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Abstract. Using the formal specification of timed CSP outlined in Steve Schneider’s
‘Concurrent and Real-time Systems: The CSP Approach’, we have developed a timed
CSP simulator. The simulator is an extension on ProB, an existing untimed CSP-B
model checker and animator. We have also demonstrated the applicability of our
timed CSP simulator to the railway domain, using CSP models related to railway
safety and capability.
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A Timed CSP Simulator for Railway Systems

I Introduction

The British railway system has seen somewhat of a resurgence in recent years, particularly in
areas which have a well-developed public transport system such as London. The railway
industry has always been concerned with challenges of a safety-critical nature; ensuring that
all operations on the line and the train meet rigorous standards. However, with the growing
demand on the industry, there has developed a need to address the challenges of
optimisation and efficiency.

These requirements can be described concisely as the challenge of capacity — the science of
determining the ideal track plan with which the greatest throughput of trains can be
achieved.

1.1 Motivation

To this end, there is a need for a solution that is easy to understand and operate. A timed
simulator works towards such a goal; it allows for the optimum throughput of a track plan
to be determined quickly and easily. A timed simulator demonstrates the possible executions
and allows the user to test various durations within the system to see what works best.
Additionally, timed simulation can help solve the safety-critical challenges at the heart of the
railway domain.

Furthermore, the need for time in a system is, by its own merits, an important one. Time
plays an important role in both non-critical and critical systems. In a non-critical system, for
example a system which records mouse clicks, time is necessary to differentiate between two
single clicks and a double click. Without time, such a differentiation would not be possible
and the system would not function as desired.

More importantly, in a critical system, such as an automatic braking system, time is a vital
factor. Without time, the system would not function correctly; with possibly disastrous
consequences. The need for time as a factor in many systems is a clear one.

Finally, there is a need for simulation itself. A system starts as an idea in someone’s mind,
an informal model which can be described through words and diagrams. Before a system can
be implemented, this informal model needs to be refined into a formal model. The formal
model is ready for implementation and can be model-checked. Simulation allows us to verify
that the formal model is correct with respect to the informal model; that it accurately
represents the intended function of the informal model.

1.2  Project Aims

In order to address these needs, our project has two main aims:
1 To develop a fully-functioning and professional timed CSP simulator.
1 To apply the completed implementation to models within the railway domain and
take the first steps towards applying it to the safety and capacity challenges.

With regard to the first aim, we chose the timed CSP specification laid out in Steve
Schneider’s ‘Concurrent and Real-time Systems™. The timed CSP process algebra allows us
to consider a railway system in the form of a network of communicating and interacting
processes, in a real-time setting. Our simulator takes in static CSP specification as input and
provides a simulation environment which allows the end-user to dynamically iterate through
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the processes. ProB? is an existing untimed CSP simulator and to this end we made the
decision to extend this software to account for the timed CSP syntax and semantics.

Considering out second aim, we have worked with a simple railway crossing model from
Steve Schneider’s book in order to demonstrate both our timed CSP simulator’s applicability
to the railway domain as well as clarifying that our implementation correctly mirrors Steve
Schneider’s specification. We have also developed a small, primitive model of a London
Underground station to take the first steps towards solving the challenge of capability.
Capability is the notion of determining the optimum throughput for a specific track plan and
can be considered a subset of the capacity challenge. This confirms the viability of our timed
CSP simulator for working in the optimisation side of the railway domain.

1.3  Similar Projects

Prior to the development of this project, we considered two other existing projects with
similar aims. The first was Uppaal®, a joint-venture between Uppsala University of Sweden
and Aalborg University of Denmark. The project was initially released in 1999 and has
undergone continual development ever since. Its main purpose is the modelling, simulation
and verification of real-time systems. In Uppaal, systems are represented as networks of
timed automata, extended with structured data types. Uppaal is typically applied to areas
such as real-time controllers and communication protocols; particularly where time is a
critical aspect®. Indeed, a railway system is an ideal example’. Uppaal is coded in C+-+ with
a Java-based GUI’. We decided instead to work with ProB as we wanted to work with timed
CSP as a new alternative to timed automata for timed simulation. Furthermore, we decided
to work with ProB because of the solid synergy between Prolog and timed CSP due to the
programming language’s logical nature.

The second alternative was Ben Coombs’ third year project. In the academic year 2009/10,
Ben Coombs of Swansea University developed a timed CSP simulator in Haskell for his third
year dissertation. Its purpose was similar to Uppaal, but was concerned only with the
simulation of real-time systems. We considered the possibility of developing this simulator
further, which would have involved adding the missing bounded operations and including a
parser for proper support of syntactic analysis. Ultimately, we decided instead to base our
project on ProB as it already included a parser.

