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EXECUTIVE SUMMARY

In Britain, Automatic Train Protection (ATP) systems are perceived as expensive and as
detrimental to railway capacity. Optimal implementation is thus required in order to be of
benefit to railways through improvements in both safety and efficiency.

The author of this thesis reports on an extensive literature review into the background of ATP
systems, along with research into methods for optimising their future application. The literature

review includes:

¢ Aninvestigation into the purposes and context of train control;
® An overview of the historical development of train control and of approaches to
eliminating human error from the control of train movements;
® Lessons to be learnt from the different systems implemented.
Based on this review, the author identified railway capacity as the most significant area for
further research in the context of ATP systems, with cost and safety as secondary issues, to be

considered when evaluating options for improving capacity.
Accordingly, detailed research is presented on:

e Train braking performance;
e Speed supervision criteria and
® The capacity impact of implementing ATP systems using different data transmission

methods and train separation strategies.

The research results reveal that existing technology can be utilised to enhance steady state

capacities on main line railways safely by up to:
e 15% through implementing fixed block in-cab ATP systems;

® 34% through implementing moving block train separation;
e 45% through improved rail / wheel interface management and train braking performance,

in conjunction with moving block train separation.
On metro railways, the benefits would be up to:

e 5.6% through implementing moving block train separation;
e 16% through improved rail / wheel interface management and train braking performance,

in conjunction with moving block train separation.

In both cases, the full steady state capacity benefit of applying moving block train separation
may be achieved by localised application in the vicinity of in-line station stops only.

A fuller summary of the results obtained can be found in Figure S1.

In contrast to these opportunities for capacity enhancement, the author’s modelling revealed
that overlaying ATP systems on conventional lineside signalling would have significant
detrimental effects on achievable railway capacity. Such overlay systems would, therefore, only
be appropriate on a line that is lightly used when compared with the design capacity of its
existing lineside signals.

The results for both main line and metro railway models demonstrate a good case for the
implementation of ATP in a continuous in-cab form and for the adoption of moving block



rather than fixed block train separations, at least in the area of in-line station platforms. Whilst
the benefit to be gained from moving block application is higher on main lines than it is on
metros, the demand for increased metro capacity on many of the worlds metro railways 1s
sufficient to make the smaller benefit remain highly attractive — particularly since the viability
of moving block has been proved by several equipment manufacturers on metro railways

throughout the world.

By contrast, modelling of the effects of relative braking separations (that is, where following
trains maintain a safe braking distance to the projected stop point of the train ahead, rather than

its actual location) revealed that:

e Capacity increase of up to 3% for main line traffic and 5% for metro railways could
potentially be gained over those achievable by use of moving block train separations;

e The implementation of relative braking separations would introduce a significant
increase in collision risk as a part of implementing unproven technology.

The risk issues associated with relative braking separations would appear to undermine the
case for developing moving block into relative braking train separation, despite the attraction

of increased capacity.
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Figure S1: Summary of Potential for Steady State Capacity Enhancement
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1 INTRODUCTION

In the modern world, freedom of choice is a reality for customers wishing to buy most products.
Transport is no exception to this, with the choice of foot, bicycle, boat, aircraft and motor
vehicle (whether car, taxi, bus, van or lorry) all being offered in competition with rail for the
transportation of both passengers and goods. In the light of this competition, “railways will
provide a significant contribution to transport infrastructure only if they deliver a service of the
quality demanded by customers at a price which they can afford” (Perry 1998, pM45-1).
However, at the current time, both the quality and cost of transport by rail are continually in the
media spotlight, invariably receiving unfavourable reviews. This is particularly true when 1t
comes to the subject of Automatic Train Protection (ATP) — a system intended to improve
safety, but often considered too costly to apply, both in terms of direct financial cost and of its
impact on railway capacity.

The title ‘Optimisation of Automatic Train Protection Systems’ was chosen by the author
because of the perceived need for a way of implementing ATP systems that would benefit
Britain’s railways, enhancing their competitiveness in a cost effective way through
improvements in both safety and efficiency. However, at the start of his study, this was only a
vague notion. The author’s first task was, therefore, to identify the scope that should be
encompassed by the title in order to maximise the benefits that could be gained from his
subsequent research.

In order to do this, an extensive literature review was carried out into the background of
Automatic Train Protection systems. The boundaries of this review were deliberately set wider
than train protection systems alone, in order to provide a flavour of the context within which
train protection operates and to assess the scope of further research that would best ‘optimise’
future train protection systems.

In accordance with this objective, the literature review commenced with an investigation into
the purposes of train control systems, considering both the context in which they operate
(including that of the railway system in general and of railway control systems in particular)
and the competing demands of safety, capacity and economics that are placed upon them. The
findings of this investigation are documented in chapter 2 of this thesis.

Once the author had ascertained the purposes of train control systems, he focused next on the
historical development of train control and the lessons to be learnt from the different types of
systems that have been implemented throughout the history of railway operation. This
investigation began with a consideration of ‘Signalling’ based train control (documented in
chapter 3 and Appendix B) and moved on to more advanced methods of train control, such as
transmission based signalling and automation of control (documented in chapter 4 and
Appendix B).

Having completed the initial review of the context of train protection systems, the author then
turned his attention to a more detailed consideration of the approaches adopted historically for
eliminating human error from the control of train movements. In order to do this, a variety of
manual and automatic train protection systems that have been in use around the world were
considered. Descriptions of these systems and the lessons that can be learnt from them are
given in Appendix C.

Where published material addressing subjects of interest could not be found during the
literature review, the author conducted interviews with experienced professionals in railway

1



signalling, train control, operation and other relevant subject areas. Transcripts of these

interviews can be found in Appendix A.

Based on this background research, the author identified railway capacity as being the most
significant area for further research, with cost and safety as secondary issues to be considered
when evaluating options for improving capacity through optimisation of ATP systems. This led

to detailed research into:

e Train braking performance (documented in chapter 5);
e Speed supervision criteria (documented in chapter 6) and;

e The capacity impact of implementing ATP systems with different data transmission
methods and train separation strategies (documented in chapters 7 to 11 and Appendices
D, E and F).

Throughout the research work, consideration was given to both main line and metro railways,
with a predominant focus on British practices.

Summaries of this research have been provided at the end of each chapter and overall

conclusions can be found in chapter 12.

Within the time available for completion of this thesis, it has not been possible to thoroughly
investigate every area of interest that was identified by the author. Ideas for further research

have therefore been outlined in chapter 13.

Full details of referenced sources can be found in the ‘References and Bibliography’ section,
and definitions of abbreviations used in the ‘List of Abreviations’. These sections are located

after chapter 13.

The author of this thesis has been working in the field of railway signalling and control for 10
years. In addition to the research documented within this thesis, his career has included

approximately:

e S years working as a signalling application designer, developing scheme plans, control
tables and detailed circuit designs (London Underground and Alstom Transport
Information Solutions);

e 3 years working as a raillway systems engineer, developing principles for the
implementation of an ERTMS based ATP system on UK main line railways. This work
encompassed issues associated with signalling, communication systems, rolling-stock
and railway operations (Alstom Transport Information Solutions);

e 2 years working as a systems integration engineer, developing the systern architecture
and assisting interface management for all electronic and electrical sub-systems on
section 2 of the Channel Tunnel Rail Link (Bechtel Ltd).



2 THE PURPOSE OF TRAIN CONTROL SYSTEMS

2.1 INTRODUCTION

Train control systems exist within the context of an operational railway. Their purpose is to
ensure that trains can run safely and efficiently, so as to satisfy the expectations of customers,
regulatory authorities and the railway operators.

As the primary purpose of the railway system is concerned with the physical transfer of
passengers and goods, it is fundamental to railway control systems that they should be
concerned with the positional control of trains (Short 1996, B2/1). Therefore, the essential
purpose of any train control system can be summarised as:

To maintain a safe distance between following trains on the same track;

b. To safeguard the movement of trains at junctions and where crossing a path which could
be taken by another train;

To control train movement between and at stations;

d. To regulate the passage of trains according to the service density and speed required,
accounting for the planned schedule.

(Khessib 1989, p2; Nock 1980, p1).
This places the train control system at the heart of the railway.

In fulfilling its principal task of ensuring the safe separation of trains, the train control system
affects the sort of service that can be operated in terms of capacity and speed (Rowbotham
1999, pl), and also provides a means of regulating the service. The train control system
therefore has competing requirements placed upon it: those of safety and those of operational
capacity.

A more detailed discussion of the types of system that have historically been used in order to
achieve the purposes of train control can be found in chapters 3 and 4. Therefore, further
consideration will not be given to the subject within this chapter.

Whereas railway control around the world has traditionally evolved in response to external
pressures (such as accidents and technology advances), modern control systems are beginning
to consider the system as a whole. According to the Institution of Railway Signal Engineers “it
1s becoming ever more apparent that an integrated systems approach is needed for the design
and operation of a railway, in order that there is clarity about which elements of the railway are
responsible for what” (IRSE" 2001, paragraph 47). In order to do this in a truly meaningful
way, it is necessary to define the system’s purpose, how it fits into its environment and how it
will treat its customers and staff.

The author therefore begins this chapter by considering the context in which the train control
system operates. He then goes on to consider the primary requirements and hazards of railway
operation, together with techniques for assessing the feasibility of a proposed system.

2.2 THE RAILWAY SYSTEM

The railway system consists of equipment and people, together with the rules and regulations
that govern all activities and operations, whether in a steady state, a degraded mode or another
transitional state (IRSE" 2001 paragraph 40). The characteristics of rail transport differ from
those of other transport modes in a number of ways. The most obvious of these is the inherent
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restriction of movement to a single degree of freedom - the train being forced by the flanges of
its wheels to follow the lateral guidance of a rail. The low coefficient of friction between metal
wheels and metal rails, combined with high operating speeds and large mass, also make the
braking distance of a train too long for safe operation purely on the basis of a driver’s reaction
to objects within his/her line of sight. As a result, rail transport can not be operated on the same
basis as, say, road traffic — where the driver of an individual vehicle has the sole responsibility
for guiding its movement. Instead a control system is required to ensure that movements are

carried out in a safe manner (Uebel 1996, pC1/1).

The use of a fixed track infrastructure also makes the number of route options available much
smaller than those for road, sea or air transport. This restriction is accentuated by the need for a
safe separation to be maintained between trains on the same track segment. As a result, there is
a far greater requirement for access planning, or scheduling, to ensure that optimum use is made
of the available routes (Barter 2001, p1; Etschmaier 1986, p149).

A more comprehensive overview of the physical characteristics of railways is shown in Table

2-1.

Motion Restricted to One Degree of Low Coefficient of Distribution of Load
Freedom Friction Between over a Large Area
Wheel and Rail
Direct e No steering required Energy efficiency Heavy axle loads
Strengths e Predictable motion e Smooth operation e High tonnage /
e Narrow swept path — low land Efficiency of period
occupation requirements propulsion Low ground forces
Indirect e High standard of safety High speed operation High load capacity
Strengths e Use of hinked consists (trains) Energy recovery Long life
e High capacity Lower environmental infrastructure
e Wayside power supply is possible pollution
e Favours use of automatic controls
Direct e High initial system costs for guidance Distance to stop Stiff rolling
Weaknesses and control infrastructure e Distance to accelerate interface
e High infrastructure maintenance costs Low inherent
o Low network flexibility damping
e Can not swerve to avoid a collision Cost of structures
e Overtaking and passing movements Cost of track
require physical infrastructure
e Limited number of vehicle paths
available
—
Indirect e No door to door service No line of sight Noise generation
Weaknesses e Poor access to shipper’s premises working e Cost of inspection
e Recliant on performance of connecting Seasonal variations in
: modes ‘ train performance ]
Requirements | ¢ Junctions and stations Train control systems Track design
e Interlocking of variable geometry to ensure safe tailored to loads
infrastructure components operation
o Scheduling of movements in advance Adhesion control
e Control systems to ensure efficient Stringent safety rules
operation ]

Table 2-1: Characteristics of Rail Transport (based on, Schmid " 2001)

Based on these characteristics, it is the author’s opinion that railways require a control system
to support their operating schedule, both to maximise the number of train paths that can safely
be designed into it and to assist in maintaining a service that reliably achieves the schedule’s
demands. If such a control system is to be effective in providing this support, it must be

designed as an integral part of the railway system.
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2.2.1 PROCESS VIEW

The Railway System can be represented in terms of the processes required for its development
and operation. This can be done by use of an IDEF0 (Integration Definition for IFunction
Modelling) model.

