system behavioural definitions depend on the fact that each component has a
certain number of connections and the graph representing the relay diagram must meet these
constraints. The Table [3.2] presents the number of connections for each component in the relay
diagrams used by SNCEF, which may be different in other companies design patterns. This table
also presents the logical conditions that may be used in the system formalisation as a way to
enforce the quantity of connections for each component. These expressions are based on the

graph notion of vertex degree presented in Section[1.3.4]

Table 3.2 — Number of allowed connections for each type of component.

Component Connections Logical definition

Positive 1 Vx.(x € PosSources = (degree(x,Incidence_,) = 1))
sources

Negative ; —
Sources 1 Vx.(x € NegSources = (degree(x, Incidence_,) = 1))
Capacitors . _

plates 1 Vx.(x € CapPlates = (degree(x,Incidence_,) = 1)
Buttons 2 Vx.(x € Buttons = (degree(x,Incidence_,) = 2))
Lever contacts 2 Vx.(x € LeverContacts = (degree(x,Incidence_,) = 2))
i\/e[&r;zstable 2 Vx.(x € MonostableRelays = (degree(x,Incidence_,) = 2))
E;?{[:ble relay 2 Vx.(x € BistableCoils = (degree(x, Incidence_,) = 2))
outputs 2 Vx.(x € Outputs = (degree(x,Incidence_,) = 2)
Monostable 2-3 Vx.(x € MonostableContacts = (degree(x, Incidence_,) € 2..3)
contacts

Bistable 2-3 Vx.(x € BistableContacts = (degree(x, Incidence_,) € 2..3)
contacts

Junctions 2-4 Vx.(x € Junctions = (degree(x,Incidence_,) € 2..4)
blocks 5-8 Vx.(x € Blocks = (degree(x,Incidence_,) € 5..8)

AC energy 1 Vx.(x € ACSources = (degree(x, Incidence_,) = 1))
sources

ACenergy 1 Vx.(x € ACReturns = (degree(x,Incidence_,) = 1))
source returns

Flashing = AC 1 Vx.(x € FlashACSources = (degree(x, Incidence_,) = 1))
energy source

Another structural well-definedness property specific to out context may guarantee that
the incidence function does not contain any component that is not supposed to be used. This
is because some components are composed by sub-components. In this context, only the sub-
components are represented in the incidence function. So, it is possible to define the logical

expression:

Ycomp.(comp € Components A (comp € BistableRelays U Levers U Capacitors) =

(comp ¢ (dom(ran(Incidence_,)) U ran(ran(Incidence_,)))));
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making it clear that bistable relays, levers and capacitors are not connected in the graph incidence
function.

Regarding the inputs of the system, some structural well-definedness properties may also
be defined. Due to the complexity of the levers structures it is important to establish some
conditions for their structural definitions. One of these conditions is that every lever contact
must have a configuration defined for each lever configuration. Besides, the configuration of a
lever contact must never be the same in both of its related lever configurations. These conditions

may be guaranteed by defining that:
ConfigRel;,1 € ((LeverContacts x B) — (Levers x LeverConfig)),

which, by using a total function, states that every lever contact configuration is always related to
one, and only one, lever configuration.

Many other structural well-definedness properties may be defined in order to assure that
the modelled diagram and its formalised version are conform to to the structural expectations.
These definitions are not exhaustive and they can always be extended in order to support other
contexts and the definition of new properties.

While the logical expressions for the verification of the system structure can be defined based
on the knowledge about the electrical circuits models, the system safety behaviour verification

requires a background about the system behaviour, environment and context.

3.4.2 Behavioural Safety Conditions Definition

The behavioural relay-diagram description based on mathematical expressions allows one to
prove the system safety by defining safety conditions which may be logically analysed. These
conditions are related to the existence or non-existence of specific states. For instance, in the
ITCS case study, one must guarantee that two components are never electrified at the same time,
so they cannot be activated at the same time. So, one may define logical expressions in order to
relate the state of components as a way to guarantee that safety conditions are met at any system
state.

In this context, it is important to note that each relay diagram models a specific system in
a particular context. Thus, one cannot create general safety conditions than can be applied to
every case study. Generally, these safety conditions are created by experts based on the analysis
of the system context and the relay diagram. As a consequence, each safety condition is specific
to a particular case study.

In order to define these safety conditions, any logical expression that relates two components

may be used. Some examples of expressions are the guarantee that:

1. Two distinct components x and y are never electrified at the same time:

—(electrified(x) Aelectrified(y));

2. Two components x and y are always electrified and not electrified at the same time:

electrified(x)  electrified(y);
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3. If one component x electrifies, another component y must also be electrified:

electrified(x) = electrified(y).

These are some examples of simple logical expressions that may be used in order to assure that,

respectively:

1. two signals are never green at the same time allowing trains to enter in the same tracks,

which may avoid a frontal collision;

2. Every time that a turnout is turned, a light signal near it must enforce the decreasing of

the train speed, which may avoid a derailment;

3. If a pedal detects the presence of a train in a track, the light signals close to this track must

enforce the velocity decrease or the stop of other trains, which may avoid rear collisions.

Based on the system logical structural and behavioural formalisation and the state of each
component, it is possible to determine many other safety conditions in order to guarantee the
system safety. However, knowledge about the relation between the system and the environment is
necessary as a way to determine how the relation between components may affect the safety. This
expertise dependency for the safety conditions definition cannot be avoided at this level, since it
is not possible to predict the impact of each component state in the real field as the environment
is not formalised. A solution based on the creation of a more abstracted model focused on the
simulation of the system environment is discussed as a future work in the conclusion of this
thesis. By relating the physical components states with an abstract model focused on the trains
position and velocity, it may be possible to detect which components configurations may cause
accidents.

The creation of safety conditions based on the behavioural logic presented in this chapter may
be manually verified based on the logical analysis. If there is the possibility that a safety condition
is not met considering the possible system states, this system may not be considered safe. In this
context, it is important to notice that the verification in this case is compositional at the diagram
level as it is able to verify the safety of each diagram according to every possible input value.
This same verification can be repeated when composing two or more diagrams. Furthermore, as
specification and verification supporting tools may be used, these safety conditions may have
other uses. One may use, for instance, a SAT-Solver, which analyses if there is a set of values for
each system variable that satisfy every condition. In this case, a negation of the safety condition
may be used as part of the system model, so the SAT-Solver may show if there is a set of values
that satisfy this condition. Thus, if the answer is positive, the system cannot be considered safe.

By using a formal method focused on the specification of concurrent systems like CSP, for
instance, one may define assertions in order to guarantee that a determined state defined by the
safety condition is not reached, which can be verified by a model checker (more details about it
is presented in the future works section in the end of this thesis). A similar approach can be seen
in the B-method, where the safety conditions are defined as part of the specification invariant.
Then a model checker can be used in order to guarantee that no state will be inconsistent with
the invariant. Then, a logical verification based on the B-method proof obligations can be also
used in order to guarantee that the state evolution cannot reach an inconsistent state.
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As a way to exemplify the structural and behavioural formalisation presented in this chapter,
the next section presents the formalisation of the ITCS case study. Furthermore, the manual
verification of this system is presented, which states how the logic presented can be used as a

way to make a manual formal verification of the system safety.

3.5 Case Study Specification and Analysis

Based on the formalisation of the relay-based RIS structure and behaviour presented in this
chapter, it is possible to formalise the ITCS industrial example. In order to mathematically
describe this system, one may specialise its structure according to the definitions presented in
Sections[3.2]and[3.2.3] Then, together with the general behavioural formalisation description, the
system is formalised and it can be verified by logically analysing it regarding safety conditions.
This section is focused on presenting how the formalisation detailed in this chapter can be used
in order to formalise and verify the ITCS case study. Before any behavioural description, it is

important to logically define the system structure.

3.5.1 Structural Formalisation

Regarding the structural formalisation of the system, this chapter presents a mathematical
model that describes the general physical relations between components. This model may then
be specialised for each different system by adding the information about the components, their
types and their connections as described inside the relay diagram. Thus it is possible to manually
translate the relay diagram schema into the mathematical structural model.

The general structural model consists of all the structural definitions mathematical expres-
sions presented in this chapter. So, considering the existence of the sets Components and Wires,
which are the base of the structural formalisation, the general relay-based RIS structural model
is defined based on the sets, relations and functions presented in the structural definitions. In

this context, the graph incidence function and the components subsets are defined as:

Incidence_, € (Wires — (Components x Components)) A

PosSources C Components A NegSources C Components A

Buttons C Components A Levers C Components A

LeverContacts C Components A  MonostableContacts C Components A
BistableContacts C Components A  Junctions C Components A
Capacitors C Components A  CapPlates C Components A

resistors C Components A  Blocks C Components A

Outputs C Components A  MonostableRelays C Components A

BistableRelays C Components A  BistableCoils C Components.

Based on these basic structures, it is possible to define the structural relation between the

components, their types and their states as:
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LeverConfig ={config_a,config b} A B={true, false} A

LeverContactsRel_, € (LeverContacts — Levers) A

ConfigRel_, € ((Leversx LeverConfig) <> (LeverContacts xB)) A

R_L={right,left} A U_D={up,down} A

MonoContactsConn_s € (MonostableContacts x U_D) + Wires) A

BistContactsConns € ((BistableContacts x R_L) > Wires) A

BistableCoilsRel_, € (BistableCoils — BistableRelays) A
CoilSide_, € (BistableCoils - R_L) A

MonoRelayContactsRel_, € (MonostableContacts — MonostableRelays) A
BistRelayContactsRel_, € (BistableContacts — BistableRelays) A

BlockPossTypes = {timed_act, timed_deact} A BlockTypes_, € (Blocks — BlockPossTypes) A

BlockDepConn,, € (Blocks <> Components) A BlockIndConn,, € (Blocks <> Components).

By specifying the general model, it is possible to define the structural formalisation of the
ITCS example. In this case, the relay diagram must be interpreted and the physical connections
between the components and their graphical differentiation must be formalised according to the
general model expressions.

