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Abstract

Railway can be considered one of the best way to move goods and people all over the
worlds, because of the low costs, high regularity and punctuality as well as the minimal
environmental impact, in comparison with other transportation systems.

The railway system is one the most efficient and environmentally friendly transportation
systems regarding to highly energy efficient, safe operation, and low CO 2 emission.

Train control is an important part of the railway operations management system. The

railway signaling is a complex and fascinating subject and it is the key system to ensure
the safe operation of railway traffic and it used to direct railway traffic and keep trains
clear of each other at all times. Therefore, it is important to have a safe and reliable railway
signaling system.

Railway signaling systems from the structural point of view are divided into two main
categories named as Fixedblock signaling system and Moving -block signaling systems. In
fixed-block railway systems, railway lines are divided into blocks with fixed -length and
trains are moving according to the route reservation procedure whereas in moving -block
railway systems, each train is regarded as a moving-block and more than one train
occupancy is allowed in the same railway block.

Furthermore, this dissertation compares Moving -block signaling system with Fixed -block
signaling system to show the differences of these two signaling systems according to some
factors such as delay and running time for showing the result of this comparison in the
research by applying the optimum timetable to the case study project.

The thesis illustrates simulation of the case study railway line (Western-line Ghana
Railway) with optimal situation according to the existing demand with applying
OpenTrack simulation software.

Finally, the research examines the effect of changing signaling system (the movingblock
signaling system and fixed-block signaling system) in case study project with two separate
railway lines, without any effect of opposite traffic on the project.

To summarize, the thesis demonstrates that the differences between two signaling systems
(Fixed-block signaling system and Moving -block signaling system) and represents the
more efficient signaling system according to some factors such as delay and running time
in base on case study project.


https://en.wikipedia.org/wiki/Railway
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Chapter 1

1 Introductio n

1.1Railway Systems

The railway system is one the most efficient and environmentally friendly
transportation systems. For example, some of the most significant characteristics of
railway system are highly energy efficient, safe in operation, and low in CO 2
emission. Railway operation should be highly reliable.

Two major worldwide markets in railways are Main Line Railways and Urban Rail
Transportation Systems (Metro, LRT (Light Rail Transit) , Tramway ).

Train control is an important part of the railway operations management system.
Train movement safety and the control and management of trains depend on
signaling system. Over the years many signaling and train control systems have
been evolved so that today a highly technical and complex industr y has developed.

1.2Signaling Systems in Railway

Railway signaling is a complex and fascinating subject in research and development
area in the railways. The purpose of a signaling system is to facilitate the safe and
efficient movement of trains on the railway and ensuring the safe operation of
railway traffic. Therefore, it is important to have a safe and reliable railway signaling
system.

Signaling is one of the most important components of the railway system. Signaling
is Mechanism by which the station master conveys information to the Loco drivert o
Stop, go with Caution or Proceed.

Railway signaling systems from the structural point of view are divided into two
main categories named as fixed block (conventional) and moving-block signaling
systems. In fixed-block railway systems, railway lines are divided into blocks with
fixed-length and trains are moving according to the route reservation procedure
whereas in moving -block railway systems, each train is regarded as a moving-block
and more than one train occupancy is allowed in the same railway block .

Furthermore, there are many infrastructure and superstructure components in
railway. However, Independent of the signaling category, the vital component of
railway systems which provides safe travel and transportation is the signaling
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system is the interlocking system. Nowadays, by increasing speed and density of
railway, the need of reliable and safe signaling systems in railway is much more
important and crucial.

1.3Aims and Objectives

The objective of this thesis is to find a more efficient signaling system for railway
systems (between Fixedblock signaling system and Moving -block signaling system)
in order to improve the railway control and signaling (RCS) systems along railway

line. For this purpose, some factors such as delay and running time by applying a
optimum timetable in the case study project (Western-line Ghana Railway) will be
examined in this research. For simulating both fixed-block and moving -block
signaling system in the case study project, the Opentrack simulation software will be
used.