A top level IDEFO representation of this process is given in Figure 2-1. Within IDEFO, a
process is represented by a rectangular box. Inputs enter this box from the left and outputs leave
from the right. Controls / constraints on the process enter from the top of the box and

mechanisms providing the means of carrying out the process enter from below.

Available
i Principles
Political Finance P
Direction Standards Rules

Ty Ay

_————d

Transport
Move People & Goods ! Product
Transport » Il
Demand i (System Railway) Jouney
: : Quality
| )
S S S
]
Equipment Cargo
Staff Passengers
Power
Finance

Figure 2-1: Top Level IDEF0 Representation of The Railway System

If this is decomposed to represent the processes that are required to develop and operate a

Railway System, the first level IDEFO0 representation shown in Figure 2-2 is obtained.
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R T
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Figure 2-2: First Level View of the Railway System
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It should be noted that overall transport demand acts as the initiating input for the entire
transportation system, not just the railway system process. There will also be a limit to
available finance for transportation as a whole and a given railway system in particular. Some
proportion of the transportation demand and available finance must be apportioned to railways
and, then, on to specific railway networks. The first process identified is, therefore, the
planning of system requirements for the railway. This process must apportion the demand for
transportation and the available finance into railway capacity demand and finance allocations.
The mechanisms of this process are not of importance to this thesis and will not be expanded

further at this stage.

Once the railway capacity demand is known, the railway system itself can be developed in

accordance with that demand, as shown in Figure 2-3.
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r—= - e B ettt e -1
| t
: S T ) alk
|
| y \ h |
] Lgn Planned
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Capacity Track
~ |
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l N\
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i ] Train \ :
| Characteristics )
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| u| Develop W |
: Stations | Dwell }
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I J 1" Line
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Figure 2-3: Second Level View “Develop Railway System”

Based upon the outcomes of the ‘Develop Railway System’ process, plans can be drawn up for
the railway’s operation. These must account for the demands of the systems users, the
arrangement and types of both fixed and moveable infrastructure, and staffing issues. The
mechanisms of this process are once again not of great importance to this thesis and will not be
expanded further. However, once the service pattern and staffing levels have been determined,
the actual operation of the railway can be studied, as shown in Figure 2-4.
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Figure 2-4: Second Level View “Operate Railway System”

The key point to note from these IDEFO representations of the railway system is that a number
of different processes must work together, utilising a number of engineering systems, in order
to produce a transport product that meets the customers’ demand for transportation in general,
and railway capacity in particular. When considering the ‘Optimisation of Automatic Train
Protection’, certain processes (such as ‘Develop Railway System’ and ‘Operate Railway
System’) may present themselves as having particular relevance. It may even be possible to
identify key sub-processes (such as ‘Develop Control Systems’ and ‘Control Service’).
However, true ‘optimisation’ will only be possible if consideration is given to all of the
processes that contribute to the production and operation of the railway’s control system (and
specifically to the Automatic Train Protection system).

2.2.2 SUB-SYSTEM VIEW

If an alternative view is taken, a system can be considered to be formed of a number of
interrelated sub-systems, each of which contains a number of interrelated sub-systems of its
own. If this method of thinking is applied to a railway system, it can be seen that the ‘railway’
is itself a sub-system of the transport network that is in turn within the system of a country's
economy. In a similar way, the railway system will be composed of sub-systems, including the
control system (Goddard 1996, D5/24). The control system cannot operate in isolation to the
wider railway system and, therefore, must be able to cope with both planned and unplanned
demands that are placed on it by the day-to-day operation of the railway. Figure 2-5 shows a
basic outline of this approach, portraying a number of factors, both internal and external to the
railway system, that influence (either directly or indirectly) the operation of the control system.
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Figure 2-5: The Railway System

2.3 THE RAILWAY CONTROL SYSTEM

The control system of a railway can be viewed in operational terms as a pyramid (Figure 2-6).

Planning
(Long Term)
Requirements:
Determining future
Rail service requirements,
based on transportation
demand and available
finance (offline)

Planning
(Medium Term)
Developing:
Timetables, Stock and Crew Diagrams,
Possession Plans (offline)
Planning
(Short Term)
Developing: Amendments to Published Services (offline)
Service Control
Amendments to Timetable:
eversals, Major Conflicts, Diversions, Allocation of Stock, Allocation of Cre
(online - time critical)
Regulation
Route and Train Control to Maintain Timetable:
Signalling control, Coasting Strategies, Dwell Time, Management, Conflict Resolution
(online - time critical)
Field Elements
Control of Equipment and Human Activities:
Signals, Points, Manual or Automated Driving, Lifts & Escalators, Crowd Control, Passenger Information,
etc. (online - time critical)

Figure 2-6: Railway Control System — Operational View (based on Barter 2001; Uebel 2000)



The top three elements of the pyramid represent the offline, non-vital, activities. The two
sections below these have no strict separation (hence the dotted line) and represent the real-
time, vital, elements of the control system. The bottom of the pyramid represents the physical
elements of the railway to be controlled. This system model holds true whether the control
activities are automated or manual, and whether the field elements are mechanical, electronic or

purely human (e.g., a person with a red flag).

The engineering view of the railway control system has not always agreed with the operational
view. Engineers (or at least Signalling Engineers) have historically treated railway control as
purely concerned with ensuring the safe movement of trains. However, the introduction of
modern technology has led to a demand for a more rigorous approach to railway control that
incorporates a multitude of control sub-systems related to the comfort and well being of
customers (Goddard 1996, D5/16). Hence, the railway control system now needs to include and
integrate the control of train movements and stations. It must consider the safe control of
operations, but not neglect the operational requirements to keep passengers informed, regulate
trains, save energy and provide for optimal usage of the track.

Building on the system outline given in Figure 2-5, the scope of railway control systems can be
seen to be more than just the control of train movements. Figure 2-7 provides an outline of the
main sub-systems that combine to form the railway control system.

Although two distinct views of railway control, the operational and engineering sub-system

views are mutually compatible. Whilst the engineering view shows the types of sub-system that
are needed to control the railway successfully, the operational view provides their context and

purpose, showing what actually needs to be controlled.
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Figure 2-7: Railway Control System — Sub-systems View

2.4 RAILWAY SAFETY

The importance of safe railway operation has long been recognised, as have the practical
limitations of economics. In 1910, the inaugural meeting of the Institution of Signal Engineers
was advised that the objective of signalling for train control was to “provide for safety without
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undue sacrifice of economy, whether in time or money” (Blackall 1910, p12). This philosophy
is still as relevant today as it was then, and is now commonly referred to as the principle of
ALARP. This states, “risks to individuals and society should be As Low As Reasonably

Practicable” (The Engineering Council 1993, page 21).

2.4.1 ALARP

The principle of ALARP is explained in Figure 2-8.
Risk cannot be justified
save in extraordinary

Unacceptable Region i
circumstances

Tolerable only if risk
reduction is impracticable
or if its cost is grossly
disproportionate to the
improvement gained

The ALARP or Tolerability
Region (Risk is undertaken
only if a benefit is desired)

Tolerable if cost of
reduction would exceed
the improvement gained

Broadly Acceptable Region Necessary to maintain
] ‘ assurance that risk
(No need for detailed remains at this level

demonstration of ALARP)

Negligible Risk
Figure 2-8: The ALARP Principle (The Engineering Council 1993, page 22)

In order to adopt this approach, the tolerability of the risk involved in any activity must be

assessed. This can be done in a number of ways:

e  Where risks are so high as to be unacceptable, they are often prohibited by legislation;

e  Where risks are in the ‘broadly acceptable’ region, they can often be assessed through a
qualitative risk assessment technique (e.g., ‘engineering judgement’);

e Where the tolerability of a risk is not so clear, quantitative risk assessment techniques
can be used to clarify the levels of risk and then to compare them with the cost of
possible mitigation methods to determine whether or not they are ALARP.

As the process of operating a railway exposes staff, customers and assets to a number of
hazards, these must be controlled in a manner that brings the risk to individuals, corporate
bodies and society in general to a level that is tolerable and maintains it at this level.

2.4.2 TOLERABLE RISK

Attempting to define the level of risk that is tolerable can be fairly contentious. The Department
of Transport has suggested that people in Britain consider it worth spending £1 to 1.24 million
to prevent a road death, and that this is increased to £2 million on the railways. In practice,
investment rates on railways in Britain have worked out slightly higher than this, at £2.7 million
per potential fatality prevented, and investment rates on road systems far lower, at £100,000 per
potential fatality prevented (Davies 2000, p29; Ford 2002 p18, Harris 1997, p317).

Evidence presented to the 2001 Southall and Ladbroke Grove joint enquiry into train protection
systems actually contradicted the Department of Transport position on public willingness to pay
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for safety improvements. This evidence showed that, even just after Ladbroke Grove, the *vast
body of public opinion does not believe spending significantly more on rail safety than on road
safety or health would be justified” (Muttram 2001, p5). This view was supported in the
findings of studies commissioned by the Department for Transport, Local Government & the
Regions, which found that after the Southall and Ladbroke Grove accidents (and the associated
media coverage), a sample of individuals (40% of whome used rail at least three times a week)
were only willing to pay 1.003 as much on rail safety improvements as on road improvements
to prevent a fatality (Ford 2002, p18).

In line with this view, some other countries use the same value for life when assessing potential
projects on road and rail (Sweden being an example) (Ring 1999, p8).

Considering the evidence of willingness to pay that is available:

e Railways spend more on safety than the public is estimated to expect

e Without counting fatalities to other road users (such as pedestrians and motorcyclists),
travelling by train is six times safer per km than travelling by road (ERTMS
Programme Team 2002, p10)

Thewrefore, it would be expected that the public should be well satisfied with the railways’
handling of safety concerns. However, the media response to any railway accident demonstrates
that this is not the case. The arguments usually put forward to explain this are that:

o The public are prepared to take higher risks when they are in control (such as when
driving their car) than when they have entrusted control to a service provider (such as a
railway operator), and;

e The public have a greater aversion to mass disaster.

(Burrage 1996, pA3/17).

These arguments seem fairly persuasive, until it is realised that this desire for improved safety
does not transfer equally to a bus or coach operator, where the control of risk is also handed
over to the service provider and ehere there is also a risk of mass disaster. Indeed, in the period
from 1986 to 1995, an average of 3.3 people were killed or seriously injured for every billion
passenger miles travelled on Britain’s railways. The figure for bus / coach travel over the same
period was 16.0, nearly five times worse (Coleman 1999).

One alternative explanation for the public preoccupation with rail safety lies in the fact that
technology already exists to overcome the risks associated with rail travel in a way that it does
not exist for road travel. The Bishop of Hereford, for one, has argued that this should create a
higher safety requirement for railways and justifies higher expenditures (Ford 2002, p19). This
view has also been supported by research into subjective evaluation of risk, which has found
the perceived acceptability to be influenced by the extent to which exposure to the hazard and
its potential for harm are controllable (Cox, et al. 1998, p204).

In addition, since railways represent a controlled environment, they can be fitted with secure
emergency communication systems, provided with control staff to oversee traffic movements
and intervene at any sign of trouble, and they can even be fitted with automatic safety systems
such as ATP. Put in other words, rail safety can be improved by use of online control systems
that can intervene in real time to prevent an unsafe state becoming an accident. In contrast to
this, the open access environment and smaller vehicle separation on roads make the use of
emergency communication to avoid accidents unworkable. There is also, as yet, no ATP
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equivalent solution for road traffic. The issue of road safety must therefore largely be tackled
by re-modelling layouts and enforcement of traffic laws at key locations. These are off-line
activities that cannot prevent an accident as it is about to happen. It is the author’s view this
may also be the source of a significant difference in public perception of possible measures to
increase safety. Beyond expenditure, potential benefit or how preventable an incident is, public
expectation is far more insistent that real time control mechanism should be implemented where
they are possible than that off-line measures should be taken.