Initially, it is important to define the Components and the Wires sets. These sets are the basis
of the entire formalisation and they contain all the sets and wires presented in the diagram.
However, as generally the wires and some components are not named, it is important to name
them so the system structure can be formalised. In this work, the names of the ITCS components

and wires are defined according to the following logic:

* The components whose names are depicted in the relay diagram have their name main-

tained, but the spaces between the words and letters are replaced by underscores ("_");

* Contacts are named after their relays followed by "_x", where x is a natural number given
to each contact in an ascending order according to its top-down appearance inside the

relay diagram;

* Bistable relays coils are named after their relays followed by "_x", where x represents the

position of the coil (right or left);

* Similarly to the contacts, lever contacts are named after their related levers followed by

"

_x", where x is a natural number given to each contact in an ascending order according to
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its top-down appearance inside the relay diagram;

* As all buttons in the ITCS example are related to levers, these buttons are named after

these levers followed by "_button;

* Positive energy sources, negative energy sources, junctions and wires are named in the

formats "Px", "Nx", "Jx" and "Wx", respectively, where x is a natural number.

Following this logic, the name of each component and wire of the ITCS example is defined as
presented in Figure where the wires names are presented in red and the components names
are presented in green.

An important information that must be considered in the model instantiation is the universal
sets, which contains the most basic information that are the basic building blocks of the formal
model. As well as everything in the structural model, these sets are constant, and their informa-
tion must never change during the system execution. In the ITCS example, the universal sets are
the LeverConfig, B, U_D, R_L and BlockPossTypes sets defined in the general model, together
with the specific Components and Wires sets. These are all the basic sets that can be explicitly

defined. As presented in the structural and behavioural models, the universal sets are:

LeverConfig={config_a,config_b} A B={true, false} A U_D ={up,down} A
R_L={right,left} A BlockPossTypes = {timed_act,timed_deact}

In the ITCS case study, the components and wires sets can be explicitly defined as:

Components = {KIT_C_911,KIT_C_CSS,SS_E_V2,INT_AC_V2,PG_911,EIT_C_CSS,
C_CSS_V2,EIT_C_CSS_right, EIT_C_CSS_left,C_CSS_V2_right,C_CSS_V2_left
P1,P2,P3,P4,P5,P6,P7,P8,P9,P10,P11,N1,N2,N3,N4,N5,N6,N7,L_C_CSS,
L_C_CSS_button,L_C_CSS_1,L_C_CSS_2,L_C_CSS_3,L_ITCS,L_ITCS_button,
L_ITCS_1,L_ITCS_2,]1,]2,]3,J4,75,76,]7,]8,]9,710, TA_SS_E_V2,KIT_C_CSS_1,
SS_E_V2_1,SS_E_V2_2,SS_E_V2_3,PG_911_1,PG_911_2,PG_911_3,EIT_C_CSS_1,
EIT_C_CSS_2,EIT_C_CSS_3,EIT_C_CSS_4,C_CSS_V2_1,C_CSS_V2_2,C_CSS_V2_3,
C_CSS_V2_4,INT_AC_V2,INT_AC_V2_1,INT_AC_V2_2,INT_AC_V2_3,
INT_AC_V2_4,INT_AC_V2_5KAU_V2,KAU_V2_1,EIT_C_912,EIT_C_912_1,
EPA_C_CSS,EPA_C_CSS_1,EPA_C_CSS_2,EPA_C_911,EPA_C_911_1,EPA_C_912,

EPA_C_912_1,KAG_a_G,KAG_a_G_1,RPD_FA_C911,RPD_FA_C911_1}

Wires = (W1, W2, W3, W4, W5, W6, W7, W8, W9, W10, W11, W12, W13, W14, W15, W16, W17,
W18, W19, W19, W20, W21, W22, W23, W24, W25, W26, W27, W28, W29, W30, W31, W32,
W33, W34, W35, W36, W37, W38, W39, W40, W41, W42, W43, W44, W45, W46, W47, W48,
W49, W50, W51, W52, W53, W54, W55, W56, W57, W58, W59, W60, W61, W62, W63, W64,
W65, W66, W67, W68, W69, W70, W71, W72}

The Components and the Wires sets are part of the graph definition that describes the
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relation between the electrical components as it is depicted in the relay diagram. These sets
are defined according to the components and wires presented in the relay diagram and they
are the basis for the definition of the graph incidence function. In order to specialise the ITCS
incidence function, one must list the relations between each wire with couples of components,
presenting the connection between the components mediated by wires. This function may then

be specialised as the following:

Incidence_, = {(W1,(P1,SS_E_V2_1)), (W2,(SS_E_V2_1,C_CSS_V2_1)),
(W3,(C_CSS_V2_1,EIT_C_CSS_1)), (W4,(EIT_C_CSS_1,INT_AC_V2_1)),
5,(INT_AC_V2_1,PG_911_1)), (W6,(PG_911_1,EF11)), (W7,(EF11,(N1)),
8,(P2,KAG_a_G)), (W9,(KAG_a_G,]2)), (W10,(P3,RPD_FA_C911_1)),
W11(RPD_FA_C911_1,]2)), (W12,(J2,PG_911_2)), (W13,(PG_911_2,]1)),

W14,(P4,INT_AC_V2_2)), (W15,(INT_AC_V2_2,]1)), (W16,(J1,PG_911)),
W17,(PG_911,N1)), (W18,(TA_SS_E_V2,SS_E_V2)), (W19,(SS_E_V2,TA_SS_E_V2)),
W20, (P5,TA_SS_E_V?2)), (W21,(N3,TA_SS_E_V2)), (W22,(TA_SS_E_V2,]5)),
W23,(TA_SS_E_V2,C_CSS_V2_2)), (W24,(C_CSS_V2_2,]3)),

W25,(J3,SS_E_V2_2)), (W26,(SS_E_V2_2,]4)), (W27,(J3,EIT_C_CSS_2)),
W28,(EIT_C_CSS_2,KSS_E_V2_1)), (W29,(KSS_E_V2_1,]5)),

W30, (J4,EIT_C_CSS_3)),(W31,(EIT_C_CSS_3,]6)), (W32,(J4,PG_911_3)),
W33,(PG_911_3,]7)), (W34,(J4,INT_AC_V2_3)), (W35,(INT_AC_V2_3,]7)),
W36,(J5,]6)), (W37,(]6,]7)), (W38,(N4,KIT_C_911)),
W39,(KIT_C_911,KIT_C_CSS_1)), (W40,(KIT_C_CSS_1,KAU_V2_1)),

=

) (
7,
0, (
) (
)
(
(
(
(
(
41,(KAU_V2_1,C_CSS_V2_3)), (W42,(C_CSS_V2_3,PG_911_4)),
W43,(PG_911_4,P7)), (W44,(N5,L_C_CSS_1)), (W45,(L_C_CSS_1,KIT_C_CSS)),
(
(
(
(
(
(
(
(
(
(
(
(

=

3
46,(KIT_C_CSS,SS_E_V2_3)), (W47,(SS_E_V?2_3,EIT_C_CSS_4)),
W48, (EIT_C_CSS_4,INT_AC_V?2_4)), (W49,(INT_AC_V2_4,P7)),
W50,(N6,L_C_CSS_B)), (W51,(L_C_CSS_B,]8)), (W52,(J8,L_C_CSS_2)),
53,(L_C_CSS_2,EIT_C_CSS_R)), (W54,(J8,(L_C_CSS_3)),
5
7
9

=

W55,(L_C_CSS_3,EIT_C_CSS_L)), (W56,(P8, EPA_C_CSS_1)),
W57,(EPA_C_CSS_1,EIT_C_CSS_L)), (W58,(P9,EIT_C_912_1)),
W59,(EIT_C_912_1,C_CSS_V2_4)), (W60,(C_CSS_V2_4,EIT_C_CSS_R)),
61,(P10,EPA_C_911_1)), (W62,(EPA_C_911_1,EPA_C_912_1)),

=

(w
(w
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(W63,(EPA_C_912_1,EPA_C_CSS_2)), (W64,(EPA_C_CSS_2,]9)),
(W65,(J9,C_CSS_V2_R)), (W66,(J9,C_CSS_V2_L)), (W67,(C_CSS_V2_R,L_ITCS_1)),
(W68,(C_CSS_V2_L,L_ITCS_2)), (W69,(L_ITCS_1,]10)), (W70,(J10,L_ITCS_B)),
(W71,(L_ITCS_2,710)), (W72,(L_ITCS_B,N7))}

The components of the Components set must be differentiated in order to support the be-
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havioural description of the system. Each component has a function in the relay-based RIS, so it
is important to divide this set as a way to define the type of each component. The differentiation

of the components from the ITCS example based on the relay diagram is defined as:

PosSources = {P1,P2,P3,P4,P5,P6,P7,P8,P9,P10} A

NegSources={N1,N2,N3,N4,N5,N6,N7} A

Buttons ={L_C_CSS_B,L_ITCS_B} A Levers={L_C_CSS,L_ITCS} A

LeverContacts ={L_C_CSS_1,L_C_CSS_2,L_C_CSS_3,L_ITCS_1,L_ITCS_2} A

MomnostableContacts ={KIT_C_CSS_1,KAU_V2_1,SS_E_V2_1,SS_E_V2_2,
SS_E_V2 3,EPA_C_911_1,EPA_C_912_1,EPA_C_CSS_1,EPA_C_CSS_2,
KAG_a_G_1,RPD_FA_C911_1,INT_AC_V2_1,INT_AC_V2_2,INT_AC_V2_3,
INT_AC_V2_4,PG_911_1,PG_911_2,PG_911_3,PG_911_4,KSS_E_V2_1} A

BistableContacts ={EIT_C_912_1,C_CSS_V2_1,C_CSS_V2_2,C_CSS_V2_3,
C_CSS_V2 4,EIT C_CSS_1,EIT_C_CSS_2,EIT_C_CSS_3,EIT_C_CSS_4} A