1.4  Outline

This dissertation gives a comprehensive guide to the background research, gives a full
analysis of the implementation and explains in detail the models used to demonstrate our
project’s applicability to the railway domain.

In chapter 2, we cover the key syntax and semantics of untimed CSP as described by Steve
Schneider. We discuss the basics of CSP itself; its events and processes. We then look at the
various types of operators available in CSP. We start with the most basic operators STOP,
SKIP and the prefix operators. We then move on to the other operators necessary for
modelling a system; covering compound events, recursion, choice, concurrency, abstraction
and control flow. We end the chapter with an EBNF grammar summarising the CSP syntax.

In chapter 3, we expand on our specification of untimed CSP with the timed operators. First
we describe the behaviour of untimed CSP operators in a timed context. We then detail the
new timed operators; timeout, timed interrupt and timed event prefix. Additionally we look
at the syntactic sugar; namely the WAIT and delay operators. We then consider the
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semantic laws that apply to our operators. Finally we provide the updated EBNF grammar
for timed CSP syntax.

In chapter 4, we take a brief look at the declarative programming language Prolog, which
forms the basis for ProB’s implementation. We look at the standard layout of Prolog code
and consider the how information is segregated within the language; through terms, clauses,
programs and queries.

In chapter 5, we discuss the functional programming language Haskell, which is the
foundation for ProB’s parser. Again we consider the layout and organisation of information
within the language. We also briefly look at the Parsec library, which helped ease the process
of extending the parser.

In chapter 6, we briefly look at the third and final language used to create the complete
ProB package; Tcl/ Tk, which is used for the graphical user interface.

In chapter 7, ProB itself is analysed in detail. We first consider the function of a CSP
simulator and how operational semantics are carried over to an implementation. This is
followed by ProB’s software architecture, key features and data flow.

In chapter 8, our first steps towards working with ProB are laid out. In particular, we
reference our untimed CSP model based on a simple railway track plan in Kirsten Winter’s
‘Model Checking Railway Interlocking Systems’.

In chapter 9, we follow on from the previous chapter with an outline of our design decisions
throughout the project; from the implementation of syntactic sugar to the organisation of
syntax in the abstract syntax tree.

In chapter 10, we give a comprehensive analysis of our Prolog implementation; including our
consideration of rational numbers and timed firing rules.

In chapter 11, we detail the rest of our implementation; including the timed CSP syntax in
Haskell and the additions to the Tcl/Tk code to allow for extra user input and additional
aesthetics.

In chapter 12, we explain the basic models which demonstrate the various timed operators in
our implementation. As well as providing a stronger understanding of how each operator
behaves, it also allows us to clarify the correctness of our implementation.

In chapter 13, we use the railway crossing model from Steve Schneider’s book to demonstrate
both the accuracy of our implementation with respect to the book and our simulator’s
applicability to the railway domain.

In chapter 14, we describe our final model; a simple model of the London Underground. In
this chapter, we aim to take the first steps towards a solution to the challenge of capability
as a subset of the capacity challenge. To this end, we aim to demonstrate how our timed
simulator could be used in the optimisation side of the railway domain.

In chapter 15, we reflect on our original project aims and determine the extent to which our
final implementation has met these aims. We also consider the impact our project has had
and the scope for future developments.
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II Background Research

Part 11 details the mnecessary background information required to understand the
functionality and context of our timed CSP simulator. First and foremost, it covers the
important areas of timed CSP process algebra syntax and semantics. Following on from
timed CSP, we give a brief overview of the three main programming languages used in our
project; Prolog, Haskell and Tcl/Tk. Finally, we look at the ProB software which has formed
the foundation for our implementation; detailing its architecture, key properties and dataflow.

2 Untimed CSP

This section covers the complete specification of untimed CSP. We cover the basics of
transitions and static specification. We also look at the key groups of operators; compound
events, recursion, choice, concurrency, abstraction and control flow. Finally we summarise
the syntax in an EBNF grammar. This section and the timed CSP section are based on
Concurrent and Real-time Systems: The CSP Approach. The firing rules in particular are
directly taken from the book.

2.1 Basics of Processes and Events

In essence, CSP (Communicating Sequential Processes) is a process algebra which considers
a system as a network of processes and the atomic events between them. It is mainly
concerned with the external interaction and communication of processes rather than internal
events within a process. These processes are described by their interface, a set of all the
possible events they can engage in, which is also considered to be the static specification of
CSP. Additionally, CSP is compositional; allowing processes to be encapsulated within larger
processes.