2.4.3 RAILWAY RISKS

By far the majority of fatalities occurring each year on Britain’s railways are related to
trespassers and suicides. Of the remaining railway fatalities, the number and relative statistical
significance of any particular cause varies from year to year. Generally the order of significance
1s:

1. Train accidents (de-railments and collisions- including level crossings);

2. People being run-over or falling from trains;

3. Those that occur at stations (not train related).

(HMRI 1999, HMRI® 2000, HMRI® 2000 ,HMRI 2001, HMRI 2002).
; )

Clearly, the train control system cannot be expected to make any significant contribution to the
reduction of accidents that do not involve trains (such as falling down the stairs in a station).
However, it is possible for some accidents in other categories to be avoided through the use of
appropriate train control systems. Table 2-2 details the main accident types that occur on a
railway, together with some example prevention methods. It can be seen that train control offers
a number of possibilities, as do civil engineering works and rolling stock design.

Statistically, both the rate at which accidents occur on Britain’s railways and the severity of
those accidents are falling (Evans 1999, p886; Davies 2000, p26-27). There are a number of
explanations for this trend, including: better rolling stock crashworthiness design; improved
braking performance; continuing signalling system developments and the introduction of a
number of driver performance improvement regimes. However, the rate of fatalities due to
potentially preventable incidents of signals being passed at danger (SPADs) is not keeping pace
with the general reduction in accident fatalities. In fact, the number of fatalities due to
conflicting movement SPADs is rising at about 1.4% per year (Evans‘" 2000, p52)

Overall, Table 2-2 shows that the largest proportion of fatalities since 1997 were due to train
accidents and collisions (47%). Considering a wider time scale, there were 76 such accidents
between 1967 and 1999. Of these, 23 (30%) were due to SPADs and were ATP preventable. A
further 8 (10%) were due to overspeed or buffer collisions and were also ATP preventable
(Evans 1999). Table 2-3 expands on this by showing the main railway accident types, together
with the number of accidents and fatalities that occurred due to each between 1967 and 1999.
The figure also shows the number of accidents and fatalities of each type that were theoretically
preventable by an ATP system, in total 40% of all such accidents.

The current trends in accident rates and consequences can be projected to provide estimates of
railway accidents and fatalities in the future. Professor A Evans, of Imperial College London,
has carried out one such study. The results of his work suggest that, if current trends continue, a
total of 25 railway accidents can be expected from 2000 to 2024. Of these, 18 accidents (72%)
would be ATP preventable. Professor Evans identifies the most significant cause of this

12



increase in ATP preventable accidents to be the current increasing trend in accidents due to
conflicting movement SPADs (Evans'” 2000, p53). Other significant causes can also be found
in the higher density of traffic and increased speeds now being used on some routes.

Analysis of railway safety statistics and predictions such as these show a clear potential and
need to reduce railway risk in the areas addressed by ATP. In recognition of this fact, a review
of UK signalling principles by the IRSE concluded that “UK signalling principles should
require the provision of comprehensive train protection systems, and every opportunity to
introduce train protection systems should be investigated” (IRSE® 2001 section R2.1).

Accident Number of Example Prevention Methods
Type Fatalities
Train 56 1. ATP (Overspeed and SPAD prevention);
accident 2. Enhanced emergency braking performance;
(Derailment, 3. Better driver training;
Collision 4. Improved crashworthiness of rolling stock:
with train or 5. Provision of flyovers to replace fat junctions;
road vehicle) 6.  Driver reminder appliances;
7. Use of bridges / underpasses in place of level crossings;
8. Upgrading level crossings in usc.
Fell off 25 1. Incab CCTV systems on approach and whilst closing doors / departing;
platform and 2. Passenger operated emergency plungers on the platform (with risk of delays

struck by due to inappropriate use);

train 3. Platform attendants or monitored platform CCTV, together with a means for
staff to contact drivers or initiate emergency stop;
4. Enhanced emergency braking performance;
5. Platform Edge Doors.
Struck 4 1. Incab CCTV systems on station approach and departure;
standing near 2. Platform attendants or monitored platform CCTV, together with a means for

platform edge staff to warn passengers, contact drivers or initiate emergency stop;

3. Removal of slam door stock from service;

4. Platform Edge Doors;

5. Controllable access to platforms on high speed lines.

Crossing lines 4 1. Appropriate provision of bridges, underpasses and controlled level crossings;
(not 2. Platform attendants or monitored platform CCTV, together with a means for
trespassing) staff to contact drivers or or initiate emergency stop.

Leaning out 17 1. Improved door engineering and control mechanisms, including interlocked
of/ falling systems to ensure that doors close before departure and then remain closed
from carriage until next authorised stop;

2. Train crew Guards on Trains;

3. Reduced size of, or bars over, opening windows;

4. Emergency alarms in train carriages.

Slips, trips 16 1. Non slip surfaces.

and falls

Entering or 6 1. Improved door enginecring and control mechanisms, including interlocked
alighting systems to ensure that only correct side doors are enabled to open;

from trains 2. Guards on Trains;

6. Emergency alarms in train carriages and either on the platform or the outside
of trains to warn drivers of problems / initiate emergency brake (with risk of
delays due to inappropriate use);

3. Platform attendants or monitored platform CCTV, together with a means for
staff to contact drivers or initiate emergency stop;

4. Reducing the gap between the platform edge and train;

5. Inter car barriers to prevent passengers falling between carriages;

6. Platform Edge Doors;

7. Standardisation of platform height and surfaces.

Struck by non 1
railway
vehicle

Table 2-2: Example Accident Prevention Methods (figures for 1997 to 2002) (HMRI 1999,
HMRI(2) 2000, HMRI(3) 2000, HMRI 2001, HMRI 2002) Trespassers & Suicides Excluded
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Train Accident Number of | Number of Number of ATP Number of ATP
Type Incidences Fatalities Preventable Incidences Preventable Fatalities

Train Collision 48 174 23 (48%) 97 (56%)
Derailment, then 8 15 1 (13%) 2(13%)
Collision
Derailment 16 107 5(31%) 20 (19%)
Buffer Collision 2 3 2 (100%) 3 (100%)
Collapsed Bridge 1 4
Train Failure 1 1
Total 76 304 31 (40%) 122 (40%)

Table 2-3: Fatal Collisions, Derailments and Overruns on the UK National Railway
System (1967 — October 1999) (Davies 2000, pp 51-52)

2.5 RAILWAY CAPACITY

Returning to 1910, during his presidential address to the Institution of Signal Engincers, Mr
Blackall stated, “in the speed and density of traffic are to be found both the necessity and the
justification for a signalling system” (Blackall 1910, p12). Once again, his words are as valid
today as they were 90 years ago.

Train control systems are needed in order to allow the railway to operate safely at the required
line speeds and capacity. If, in order to ensure safety, the train control system restricts capacity
or limits line speed unduly, it undermines its own justification. It may well be more economical
to use a lower speed, lower capacity solution that does not require such high levels of control.
Conversely, if a train control system can be shown to increase the safe capacity and operating
speeds of the railway, then the justification for its use need not be based purely on safety — it
can be shown to offer a direct benefit to the operation of the railway, with the added bonus of

an increase in safety.

Whilst ‘capacity’ is frequently mentioned in the literature about railway systems, the term 1s
rarely defined. This is perhaps because ‘capacity’ can be taken to mean a number of different
things — each of which offers advantages to the understanding of a railway’s performance.

2.5.1 THEORETICAL CAPACITY

Probably the most commonly used approach to measuring railway capacity within the

signalling profession is that of ‘headway’:

Headway: Minimum time or distance between trains that the signalling system will permit,
so that a following train is not affected by the train ahead.

Measurements of capacity using this approach are most often given as ‘seconds between trains’
or as an inverse function of this, ‘trains per hour’ (tph). The term ‘headway’ is also commonly
adopted by railway professionals of other disciplines within the railway industry, particularly in
the ‘trains per hour’ form (see interview transcripts in Appendix A). In order to reduce the
confusion that can arise from use of the term ‘headway’ to imply distance, time or tph, the
author will adopt the following notation in the subsequent discussions:

e Headway Distance — the minimum distance between trains that the signalling will
permit, so that the train ahead does not affect a following train;

o Headway Time — the minimum time between trains that the signalling will permit, so
that the train ahead does not affect a following train;
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*  Headway - the maximum throughput of trains that the signalling will permit, so that the
train ahead does not affect a following train, measured in tph. This term will also be used
where the distinction between distance, time and tph is immaterial.

Unfortunately, the definitions given above allow two conflicting interpretations of what is
being measured by headway. The common practice adopted by Main Line railways in the UK is
to use the term ‘headway’ to describe what the author prefers to call the ‘Train Following

capacity’ of the railway:
Train Following Capacity: The maximum throughput at a particular point on the railway

network, such as a signal position, if all trains were to follow each other at line speed and
with a minimum of braking distance separation, no allowance being made for station stops.

In contrast to this, the typical interpretation of headway for UK metro railways could be
described as ‘Point Capacity’:

Point Capacity: The maximum throughput at a particular point on the railway network,
such as a station platform, accounting for station stops and actual train speeds (McCormick

et. al., 1996 pp A1/7).

In the case of both Train Following and Point capacities, the train ahead must not affect a
following train for headway to be achieved. In either case, the use of headway as a measure of
capacity is only meaningful in the context of a specific point on the railway. Just because one
point can achieve a high throughput of trains per hour does not mean that the whole line will be

able to do so.

The measure also fails to account for the speed of the service. Examples of the relationship
between speed and achievable headway are given in Figure 2-9, from which it can be seen that
speeds may need to be reduced to increase the achieved trains per hour. However, reducing
speed on a line would require additional numbers of trains in order to provide the same service
frequency and would also significantly contribute to journey time (an important part of the
performance as far as passengers are concerned). Clearly, a railway operating with a capacity of
20 trains per hour averaging 60mph will be providing a much better service to its users than a
railway operating with a capacity of 20 trains per hour averaging 30mph!

“It is not enough just to consider point capacities along the line. We need also to look at
junctions, terminal working, services operating with different stopping patterns, trains running
at different speeds and the rolling stock fleet size” (McKenna 1998, pA1/4). However, headway
has its advantages in helping to identify ways in which the effects of pinch points on the
network can be overcome. Further consideration is given to the subject of headway in section

2.6.1.

In order to overcome the point specific nature of ‘headway’, the minimum line headway can be

considered:
Minimum Line Headway: The minimum time interval between a pair of trains, so that
a following train is not affected by the train ahead throughout its run (Pachl 2000, p5/8).

Perhaps most usefully this could be measured as seconds between trains, since it will vary for
different pairings of trains. An example of how this works can be seen in Figure 2-10. If the
area of line shown in the figure represented the entire line being considered, the minimum line
headway between non-stopping trains 1 and 2 would be 77 seconds. Between non-stopping
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train 2 and stopping train 1 it would be 152 seconds, etc. Attempting to run a train over the line

at less than its minimum line headway separation from the proceeding train would cause its

progress to be impeded.
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Minimum line headway can account for the combined effects of the point capacities achievable
throughout the line, including the effects of all relevant junction layouts, multiple line sections,
station stops and reversals. However, it only considers the headway of two defined trains and,
as it considers the effect of complete journeys, it does not remove the need to consider technical
headway when identifying where the system pinch points are and how to alleviate them.

An alternative definition that can be used to consider the passage of any number of trains is that
of ‘Theoretical Line Capacity’:

Theoretical Line Capacity: Indicates the theoretical maximum throughput of a railway line
when all trains complete more than one round trip.

Appropriate units for measuring theoretical line capacity would usually be quoted as train
kilometres per hour. For a defined railway line, this provides a combined measure of both the
number of trains using the line and the speeds at which they travel, but does not allow these
factors to be differentiated. This means that services with vastly different headways may
achieve the same theoretical line capacity due to operation at different speeds.

For theoretical line capacity to be meaningful, it must represent a defined train service pattern.
This can be achieved by assuming all trains to have the same nominal performance and
stopping patterns (as may prove useful for a metro, but less so on a mixed traffic railway).
Alternatively, some other (more realistic) theoretical service pattern can be assumed. In either
case, the assumptions made and the use of the units ‘train kilometres per hour’ will make the
measure line or network specific. The service provided by a given number of train kilometres
per hour could be vastly different on lines or networks of different sizes and characteristics — or
with the use of a different set of performance and service pattern assumptions.

As theoretical line capacity represents the combined effects of the engineering infrastructure
that supports and enables the railway’s operation, it is included in Figure 2-2 and Figure 2-3 as
an output of the ‘Develop Railway System’ process.