Junctions ={J1,]2,]3,]4,75,]6,]7,78,]9,]J10} A

Blocks ={TA_SS_E_V2} A Outputs={EF11} A

MonostableRelays ={KIT_C_CSS,KAU_V2,SS_E_V2,EPA_C_911,EPA_C_912,
EPA_C_CSS,KAG_a_G,RPD_FA_C911_1,INT_AC_V2,PG_911,KSS_E_V2,
KIT_C_911} A

BistableRelays ={EIT_C_912,C_CSS_V2,EIT_C_CSS} A

BistableCoils ={C_CSS_V2_R,C_CSS_V2_L,EIT_C_CSS_R,EIT_C_CSS_L} A

Capacitors={} A CapPlates={} A Resistors={}

Then, following the structural model, one may then define the levers structure by describing
the relation between the levers and their contacts. Furthermore, one must define the structural
link between the levers and contacts states. This structural definition is important in order to
define the behaviour of these components. The specialisation of this part of the structural model
for the ITCS example is defined as:

LeverContactsRel_, = {(L_C_CSS_1,L_C_CSS), (L_C_CSS_2,L_C_CSS),
(L_C_CSS_3,L_C_CSS), (LITCS_1,L_ITCS), (L_ITCS_2,L_ITCS)} A

ConfigRel,, =
{((L_C_CSS,config_a),(L_C_CSS_1, false)), ((L_C_CSS,config a),(L_C_CSS_2,false)),
((L_C_CSS,config_a),(L_C_CSS_3,true)), ((L_C_CSS,config_b),(L_C_CSS_1,true)),
((L_C_CSS,config b),(L_C_CSS_2,true)), ((L_C_CSS,config_b),(L_C_CSS_3, false)),
((LLITCS,config_a),(L_ITCS_1, false)), ((L_LITCS,config_a),(L_ITCS_2,true)),
((LLITCS,config b),(L_ITCS_1,true)), ((L_LITCS,config_b),(L_ITCS_2,false))}
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The relays are the most important part of the structural and behavioural model since they
are the responsible for opening and closing the contacts. Thus, this component is responsible
for controlling the flux of electrical current inside the wires. Based in the general model, in this
specialisation, one must define the relays structure, connections and their relations with the

contacts:

MonoContactsConn_, = {((KIT_C_CSS_1,up), W39), (KAU_V2_1,up), W40),
((SS_E_V2_1,down),W2), (SS_E_V2_2,up),W25), ((SS_E_V2_3,up), W46),
EPA_C_911_1,up)W62), ((EPA_C_912_1,up), W63), ((EPA_C_CSS_1,up), W57),
EPA_C_CSS_2,up), W64), (KAG_a_G_1,up),W9), (RPD_FA_C911_1,up), W11),
KSS_E_V2_1,up), W28)(INT_AC_V2_1,up), W5), (INT_AC_V2_2,down), W15),
INT_AC_V2_3,down), W34), (INT_AC_V2_4,up), W48), (PG_911_1,up), W6),
(PG_911_2,up), W13), ((PG_911_3,down),W32), (PG_911_4,up), W42)} A
BistContactsConnys = {((EIT_C_912_1,left), W59), ((C_CSS_V2_1,right),W3),
((C_CSS_V2_2,right), W24) ((C_CSS_V2_3,right), W42), ((C_CSS_V2_4,right), W60),
((EIT_C_CSS_1,left),W3), ((EIT_C_CSS_2,right), W28), ((EIT_C_CSS_3,right), W31),
((EIT_C_CSS_4,r1ght),W48)} A

((
((
((
((
(

BistableCoilsRel_, = {(C_CSS_V2_R,C_CSS_V?2), (C_CSS_V2_L,C_CSS_V2),
(EIT_C_CSS_R,EIT_C_CSS), (EIT_C_CSS_L,EIT_C_CSS)} A

CoilSide_, = {(C_CSS_V2_R,right), (C_CSS_V2_L,left), (EIT_C_CSS_R,right),
(EIT_C_CSS_L,left)} A

MonoRelayContactsRel_, = {(KIT_C_CSS_1,KIT_C_CSS), (KAU_V2_1,KAU_V?2),
(SS_E_V2_1,SS_E_V2), (SS_E_V2_2,SS_E V2), (§S_E_V2_3,SS_E_V2),
(EPA_C_911_1,EPA_C_911), (EPA_C_912_1,EPA_C_912),
(EPA_C_CSS_1,EPA_C_CSS), (EPA_C_CSS_2,EPA_C_CSS), (KAG_a_G_1,KAG_a_G),
(RPD_FA_C911_1,RPD_FA_C911), (INT_AC_V2_1,INT_AC_V?2),
(INT_AC_V2_2,INT_AC_V2), (INT_AC_V2_3,INT_AC_V2),
(INT_AC_V2_4,INT_AC_V2), (PG_911_1,PG_911), (PG_911_2,PG_911),
(PG_911_3,PG_911), (PG_911_4,PG _911), (KSS_E_V2_1,KSS_E_V2)} A

BistRelayContactsRel , = {(EIT_C_912_1,EIT_C_912), (C_CSS_V2_1,C_CSS5_V?2),
(C_CSS_V2_2,C_CSS_V2), (C_CSS_V2_3,C_CSS_V2), (C_CSS_V2_4,C_CSS_V2),
(EIT_C_CSS_1,EIT_C_CSS), (EIT_C_CSS_2,EIT_C_CSS),
(EIT_C_CSS_3,EIT_C_CSS), (EIT_C_CSS_4,EIT_C_CSS)}.

As the ITCS example contains a block, one must also formalise the structure of this component.
As presented in the general model, the specialisation must define the block type, and their
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connections. This is the last part of the structural formalisation. The ITCS case study block

specialisation is defined as:

BlockTypes_, ={(TA_SS_E_V 2,timed_act)} A
BlockDepConn., = {(TA_SSg_V2,SS_E_V2)}A
BlockIndConn_, = {(TA_SS_E_V2,C_CSS_V2_2), (TA_SS_E_V2,]5)}.

This structural formalisation contains all the relay diagram information that is required in
order to be able to define the system behaviour. Based on the mathematical basis used for the
structural definition, it is possible to describe the system behaviour by defining the relation

between the specified electrical components states, as presented in the next section.

3.5.2 Behavioural Formalisation and Verification

The system behaviour depends on the system structure, which generally varies depending on
the system context. However, by considering that each component type has a unique invariable
behaviour, it is possible to generalise the behavioural logic based on these fixed behaviours,
as presented in the behavioural definitions of this chapter. So, for the ITCS example, as well
as for many others case studies, the behavioural formalisation is the same general description
composed by the behavioural definitions presented in this chapter.

In this context, the general behavioural formalisation of the ITCS case study must initially
contain the behavioural definition for the system contacts and inputs. The description of the
inputs is extremely important in order to define and analyse the system state as these components
are responsible for causing the system instability and state evolution. Moreover, the contacts
and inputs states are essential to define whether some components are electrified or not, since
these components may block the electric current flow. The formalisation of the buttons, levers

and contacts states are defined as:

MonoContactsSt_, € (MonostableContacts —» U_D) A

BistContactsSt_, € (BistableContacts —» R_L) A

ButtonsSt_, € (Buttons > B) A
LeverSt_, € (Levers — LeverConfig) A
LeverContactsSt_, € (LeverContacts > B) A

LeverContactsSt_, = ConfigRel_[LeverSt_,] A

The contacts and the inputs of the system are responsible for part of the system electrification
as they may allow or deny the components electrification. These components may block the
passage of electrical current as they may disconnect from certain wires. Thus, in order to
define if the components are electrified or not in the ITCS example, it is important to define
these components disconnections as well as a new incidence function that considers the system
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disconnections. These definitions are described as:

Disconections = (MonoContactsConn_,[MonoContactsSt_,] U
BistContactsConn_|BistContactsSt_] U
(Incidence”}[ran(Incidence_,) 1> (LeverContactsSt—} [{false}] U ButtonsSt—}[{false}])) U

(Incidence”![(LeverContactsSt— [{false}] U ButtonsSt}[{false}]) < ran(Incidence_,))) A

RC_, = (Disconnections < Incidence_,)

However, the ITCS example contains a block in a way that the components may also be
electrified when connected to this component. So, one must also use the block formalisation in

order to define the components electrification condition. These definitions are described as:

BlockPassOf Time_, € (Blocks - B) A BlockIsElectrified_, € (Blocks - B) A
BlockIsActivated_, € (Blocks —» B) A

BlockIsElectrified_,(bl) &
des,Pa_,.(es € (PosSources U NegSources)A
(((Pa_, € path(bl,es,RC_s) A (bl, first(tail(Pa_,))) € BlockIndConn_,))V
(Pa_, € cycle(bl,RC4s) A ((b, first(tail(Pa_,))) € BlockIndConn_,)A
((bl,last(front(Pa_,))) € BlockIndConn,,)))) A

BlockIsActivated_,(bl) &
((BlockTypes_,(bl) = timed_act A BlockIsElectrified_,(bl) A PassOf Time_,(bl))V
(BlockTypes_,(bl) = timed_deact A BlockIsElectrified_,(bl))V
(BlockTypes_,(bl) = timed_deact A —~BlockIsElectrified_,(bl) A—PassOf Time_,(bl))) A

electrified(comp) &
((Aps,ns, Pa_,.(ps € PosSources Ans € NegSourcesA
Pa_, € path(ps,ns,RC45) A comp € ran(Pa_,))) V
(3bl,es, Pa_,.(bl € blocks A es € (PosSources U NegSources) A
Pa_, e path(bl,es,RC_5) A comp € ran(Pa_,) A (b, first(tail(Pa_,))) € BlockIndConn_,)) vV
(3bl, Pa_,.(bl € blocks A Pa_, € cycle(bl,RC5) A comp € ran(Pa_,) A
(b, first(tail(Pa_,))) € BlockIndConn_, A (bl,last(front(Pa_))) € BlockIndConn_)) VvV
(3bl, Pa_,.(bl € blocks A Pa_, € cycle(bl,RC45) A
comp € ran(Pa_,) A BlockIsActivated_,(bl) A (b, first(tail(Pa_,))) € BlockDepConn,_, A
(bl,last(front(Pa_,))) € BlockDepConn,,)))
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Once the components electrification condition is defined, one may detail the conditions for

the relays to be activated as well as the relation between these components and the contacts:

MonoRelaysSt_, € (MonostableRelays — B)
BistRelaysSt_, € (BistableRelays — R_L)
RelayPrevSt_, € BistableRelays — L_R

Vmr.(mr € MonostableRelays =
(MonoRelaysSt_,(mr) & electrified(mr)))
Vbr,cl,c2.((br € BistableRelaysA
cl € BistableCoils A c2 € BistableCoilsA
BistableCoilsRel"}[{br}] = {c1,c2}) =
(((electrified(cl) A —electrified(c2)) = BistRelaysSt_,(br) = CoilSide_,(c1))A
((—melectrified(cl) Aelectrified(c2)) = BistRelaysSt_,(b) = CoilSide_,(c2))A
((—electrified(cl) A —electrified(c2)) = BistRelaysSt_,(br) = RelayPrevSt_,(br))A
((electrified(cl) Aelectrified(c2)) = BistRelaysSt_,(br) = RelayPrevSt_,(br))))
Vmec.(mc € MonostableContacts =
((MonoRelaysSt_,(MonoRelayContactsRel_,(mc)) = MonoContactsSt_,(mc) = up)A
(=MonoRelaysSt_,(MonoRelayContactsRel_,(mc)) = MonoContactsSt_,(mc) = down)))
Vbe.(bc € BistableContacts =
(BistContactsSt_,(bc) = BistRelaysSt_,(BistRelayContactsRel_,(bc))))

This last expression finishes the general behavioural formalisation, which may be used as
basis for the safety verification of the system. As the components states are logically related,
it is possible to determine which states may never occur at the same time as a way to avoid
dangerous situations. In the ITCS example, for instance, one may guarantee that the components
KIT_C_911 and EF11 must never be activated at the same time, preventing the signals close to
the shared portion of the tracks to be opened at the same time. Thus, this safety condition avoids
the occurrence of collisions in this shared tracks by allowing only one train to pass at a time.
So, for every combination of inputs states (for the input components and the time variables),
electrified(KIT_C_911) Aelectrified(EF11) must never be true, which may be defined as:

—(electrified(KIT_C_911) Aelectrified(EF11))

In order to prove the system safety, one may assure that this expression is always true. So,
considering the paths that may lead the components to be activated (which is the basis of the
electrification condition), this expression may be rewritten as a way to be based on the contacts
states. This is because the paths are defined according to the contacts and inputs states that may
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allow the current to flow. So this expression may be rewritten as:

—((MonoContactsSt_(KIT_C_CSS_1)=up A MonoContactsSt_(KAU_V2_1)=up A
BistContactsSt_,(C_CSS_V2_3)=right A MonoContactsSt_,(PG_911_4) = up)
A
(MonoContactsSt_,(SS_E_V2_1)=down A BistContactsSt_,(C_CSS_V2_1)=right A
BistContactsSt_,(EIT_C_CSS_1)=left A MonoContactsSt_(INT_AC_V2_1)=up A
MonoContactsSt_,(PG_911) =up_1));

i.e., the precondition for KIT_C_911 to be activated may never be true in the same state that the
precondition for EF11 to be activated is also true. Then, as the contact state is a result of the

relays states, it is possible to rewrite this expression based solely on the relays states:

—((MonoRelaysSt_(KIT_C_CSS)=true A MonoRelaysSt_,(KAU_V2)=true A
BistRelaysSt_,(C_CSS_V2)=right A MonoRelaysSt_,(PG_911) = true)
A
(MonoRelaysSt_,(SS_E_V2) = false A BistRelaysSt_,(C_CSS_V2)=right A
BistRelaysSt_,(EIT_C_CSS)=left A MonoRelaysSt (INT_AC_V2)=true A
MonoRelaysSt_,(PG_911) = true))

As the component KIT_C_CSS depends on others contacts to be activated, one may rewrite

this expression by considering the contacts and relays that lead to the activation of this compo-
nent:

—(((LeverContactsSt_,(L_C_CSS_1)=true A MonoRelaysSt_,(SS_E_V2)=trueA
BistRelaysSt_,(EIT_C_CSS)=right A MonoRelaysSt_(INT_AC_V2)=true) A
MonoRelaysSt_,(KAU_V2) =true A BistRelaysSt_(C_CSS_V2)=right A
MonoRelaysSt_,(PG_911) = true)
A

(MonoRelaysSt_,(SS_E_V2) = false A BistRelaysSt_,(C_CSS_V2)=right A
BistRelaysSt_,(EIT_C_CSS) =Ileft A MonoRelaysSt (INT_AC_V2)=true A
MonoRelaysSt_,(PG_911) = true))

So, based on this expression, one may conclude that, one of the conditions for the components
KIT_C_911 and EF11 to be activated is that the component EIT_C_CSS is in the right and
left states at the same time, which is not possible. Because of this contradiction, the expression
electrified(KIT_C_911) A electrified(EF11) can be completely falsified and its negation is
always considered true. So, it is possible to assure that the logic of this system may never allow
these two components to be activated at the same time.
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The other verification that may be made in this ITCS example is regarding the possibility
of derailment if the turnout is not locked. A similar logical expression may be made in order
to assure that the component KIT_C_911 is not activated at the same time that the component
KAG_a_G is activated. This is because the signal must not be opened at the same time that the
turnout is not allowing the train to change tracks. This safety measure may guarantee that, when
a train pass by the green signal, the turnout may not unexpectedly change position, which could
cause a derailment. Furthermore, it avoids that the train goes to the blocked tracks, which is
the intent of the ITCS system. However, the analysis of the RIS formal model cannot prove the
safety of the system as the component KAG_a_G is an input on the ITCS relay diagram. As a
consequence, according to the formalisation logic, the turnout may change its position at anytime,
regardless of the rest of the system, as it is controlled by the environment. Nonetheless, more
details about this component is presented in other relay diagrams as a way that the system safety
may still be analysed. By any means, SNCF states that the relation between these components
are well defined in order to lock the turnout when a train needs to pass over it.

As the relay diagrams are not complete, it is not possible to extract all the information
required for assuring the system safety. One solution for acquiring all the information needed,
is the enrichment of these diagrams with a conceptual model of the relation between the
components. By using a conceptual model based on a well grounded ontology, one may be able
to model the knowledge about the system context and environment. This model may be used as
basis for the improvement of the system formalisation and formal specification as the knowledge
about the system may be considered. The use of conceptual modelling in this context is a future
work as it is detailed in the conclusion of this thesis.

3.6 Discussion

The structural mathematical model presented in this chapter is a transcription of the structural
information depicted in the relay diagram. The physical relation between components and wires
are represented in a graph format. Besides, all other structural relations are represented as
mathematical relations and functions supported by the Set Theory. Some examples of these
relations are the magnetic influence between the relays and contacts and the physical connection
between a lever and its contacts. Thus, the mathematically formalised structural model represent
the same information depicted in the relay diagram drawing.

However, the system behaviour is not described in the relay diagram. The only documentation
about the system execution is the general description of each component behaviour in natural
language. In order to support the formal specification and verification of the RIS, this chapter
presents a first formalisation of the behaviour of each component by relating their possible
states with the states of other components in the same system. It is important to note that this
behavioural model do not present the system state succession or the system proper execution.
In fact, the behavioural model describes all the information we can obtain from the structural
relation between the components, their possible states and the conditions for these components
to assume each of their states according to what can be found in literature. As a result, we have
obtained a general behavioural model that can basis any system analysis and formal specification.

In this context, the correctness of the formalised model depends on the precise transcription
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of the diagram information into the mathematical model. The well-definedness properties
presented in this chapter provide means for guaranteeing that the modelled structure does not
contain impractical relations between the components (like a bistable relay containing more than
two coils, for instance). Nonetheless, in order to guarantee the correctness of the structural model,
one must assure that every relation between two components is represented in the mathematical
model accordingly to what is presented in the relay diagram. Although logic can be used in
order to verify that the system is well defined according to the well-definedness properties, it
cannot be used for guaranteeing that it contains all the correct components relations, as the
transcription is made from a completely graphical model to a mathematical one.

The precise transcription of the system structure is also important in order to guarantee
the behavioural correctness. As the behavioural model does not change according to the case
study, it depends exclusively on the relations presented in the structural model. An error in
the transcription can impact on the verification of the safety conditions, ruining the system
verification.

Although this work provides all the structural definitions that can guide the model transcrip-
tion, it cannot guarantee the absence of human errors as the process is made completely manually.
A possible solution to this problem is the creation of a tool to automate the transcription of the
information presented in the relay diagram to the structural model according to the structural
definitions presented in this chapter. Furthermore, SAT-solvers can also be applied in order to
guarantee that the modelled system meets the established well-definedness properties and safety
conditions. The creation of this tool is a perspective of this work. In this thesis, we are concerned

on providing all the conceptual basis for modelling the relay-based RIS structure and behaviour.

3.7 Formal Specification Based on the Formalisation

The formalisation presented in this chapter details how Logic, Set Theory and other mathematical
foundations may be used in order to describe the structure and behaviour of relay-based Railway
Interlocking Systems. However, this formalisation has a tendency to contain complex and
extensive logical expressions, making it difficult to manually defining and proving the systems.
Although it may be considered as a reasonable solution for the ancient relay diagrams manual
analysis based on interpretation, it is possible to make use of the many existing modern tools in
order to support the definition, analysis, proof and even simplification of the system models.

In this context, the formalisation presented in this chapter may be interpreted as an important
step towards the system formal specification as it gives a strong logical interpretation of the
information contained inside the relay diagrams. So, the logic for the system structure and
behaviour presented in this chapter may be used as basis for the system formal specification in
many different languages, like B, Z or Petri Nets. In this context, the mathematical foundations
used for this formalisation are the basis for many formal methods, which may ease the process
of adapting this formalisation to the syntax and semantics of a formal specification language.
One important example of such formalism is the B-method, which is a formal method that has
been successfully used in the railway field.