To understand how a system will work as we iterate through it, we need to determine a
dynamic specification. This is achieved in CSP through labelled transitions. These describe
an execution of an event and the resultant process for a given state. Given an initial process
P1, an external action denoted by mand an incidental process P2; a basic labelled transition
would be as follows:

i}
P1 — P2

All standard external actions can be categorised by the set S. We also have the termination
action v'. While CSP is generally concerned with external actions only, internal actions do
play a role and are denoted by the set t. We can say that all actions are in the set E‘/’T

and all external actions (including termination) are in the set N
2.1.1 STOP and SKIP

The simplest process in CSP is STOP. The interface for this process is the empty set as it
has no possible actions at any point during execution. In this sense, it results in a deadlocked
system which can no longer run.

We also have the process SKIP which invokes the termination action and leads to a STOP
process. This also ends the program but is considered to be an intended (and thus successful)
termination of a system.
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Its only transition is as follows:

SKIP 1> STOP

2.1.2 Event Prefix and Prefix Choice

In order to compose more complex systems, it is necessary to add an operator known as the

event prefix. It takes the form: (a — P). This means that the process can initially perform
the action a, with an incidental process P. This is confirmed by the simple transition below:

a

(a—> P)— P

The previous transition is in the instance where the initial process has only one action
available to perform. If a process has multiple actions available, we instead use a convention
known as prefix choice denoted by (x : A — P(x)) for A1 S. We can say that, given

anN A:

(x: A — P(x)) i) P(a)

In other words, the initial process is willing to perform any process a ¥ A and the resultant
process will be P(a).

2.2  Compound Events

While CSP considers actions to be indivisible, we can create compound events which store
information on the nature of an action. One way to consider a compound event is in the
form (c.v), where c is a channel and v is a specific value being carried across the channel. An
example would be input and output channels for binary. We would have a channel ‘in’,

which carries 0 values and 1 values: (in.0 — P) and (in.1 — P). We would also have a
channel ‘out’, carrying 0 values and 1 values: (out.0 — P) and (out.1 — P).

We can also consider a compound event where there is choice. Given a channel ¢ of type T,
the action {c.t | t ¥ T} accepts any value across channel ¢ that is classed as type T.

Processes defined with respect to these compound events are slightly different to event
prefixes. A specific value v N T across channel c of type T can be described by the following
transition:

C.V
(clv — P) — P

For any value v N T across channel ¢ of type T, we have the following:

C.V

(c¢?’x: T — P(x)) — P(v)
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The previous transition states that the initial process can take any value x of type T down
channel c.

If we then select a compound action c.v where v N T, we are given an incidental process P(v).

2.3 Recursion

A process definition can be represented in the form N = P, where N is the name of the
process and P is the body of the definition. If we assume the body P to contain the process
name N, then we have a recursive definition. The firing rule proving this states that:

“ ’
P—P
H r
N—P
With the side condition that [N = P|. In other words, if P changes, N also changes.

2.4  Choice

We have already analysed the conventions for action choice. CSP also has definitions for
process choice. There are two different types of choice, external and internal.

2.4.1 External Choice

External choice involves a selection made by other interacting processes or the user. We can
describe this as P O Q in its most basic form, where P and Q are two initially-available
processes. At this point in execution, the actions of both P and Q are available.

When a selection is made by executing an external action a N E‘/, only the actions of one
process will remain open (specifically, the process P which contains action a). If an internal
action is made by a process, the external choice still remains open. This can be described
more concisely in the following firing rules:

a T
p 2y pr P —5 P’
a T
POQ - p POQ-— P OQ
£ T
QO P pr QOP-—=QOFP

In the case where the action a appears in both P and Q, we are presented with non-
determinism. The external choice still remains intact, but external processes can no longer
discern the two options.

2.4.2 Internal Choice

Internal choice is a decision made within a process, described as P ['1 Q. This choice cannot
be influenced by external processes or the user. Instead, the selection is made by the process
itself. An example would be a process ROUTER deciding the best channel to send a network
signal over based on noise across each channel. The channel is selected automatically by the
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process ROUTER without external intervention. The user is not interested in how the router
transfers data; only that it does so successfully:

ROUTER — CHANNELO [ | CHANNEL1 [ | CHANNEL2

The firing rule confirms the properties of internal choice as follows:

PI_IQLP
T
P Q—Q

2.5  Concurrency

So far we have dealt with sequential processes; iterating through them, one at a time. To
simulate more than the most basic of systems, we need the ability to run multiple processes
concurrently. There are three main concurrent operators.

2.5.1 Alphabetized Parallel

The first convention we have to represent concurrency is alphabetized parallel. We can say
tha
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