2.5.2 SUSTAINABLE CAPACITY

Headway and theoretical line capacity relate to the ‘theoretical maximum’ that can be achieved
from the railway’s fixed infrastructure. However, the operation of any railway can be expected
to suffer deviations from the ideal operating conditions due to factors such as variability in
system and human performance, system reliability and external influences or perturbations. A
margin for recovery is often added to the headway time to give a ‘service interval’ that allows
for such deviations:

Service Interval: The sustainable time interval between trains (Headway Time + Recovery
Margin).

The service interval (usually measured as seconds between trains) is also referred to as the
‘operational headway’ (measured as trains per hour). Just to confuse matters further, both
railway engineers and operators often shorten this to ‘headway’ (with the result that it is some-
times difficult to know which definition of ‘headway’ is being referred to).

The size of the recovery margin must be selected to account for the probability of delays
occurring. The operator must find an optimal balance between the proportion of time for which
the margin will be sufficient to allow sustained service and the reduction in capacity that it
introduces for the unperturbed service. In line with this approach:
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e the UIC have quoted a desirable norm for the actual operating capacity of a railway as
75% of the theoretical capacity during peak periods and 60% in off-peak periods
(Holgate 1998, p9; Holtzer 1999, p587; Schmid " et al. 2002, p7);

e the SRA have concluded that the optimal usage of theoretical capacity is 75%, with
higher usage requiring careful consideration (Steer 2003, p3);

e the European Commission has determined that, after accounting for the ability of the
network to absorb traffic distortions, practical capacity can be 60 to 95% of theoretical

capacity (Scherp 2003, p2).

Being based on technical headway, the service interval is again point specific. This limitation
can be overcome by considering a derivative of the minimum line headway. This could be

referred to as a sustainable line headway:

Sustainable Line Headway: The sustainable time interval between a pair of trains, such that
the train ahead does not affect a following train, throughout its run (e.g., minimum line

headway + recovery margin).

On a metro railway (where all trains have similar stopping patterns and performance) the
sustainable line headway is fairly easy to work out. However, on main line railways, with a
multitude of train performance and stopping patterns to accommodate, the train separation
required will vary significantly throughout the day (as already shown in Figure 2-10). In order
to cope with this for planning and charging purposes, it is now common practice on UK main

line railways to talk about ‘train paths’.

2.5.21  TRAIN PATHS
A train path can be defined as:

Train Path: An allocated unit of capacity on a section of line, based on the sustainable line
headway between trains with a defined nominal performance and stopping pattern (Nominal

Line Headway).

If the behaviour of the non-stopping train in Figure 2-10 is representative of the nominal train
performance and stopping pattern (with a minimum line headway of 77 seconds and sustainable
line headway of, say, 100 seconds for a 23 second recovery margin), the non-stopping trains
would require one train path, whilst operation of a stopping train would require two train paths.
As can be seen in Figure 2-11, some of the capacity of the line would be wasted by a rigid
adherence to the allotted train path, but use of this measure provides a convenient method for

determining access charges.

In practice, railways will never actually use all possible train paths. If the railway is to run
efficiently whilst satisfying the users’ demands, it must be expected that the service will vary
throughout the day, with extra trains at peak times and limited service, or possibly even closure
of the railway, due to a lack of demand during some other periods. Engineering access may also
be required to carry out maintenance and renewals work. Failure to account adequately for this
latter constraint would make the service unsustainable in the long term. Therefore, the service

must be operated to an optimal service pattern:

Service Pattern: The sustainable timing of trains when all trains complete more than one

round trip — 1.e. the timetable.
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Figure 2-11: Schematic Arrangement of Train Paths

As the service pattern represents the planned capacity of the railway, it combines the effects of

the engineering infrastructure and an operational margin for recovery with the potential to

allow for other requirements and constraints on the railway’s usage, such as:

User demand — when, from where and to where users wish to travel, along with their

desired journey duration. If the railway is to run efficiently whilst satisfying the user’s

demands, it must be expected that the service pattern will vary throughout the day, with

extra trains at peak times and limited service, or possibly even closure of the railway, due

to a lack of demand during some other periods;

The need for engineering access to carry out maintenance and renewals. Failure to

account adequately for this constraint would make the service unsustainable;

The number of vehicles and crew needed to operate the service. This will not only

determine a significant part of the railway’s fixed and variable costs, but may also be
constrained by stock and crew availability;

The desire to avoid timetabled conflicting movements at junctions.

The service pattern is therefore included in Figure 2-2 and Figure 2-4 as an output of the ‘Plan
Railway Operation’ process, an input to the ‘Control Service’ process and a constraint to the
‘Maintain System’ process.

The capacity offered by a service pattern could be defined as the ‘Sustainable Line Capacity’:

Sustainable Line Capacity: Indicates the sustainable throughput of a railway line when all
trains complete more than one round trip, in accordance with the time tabled service pattern
(based on McCormick et. al., 1996 pp A1/7).

Again, the units of this measure could be train kilometres per hour. However, it should be noted
that neither the measure of trains per hour, nor that of train kilometres per hour considers the

loading capacity of the trains themselves. Clearly, the capacity of a railway operating 20 train
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kilometres per hour with 4 car trains will only achieve the same passenger throughput as a
railway operating 10 train kilometres per hour with 8 car trains. The capacity of the actual
trains themselves is therefore of great significance to the overall capacity of the railway.
Accounting for this, the units of our theoretical line capacity and sustainable line capacity could
be converted from train kilometres per hour to Passenger/tonne kilometres per hour.

All that is required to convert train flows into passenger / goods flows is an understanding of
vehicle loading. This is a relatively simple matter on railways where all trains are the same, or
have broadly similar characteristics (such as a typical metro railway), as long as the measure of
capacity refers to theoretical maximum capacity (i.e. assumed full loading). However, if the
measure is taken to be actual loading (which must then be measured or estimated in some way),
the conversion becomes more difficult. This is particularly true if the railway operates mixed
stock / traffic types with long and short trains able to carry differing loads of passengers or
goods. As a consequence, and in order to simplify the issue, most papers referring to line
capacity do so in the context of train numbers only.

As the sustainable line capacity is based upon the theoretical line capacity, and its measure is
based upon train kilometres per hour, it does not overcome the limitations already outlined. It
simply provides a more realistic measure of what can actually be reliably achieved by a railway.

2.5.3 ACHIEVABLE CAPACITY

It is important to note that all of the capacity definitions above are actually theoretical, as there
will always be the potential of disturbances occurring in the system for which the capacity
calculations did not allow. In reality, railway capacity is a very complex issue, with numerous
engineering systems required to work together with each other, within the context of the
railway environment, in order to deliver the resulting capacity. Building on the IDEF0 system
model and capacity definitions already discussed in section 2.2.1, the main factors that
contribute to the real capacity achieved by a railway system are shown in Figure 2-12.

In practice, in order to achieve a given ‘Achievable Line Capacity’, the railway system must be
designed for a higher ‘Sustainable Line Capacity’ and a higher still ‘Theoretical Line
Capacity’. The ‘Point Capacity’ or ‘Train Following Capacity’ required to achieve this level of
service will then vary through the line depending on service patterns.

It should be noted that the system’s capacity can be drastically altered by the physical
constraints of the infrastructure — both the track and the rolling stock. For example, the track
clearance gauge will determine the maximum size of the train carriages, which will in turn limit
the capacity of that carriage. Similarly, the train performance (acceleration and braking rates
achievable by the rolling stock, together with their maximum speed) will have a major effect on
the achievable headway.

In practice, capacity within a given system is achieved through a series of trade-offs in system
characteristics. For example, the internal design of rolling stock will have an effect on capacity
through the number of seats that are provided. Fewer seats mean that more people can fit into
the carriage as standing passengers. This effectively increases the carriage capacity and makes
more space available for doors ~ both of which improve the quality of service provided in
demand peaks (Glover 2000, p54). However, if too few seats are made available, large numbers
of off-peak passengers may be forced to stand as well, which reduces the quality of service for
them (McCormick et al. 1996, pA1/9). Similarly, as far as the control system is concerned, it
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may be possible to run a higher capacity service at slower speeds if the advantages of reduced
platform crowding are seen to outweigh the resulting increase in passenger journey time.
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Figure 2-12: Achieved Line Capacity
A further point to note from Figure 2-12, is that the control system must be able to cope with
significant perturbations from both internal sources and external sources outside of its control.
This is usually done in one of two ways:
a) recovery margins built into the service interval to allow the system to cope with

normal service perturbations;
b) facilities for service control to allow the system to cope with the serious service

abnormalities.
It can be seen from this that the required capacity cannot be achieved by any one part of the

system in isolation.

2.5.4 OPTIMISED CAPACITY

The best achievable capacity for any line or network has been defined as the theoretical line
capacity. This could, therefore, be considered to be the ultimate engineering target for
optimisation of capacity. However, simply improving the theoretical line capacity does not
guarantee that the capacity has been optimised. The usage of available capacity must also be
considered. To this end, capacity efficiency could be defined in operational terms as:

Achieved Line Capacity
Theoretical Line Capacity

Capacity Efficiency =

21



Improvements could then be made to this ratio by developing the availability of the railway’s
systems and fine-tuning its management and control processes in order to reduce the required
recovery margin, reduce service perturbations and allow better response to any perturbations
that do occur. Operational measures within the service pattern, such as flighting of trains with
similar stopping patterns and performance, would also improve this measure.

Unfortunately, these approaches consider only the output of the system (the capacity that can be
delivered) but not the input (the transport demand and / or railway capacity demand of Figure
2-1 and Figure 2-2). As a result of this, they fail to measure the success of the system in

meeting the demand that it exists to fulfil.

254.] CUSTOMER FOCUSED CAPACITY

Optimisation from the customer perspective may well be different from optimisation from an
engineering one. User requirements for the service (the required frequency of trains, from
where, to where, and how long the journey should take) must be taken into account when
considering the capacity achievable by a railway system. The users’ requirements can then
drive both the development of the system to achieve higher capacities where needed and also
the optimisation of the way the railway is operated once the system has been designed. Whilst
the capacity definitions considered so far have allowed for this (through the inclusion of user
requirements in the development of the service pattern), they have not provided a means of
measuring the success with which user requirements have been met.

In order to provide a better measure of how well the system meets the users’ requirements, a
further definition of capacity can be given as the ‘optimum line capacity’:

Optimum Line Capacity: Indicates the sustainable throughput when passenger / goods
travel times and comforts are optimised (McCormick et. al., 1996 pp A1/7-10).

‘Optimised’ here does not necessarily mean minimised / maximised, since the cost implications
of that could be far from optimal. Instead, it implies a cost / benefit consideration of the service
provided to the passenger. Suitable units for this would be social benefit value per passenger
kilometre, where social benefit represents the value of the passengers time / comfort (including
both journey and waiting times). This value could be optimised in accordance with achieving:

Social Benefit Value + Revenues
Cost of providing Service

Benefit to Cost Ratio = = Acceptable Ratio

The social benefit offered by the system would be difficult to measure and, indeed, the author
has not come across any published attempt to do so in a way relating specifically to customer
demand. One approach that has been used on LUL is an estimation of the value of an average
passenger’s time, together with effects of proposed improvements on journey time and quality
(LUL 1994, pp6, 9). This can even be taken so far as to consider the effects of delays in
different parts of the system, such as at platforms, on trains or whilst travelling to the platform
(Millard 1999, pp142-3). Such analysis provides the opportunity to tune the service to customer

requirements, rather than purely technical ones.

The use of benefit to cost ratios is considered further in section 2.7.
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2.6 RAILWAY CONTROL SYSTEM CAPACITY

If the capacity hierarchy shown in Figure 2-12 is considered, it can be seen that there are five
components through which a railway’s control system influences achievable capacity: The
signalling; Control of platform dwell; Service control; Regulation and System availability.

Of these, the signalling, service control and regulation components are controlled through the
train control system, and the platform dwell component can be controlled by a combination of
train control and station control systems (including manual systems). System availability 1s not
so much controlled, as a limiting factor, applying to all aspects of the railway system, including
the control system.

2.6.1 HEADWAY

As shown in Figure 2-12, for a given train control system, the signalling and platform dwell
components combine to define the theoretical point capacity, or headway. The relationship
between headway, line speed and the train control system’s signalling strategy has already been
considered in section 2.5. Therefore, that discussion will not be repeated here. However,
signalling strategies are not the only component of a train control system that influence
achievable capacity.

Table 2-4 shows typically achievable point capacity headways for different types of train
control systems on a metro railway (the details of which are described in chapters 4 and
Appendix C).