In the next chapter, it is presented how the formalisation of the RIS structure and behaviour
may be interpreted and adapted in order to allow the formal specification of the information
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contained inside the relay diagrams. As these diagrams generally only contain structural infor-
mation, the behavioural formalisation presented in this chapter is a strong foundation in order
to define the system behaviour and then verify its safety. These transformation directives are the
first step towards automating the transformation from the diagrams to a formal specification
as they give some guidelines on how to perform this transformation. Moreover, based on the
B-method input definition and state succession support, it is possible to simplify the logic
presented in this chapter and still improve the system description by the use of the B-method

modern notations.
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4.1 Introduction

The use of Formal Methods in the railway industry is a strongly recommended practice as
it allows the proof of the system safety. The formal specification languages mathematical
background and supporting tools may allow not only the specification, analysis and verification
of these systems, but also the refinement and implementation. These latter features can support
the generation of safety-proved computer-based systems, which can be useful to the railway
industry in order to deal with the safety-critical aspects of this field. The use of a formal software
development process can be the differential factor in order to guarantee the system safety in
many situations.

In the SNCF signalisation context, it is possible to apply Formal Methods in order to specify
the information that can be captured from the relay diagrams as a way to prove the system safety
and transform these systems into computer-based ones. Nonetheless, it is important to consider
the fact that these diagrams describe only the structure of the electrical circuits as a way that it
is necessary to make a deep analysis of the system behaviour in order to examine its safety.

In this context, the formalisation of the relay diagrams information presented in Chapter 3|
provides a structural and behavioural logical representation of the system that is able to support
the behavioural formal specification of the relay-based Railway Interlocking Systems. Although
this formalisation already offers the possibility of proving system properties, it is true that the
manual specification and proof of the logical expressions may be difficult, time consuming and
error prone. So, the use of a formal language to support the specification and proof of these
systems is important in order to make this approach industrially beneficial.

Many different formal specification languages can be used in order to specify Railway Inter-
locking Systems. As the relay-based RIS formalisation presented in the last chapter is grounded
on the same mathematical foundation of many of these languages, the logical expressions can be
adapted to many different formalisms, like B, CSP, Petri Nets or Z. In that respect, B is a strong
language for the specification of these systems due to its successful history in the railway field,
well documented syntax, strong mathematical foundation and the existence of many supporting
tools that allow the specification, analysis, proof and refinement of the systems.

Aiming at the specification of the relay-based RIS behaviour, this chapter presents an ap-
proach to adapt the relay-based RIS structural and behavioural formalisation in order to formally
specify these systems in B. This adaptation is based on the logic used and the transformation
of the expressions in order to adjust to the advantages and limitations of the formal language.
In this context, B disposes of many functionalities that may be used in order to enhance the
formalisation by considering other aspects, like the state succession and the input handling, for
instance.

However, as the formalisation presented in the last chapter disposes of complex logical
expressions and structures derived from relations, a reformulation of these expressions must
be considered in the formal specification. This is because the complex expressions require
an intense analysis that demands too much effort from the supporting tools. In order to per-
form more efficient verifications, instead of generalising the system structure and behaviour, a
diagram-specific approach for the simplification of the formalisation is used. So, in this formal
specification, the structure of the system is abstracted into the behavioural logic. In this context,
although the system structure is not specified, it is an essential basis for the system behavioural
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specification. The reason for this is to focus on the behavioural description in order to be able to
prove the safety and implement these systems as computer based RIS. In this chapter, the formal
specification of the system based on the relay-based RIS formalisation is explained using the

ITCS case study as a running example.

4.2 Behavioural Specification Based on the System State Space

The B-method focuses on the specification of the system state representation and evolution. The
system state is determined by the combination of each variable state, so one may consider these
variables as the core of the whole specification. In this context, a B-machine can be divided
into two parts: (1) the system variables and state-space organisation, and (2) the state evolution
specification. The former part is related to the definition of variables and their types, initial
values and properties. The latter part is defined by the OPERATIONS clause and describes how
the system states are changed according to the given inputs.

4.2.1 System Variables and State-space Organisation

The transformation of the logic described in the relay-based RIS formalisation to the B-method
must consider all the characteristics of the language syntax and semantics. Although the B-
method supports all the mathematical foundations that basis the RIS formalisation, this formal
language has a basic structure that must be respected. Thus, the transformation between
these models is based on the definition of transformation directives from the structural and
behavioural definitions presented in the last chapter to the formal specification of each of the
B-machine clauses.

While in the RIS formalisation the system state is determined by the components relations
with specific values, the central focus of the B-method specification is on the variables, whose
possible combination of values define the system state space. So, modelling the electrical compo-
nents as B-variables is a natural modelling decision that grounds the rest of the specification. As
the states of these variables are defined according to the values they may assume, it is possible
to use the components states representation definitions of the RIS formalisation in order to
define the variables types. Nonetheless, it is important to remember that the B-method makes
an explicit differentiation between internal components and inputs that must be taken into
consideration. So, as the electrical components defined in the Structural Definition S does
not explicitly make this differentiation, it is important to define a transformation directive for
obtaining the list of variables from the list of components.

Moreover, this transformation directive must also take into consideration that the formalisa-
tion presented in the last chapter also contains several components that can be abstracted either
because they have no behaviour or because they have been only created to support the system be-
havioural model. In the first case, junctions, resistors, positive and negative energy sources have
no defined states in the RIS formalisation, thus, they do not have a defined behaviour and are not
specified as variables in this specification. In the second case, lever contacts, bistable relays coils,
capacitors plates, monostable and bistable contacts are components that were created to support
the system behavioural model. Each of these components is part of another one in a way that

their states are linked, but they have been structurally modelled as different components with



120 CHAPTER 4. RIS B Formal Specification: A Diagram-specific Approach

the objective of simplifying the behavioural description. As this approach for the RIS formal
specification is focused on the system behaviour in a way that the structure is abstracted, there
is no need on separating these components. Furthermore, by decreasing the number of variables,
the size of the state space also decreases, limitating the problem of the state space explosion. As
a result, the automatic verification of the formal specification with the supporting tools tends to
have a better performance. The approach for determining the B-machine variables is presented

in the Transformation Directive TD(Il

Transformation Directive TD1 (Variables Identification): The variables for the relay-based
RIS formal specification are the components defined in the Structural Definition SD[T|which have
defined states and which are not contacts, subcomponents or inputs. In this context, the inputs
are considered as levers, buttons or relays whose coils are not part of the graph represented in

the incidence function of this same definition.

Although monostable and bistable contacts are not presented as subcomponents in the RIS
formalisation, a contact is essentially part of the relay, as defined in Chapter [T]of this present
thesis. The state of these two components are also completely linked, as presented in the
Behavioural Definitions B and B Furthermore, it is important to mention that, although
the abstracted components are not represented as variables in this formal specification, they
have an importance in the system state succession definition. Figure presents how each
component of the relay-based RIS formalisation is specified in B-method. As depicted in this
figure, some components can be specified as variables or inputs. Regarding relays, they must be
considered as inputs when their coils activation is controlled by external factors. On the other
hand, blocks and capacitors are influenced by time, which is part of the environment in this
approach. In this context, the timed aspect of these components must be taken into consideration
as inputs of the system. The analysis of these components and the inputs formal specification is

discussed later in this chapter.

RIS Logical Formalisation B-method specification
Components Variables
- Outputs - Outputs
= Monostable Relays - Monostable Relays
- Bistable Relays \ < - Bistable Relays
- Blocks B~ - Blocks
- Capacith ~ - Capacitors
- Buttons
- Levers \\ \ InfpLiE
- . ™ . Monostable Relays
- Junctions N istabl |
. PETEES I~ \“- B:stak e Relays
- Positive Energy Sources ™ N = lllee S‘
; - Capacitors
Components that are - Negative Energy Sources N
abstracted inside the B- ==| - Bijstable Relay Coils \‘k- Buttons
method behavioural - oy Comass - Levers )
specification == “Represented as
- Monostable Contacts a variable”
- Bistable Contacts —> “Represented as
L - Capacitors Plates an input”

Figure 4.1 — Representation of the components in the RIS logical formalisation and in the
B-method formal specification.
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The VARIABLES clause of the ITCS case study is specified in the B-method as:

VARIABLES
KIT_C_CSS, SS_E_V2, TA_SS_E_V2, EIT_C_CSS,
C_CSS_v2, PG_911, EF11, KIT_C_911.

In this case, only the outputs, internal monostable and bistable relays and the system block are
represented as variables. The inputs of these systems are defined later in the state succession
transformation directives.

In B, the variables values are defined accordingly to the types given to them. These types
are defined by sets, like the Boolean set BOOL that represents the set B, containing the elements
TRUE and FALSE. Other specific sets may be defined inside the B SETS clause. The definition of
the components types is made inside the INVARIANT clause. The variables typing is not only
syntactically mandatory, but it also has an importance on the definition of the system state space.
As in the RIS formalisation the states of the components are defined by the relation between the
components and values sets, the transformation between the models can be simply grounded on
the state representation behavioural definitions.

Nonetheless, we propose a single important change: the creation of a model less generalised
and more focused on a specific context. In this case, instead of using general states definition
like right and lef t, we propose the use of the states described in the relay diagram itself. This
formal specification is the specialisation of the more general behavioural model described in
the formalisation, which is completely objective and unconcerned with the system context (the
case study structure). By using the system specific information, it is possible to enhance the
specification readability by using the diagram as support. The existence of these specific
components states are discussed in Chapter [I]of this present thesis. In the ITCS example, for
instance, the bistable relay C_CSS_V2, depicted in Figure may assume the states DV and ES,
which represent, respectively, the left and right states defined in the RIS formalisation. So,
instead of defining a set {left, right} for typing this bistable relay, in our approach one must
type it according to the set {DV, ES}. The formal specification of the variables typing is defined
in the Transformation Directive TD2} A mapping between the state representation in the RIS
formalisation and in the formal specification is presented in Table

C CSS V2

D\/|ES

Figure 4.2 — Relay C_CSS_V2 of the ITCS case study representing the states that this component
may assume.