1.4Structure of the Thesis

As first a brief overview of railway systems and signaling systems for railway
including Fixed -block signaling system and Moving -Block signaling system are
explained. Secondly, some factors such as delay and running time in different
signaling systems in railways presented (chapter 2). As next it follows by description
of case study project. Chapter 3). This chapter represents some information about
case study project (Westernline Ghana Railway) and a brief description of
simulation software (Opentrack). In chapter 4, simulation of case study model for
both signaling system (Fixed-block and Moving -block signaling systems) is
presented. Then, the results of these two simulation model were analyzed according
some factors sud as delay and cost. Consequently, the best option is selected
according to be more efficient and cost analysis Finally, the conclusions, included in
chapter 5, where results are analyzed and commented.

Page 9/91



Chapter 2

2 Literature Review

2.1Railway Systems

The railway network is a complex and distributed system with several technologies
working together to fulfill the demands on capacity, speed and mobility to transport
goods and passengers. The railway system can be divided into different systems
depending on function ality, such as the rolling stock, the track, the power supply,
the signaling system, etc.(1)

Railway can be considered one of the best way to move goods and people all over
the worlds, because of the low costs, high (nominal) regularity and punctuality as
well as the minimal environmental impact, in comparison with other transportation
systems (2).

In general, a rail system consists of four domains: (3)

1 the infrastructure on which the trains run (including its power supply,
telecommunication, safety and traffic control systems);

1 the rolling stock;

1 the schedule, which defines the agreed offer; and

1 the operation rules.

Operation rules thus impact the design and construction of both infrastructure and
Depending on technological or regulatory developments, the operation rules are
adjusted continuously to enhance the effectiveness and competitiveness of rail
traffic. Nowadays, infrastructure, rolling stock, and operation rules are designed in a
way that passengers and goods can be transported to their destination as safely,
quickly, punctually, cheaply and comfortably as possible. It must therefo re not be
forgotten that several principles are still based on ideas and solutions from the early
beginnings of railway operation. Also infrastructure elements, applied technologies
and rolling stock have been in use for many decades. Upgrading adjustments are
thus not always possible (3).

The structure of the railway system and its processes are designed as a pyramid with
several layers (Figure 2.1). The functional structure consists of several layers with an
integrated control and communication system. This general structure is transferred
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from other automation industries and adjusted to the specific requirements and
particularities of railway systems (3).

A central

long-term A

Strate-
gic Level;
Analysis, Planning

Tactical Level:
Supervision, Dispatching
Operational Level:
real-time Y Implementation, Safety Y distributed

Figure 2-1: Functional structure for railway operations and planning

The bottom operational layer consists of the immediate production and its safety
supervision. The transport product - the movement of passengers and goods by
trains - is thus generated by commanding and controlling infrastructure and trains.
The large geogaphical distribution of the network and the enormous amount of
actions taking place at the same time are the specific characteristics of the operation
of trains and infrastructure. A signaling system prevents or minimizes accidents and
hazardous situations due to human errors or technical failures. A signalman in a
local interlocking system or movement inspectors with remote control in centralized
traffic control centers control the trains by setting routes. Thereby, also the sequence
of trains on tracks can be set based on the specifications on the timetable and the
actual situation (3).

The tactical layer within a railway system is used to supervise the network and to
solve deviations, failures, interruptions or unplanned events. The superior overview
of the location of all trains and infrastructure status allows conflicts to be identifie d
and solved. This so-called dispatching process is executed by a few traffic
management centers. Thereby, connections to be held and decisions with large
impacts on trains are defined. Nowadays, dispatching and operation is functionally
strictly separated for railway systems. Communication to give orders and measures
is mainly carried out verbally by phone; system states and status reports can only be
monitored but not directly accessed between the operational and the tactical layers.
A closer connection or merging of both layers into a single unit is foreseeable and
PPOOwWDPOXxUOYI WUEDPOURx1 UEUDPOOzUwi i i PEDPI OEa w
Timetables are the basis of operations. Planning the schedule is a strategic task.
However, the planning process can also be divided into several sub-levels, starting
with long -term tasks and ending with the daily schedule. Experience based on past
operational data analysis is used as an important input to enhance the schedule.
Furthermore, the top-layer includes management tasks (for example investment
strategies, archiving or accounting). These activities are not directly connected with
the daily operational work and the time horizon can cover up to several decades (3).