Train Control System Type Typical Achievable Headway (tph)
Conventional trainstop system, manual driving 28
Conventional trainstop system, manual driving and speed control 3
Coded ATP system with manual driving 31
Coded ATP system, ATO driving 34
Moving block transmission based system, ATO driving 36/37

Table 2-4: Achievable Headways (White 1998, p3).

It can be noted from Table 2-4 that the introduction of speed control or full ATP increases the
line capacity by around 3 trains per hour, largely due to the reduction in overlap lengths that is
possible once control of the train’s approach speed can be enforced. The introduction of ATO
to the system also provides an improvement in achievable headways of around 3 trains per
hour. This is largely due to the higher consistency in driving performance that automatic
operation allows, which in turn reduces the number and size of minor perturbations that occur
to the service and enables the use of smaller recovery margins.

Similar headway improvements have also been found to occur on main line railways as
advanced control and automation systems have been introduced. One such example is the
Milano-Napoli and Torino-Venezia lines in Italy, where a reduction was achieved in the
required recovery margin from 25% to only 5% of the running time, through the introduction of
centralised control systems, ATO and modified track layouts (Fairbrother et al. 1993, pp116-7).
Studies on behalf of NS Reizigers have also suggested that a 10-25% increase in line capacity
should be possible in the Netherlands if a modern ATP/ATC system were to be used on their
existing infrastructure (Holtzer 1999, p587).

This shows both that the capacity of a railway depends significantly on the type of train control
systems in place, and that there is significant scope for capacity improvement on UK railways.
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2.6.2 OPERATIONS CONTROL

The provision of a recovery margin within the service interval provides an ability to maintain
capacity despite minor service perturbations. However, this ability must be managed in order to
ensure that the promised ‘recovery’ does occur without serious disruption to the scheduled
service. The systems and processes to provide this management of minor perturbations and

control to the timetable are known as ‘regulation’.

Where more serious service abnormalities occur, it is also necessary to manage the service in
real time to ensure that train destinations are appropriately balanced, that bunching / conflicts
are minimised, and that staff and stock resources are available when and where required. This

function is referred to as Service Control.

The combined functions of regulation and service control are referred to as ‘operations control’.

The structure of an ideal operational control system 1s outlined in Figure 2-13. On main line
railways in Britain, the functions required within this are currently divided into a number of
staff roles:
e Signallers deal with normal running and the duties of signalling supervisors where they
are not provided;
e Signalling supervisors deal with local perturbation management, such as re-routing
trains from fast to slow lines and changing the planned train order at junctions;
e Station Supervisors / Managers deal with station control activities, such as re-
platforming trains;
e Infrastructure maintenance controllers deal with infrastructure (signalling, track, etc.)
maintenance and faulting activities;
e Stock controllers deal with rollingstock faults, re-allocation of stock and ensuring
availability of stock for maintenance;
e Train crew resource supervisors deal with incidents requiring changes to crew
allocation;
o Train running controllers deal with more serious perturbations by re-timing,
cancelling, diverting or terminating short of destination any affected train on a given line
or geographic area.
These staff roles may be divided geographically (perhaps line by line) and split between
different organisations, Returning to the example of British main lines, the signallers and train
running controllers would be a part of Network Rail, the stock controllers, train crew
supervisors and station managers would be a part of the train operating companies and
infrastructure maintenance controllers a part of Network Rail or an infrastructure maintenance
company.
A survey of European railways in 1993 revealed that there are very few automatic solutions to
dealing with serious perturbations, such as signalling failure (IRSE 1993 p15). However, “the
effectiveness of control depends primarily upon the quality and timeliness of the decisions
made” (Day 1990, p5). With modern computer techniques there is an opportunity to consider
the provision of enhanced decision support tools (such as simulators running faster than real
time) or even the automation of some, if not all, of the service control functions (Schmid 2002,

pl1). Whilst this is beginning to occur in European railways, it is as yet a vision for the future
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in the UK. To date, the closest UK railways have come to this ideal is arguably the use of train
graphs to assist signallers at the Cheriton Eurotunnel and Ashford CTRL control centres, or
perhaps the ‘Control Centre of the Future’ installed in several signal boxes on Network Rail
infrastructure that provides controllers with up to date train running information for the whole
network. Other initiatives, such as the LUL Central Line ATR and the now cancelled network
management centre for WCML, have been launched with the aim of providing improved
network control (including predictive simulation for ‘what if’ scenarios), but these have yet to
come to fruition. Clearly this is an area where there is room for improvement in future ratlway
control systems.
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Figure 2-13: The Ideal Operations Control System (based on Hurley 1999, p132).

According to the Strategic Rail Authority, four of the top five causes of poor performance on
Britain’s main line railways are related to operations control. These are: operational
management (the real-time operational decisions needed to recover from incidents); realism of
the timetable (whether the timetable reflects actual operating constraints — such as dwell times);
planning for recovery (the availability of recovery time in the timetable, spare rolling stock &
crew) and congestion (recovery following an incident becomes more difficult as the proportion
of theoretical capacity that is actually scheduled for use in a given area is increased). The fifth
significant element is defined as asset condition (the reliability of rolling stock and network
infrastructure), which will be discussed in section 2.6.4 (Steer 2003, p2).

In all, about 35% of delays experienced on Network Rail infrastructure could be classified as
being due in part to technical timing rules, which could be addressed through better
management of the allowances used in timetable planning (Cooper 2003, p4).

2.6.3 PLATFORM MANAGEMENT

Reducing the time that a train is stationary in a platform (the dwell time) is a major concern for
both main line and metro railways that operate with a high traffic density. Dwell times result
from a number of delays associated with train and platform design, service regularity, operating
practice and passenger behaviour, the effects of which can be limited by implementing systems
and techniques for platform management:

* Door opening: Enabling door opening, passenger operation of opening devices and actual
door movement generally takes two to three seconds (Howarth 1999, p157). It is possible
to gain reductions in this delay by releasing the doors at slow speed (as use to be possible
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with hand operated doors on LUL and is still the practice on Paris Metro). Research on
LUL’s Victoria Line has also shown that poor stopping accuracy with ATO has significant
effects on door opening delays, due to the need for driver intervention if sufficient
accuracy has not been achieved (Horsey 2000, p52);

Alighting/boarding: Passenger alighting and boarding times are largely determined by the
number and distribution of passengers within the train and along the platform; the size of
any gap between the platform and train; the number and size of doors and vestibules on the
train; the size and egress capability of the platforms (Adeney 2001, p2; Barter 2001, p9;
Howarth 1999, pp157-8; McKenna 1998, pA1/4). Public address announcements, audible
wamings as doors are about to close and playing military style music have all proved
effective for reducing these delays (Harris et al. 1992, pp53-4; Horsey 2000, p22;
McKenna 1998, pAl/4). Elsewhere, providing platforms on both sides of a train to
segregate boarding and alighting, measures to distribute passengers evenly along the length
of the train, platform queuing, additional platform staff attendance and a heavier door
closing force have also helped (Glover 2000, p78; Horsey 2000, p23). The number of
people congregating on the platform also increases with the time between trains, causing
extension of alighting and boarding times (Horsey 2000, p72). The capacity and reliability
of the train control system are therefore also of significance.

Door closing: Studies have shown that operating trains with guards reduces door closing
delays, whilst use of ‘Close Doors’ and ‘Right Away’ signs activated by station staff
increases them (Howarth 1999, p158). Reductions can also be gained by the introduction
of countdown clocks to advise drivers of time to departure and the development of an
‘every second counts’ culture amongst staff (Horsey 2000, p23). Of course, door-closing
delays may not be solely due to drivers and station staff. Failure to clear the starter signal
(whether through staff oversight or system delays) and passenger action (holding the doors
open for a friend) can also contribute significantly to delays. The former can be improved
by addressing staff training and culture, or by amending system algorithms. Some remedies
for the latter have already been considered under alighting / boarding.

Traction application: DB in Germany have reduced the delay between door closure and
start away by allowing pre-selection of the traction system, so that trains automatically
start away when the doors are closed (Howarth 1999, p159).

Turnaround: Where a train must depart from a station towards the direction from which it
arrived (such as at a terminal station), the leading cab must be ‘shut down’ and the trailing
cab activated prior to departure. If a single driver has to perform these tasks, he/she must
also walk between the cabs. This typically results in a dwell of between 6 and 10 minutes.
If a second driver is available to prepare the trailing cab and then take the train out of the
station, the turnaround dwell can be reduced to between 2 and 3 minutes (Barter 2001, p9).

A quick glance through the above breakdown of constituents to dwell times reveals the

influence of passenger management systems, train systems, signalling and control systems,
drivers, signallers and station staff. All without even considering the influence of run in/out

times on the wider issue of platform occupancy.

Interestingly, most of the systems and techniques for dwell time reduction outlined in this
section can be implemented without the need for major infrastructure changes. Platform
management therefore offers potential for optimising the utilisation of capacity in both new and

existing railway control systems.
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2.6.4 AVAILABILITY

Whilst improving the service control functionality would enable the railway to cope better with
service abnormalities, it would be far better to avoid the occurrence of those abnormalities and

their consequent disruption to services all together.

In May 2000, Railtrack’s Performance Director wrote that a major source of overall delay to the
Railtrack network was from “problems with reliability of infrastructure”™ (Curley 2000, p49).
Indeed, in 1999 responsibility for around 40% of all railway delays in the UK were allocated to
the maintenance contractors responsible for maintenance, repair, minor renewals and ‘rapid
response’ faulting for the fixed infrastructure contracted to them (Winder 1999 p 2). It is
therefore clear that the availability of the railway infrastructure represents a major factor in the
overall capacity that a railway can achieve.

The availability of the railway control system could be improved in a number of ways,

including:

e Improved maintenance - it has been estimated that the combination of poor
specification and inadequate execution of maintenance accounts for 64% of all
infrastructure related delay minutes (Curley 2000, p49)

o Improved equipment access — most railway infrastructure is currently located near to
the track, making maintenance access difficult. Future design of control systems must
keep as much of the equipment as possible out of the track environment would greatly
assist maintainers in gaining adequate maintenance time (Winder 1999 p3)

¢ Improved equipment reliability — this could include the design of components to
reduce fault rates or the use of fault tolerant design such as active redundancy (with
multiple sub-systems operating concurrently), standby redundancy (with an operating
sub-system and one or more back up systems available to be switched m if a failure
occurs) or graceful degradation (where the system is designed to continue operation at a
lower level of functionality in the case of a sub-system failure) (IRSE 1993, p5, 6, 9)

e Improvements to equipment repair times — use of condition monitoring equipment and
diagnostic tools to assist maintenance staff, together with modular designs for ease of
repair / replacement (Winder 1999, p4)

* Rule changes — railway operating rules tend to impose a heavy penalty of delay that is
often disproportionate to the original failure. For example, delays due to a failed track
circuit could be significantly reduced if, rather than requiring all trains to be stopped and
cautioned, the rules permitted the use of suitable signage to inform approaching drivers
that a signal is ‘out of use’ and advise an appropriate speed restriction (Nichols et al.
1996, p37; Winder 1999 p4).

It is worth noting that the advantages of improved availability go beyond capacity benefits. For
example, existing railway control systems tend to be designed to be ‘fail-safe’ by stopping all
train movement, leaving the human operators to continue running traffic in accordance with
rules and human centred control processes. This transfers safety responsibility from the
technical systems to the human operators and, in so doing, introduces additional risk to the
operation of the railway. In fact, it can generally be said that in the railway domain “the lower
the system availability is, the lower the system safety is” (Boycott et al. 1999, pl). The
provision of alternative systems designed with inherent fault tolerance and ability to operate in
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degraded modes would therefore not only increase the availability of the system and its
capacity during times of technical system failure, but would also provide a means for the
system to maintain safety besides reliance on the human element (Francis 1994, p1).

2.7 FINANCIAL APPRAISAL

In section 2.4 the financial assessment of potential safety measures against a ‘cost of a life’
valuation was considered in order to determine whether a risk was ALARP or required
implementation of an appropriate mitigation measure. This technique has now become one of
the main financial appraisal methods for determining where investment should be targeted.
Unfortunately, this technique alone has serious weaknesses, in that safety is not the only benefit

to be offered in return for investment.