Transformation Directive TD2 (Variables Typing): The type of each component is defined as
presented in the formalisation behavioural definitions. For monostable relays, outputs, blocks
and capacitors, the activation of these components is represented by a Boolean value, as described
in the Behavioural Definitions BDj8| BD[14, BD17|and BD]21} respectively. The type of bistable
relays, however, is defined accordingly to the Behavioural Definition BD[9, but the left and right
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states are replaced by their respective positions established in the relay diagram.

Table 4.1 - Components state representation mapping.

Component RIS formalisation Formal specification
Monostable relays Boolean Boolean
Bistable relay right or left Specific representation inside the relay diagram
Output Boolean Boolean
Blocks Boolean Boolean
Capacitors Boolean Boolean

Based on this transformation directive, in the ITCS case study, it is possible to define the
SETS clause:

SETS
0_OR_F = {P0OS_0, POS_F};
DV_OR_ES = {POS_ES, POS_DV}.

These sets support the specification of the system bistable relays states. The rest of the com-
ponents states are defined according to the Boolean set BOOL. The ITCS case study INVARIANT
clause can be then defined as:

INVARIANT
KIT_C_CSS : BOOL &
SS_E_V2 : BOOL &
TA_SS_E_V2 : BOOL &
EIT_C_CSS : O_OR_F &
C_CSS_V2 : DV_OR_ES &
PG_911 : BOOL &
EF11 : BOOL &
KIT_C_911 : BOOL

The INVARIANT clause has the objective of determining system properties that must be always
met during the system execution. This is why the variables typing is defined inside this clause.
The system verification analyses if there is the possibility of a state to violate the properties
defined inside the invariant. If it detects that a state succession may cause this violation, the
B-machine is considered inconsistent. So, this clause may also be used in order to define safety
properties, for instance. The lack of inconsistencies of a machine after a verification regarding a
safety property is the first step towards the proof of the system safety. In this context, a safety
property regarding a relay-based RIS behaviour is defined in B with the same Boolean logic as
presented in the Section The only difference in this definition is regarding the syntax used
as it is necessary to adapt the formalisation to the B-method notation. The definition of the RIS

safety properties in B is presented in the Transformation Directive TDJ3]

Transformation Directive TD3 (Safety Properties Specification): The relay-based RIS safety
properties that must be verified are specified inside the B-method INVARIANT clause accordingly
to the same Boolean logic defined in the formalisation, as presented in Section [3.4.2} The only
adaptation of the proposed expression is regarding the syntax of the expressions.
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In the ITCS case study, for instance, the safety property for avoiding frontal collisions that
was defined as —(electrified(KIT_C_911) Aelectrified(EF11)) can be completely transcribed
to the B-method notations inside the INVARIANT clause as:

not (KIT_C_911 = TRUE & EF11 = TRUE).

If there is a possibility of achieving a state where this condition is not met, the specification is
not consistent. As a consequence, the system cannot be considered safe.

The last clause for the system variables and state-space organisation is the INITIALISATION.
This is a special clause that enforces the definition of an initial value for each of the variables,
so the specification can be analysed through its possible state successions. As a logic for the
system state succession is not defined in the relay-based RIS formalisation, this information is
not formalised, so it is not possible to use any of the structural and behavioural definitions as
basis for specifying the system initialisation. Nonetheless, this information is still presented in
the relay diagram, where the system is always presented in a functional existing state. Since it is
a valid state, it is a perfect candidate for the system initialisation.

In this context, the components states can be obtained from the relay diagrams by the
following logic:

* Monostable relays are activated if their monostable contacts are in the up state, going

against the gravity, as the relay and contacts states are always linked;

* Bistable relays are in the right and left states if their bistable contacts are also in the right

and left states, respectively, as the relay and contacts states are always linked;

* Outputs are activated if the system state allows its electrification according to the Be-
havioural Definition BD]23|and taking into consideration the contacts and buttons states as
depicted in the diagram;

* Blocks are deactivated as the passing of time cannot be predicted.

In this context, buttons and lever contacts states can also be deduced from the relay diagrams as
depicted in Table 4.2} which is useful in order to determine the outputs states. As the passing of
time cannot be predicted, it is not possible to determine if the block is activated or not, even if it
is electrified according to the Behavioural Definition B Nonetheless, it does not represent a
problem as the formal specification of the system state succession may activate it in the next
state since the passing of time information is indicated in the system inputs. The state succession
logic is presented later in this chapter. The B-machine initialisation definition is presented in
the Transformation Directive TDI4]

Table 4.2 — Representation of buttons and lever contacts states inside the relay diagram.

Component | Opened Closed

Button Osg. * % ®
Lever ) ) _@
Contact

or '
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Transformation Directive TD4 (Initialisation Definition): As the relay-based RIS formalisa-
tion lacks a logic for the system state succession, it does not contain information regarding the
system initialisation. Nonetheless, as the relay diagram represents a functional state, the formal
specification of each component initial value can be based on their drawings inside the relay

diagram.

So, based on the relay diagram drawings, one may derive the ITCS variables initial state and
specify it in the INITIALISATION clause as:

INITIALISATION
KIT_C_CSS := FALSE ||
SS_E_V2 := FALSE ||
EIT_C_CSS := POS_F ||
C_CSS_V2 := POS_DV ||
PG_911 := TRUE ||
TA_SS_E_V2 := FALSE ||
EF11 := FALSE ||
KIT_C_911 := FALSE

The INITIALISATION clause is the last part of the state-space organisation of the B-machine.
Regarding the inputs of the system, they are treated in the next B-clause, OPERATIONS, which
focuses on the definition of the system state evolution. As the structural relation between the
components is essential in order to define their states, in this next part of the specification the
structural and behavioural definitions of the formalisation are used as basis in order to support

the logic for the system state evolution.

4.2.2 State Evolution Specification

The operations of a B-machine specify the rules for the system state evolution. Although
the behavioural formalisation of the relay-based RIS does not explicitly present the rules for
the system state succession, it formalises the relation between the components states and the
preconditions for their activation. So, these preconditions can be used as the basis for the
specification of an operation for the description of the system state evolution.

In this context, it is important to define one unique operation for the state evolution of
the whole system. As this approach does not take into account the transient states, all the
components must evolve at the same time, reaching a system state after the execution of the
operation. It is important to mention that the formal specification of concurrent systems (which
is not supported by B-method [Korec¢ko and Sobota 2014]) could result in a more realistic
specification of the real system, as each component is physically a subsystem with its own
behaviour. Nonetheless, the B-method is still able to reproduce the complete system states based
on the relation between the inputs and the components behaviour, which is the most important
feature in order to implement these systems as computer-based Railway Interlocking Systems.

The operation for the system state evolution must initially receive the inputs, which are
responsible for triggering the system to evolve. The list of inputs must contain all the components
that act like part of the interface between the system and the environment. These components

are buttons, levers and external relays, which were presented in the Structural Definitions S
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and S The external relays, in this case, are the ones that are represented in the components
set and which cannot be treated as a variable of the B-machine. Furthermore, as the time
is considered in this approach as an environmental aspect, as presented in the Behavioural
Definitions BD[T6land BD]20} the blocks and capacitors times must also be treated as inputs of the
system. The Transformation Directive TD]5| presents how the state succession operation inputs

may be identified based on the relay-based RIS formalisation and the system relay diagram.

Transformation Directive TD5 (Inputs Identification): The inputs of the system state succes-
sion are the levers, buttons and relays presented in the Structural Definition SD]I|and differenti-
ated in the Structural Definition SD2} However, only the relays whose coils are not represented in
the incidence function of the system graph representation are considered as inputs. Furthermore,
for each block and capacitor, it must be defined one and two inputs, respectively, representing
the passing of time required for these components behaviour, as presented in the Behavioural
Definitions BDI16land BD20

The relays that are considered as inputs are the ones whose contacts are part of the system
circuit although their coils are represented externally. In this context, the relay is controlled by
the environment, but it has influence over the system state. Figure [4.3| presents an example of
the use of an external relay in the ITCS case study. In this figure, it is possible to visualise how
an external relay, controlled by the environment, has influence over the system electrical circuit

through a contact.

ITCS system Environment

Figure 4.3 — Part of the ITCS example showing the separation between the ITCS system and its
environment, which are connected by an external relay.
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The identification of the inputs is visually simple when analysing the relay diagram, since
buttons and relays have unique appearances and external relays are not represented inside the
system electrical circuit. Nonetheless, the analysis of the graph incidence function and the
components differentiation definition presented in the relay-based RIS formalisation also offers
a strong option for the system inputs identification. Regarding the timed components, one may
not identify the need of defining the passing of time in the formal specification by analysing the
relay diagrams. The knowledge offered by the RIS formalisation is essential in order to specify
the time as an input of the system.

In the ITCS case study, the formal specification of the state evolution begins with:

update_poste_A(L_C_CSS, INT_AC_V2, EPA_C_CSS, EIT_C_ 912, KAG_a_G,
RPD_FA C 911, L_ITCS, KAU_V2, KSS_E V2, EPA_C 911,
TA_SS E V2 Time),
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where the list of the system inputs is defined inside the parenthesis after the operation name
"update_poste_A". In this example, some of the inputs depicted in the relay diagram are not
specified, like the buttons and some of the external relays, for instance. The buttons in this
system are responsible for allowing the possibility of activating the ITCS system. As the formal
specification of this system is focused on the verification of the ITCS, the buttons states can be
ignored. In this context, we consider that an ITCS can always be used, which is the expected
situation. Some of the external relays are not represented as their existence depend on the system
environment. One example is the relay EPA_C_912, which is related to the existence of another
turnout between the two control areas. In fact, in determined situations, these relays may not
exist, so we are considering here only the most simple example of an ITCS system. The input for
the time of the block TA_SS_E_V2 is represented by the input TA_SS_E_V2_Time.