Page 11/91



The resulting hierarchical technical structure is visualized in Figure 2.2.
Communication and information exchange between the layers depends on various
requirements, for example safety, reliability, availability, or temporal demands and
the actors involved. Use is made of telecommunication systems for oral and data
exchange, computer networks with data-bus systems, documents as handouts,
bulletins or leaflets, visual displays like signals, and so on (3).

Management
Controlling Strategic
Planning management and
Archiving scheduling systems
f/ "\
‘/' o,

iy,

Dispatching Traffic management Traffic managament
center - canter
Remota traffic control Centralised traffic Cenfralised traffic
centred center conirgl center

AT N
Interlockings / \

Safe route setting Interlacking Intertacking
Blocks signalling signalling

} /

Train / Train control
Infrastructure Elements
| et

= S oA =
o =0 S O o
o

Figure 2-2: Hierarchical system structure for railway operations

The system structure is influenced by operating rules and developments in many
fields but mainly in electrical engineering, telecommunication, and computer
science. Thee principles result in the fact that rail operation is an extremely safe
transportation mode even for high speed and hazardous goods. And additionally,
up to a certain level of operated trains, the pyramidal structure also allows fast and
flexible interve ntion whenever an error or disturbance occurs.

Safe, efficient and costeffective operation is thus assured. Of course, the technical
structure differs for rail networks with low traffic density, less automation or a
different traffic management concept.
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2.2Railway Signaling Systems

Railway signaling systems are composed of several different systems; each has its

own purpose, but the main functionality of the overall system is determined by the
interoperability between them. Railway signaling systems ensure th e safe operation

of the railway network, and their reliability and maintainability directly affect the

capacity and availability of the railway network, in terms of both infrastructure and

trains. The functionality of the signaling system is based on the pUDOE B x O1 wOi w?
UET T 2O0wU0l BUwWOI EOUwWUT EQwUT 1 wUEPOPEawUI EUPOOWI
operative until the failure is repaired (since safety cannot be ensured). Hence, the
dependability of these systems directly affects the capacity of the network (4).

Signaling systems are complex combinations of software and hardware; they play an
important role in the control, supervision and protection of rail traffic, and their
availability affects the performance of the whole system. Further complicating the
issue is the fact that signaling systems are composed of several different systems;
each has its own purpose, but the main functionality of the overall system is
determined by the interoperability between them (4).

The primary purpo se of a signaling is to keep trains safely separated by providing
enough distance to stop the train in case of failure. However, this distance cannot be
too long, otherwise delay can happen and instead of a train arriving every three
minutes, trains may arrive every five minutes, it means that headway between trains
will be increased.

Railway signaling system is needed for ensuring the safe operation in rail traffic. The
signal devices are located on the side of railway line to give information of the state
of railway line ahead to train drivers. A generic interpretation of the control loop of
the railway signaling system is presented in Figure 2.3. (5)

Information processing

L
Control action Datadetedion

Output of Output of Input of Input of Input of track
moe ment s witching position profile dear
commands commands information detecion detection

F Y

¥ ¥

Drive & Erake
Control

L J

Speed control

A |
¥

i Iowable track element | Oearance pmofile
Train v
; Movement on thetradks edion ——train

Figure 2-3: Control loop of the railway signaling system (6)
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The development of signaling is closely linked to the development of railways. It
began as a manual system determining access to a line, but the growing demand for
transportation and the incr easing number of trains made this system inadequate.
Advanced technologies were implemented to supervise and control railway lines.
These were mainly analogue systems, based on relay technology (e.g. track circuit,
axle counter, relay interlocking). Today these systems are being replaced by digital
control systems based on electronics (e.g. balise, electronic interlocking, lineside
electronic unit ¢ LEU), but both systems coexist in most of the railway network. Over
the years, many signaling and train contr ol systems have evolved, creating a highly
technical and complex industry. Every country has developed different solutions
over the years. The operation of trains must not be country-dependent, however,
and the creation of a unified signaling system would prevent the need to make
changes between countries. In order to achieve interoperability between the control
and supervision systems, several contributions via standardization have been made
(UNISIG SUBSET 026, 2011; EIRENE SRS, 2006). Standards have beeweloped for
the RAMS of the different railway systems (EN 50126, 1999), with special focus on
the systems for signaling, communications and processing systems on the railway
(EN 50128, 2001; EN 50129, 2003). These standards aim to enable interoperability
while ensuring safety (4).