In his paper ‘signals for the future’, Mellitt concluded “with the new industry ‘structure, whole
life costs will begin to dominate the approach to system specification and procurement” (Mellitt
1996, p8). This view was expanded in a 1998 paper to the IRSE, pointing out that whole life
costs include maintenance and adaptability to changing business requirements. As a result,
redundancy, the provision of degraded modes, training requirements and design support must
all be considered when assessing potential systems (White, et.al. 1998, p8).

The problem is to develop a financial framework which allows safety, commercial and other
objectives to be addressed simultaneously (Brearley 1993, p98). There are numerous methods
in use, or proposed, for implementation of the ideal financial appraisal. Most of these could be
classified under the general title of ‘cost benefit analysis® (CBA).

CBA attempts to provide a means of analysing projects that might not immediately appear to be
financially viable. It does this by calculating a ratio of benefits to costs:

Revenue + Other Benefits
Capital + Operating Costs

Benefit to Cost Ratio =

The ‘operating costs’ element of this equation refers to whole-life costs, whilst the scope of
‘other benefits’ may vary according to the interests of the appraiser (Harris 1997, p27). Hence,
a regulatory authority may consider socio-economic benefits, whereas a railway operator will
be more interested in the direct benefits that they stand to receive (such as reductions in
accidents). In both cases, projects offering reduced life-costs and additional benefits are likely
to appear more attractive when assessed by CBA than they would by the cost of life approach.
Similarly, a project is more likely to gain approval through a CBA type assessment if
consideration has been given to the whole life-costs of the systems that it will implement,
together with how any potential additional benefits can be best optimised and utilised.

As an illustration of this, it has been noted that the value of £2 million per life used to assess
the tolerability of risks on a railway in the UK does not properly assess all of the costs
associated with rail accidents. These would in practice include damage to the train, direct
revenue lost due to passengers being diverted or not travelling, the cost of emergency
infrastructure repairs and indirect revenue loss due to loss of confidence in the railway. Such
costs can amount to £25 million for a major accident (Harris 1997, p27). Considering that there
were 31 major ATP preventable accidents between 1967 and 1999 resulting in 122 fatalities
(Table 2-3) this equates to an accident cost of up to £775 million, or £6.3 million per life.
Predictions for 2000 to 2024 suggest an even higher value, where 18 ATP preventable accidents
resulting in 3.5 fatalities per accident (a total of 63 - Evans'"’ 2000, p53) could be expected to
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cost the rail industry £450 million (equivalent to £7.1 million per life). If it is considered that
these figures do not account for positive ‘additional benefits’, such as increased capacity and
the potential for reduced trackside infrastructure, there is clearly scope for justifying even
higher expenditure than this.

It is therefore clear that the combined train control systems should be designed to optimise the
ratio of capital and whole life cost against revenue and other benefits, including safety, capacity
and reliability improvements.

2.8 SUMMARY

In this chapter the author has considered the environment within which train control systems
operate, their purpose and their main requirements and constraints. In the process it has become
clear that the train control system is central to achieving the safety and operational
requirements of the wider railway system.

Several key areas of interest in optimising the train control system’s performance have also

been identified. In particular:

o The system must address both of the main requirements of maintaining safety and
providing operational capacity;

o Predictions of the risks associated with railway operation show that a significant
improvement could be made by the introduction of ATP, particularly in mitigating the
increasing risks of conflicting movement SPADs;

» There would appear to be scope for capacity improvements through the introduction of
centralised control and automatic control systems such as comprehensive ATP and ATO;

o If the required capacity is to be achieved consistently, the train control system must be
designed with inherently high availability for operation of the railway. This can be
improved in a number of ways, including component design, overall system
architectures, and design for maintainability;

e Railway capacity is the product of a complex combination of systems and processes. If
the capacity is to be optimised the railway must be treated as a system, with all of the
factors contributing to achieved capacity accounted for in the design of its control
systems.

Public opinion demands that railways implement control systems that may not be justifiable
under a ‘cost of a life” approach. However, when the wider cost benefit analysis is considered,
there is considerable scope for providing improvements in safety and levels of service that
would meet the aspirations of both the railway operators and their customers.
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3 DEVELOPMENT OF ‘SIGNALLING’ BASED TRAIN CONTROL

3.1 INTRODUCTION

Whilst the purposes of train control systems have not changed over the years, the ways in which
these purposes have been achieved have undergone numerous changes, mainly in response to
accidents and advancing technology. In this way, the discipline of railway signalling has
evolved over the last hundred years or so. “Arguably, it has never been founded on pure theory
or philosophy and its development has been driven by the need to extract greater capacity from
the railway infrastructure” (IRSE"’ 2000, p2).

In this chapter, the author considers how the primary requirements and hazards of railway
operation have been dealt with historically by implementing a combination of rules and
technological solutions within a signalling system. It is intended that this will help the reader to
develop an understanding of the railway control systems currently in use and that it will also
demonstrate that there are a number of ways of solving the problem of train control.

Railway signalling represents a part of the overall railway control system. It embodies the same
purpose as the wider train control system, namely to ensure that trains run safely and efficiently
(see section 2.1). However, its scope has traditionally been focused upon the technical means of
maintaining a safe separation between trains through the use of wayside equipment. As a result,
the terms ‘safety’ and ‘efficiency’ have been given a narrower meaning. Hence, according to
the IRSE the fundamental safety requirements of a signalling system are “keeping trains
adequately separated from each other, and stopping (or slowing) trains where necessary to
avoid potentially unsafe situations”, whilst they define efficient use of the railway as “mainly
about using the minimum of infrastructure to provide as many train paths as possible” (IRSE™
2001, paragraph 30).

In order to achieve the purposes of this scope, the main functions of a signalling system can be
considered as:

o Lock: to set up a safe route for the passage of each train over the track that it is to
traverse, preserving the route in front of the train whilst it is making its movement;

¢ Block: to maintain a safe separation between trains;

¢ Interlock: to prevent conflicting moves at junctions, when crossing a route that could be
taken by another train and at level crossings;

o Unlock: to release the route (for use by other trains) after the passage of the train.
(Goddard 2002, pp1-2; IRSEV 2001, paragraph 31; Taskin et al. 1995, p1).

These functions represent those activities required for route availability and integrity. In order
to utilise them, the signalling system must also have a fifth function of issuing movement
authorities, that 1s means of authorising a train to enter a route route that has been set up for it
and of indicating the maximum safe speed relative to track, geometry and distances to signals or
obstructions, to the driver.

The communication of movement authorities to train drivers has traditionally been achieved
through signal aspects at fixed locations along the track, supplemented by driver route
knowledge and speed limit indication signs. However, in recent years the technology has
become available to achieve these aims by other means (such as inductive and radio
communication to in-cab displays) and also to supplement the movement authority by
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supervision and enforcement. The distinction between signalling and train control has therefore
become blurred. Hence, the IRSE also define a sixth function of signalling as:

e To “supervise and / or enforce the train to stay within its movement authority” (IRSE"”
2001, paragraph 31).

A seventh function can also be identified in the majority of current signalling systems. That is,
the ability to detect and protect against some failures of, or damage to, structures, track or
railway formation (Goddard 2002, p2). This function has in part come about as a by-product of
the technology used in signalling systems. This is particularly true of track circuits, which
provide a convenient operational means of replacing signals to danger from the location of an
incident, This can be by use of track circuit operating clips, or in some instances automatically -
e.g. following some rail breaks or obstruction of the line by conductive material. In other
respects, such as the provision of control functions for replacement of signals to danger when
the need is known, this function is more fundamental to the purpose of the system. However,
even the by-product functionality has become widely relied upon to provide protection under
some circumstances and, therefore, it must now be considered as an element of signalling
systems, particularly when updating them in ways that removes the traditional protection

mechanisms.

When asked during interviews by the author to define the difference between signalling and
train control, professionals experienced within the fields of railway signalling and operations
did not all agree (see Appendix A). Between the views expressed during interviews and those
found within a literature review on the subject, the author identified one common definition of

signalling but five general definitions of train control, as shown in Table 3-1.

Definition of signalling

Definition of train control

Source References

Signalling is the use of fixed
trackside or in-cab signals to
give a driver (whether human
or an ATO system) an
indication of the point that it
18 safe to proceed to.
Signalling equipment includes
train detection, interlocking,
point machines, level
crossings and colour light
signals / in-cab signal
displays. Signalling also
includes the organisation and
regulation required to ensure
the safe and efficient use of
signalling equipment.
Signalling does not control
the train at all. The driver
does that based on
interpretation of the signals. [t
therefore provides a safe
environment (preventing
trains hitting each other or
being derailed) only if the
driver correctly follows the
signals.

Signalling can exist without
any control of the train itself.

Train control deals with all aspects of the
control of train movements for the safe and
cffective operation of the railway. This includes
regulation, control of the train itself, traction
and rolling stock maintenance scheduling and
diagramming, train crew management and
centralised passenger information
dissemination. Train control includes signalling
functionality and my also include automatic
functions for train protection and operation
ATP / ATO).

State of The Art 1998,
p341-2; See interviews ( D
Hayward; B Hills, J Lewis,
D McKeown, G Poitrasson-
Riviere; A Rowbotham)

Train Control is a part of the signalling system
(role not defined).

Taskin et al 1995, 9A3/p1,9

Train Control deals with strategic and tactical
management of traffic and the railways
resources. This includes the control of access to
sections of the infrastructure.

Schmid 1999, p5; See
interviews (Sir D Davies)

—

Train control is the local control of a train,
including advising the driver (whether human
or ATO) about features that support efficient
running.

See interviews (J Carpenter)

—

Train control is to do with supervision of the
actions of a driver. It would be superimposed
on the signalling system.

See interviews (P Hosey)

No definition given

British Standards Institution
1998, p1,2; Khessib 1989,
p2—quoting a US congress
report (1976); Nishinaga
1994, p2; Pope 1975, p5

Table 3-1: Definitions of Signalling and Train Control
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Having considered these differing definitions, the author has decided to adopt the majority
view, that train control includes all aspects of the safe and effective control of train movements.
A part of this, namely the control of trackside infrastructure to set up and maintain a safe route
(including providing the driver with an indication of the point to which it is safe to proceed) is
often referred to as signalling. Under this definition, the introduction of train supervision and /
or protection moves beyond the pure field of railway signalling and into the wider area of train
control. In accordance with this approach, Figure 3-1 provides a representation of the
traditional signalling based train control system and the part that signalling plays within it.

Train Control
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Figure 3-1: Signalling Based Train Control System Hierarchy

As signalling systems have developed, so have the procedures within which they operate. At
various times in their development the split of responsibilities between the engineering
functions of railways signalling and the systems operators have varied. In this chapter, the
author considers the development of railway signalling, together with the involvement of
humans in operating the various systems that have resulted. In so doing, he sets the scene for a
subsequent investigation of more recent approaches to the subject of train control in Chapter 4.

3.2 ON-SIGHT WORKING

Early railways had their origins in collieries, where horse drawn wagons operated for many
years on a system of ‘drive by sight’. Whilst speeds remained low and the numbers of trains
few, this type of system worked very well (Hall 1996).

A ‘drive by sight’ control process relies upon a combination of the human driver’s geographical
knowledge and visual observation. This is in effect a closed-loop control system, as shown in
Figure 3-2. Whilst operating under this type of system, observation of the desired movement
target and the feedback loop determining the error that exists between that target and the trains
actual movement are provided by the driver, not the system.
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Figure 3-2: Basic Human-Machine Train Control System (see Appendix B)

As the density and complexity of traffic increased, policemen were employed in station areas
to change the points at junctions and give instructions to drivers (Rowbotham 1999, p2). In
1838, the GWR issued instructions for hand signals to be given by the policemen. ‘All right’
was given when he knew the line to be clear ahead of the train, by holding his right arm out
horizontally across the line of the rails that the train was running on. One arm held straight up
above the policeman’s head indicated ‘caution’, showing that the train should slow down and,
stop was indicated by the policeman facing the oncoming train and holding both hands above
his head (Hall"” 2000, p17). This code was not universally applied. For example, on the LNE an
arm held horizontally indicated danger, held at 45 degrees indicated caution and held upright
indicated clear (Weightman 2000, pB2-1). However, consistency within an individual railway’s
operation was sufficient to ensure the clear understanding of signals at that time. At night,
lights were used to give the signals. On GWR “All right’ was shown by a white light, ‘caution’
by a green light and ‘stop’ by a red light. Flags of the same colours were also used sometimes

during the day (Hall'V 2000, p17).