As well as the B variables, the inputs must also be typed. Although these components are
not part of the system state space, their values are important in order to define the system state
evolution. In B, all the inputs are typed inside the operation precondition after the reserved
word PRE. Similarly to variables monostable relays states are represented as Boolean values,
as presented in the Behavioural Definition BDB8] In the same manner, buttons states and the
passing of time for blocks and capacitors are also represented as Boolean values as defined in
the Behavioural Definitions BD[3} BD16]and BD20} respectively.

Nevertheless, levers and bistable relays are special cases that require a little more attention.
The relay-based RIS formalisation proposes a general representation of these components states
as right and left or config_a and config_b so it can be used in any example. As this formalisa-
tion is based on a structural model, the meaning of these states is given by the structure itself.
The formal specification proposed in this chapter, however, abstracts the system structure and
focuses on the specification of specific systems instead of providing a general system behaviour.
In this context, instead of determining general names for the levers and bistable states, one
may use the ones represented inside the diagram. As a result, this modelling decision provides
a stronger link between the initial structural model and the final behavioural specification.
Regarding the bistable relays, an example of how these components states are presented in the
relay diagram is depicted in Figure[4.2] Figure[4.4]illustrates how the same states are represented
for the lever L_ITCS. In this case, when the lever is in the ES state, it allows the current to flow in
the upper contact. Otherwise, in the DV state, the current flows only in the lower contact. By
modelling this component type in this manner, it is also possible to abstract the relation between
the levers and their contacts, as well as between bistable relays and their coils which is presented
in the Structural Definitions SD3|and SDj6} respectively.

ES
DV

Figure 4.4 — Lever L_ITCS of the ITCS case study representing the states that this component
may assume.

The mapping between the representation of the inputs values in the RIS formalisation and in
the B formal specification is presented in Table[4.3] The Transformation Directive TDj6]details
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how the system inputs are typed inside the relay-based RIS formal specification.

Transformation Directive TD6 (Inputs Typing): The type of each input is defined as presented
in the RIS formalisation behavioural definitions. For monostable relays and buttons, their values
are represented by Boolean values, as described in the Behavioural Definitions BD[8]and BD3}
respectively. Similarly, the blocks and capacitors passing of time inputs are also defined as
Boolean values, as presented in the Behavioural Definitions BDJ16|and BD20} The type of bistable
relays and lever, however, is defined accordingly to the Behavioural Definitions BDJ9|and BD/4}
but their states are replaced by the positions established in the relay diagram.

Table 4.3 — Inputs values representation mapping.

Component RIS formalisation Formal specification
Monostable relays Boolean Boolean
Bistable relay right or left Specific representation inside the relay diagram
Buttons Boolean Boolean
Levers config_aorconfig_b | Specific representation inside the relay diagram
Time Boolean Boolean

In the ITCS case study, for instance, the types of the inputs are defined inside the operation
precondition as:

PRE L_C_CSS : O_OR_F & INT_AC_V2 : BOOL & EPA_C_CSS : BOOL &
EIT_C_912 : BOOL & KAG_a_G : BOOL & RPD_FA_C_911 : BOOL &
L_ITCS : DV_OR_ES & KAU_V2 : BOOL & KSS_E_V2 : BOOL &
EPA_C_911 : BOOL & TA_SS_E_V2_Time : BOOL

An important adaptation made in this specification that may be observed is the type of the
bistable relay EIT_C_912, which is defined as a Boolean input. This is a modelling decision in
order to avoid using the values right and left as the possible states of this component is not
presented in the relay diagram. In this case, the TRUE state represents that the contact is closed,
i.e., in the left state.

Once defined the inputs and their types, one must describe the logic for the state evolution.
As the state succession is not the objective of the relay-based RIS formalisation, the notation
used for its specification is entirely defined by the B-method notation. With the aim of evolving
the state of all the variables at once, it is possible to use a native B-method expression whose

structure can be denoted as:
<<variables>>:(<<variables typing>> & <<logic>>).

By using this expression, it is possible to change the value of all the variables (<<variables>>)
by reaffirming their types (<<variables typing>>)and describing the logic for the state evolu-
tion (<<logic>>). This system state evolution notation and its use is detailed in the Transforma-
tion Directive TDIZl

Transformation Directive TD7 (State Evolution Notation): The system state evolution is spec-
ified inside a unique operation responsible for defining the state of all the variable at once
according to the inputs given. With this purpose, the notation <<variables>>: (<<variables
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typing>> & <<logic>>) is used, where <<variables>> contains the list of variables defined
in the Transformation Directive TD[T|and <<variables typing>> contains the variable typing
described in the Transformation Directive TD[2} The logic for the variables state succession is

then defined inside the <<logic>> part of this notation.

In order to determine the state of a component according to the given inputs, one must specify
the precondition for this component to reach its states. This logic has already been presented
in the relay-based RIS formalisation as it denotes the relation between the components states.
Regarding the outputs, for instance, their states are defined in Boolean values based on their
activation, as presented in the Behavioural Definition BDT4]} The precondition for the activation
of these components is presented in the Behavioural Definition BD15} which determines that an
output is activated as soon as it is electrified.

In this context, the components electrification conditions presented in the Behavioural
Definitions BD[7) BD[19and BD23|describe in a general manner how monostable relays, bistable
relays coils and outputs may be electrified based on the formalised structural model. This
condition is complex as it uses first order logic in order to define a general property. In this
chapter, it is possible to use this definition as basis in order to specify each component state
precondition in a propositional logic expression.

In this context, as the outputs are activated when they are electrified, one may consider
that the precondition for this component to be activated (TRUE) is the existence of at least one
path between two energy sources allowing the current to flow inside this component. The
existence of each of these paths depend exclusively on the contacts (relays), buttons and levers
contacts (levers) states, as detailed in the Behavioural Definitions B and Bqﬂ One may then
conclude that the condition for the activation of an output is the closing of the contacts, buttons
and lever contacts of at least one path that may electrify it. In certain cases, these conditions
may also include the blocks and capacitors states, as these components may provide energy to
the system in determined occasions. In this context, we define as "electrified path" every path
that has current flowing though it. The specification of the output state succession is presented

in the Transformation Directive TD[§]

Transformation Directive TD8 (Output State Succession): As determined in the Behavioural
Definition BD[I5] the outputs are activated once electrified. So, the precondition for the activation
of an output is the existence of a path that may activate it, which may be specified as the
disjunction of the conditions for the existence of each electrified path. This is denoted in B
in the format output = bool(path1l or path2 or ... or pathx) for the condition for the
existence of the electrified pathl to pathx that may electrify the component output.

In the ITCS case study, for instance, the activation of the output EF11 depends exclusively

on the existence of the path:
(P1,SS_E_V2_1,C_CSS_V2_1,EIT_C_CSS_1,INT_AC_V2_1,PG_911_1,EF11,N1).

Based on the definition of the components real connections and the system disconnections
presented in the Behavioural Definitions BDJ|and BD5} respectively, One may conclude that this

component is activated if:

e SS_E V2 1isinthe down state,
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* C_CSS_V2_1lisin the ES (right) position,
* EIT_C_CSS_1isin the F (left) position and
* INT_AC_V2_1and PG_911 are in the up state,

which is also the condition for the existence of the path. As it is possible to abstract the contacts

states since they are part of the relay, one may affirm that the component EF 11 is activated if:

e SS_E_V2is deactivated,

C_CSS_V2isin the ES position,

EIT_C_CSS is in the F position and

INT _AC_V2and PG_911 are activated.

This condition may be written in B-method using the bool(<< condition >>) notation, which

returns a Boolean value based on the propositional expression specified inside the parenthesis:

EF11 = bool(SS_E_V2 = FALSE & C_CSS_V2 = POS_ES & EIT_C_CSS = POS_F &
INT_AC_V2 = TRUE & PG_911 = TRUE).

In the case where more than one path may activate an output, this condition is defined as the
disjunction of the conditions for the existence of each electrified path. These conditions may
be defined based on the relay diagram model, as the drawing makes it possible to visualise the
possible paths that may electrify one component. Nonetheless, the relay-based RIS formalisation
may be used as a way to provide a support for this transformation by giving a mathematical
strong background that may enable an automatic (or even partially automated) transformation
and verification process.

Regarding the monostable relays, their activation also depends exclusively on their electrifi-
cation, as presented in the Behavioural Definition B In this context, the monostable relays
state succession is defined in the Transformation Directive TD9

Transformation Directive TD9 (Monostable Relays State Succession): As determined in the
Behavioural Definition B the monostable relays are activated once electrified. So, the
precondition for the activation of a monostable relay is the existence of a path that may activate
it, which may be specified as the disjunction of the condition for the existence of each electrified
path. This is denoted in B-method in the format monoRelay = bool(path1 or path2 or ...
or pathx) for the condition for the existence of the electrified pathl to pathx that may electrify

the component monoRelay.

This condition is valid to all monostable relays that are part of the specification variables,
nonetheless it is possible to make use of the state succession notations of B-method in order
to improve this specification in determined situations. One may, for instance, consider the
existence of self-powered relays, which are the ones whose contacts are part of the path that
may electrify it. One example of this type of relay is the component PG_911 of the ITCS case
study, as depicted in Figure Although the Transformation Directive Tﬂg is correct, this
is a special situation since this component may never physically be responsible for activating
itself. This is because its contact only closes when the component is activated. Moreover, this
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contact may never cause the component deactivation as it only opens when the component is
deactivated. The Transformation Directive Tqﬂis correct and works fine, but it can be adapted

to self-powered relays so it can be more physically accurate.
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Figure 4.5 — Example of a self-powered relay in the ITCS case study.

In order to define the self-powered monostable relays activation precondition, one may use
the B-method state succession notation "$0". In this context, given a variable a, the notation a$0
results in the value of the variable a in the previous system state. It is useful in this context in
order to define that:

* If the self-powered monostable relay is deactivated, only the paths that do not contain its

component contacts may activate it, and

* If the self-powered monostable relay is activated, the state of its contacts must not be taken

into consideration for the relay deactivation condition.