There are a number of items within the larger category of signaling systems. For
example, track circuits, axle counters and GPSbased systems can be used to locate a
train. Track circuits and signal s can help to control the traffic on the railway line to
prevent collisions. Balises and radio based systems allow the train control centre to
restrict the movement of trains, and advanced systems i.e. European Rail Traffic
Management System (ERTMS) or Automatic train control system (ATC), supervise
and control the railway network. They interpret the inputs from the other systems,
creating restrictions on the train route to ensure safe operation. An example of the
parts of a signaling system and their relationship is shown in Figure 2.4 (4).
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Figure 2-4: Differer{t signali ng systems and their interfaces

Page 14/91



The various systems, such as track circuits or level crossings, provide input to
interlocking systems and radio block centre systems (RBC). Interlocking systems
receive information, process it and make new restrictions on system components.
For example, they can provide information to onboard signaling systems through
the GSM-R system, by means of the base transceiver stations (BTS) located along the
railway network. The onboard signaling system is composed of a centralized
computer that processes the diffetU] OUwHOx U0UOwT PYPOT wUUxI UYDPU
operation. An odometry system constantly measures the speed and acceleration of
the train. The balise antenna reads the information from the balises placed on the
track. The man-machine interface allows the driver to interact with the onboard
computer. The juridical recorder records the information generated during the
operation (e.g. driver operations, balises and odometry information, etc.). Other
systems, such as the GSMR or the radio infill, exchange information between the
wayside signaling system and the onboard signaling system. Some auxiliary
systems, such as the Lineside electronic unit (LEU) whose purpose is to exchange
information between wayside systems, do not depend on the interlocking system to
process information (4).

Railway signaling systems are composed of several different systems that have their
own purpose but the main functionality is given by the interoperability between
them: the supervision and protection of the railway network will not be possible if
any of the items of the signaling system do not work properly or there is a lack of
interoperability between them. Signaling systems are challenging to model, given
the amount of information derived from both software and hardware in the various
locations ofthesa UUT OUz wOE@r wEIT YPEIT Uw

Previous studies have shown the importance of signaling systems on the
dependability of the railway network. Signaling systems supervise and control the
railway operation with different technologies i nstalled both in the infrastructure
along the track and in the rolling stock. To operate on a specific railway corridor, the
signaling systems of train and infrastructure must be interoperable (4).

The signaling system is composed of the following sub -systems: (8)

1 Interlocking (IXL) / Radio Block Center (RBC): receives input from the
different systems (e.g. track circuits, level crossings, signals, TMS), calculates
and returns as an output the train operation restrictions to ensure safe traffic
operation.

1 Track circuits: responsible for the train location.

1 Balise group: input from the track to the onboard signaling system (e.g. speed
limits, driving mode, etc.).

1 Level crossings: coordinate the road traffic crossing the railroad.

i1 Traffic management system (TMS): interface between the traffic operator and
the railway network.
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1 Signals: give or restrict permission to the train to enter a track section.
1 Signaling boards: inform the train of fixed inf ormation (e.g. tunnels, bridges,
speed restriction area, etc.).

2.2.1Interlocking Systems

The methods behind railway signaling system are information transmission and
information processing. The function of information processing is typically realized
by interlocking. The purpose of interlocking is to connect the track elements and
signals. This can be achieved by means of data detection and control action. Here
data detection includes discovering the position information of the movable track
elements and information of track occupation. Control action involves evaluating the
received information and giving instructions to the train drivers via signals. These
two actions form the basic principles for interlocking functions (6):

1 A train movement can be permitted only if all track elements are in desired

positions and locked.
1 It is only allowed to enter a section for one train, no other train may be

permitted to enter that section.