In order to improve the policeman’s visibility to approaching drivers and enable him to signal
from more than one location at a time, fixed signals soon began to appear. Initially these took
the form of boards mounted on fixed posts alongside the track that could be pivoted to face end
or side on and then left displaying that ‘aspect’ by the signalman whilst he operated other
nearby signals. When the board could be seen face on, the driver was required to stop at it.
When side on, he/she could proceed past. Signals of this form are still in use today on some
minor lines in France, Germany and Switzerland. However, this basic design was rapidly
developed into forms of signal that could display a positive indication of both stop and proceed,
leading to the introduction of semaphore signals in 1841, based on a communication system
used by the French Navy. Such signals are still in common use in the UK today, both on minor
Network Rail lines and on the numerous preservation railways. In their modern form,
semaphore signals display a red coloured arm, angled horizontally to indicate stop and at 45° to
indicate proceed. As with the original policeman’s arm signals, semaphore arms are
supplemented at night by coloured lenses on the post end of the arm. These align with a lamp
(initially oil, but electric in modern installations) in order to provide a coloured light indication
at night (Hall® 2000, pB6/1; Rowbotham 1999, p2).

The policeman was not in a position to know whether the whole route ahead was clear, and
could therefore only provide an indication that it was safe for the train to pass the discrete point
at which he was located. From there the driver was still required to drive ‘on-sight’.

When a train stopped in the station, the policeman had to stop any other approaching train. In
poor visibility, they were instructed to go back 300 yards along the line in order to do this and
(from 1841) to reinforce their signals by use of detonators (Hall"’ 2000, p17).
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The ‘on-sight’ approach to train control is still in use on UK railways today on many goods
lines, during shunting movements and in times of signalling failure. In these circumstances, the
role of the policeman is adopted either by a shunt signal or the signaller / a shunter.

3.3 TIME INTERVAL WORKING

It was soon realised that it was difficult for a train to stop within its own sighting distance
(Alston et al. 1971, p24). In order to reduce the risks associated with on-sight working, the
railway policemen were therefore issued with egg timers and trains were only given authority to
proceed past a policeman’s assigned location once a fixed time interval had elapsed
(Rowbotham 1999, p 2).

Unfortunately, there was a serious flaw in the approach of time interval working, as the
policeman still had no way of knowing whether the line ahead was really clear or the previous
train had in fact broken down, as was frequently the case (Alston et al. 171, p24; Technology
Primer (" 1997, p163). This gave rise to a particularly dangerous situation where poor visibility,
or a tunnel in the route, prevented the driver from seeing an obstruction. There were also
economic problems with time-interval working, in that time slots had to be made longer than
strictly necessary in order to accommodate the variable performance of trains and their staff,
meaning that capacity could not be optimised (Schmid 1999, p2). However, further progress
had to await the invention of electrical communication.

Time interval working is not common now, but is still in use on some lines in the USA, where
following trains in the same direction are authorised through a train order system (see section
3.6) to follow each other into an unsignalled single line based upon a time interval separation
(usually 5 or 10 minutes). When this system of working is used, any train failing to keep to the
normal speed of the section is required to drop a flare that has a five minute burn time. A
following train is not then allowed to pass the flare whilst it is still alight. Similarly, if a train
stops, the conductor is required to walk back a safe braking distance, place detonators and show
a red flag or light to following trains (Connor 1999; Pachl 2000, p3/3-4).

3.4 SIGNAL BOX CONTROL

With the introduction of fixed signals, it soon became apparent that some form of co-ordination
was required in place of individual railway policemen. This took the form of mechanical
control of several signals and sets of points from a centrally located signal box (Rowbotham
1999, p3). In the UK, this was achieved using cables for the signals and rodding for the points,
whilst cables were used for points as well in much of Europe.

The development of signal box control was mainly carried out as an economy measure, it being
possible to operate all points and signals controlled from a signal box with only one policeman,
who became known as the signalman or signaller (Hall’ 2000, p25).

3.5 INTERLOCKING

With the signal box in place, the next major need was for a means of preventing the signalman
from setting conflicting routes. By 1860 the first trials of mechanical interlockings had been
carried out. These saw all of the levers to operate points and signals from a signal box mounted
in a frame. When one of the levers was pulled, metal bars dropped into place to lock other
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levers, preventing them from being moved to allow a conflicting movement (Technology
Primer " 1997, p163).

As time and technology progressed, the interlocking was supplemented by additional electric
locking that prevented levers being moved when track circuits (see section 3.8) detected a train
within the route. This was known as electromechanical interlocking (Howker” 1996 p B3/1).

The next significant change in the controlling medium was the introduction of relay
interlocking in the 1930s. This saw the mechanical interlocking levers replaced by switches,
with one switch per signalled route. A relay circuit was then designed for each route so that,
when the signalman turned a switch to set up a route, the circuit would only be made if all track
circuits in the route were clear, no conflicting routes had already been set and all points in the
route were set and locked in the required positions (Kichenside et al. 1998, p145). Over time,
this approach was developed to include an entrance and exit switch, operated in sequence to set
up a route request (an approach refereed to as NX-operation) (Pachl 2000, p4/17). This form of
interlocking is now commonly in use throughout the world.

By the 1950s, concerns over the design costs and time scales of new interlockings led to the
development, initially in continental Europe, of geographical interlockings. These utilised
packages of hardware that included everything that was needed for a signal, a single end of
points or for double-ended points. The units were then laid out in the same geographical layout
(as far as was possible) as the actual track layout and connected together with standard cables
to complete circuits for route setting and signal aspect control. Further standard cables were
also used for connection to the control panel and to the trackside equipment. In theory, this
approach required minimal design, installation and testing effort and, whilst in practice the
complexities of layouts often required additional elements of free wiring (typically accounting
for 5 to 15% of the equipment on relay racks), the anticipated benefits were largely achieved.
However, this was at the cost of a lot of redundant hardware within the geographical units (See
Appendix A, Interview with Tony Rowbotham, question 12; Codd 1958, pp2,18; Pachl 2000,

p4/18).

In the late 1970s various railways began looking at ways of using computers to handle the
interlocking function, in order to reduce their size and maintenance requirements. The result in
the UK was the British Rail Solid State Interlocking (SSI), which has subsequently been
followed by a number of proprietary systems (Technology Primer " 1997, pp164-165). The
introduction of computer based interlocking has seen major reductions in the capital and
operating costs of large signalling schemes. “SSI’s generate multiple cost savings. First the
signal-box no longer has to accommodate a large relay room and can thus be smaller and
cheaper. Second, manufacture of the previous electro-mechanical relays was labour intensive.
Finally, relays have a finite life and require constant attention and replacement, where SSI is
highly reliable and can be serviced by a single technician using replaceable electronics and
modules” (Harris et al. 1992, p118).

As the overall cost associated with SSI type systems was less than that for relay based
geographical interlockings, their introduction led to the end of the use of geographical
interlocking within the UK. However, the attraction of geographical interlocking remained for
railways with simpler, more standard layouts. They are therefore still used, along with relay
interlockings, in other countries, such as South Africa (See Appendix A, Interview with Tony
Rowbotham, question 12). A recent come back has also been made in the form of the Siemens

35



‘SIMIS-W’ interlocking, which implements geographic principles within a solid state
interlocking (avoiding the need for redundant hardware by incorporating the geographic
functions within the interlocking’s software processes).

3.6 THE ‘TRAIN-ORDER’ SYSTEM

Ten years after the first interlocking came into use, the invention of the electric telegraph saw
two distinct philosophies develop to replace time interval working. In North America the ‘train-
order’ system saw a centrally located train dispatcher responsible for ensuring that all trains
were in different places at any given time. In order to do this, the train dispatcher wrote the
instructions to be followed in a book provided for the purpose. He then passed this order on to
an agent for onward transmission by electric telegraph to the relevant local station (possibly via
other agents). Each time the message was passed on it was also repeated back to confirm its
accuracy. At the local station the instructions were written down for delivery to whoever was
required to act on them. These individuals were then in turn required to sign for receipt of the
instruction, and an acknowledgement that the instruction had been received was returned to the
train dispatcher (Barwell 1983, p33). This kind of structured and recorded process ensured that
action based on the dispatchers instructions would involve no risk of conflicting movements —

assuming that the human operators all carried out their instructions correctly.

This type of system is still in use in Australia and the USA, where thousands of miles of remote
railway are unsignalled, with trains being allowed to pass from one area to another by the use of
train orders passed by radio between the train dispatcher and driver (Brotzman 2000; Pachl
2000, p3/3; Symons 2002, p1).

There are several modern equivalents of this system in Britain, France and elsewhere. One that
is in every day use in Britain is Radio Electronic Token Block (RETB), which is used to control
single line sections in rural areas. Each train operating under RETB is equipped with a speech
and data radio unit with a unique identity. The signalman also has an SSI based system that
allocates coded tokens to each section of track and prevents more than one token from being
issued for a section. If the line is clear, the signalman issues a coded electronic token data
message to the driver via the radio units. This requires simultaneous operation of buttons on
both the signaller and driver’s equipment. Once this has been done, the token appears on the
driver’s console display (in the form of the geographical name of the section that it is for). The
driver then calls the control centre to confirm receipt of the token, before proceeding into the
single line section. At the end of the section, the driver will see a clearance marker board. He
then calls the control centre again to advise them that he is clear of the section and also uses the
train’s data radio unit to send the coded electronic token back to the control centre. Once again,
this requires simultaneous activation of buttons on the signaller and driver’s equipment,
preventing the signalman from taking back the token without agreement, and the driver from
returning it accidentally (Connor 1999; Hall 1987, pp103-4; Hall¥ 2000, p156).

The Train Order System is also used in the UK for single line working with staff or ticket,
where the issuing of the staff or ticket to a driver acts as his/her authority, or ‘train-order’, to
proceed into the single line. This method of working is still common on UK main lines during
engineering work, when a pilotman, with signaller authority, issues a written ticket of authority
known as a single line working ticket. This allows the driver to traverse a section of single line.
It is usual practice for the pilotman to actually travel with the train, although this is not always
the case. Where several trains are due to be sent through the section in the same direction, the
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pilotman must be personally present to instruct each driver, and is therefore permitted to send a
train on and travel with a subsequent one. However, even when he travels with the train, the
pilotman must brief the driver and then issue him/her with a ticket of authority. The detailed
rules associated with this form of working can be found in Modules P (for pilotman working)
and TS and TW (for staff working) of the rule book (Railway Safety, 2004)

3.7 BLOCK WORKING

The second philosophy developed as a result of the invention of the electric telegraph was the
‘block’ system. This operated on a much more localised basis through the use of special-
purpose instruments, called block instruments, that used electric telegraph communication to
control bell and needle indicators.

At the start of each block section there would be a signal box with a stop signal (box A).
Initially, blocks were operated on the basis that the line was normally ‘open’ for traffic and the
signalman was required to ‘block’ the line once a train entered it, not clearing it again until the
train had passed the next signal box (box B). This meant that the signal at the entrance to each
section normally showed a proceed aspect. However, an accident occurred at Abbots Ripton in
1876 because a signal froze in its normally clear position and could not be replaced to danger
when a train had passed. Following that incident, the philosophy of block working was changed
so that the line was considered normally closed, with the entrance signal held normally at
danger (Weightman 2000, pB2-2). The signalman in box A was then only authorised to clear
the entrance signal if the signalman in box B had accepted a train by use of the block telegraph

instruments.

As a train approached box A, the signalman used the block instrument to send a bell code signal
to the signalman at box B to ask whether the section of line between the two boxes was clear. If
the previous train had left the block section, the signalman at box B would return a bell code for
line clear, and turn the switch on the block instrument to ‘line clear’. This automatically set the

needle on the block instrument in box A to ‘line clear’, allowing the signalman there to clear

his/her stop signal.

As the train proceeded past the cleared signal, the box A signalman would send another bell
code for ‘train entering section’. The signalman in box B would then set his/her block
instrument to ‘train in section’, which automatically set the needle on the block instrument in
box A to the same setting. The signalman in Box A then had to set his/her stop signal back to
danger to protect the block section.

This procedure had to be repeated for each block section on the line. It embodied a great deal of
redundancy, and was therefore inherently safer than the train-order system (Barwell 1983, p34).
However, it placed the signalman under a lot of stress, particularly on a busy section of multiple
track line. The signalman was required to visually inspect each train leaving the section in order
to ensure that it was complete, by observing the red tail lamp on the last vehicle. (Corrie 1996,
pC5/2). The signalman also had to remember which of the sections was occupied and, under the
distraction of other movements occurring, could all too easily believe that a train had left a
section when it had not, and ring back ‘line clear’ in error (Goddard 1997, pA3-1).