This is formalised in the Transformation Directive TD[10] Although this self-powered state
precondition is more accurate with the real electrical circuit behaviour, the result of this new def-

inition is as logically accurate as the expression presented in the Transformation Directive TD9

Transformation Directive TD10 (Self-powered Monostable Relays State Succession): The
precondition for the activation of self-powered monostable relays follows the condition pre-
sented in the Transformation Directive TD[9} but it can be adapted in order to be more accurate
with the real physical situation. In this case, the specification of the new precondition is conform

to the notation:

(mr$0
&

(mr$0 = TRUE) => bool(<<deactivation condition>>)).

FALSE) => bool(<<activation condition>>)

In this expression, the activation and deactivation conditions are the disjunction of the condi-
tion for the existence of each electrified path that activates and deactivate the component mr,
respectively. In this context, these conditions must not depend on this same component state.

Regarding the component PG_911, for instance, one may define the precondition for its

activation using the Transformation Directive TD[Y]as:

PG_911 = bool ((RPD_FA_C 911 = TRUE & PG_911 = TRUE) or
(KAG_a_G = TRUE & PG_911 = TRUE) or
(INT_AC_V2 = FALSE)).
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Although this logic is not wrong, it is physically illogical that this component state depends
on its own state like this. So, the state succession of this component may be adapted based on
the Transformation Directive TD10]as:

(PG_911$0 = FALSE => PG_911 = bool(INT_AC_V2 = FALSE)) &

(PG_911$0 = TRUE => PG_911 = bool(RPD_FA C_911 = TRUE or
KAG_a_G = TRUE or
INT_AC_V2 = FALSE)).

In order to exemplify the notation presented in the Transformation Directive TD7] the
specification of the state evolution of this component must be specified as:

...,PG911,... :(... & PG_911 : BOOL & ...

&

(PG_911$0 = FALSE => PG_911 = bool (INT_AC_V2 = FALSE)) &
(PG_911$0 = TRUE => PG_911 = bool (RPD_FA_C 911 = TRUE or

KAG_a_G = TRUE or
INT_AC_V2 = FALSE)) &
).

This B-method notation for acquiring a variable value in the previous state is also useful in
order to define the bistable relays states. When both coils of a bistable relay are deactivated
or activated, its state is maintained, as presented in the Behavioural Definition B Thus
the previous system situation is extremely important in order to define this component state
evolution. The specification of the bistable relay state succession is defined in the Transformation
Directive TDI]

Transformation Directive TD11 (Bistable Relay State Succession): According to the Behavioural
Definition BD[11} a bistable relay assumes the right state if only the right coil is activated and it
assumes the left state if only the left coil is activated. Otherwise, the state of this component is
maintained accordingly to the previous system state. As the bistable relay coils are activated
once electrified, the definition of their states follow the same rules presented for outputs and
monostable relays. In this context, one may define the precondition for the bistable relays states
as:

(br$0 = right) =>
(br = {TRUE |-> left, FALSE |-> right}
bool(<<condition for the activation of the left coil while the
right one is deactivated>>))
&
(br$0 = left) =>
(br = {TRUE |-> right, FALSE |-> left}
(bool(<<condition for the activation of the right coil while the

left one is deactivated>>))).

This notation defines that, if the bistable relay is in the right state, it goes to the left state if
only the coil in the left side is activated (the condition is true). Otherwise, this component state
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remains the same. On the other hand, if the bistable relay is in the left state, it goes to the right
state if only the coil in the right side is activated (the condition is true). In cases where booth
coils are activated or deactivated, the bistable relay maintains its previous state.

Nonetheless, instead of using the right and left, we propose the use of the states presented
in the relay diagram, which makes the formal specification to be closer to the initial structural
model, enhancing its comprehension. The relation between the coils and the relays presented in
the Structural Definition SD[6]is abstracted here by explicitly defining the relay states through
its coils activation conditions. In the ITCS case study, for instance, the component EIT_C_CSS
is one example of bistable relay that must be specified using this logic. The specification of the

preconditions for the states of this component is:

(EIT_C_CSS$0 = POS_O =>
EIT_C_CSS = { TRUE |-> POS_F, FALSE |-> P0S_0 }
(bool(L_C_CSS = POS_F & EPA_C_CSS = TRUE)))
&
(EIT_C _CSS$0 = POS_F =>
EIT C CSS = { TRUE |-> P0S_0, FALSE |-> POS_F }
C_CSS_V2 = POS_ES & EIT C 912 = FALSE))).

Regarding the precondition for the blocks activation, they can be described similarly to the
monostable relays activation. However instead of defining a path between the energy sources,
the block activation may depend on the existence of a cycle that begins and finishes on the block
independent connections, as presented in the Behavioural Definition B Besides, the block
may also be activated by a single connection between this component and an energy source
through a block independent connection. Furthermore, as detailed in this same definition, it is
important to consider the passing of time in order to determine the block state. In this B-method
formal specification, the time is specified as an input of the operation and it is also represented
by a Boolean value. The timed activation and timed deactivation blocks state succession are
defined in the Transformation Directive TD[12|and TD]13} respectively.

Transformation Directive TD12 (Timed Activation Block State Succession): A timed activa-

tion block is activated if:

* there is a path that begins and finishes in this component independent connections and

the time has passed, or

* there is a path between this component independent connection and an energy source and

the time has passed.

The block activation condition may then be specified in B-method as: block = bool((path1 or
path2 or ... or pathx) & <<passing of time>>, for the condition for the existence of the
electrified paths pathl to pathx that may electrify this component when the time for the block
activation has passed. In this context <<passing of time<> must be replaced by a Boolean

expression stating that the input for the passing of time for the block has the TRUE value.

Transformation Directive TD13 (Timed Deactivation Block State Succession): A timed deac-

tivation block is activated if:
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* there is a path that begins and finishes in this component independent connections,
* there is a path between this component independent connection and an energy source, or

* there is no path that electrify this component and the time has not passed.

The block activation condition may then be specified in B-method as: block = bool(path1 or
path2 or ... or pathx), for the condition for the existence of the electrified paths pathl
to pathx that may electrify this component; or block = bool(not(pathl or path2 or ...
or pathx) & <<passing of time>>, stating that that there is not a path that electrifies this
component and the time for the deactivation has not passed. In this context <<passing of
time>> must be replaced by a Boolean expression stating that the input for the passing of time
for the block has the FALSE value.

So, one must use the activation condition defined in the Behavioural Definition BD[18]as
basis for the determination of the precondition of the block activation. In the ITCS, case study,
for instance, considering the input TA_SS_E_V2_Time that specifies the passing of time for the
block TA_SS_E_V2, the activation condition of this component may be defined in B-method as:

TA_SS_E V2 = bool (TA_SS_E_V2 Time = TRUE & C_CSS V2 = POS_ES &
((EIT_C_CSS = POS O & KSS_E_V2 = TRUE) or
(SS_E_V2 = TRUE & EIT_C_CSS = P0S_0) or
(SS_E_V2 = TRUE & PG_911 = FALSE) or
(SS_E_V2 = TRUE & INT_AC V2 = FALSE))).

In this case it is important to note the existence of multiple cycles that may electrify this
component, as presented in the relay diagram. Nonetheless, the relay SS_E_V2 is only activated
when the block is also activated as it is connected to the block dependent connections. Accord-
ingly to the Behavioural Definition BD[19] the precondition for the activation of the component
SS_E_V2 can be simply specified as:

SS_E_V2 = bool(TA_SS_E_V2 = TRUE).

It is important to notice that this relay contains a contact that is part of the cycle that may
electrify the block TA_SS_E_V2. As a consequence, similarly to the relays that that are electrified
by its own contacts, it is possible to conclude that the block cannot be directly activated by this
component. Although the block activation logic is not incorrect, it can also be simplified by the

use of the state succession notation as a way to be closer to the real situation:

(TA_SS_E_V2$0 = FALSE =>
TA_SS_E_V2 = bool (TA_SS_E_V2 Time = TRUE & C_CSS V2 = POS_ES &
EIT_C_CSS = P0OS_O &KSS_E_V2 = TRUE))
&
(TA_SS_E_V2$0 = TRUE =>
TA_SS_E_V2 = bool (TA_SS_E_V2 Time = TRUE &C_CSS_V2 = POS_ES &
(EIT_C_CSS = POS_0 or PG_911 = FALSE or INT_AC_V2 = FALSE))).

However, in this approach we chose not to enforce this adaptation by defining a transformation
directive as it is not so obvious for some readers. Nonetheless, it is important to consider the

possibility of making this logical simplification.
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The last component whose specification is presented in this approach is the capacitor. Al-
though this component is not used in the ITCS example, it is important to define how one may
formally specify it based on the relay-based RIS formalisation. The differentiation between the
capacitors given by the Structural Definition SD12|simplified this component state definition,

allowing one to state that a capacitor is activated if:
* it is connected to the energy sources and the time for its activation has passed or

* it is no longer connected to the energy sources and the time for its deactivation has not

passed.

These conditions may be formally specified in B-method as presented in the Transformation
Directive TDI14

Transformation Directive TD14 (Capacitors State Succession): The precondition for the ca-
pacitor activation may be formalised in the format cap = bool(<<activation condition>>),

where cap is the capacitor variable and <<activation condition>> consists on:

* the disjunction of the conditions for the existence of the electrified paths that contain this
component, and the time for the capacitor activation has passed, which is denoted in the

format:

((path1 or path2 or ... or pathx) & capActTime = TRUE);

* the negation of the disjunction of the conditions for the existence of the electrified paths
that contain this component (the component is not electrified), and the time for the

capacitor deactivation has not passed, which is denoted in the format:

(not(path1 or path2 or ... or pathx) & capDeactTime = TRUE).

In this definition, capActTime and capDeactTime are the inputs representing the passing of

time for the capacitor cap activation and deactivation, respectively.

Based on these transformation directives for the RIS formalisation logic adaptation in order
to conform to the B-method Boolean logic, the operation for the ITCS state evolution, named as

update_poste_A, can be specified as:

update_poste A(L_C_CSS, INT_AC V2, EPA_C CSS, EIT_C 912, KAG a G,

RPD_FA C_911, L_ITCS, KAU V2, KSS_E V2, EPA_C_ 911, TA_SS_E V2 Time) =
PRE L C C