An interlocking system has many functions. Generally, they can be categorized into
three levels of functions: operation control level, interlocking level and element
control level. They are defined as (6):

1 The operation control level includes the interface to the signaler and may
include different non -vital functions of automatic operation control such as
automatic train routing etc.

1 Theinterlocking level includes the vital functions to interlock signals, routes,
movable track elements, block applications with each other.

1 The element control level includes functions of commanding, power and
information transmission to and from the field elements, such as signals,
movable track elements, track sections, level crossing etc.

Since the sde operation of railway is always primary concern, different technologies
have been implemented for those interlocking systems to ensure the safety
worldwide in the rail transport. They are human interlocking, mechanical
interlocking, electric (relay) inte rlocking and electronic interlocking (5).

The oldest solution for interlocking is the human interlocking. Human is in charge of
checking the preconditions for clearing signals, switching movable track elements
and for transmitt ing information to the field elements by walking between them (6).
311 wOl EIl EOPEEOwWDOUI UOOGEODOT wUauUl OQOwbERIwbOUUC
In mechanical interlocking system, the mechanical levels that are interlocked with
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each other are operated by signaler. The safety of this system is secured by using
robust mechanical and/or electrical components (6).
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Figure 2-5: Mechanical Interlocking System (9)

Relay-based interlocking system was introduced after mechanical interlocking
system. A signal relay is specially designed for the safety-related operation. The
interlocking consists of complex circuitry implemented by relays and the field
elements are operated and controlled purely electrically.

Electronic interlocking systems became prevailing after 1980s. The systems have
high degree of complexity and are easily affected by external influences. The
interlocking functions are programmed by software, and the hardwares are made by
electronic components which are not robust as mechanical components. These cause
that the inherent fail -safe design is hardly applied to electronic interlocking syst ems
as before. To increase the reliability, hardware dependency are widely used in
electronic interlocking systems. There are three major forms of system redundancy,
depended on special national requirements, in various electronic interlocking
systems. (5)

Signals and switches are controlled from signal boxes as they are known. Points and
routes are thus interlocked to ensure safe movements. In most signal boxes, the
interlocking apparatus only controls points and signals over a short distance. For
modern (relay and electronic) interlocking systems, it is technically possible to
remotely control several interlocking together from a single central command center
by movement inspectors (3).

Several additional features can thus help to increase the level of automation (3):
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9 a track clear detection systems is needed to detect whether a block section is
occupied or available for a next train;

9 a train describer system is needed in order to assign a train number to the
occupation of a block; and

1 an automated route setting system where alternative routes are stored and
can be set automatically in the case of a conflict or occupancy.

Consequently, automation and, in particular, the remote control of interlocking i s an
important precondition for efficient and cost -effective rail operation (3).

2.2.2Track Circuits

Track circuit is the fundamental method of train detection. The first track circuit,
based on a DC technology, has been inveted at the end of nineteenth. Over the
years, the continuous technological development has enabled to realize track circuits
in an increasingly performing way by using AC technology and modulations, but
the basic principle for train detection is still the same. An alternative approach is the
ROl w" OUOUTI UwUaUUI OOGinichdckEU U (IO Qi ubEEw B Tal uefdd O x

result for the axles counted in a block section with the result for those counted out, it
is possible to know the status of the track section (free or occupied). Track circuits
train detection can be exchanged between wayside and onboard for the
transmission of speed commands. This can be realized througha modulation of the
the history of the development of railway transportation has contributed more
towards safety and dispatch in that field than the track circuit. (10)
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When a train approaches the block, its wheels and axles connect the two running

rails together shorting the battery and thereby reducing to zero the current through

UT 1T wUIl OEadw3T PUWEEUUI Uwid) turning bfiGte gredd Signg E U O x 2 w
light and turning on the red light to indicate that the block is occupied by a train. A

series resistor with the battery protects it by limiting the ¢ urrent that it must provide

when a train is present. (10)
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Figure 2-7: Occupied Block