The adoption of block working was initially unpopular with some railway authorities, who saw
it as impeding the flow of traffic on the line (Weightman 2000, pB2-2). It was also expensiVve,
leading other companies to delay its implementation either due to lack of funding or concern for
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shareholder interests. The use of time interval working was therefore perpetuated until a
number of serious accidents resulted in the use of absolute block working being made
compulsory for all passenger lines in the UK by the 1889 Regulation of Railways Act (Hall"”
2000, p55).

Some variants of the block working system were implemented in various parts of the world to
introduce further automation, and reduce dependency on the signalman. One such system was
installed on the Glasgow Cable Subway. It employed treadles at station exits that controlled an
electric bolt interlock attached to the starting signal lever mechanism. The electric bolt was
only released once a second treadle at the exit of the block section had been operated, thus
automatically preventing the starting signal from being cleared with a train in the block section
ahead. (Barwell 1983, p34)

In general, however, the problem of knowing when a train was in section was solved by the
introduction of track circuits.

3.8 TRACK CIRCUITS AND TRACK CIRCUIT BLOCK

The use of track rails to act as electrical conductors for signal purposes was first suggested in
mid-19™ century British patents, but it was not until 1872 that the ‘steady-energy track circuit’
was first used, in America (Duckitt 1967, pl). The track circuit consisted of a voltage source
connected across the running rails at the beginning of a section of track and a relay connected
between the rails at the other end of the section. The relay would therefore be energised when
no train was present. As a train occupied the track section, the train’s axles short circuited the
track circuit causing the relay to de-energise, indicating the presence of a train. This system had
inherent safety properties, in that a failure of the power supply, accidental disconnection of a
connecting lead from the rail and the most likely failure conditions in the relay would all cause
the circuit to ‘fail safe’ by indicating the presence of a train even if there was not one there
(Corrie 1996, ppC5/2-3).

The invention of the track circuit enabled the block system to be enhanced. A track circuit at
the entrance to each block section provided a physical indication of the presence of a train
entering the section and automatically registered ‘train in section’ on the block instruments. In
addition to this, an output from a track circuit could be used to energise an electric lever lock on
the mechanical interlocking when the presence of a train was detected, thus preventing the
signal being changed to line clear (Technology Primer ¢’ 1997, p163). Track circuits also
provided a means of indicating the presence of a train stopped in front of a signal to the
signalman, to act as a reminder to him/her that the train was there (Rowbotham 1999, p5).

In time more and more track circuits were installed, which led to the development in the 1920s
of ‘track circuit block’ signalling. This system saw the section between signal boxes divided
into several track circuits. Automatic signals were then introduced, worked solely by the
operation of the track circuits, no action by the signaller being necessary (Rowbotham 1999,
pS). This type of system is still in use today in USA, where it is known as ‘Automatic Block’
Signalling (IRSE @ 2001, p18) and in the UK for automatic signalling sections.

By this stage in the development of signalling systems, the control system of Figure 3-2 had
been developed into the more advanced control system represented in Figure 3-3. The
signalling system had now begun to close the control loop automatically, as had the trainborne
system’s provision of speed information on a speedometer. However, observation of signal

38



aspect and the feedback loop determining the error that exists between that target and the train’s
actual movement were still provided by the driver, not the system.
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Figure 3-3: Advanced Human-Machine Train Control System (see Appendix B)

As railways continued to progress, the need for increased safety saw the introduction of
enhancements to both the signalling system and the information flow between the signalling
and the driver. Most of these changes made no material difference to the control system shown
in Figure 3-3. They are discussed here, however, in order to explain the control systems that are

currently in use.

3.9 COLOUR LIGHT SIGNALLING

The next major development in signalling was the introduction of colour light signals. The first
UK installation was in 1924, on the line out of Marylebone station. The new electric lamps
were much brighter than the old oil lamps that had been used to provide visibility of semaphore
signals at night. They also had the advantage of providing the same indication to drivers by day
and by night (Rowbotham 1999, P6).

By the use of electric colour light signals, the location of signals was no longer constrained by
the strength of the signalman. Instead, the separation of signals began to be determined by a
combination of line speed and braking performance (Technology Primer (") 1997, p165).

3.10 ROUTE AND SPEED SIGNALLING

At this point, it is worth noting a divergence that occurred between UK influenced signalling
and the signalling practices used in other parts of the world.

Railways in the UK developed a system of route signalling, where the signal aspect indicated
the route that had been set and the driver then had to use his’her own route knowledge to
determine the authorised speed. However, in those countries where British influence was not so
strong, including most of Europe and North America, a system of speed signalling became the
norm. Under this type of system the signal aspect authorised the driver to proceed at a given
speed (Knowles et al 1999, p16).

Speed signalling was originally developed from semaphore arms, and at that time its main
advantage was one of economics — with savings in arms, lights and masts being offered,
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together with significant reductions in wear and tear and increases in track capacity (Crook
1993, pp145-6). However, with the- introduction of colour light signalling, most of the benefits
attributed to speed signalling were also realised in the route signalling approach. In contrast,
attempts to convert speed signalling semaphore signals to colour light signals led to the
requirement for a plethora of aspects, in effect making speed signalling less economic than
route signalling. The variety of aspects, each of which represented a target speed to the driver,
also became far more complex than the UK route signalling system, creating more scope for
driver error. As a result of this, a technical paper to the IRSE in 1982 was able to state in
considering the drawbacks of colour light speed signalling systems, “thank goodness we in the
UK avoided (eventually) that pitfall” (Wyatt 1982, p70 and 71).

Despite this strongly expressed view, subsequent discussions reported within the same paper
presented a more positive view of speed signalling. In particular, it was noted that the advent of
Cab Signalling and Automatic Train Control (see section 4.3) had introduced a requirement for
signalling information related specifically to speed, whilst also providing a means of relaying
speed information to the driver without any real limit on the number of ‘aspects’ that can be
handled (Wyatt 1982, p86). This development offers the opportunity to benefit from the
advantages of speed signalling, without the main historical drawbacks.

It has been recognised that the UK route signalling practice inherently requires drivers to
possess route knowledge and interpret the meaning of signals, and thus creates a system
dependence on driver infallibility. The IRSE’s Signalling Philosophy Review in 2001 noted
“humans remain less predictable than control systems and will always have the occasional ‘bad
day’.” The review therefore concluded that there was a basic choice for UK signalling — to
individually mitigate the driver issues that stand to undermine UK route signalling practice, or
to introduce ATP (IRSE" 2001 section 62). This view was also echoed by the IRSE
International Technical Committee in a supporting document, where they concluded that “a
positive outcome of the introduction of ATP systems in the UK will be to take the
interpretation of information and the supervision of safety related actions into the system,
reducing the dependence on route knowledge and reducing the opportunities for human errors
to affect safety” (IRSE® 2001 p2).

At the same time, practitioners of route signalling practice argue that the flexibility for drivers
to use their judgement in interpreting signal aspects in the light of their route knowledge means
that the route signalling practice can provide better use of capacity and better regulation of
traffic than speed signalling (Taskin et al. 1995, pA3/3). It would therefore appear likely that
the practice of route signalling will be maintained in the UK in the short term. However, it is
also likely, and certainly desirable, that UK signalling will in time adopt ATP and subsequently
in-cab speed signalling (and hence a speed signalling approach) to replace existing route
signalling systems. This has already begun to happen on LUL’s Central Line, where the
particular suitability of Speed Signalling to automation has seen the use of in-cab speed
signalling within ATP protected manually driven modes, based on the information already
required by the system for operation in the fully automatic mode.

3.11 FIXED BLOCK COLOUR LIGHT SIGNALLING

Historically, most signalling schemes have been designed to fixed block principles, in which
the track is divided into a series of fixed sections (called blocks), as discussed in sections 3.7
and 3.8. The operation of such schemes is based on two main principles:
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1. atrain can not be authorised to enter a block if there is already a train occupying it and;

2. the distance separating two trains must always be greater than the braking distance

required for the rear train to stop.

(Taskin et al. 1995, ppA3/2-3)

With the advent of the colour light (discussed in section 3.9), the fixed block approach was
developed into a range of systems that are now widely used throughout the world, known
collectively as fixed block colour light signalling. Under these systems, the fixed block
principles are maintained by controlling the aspect sequence behind a train. This can be done
by use of either route or speed signalling, the difference in application being the meaning of the
aspects to the driver. However, for the purposes of clarity the subsequent discussions within
this section will be based on the UK route signalling approach.

3.11.1 TERMINOLOGY OF FIXED BLOCK SIGNALLING

Before continuing with the discussion of fixed block signalling, a few definitions of

terminology may assist the reader:
e Route: “a predetermined path for a traffic movement” (BSI 1998, p8);

e Before; In Rear: “anything on the approach side of a given point when facing the
direction of travel” (Jackson 1997, p236);

e After; Beyond; In Advance: anything beyond a given point when facing the direction of
travel (Jackson 1997, p236);

e Junction protection signals: Any signals displaying cautionary aspects on approach to a
junction are termed junction protection signals. The last such signal on approach to a
junction is referred to as ‘the’ junction protection signal (or sometimes simply as the
junction signal);

¢ Home signals: Any signals displaying cautionary aspects on approach to an occupied
platform are termed home signals. Where there is more than one such signal on approach
to a platform, the first encountered is often referred to as ‘the’ home signal or the ‘outer
home’. The innermost home signal (that closest to the platform) is generally referred to
as the ‘inner’ home and any intermediate signals as ‘intermediate’ home(s). In a main
line 3 or 4-aspect system, only the inner home would display a red aspect with a train
occupying the platform. However in LUL 2-aspect signalling, all of the home signals
would display red aspects with a train in the platform, clearing to proceed aspects in
sequence (starting with the outer home signal) as the train pulls away.

3.11.2 2 ASPECT SIGNALLING

The most basic form of colour light fixed block signalling is the 2-aspect system. The use of
this approach originated on LUL, where speeds were relatively slow, braking rates high and
sighting conditions close to ideal in most places. Under this system a stop signal at the entrance
to each block section displays a red aspect if there is a train in the block ahead. Drivers are then
required to stop their train before this signal. With no train in the block the signal displays a
green aspect, authorising the driver of an approaching train to proceed beyond it.

Due to the fact that driver error and system failures can cause a train to proceed beyond a stop
aspect without authority, an additional safety feature is usually included within the block
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signalling approach. This is idea of an overlap, or distance beyond the exit to a block section
that must also be unoccupied by trains before the signal at the block’s entrance is allowed to
give a proceed aspect. By LUL’s standards for signalling, the overlap is required to be a
calculated, worst case, stopping distance under emergency braking (an approach which supports
the use of a trainstop based ATP system — see Appendix C). On UK main line railways, it is
usually assigned a nominal length of 180m (Marks 2000, pS).

Even where stopping within the overlap is enforced, it is desirable for both passenger comfort
and service reliability that the train should be stopped before the signal. This means that the
driver needs to be able to see the signal sufficiently before reaching it to be able to react to the
observation of a red aspect and stop under service braking rates before passing it. The point at
which the signal must be clearly visible to ensure that the driver has time to observe it is known
as the ‘sighting point’, and the distance between this point and the location at which braking
must commence to stop by the red aspect is known as the ‘sighting distance’.

If the driver would be unable to observe the signal from the sighting point (in all weather
conditions), a yellow/green repeater signal (or more than one if required) can be located in
between. This signal displays a green aspect if the main signal is green, and a yellow (caution)
aspect if the main signal is red.

Based upon this information, it is possible to represent a two aspect signalling system, as shown
in Figure 3-4. For the purpose of simplicity, this has been done with reference to headway
based upon train following capacity (see section 2.5 for definitions of these terms).
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Figure 3-4: 2-Aspect Fixed Block Signalling Layout

From Figure 3-4, it can be seen that a 2-aspect fixed block signalling system has a headway
distance given by:

H, =B+X+S+0+L Equation 3-1

Which means that in order to achieve a specified headway, the greatest permissible distance
between consecutive stop signals is given by:

X=H,-(B+S5+0+L) Equation 3-2

In theory, there is no minimum distance by which 2-aspect signals must be separat