2.2.3Balise Group

A balise is a physical equipment installed on a sleeper (e.g. wood or concrete
sleeper). The balise does not require external power supply; it is activated/energized
by a specific equipment and related antenna installed on a train. The function of a
balise is mainly to send information (fixed or variable) to the on -board that
energizes/activates it. (11)
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Figure 2-8: Balise
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Baliseis an electronic beacon ortransponder placed between the rails of a railway as
part of an automatic train protection (ATP) system. Transmission device (passive
transponder) that can send telegrams (or telepowering) to an on-Board subsystem
passing over it. The on-EOEUEwUaUUl OWUUEEOUwWUT I wOUEDPOz Uw
rotations, and correcting at fixed locations known as balises. Balises constitute an

integral part of the $ UUOx 1T EOQOW3UEDPOwW" OOUUOOw2auU0l OOwbTl 1 L
giving the exact location of a train. A balise which complies with the European Train

Control System specification is called a Eurobalise.

2.2.4Level Crossing

A level crossing is a place where a railway is crossed by another type of way on the
same level. There areabout 120,000level crossings in the EU. On average, there are
five level crossings per 10 line-km in the EU. Level crossings represent the largest
single risk of catastrophic train accident on European railways. In 2010, 619
significant level crossing accidents occurred in the EU resulting in 359 fatalities and

327 serious injuries. Level crossing accidents represent 27 % of all significant railway

accidents and 28 % of all fatalities on railway, suicides excluded. At the same time,
only one in one hundred of road users that die each year on EU roads dies on level
crossing. Economic impact of fatalities and serious injuries in level crossing accidents
in 2010 is estimated at EUR 350 million. Costs of delays due to level crossing
accidents are rot available at EU level, but level crossing accidents have damaging
impact on the key strengths of the rail transport: safety, reliability and speed.

In physical terms, a level crossing is a comparatively simple thing. Legally, it is
much more complicated. The legislation governing level crossings is complex and
antiquated, much of it dating back to the nineteenth century when the main railways
were constructed. The provisions relevant to level crossings are difficult to access.
This arises partly because they are spead across legislation relating to a number of
different subject areast railways, highways/roads, health and safety, planning and
criminal law. Furthermore, the provisions are contained in a combination of public
general Acts, private Acts, bye-laws, and subordinate legislation in the form of
Orders and Regulations, many of which have been amended heavily in recent years.
More specifically, under the current system, the procedure for making generic
changes to the protective measures at level crossigs is cumbersome and expensive.
In addition, the procedures for closure of level crossings are complicated and time -
consuming. (12)

2.2.5Traffic Management System (TMS)

TMS is an autonomous system for the complete reattime management of railway
traffic over a given network.
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The goal of the TMS is to execute a predefined plan as well as possible, given a
certain optimization criterion. The TMS detects and solves future conflicts and
generates a new conflict free plan by shifting timetable target times and exploiting
alternative routes. The TMS also supports the implementation of this plan by giving
advisory speeds (or time-location-speed slots) to train drivers and advices about
routes, route setting times and order changes to dispatchers.

The TMS is highly suitable to support dispatchers, solving routine conflicts with a
high level of automation (which can be adapted to the desires of a dispatcher), thus
freeing the dispatcher of this work so that he/she can focus on tactical decisions and
also preventing that small deviations become large ones by intervening at an early
stage.

Even problems with a limited number of trains on a limited network (e.g. 5 trains
E x x UOE £ H@®tGgerposch from different directions) have many solution
possibilities and involve many relevant details, while there can be large differences
in quality between various solutions. This quickly grows beyond human capabilities
and response times. At the same time, computers are very good at this.

On the other hand, humans are very good at a tactical level, requiring a broader
overview and creativity, dealing with problems that as yet cannot easily be
formulated in mathematical terms or are too complex to solve.
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The Rail system is not unique, not in process, not in complexity, not in operator
interfacing needs. Decision support and control systems have been implemented
successfully for similar systems. Clearly, a step by step approach in implementation
is advisable. Due to its modularity TMS is suitable for this.

In simulation studies and a pilot implementation TMS already has shown its value,
increasing punctuality, reducing energy consumption and reducing the number of
non-commercial stops for freight trains.

2.2.6Signals

Railway signalis a visual display device that conveys instructions or provides
EEYEOE]l whphEUODPOT woOi wbOUUUUEUDPOOUWUI T EUEDPOT wU
driver interprets the signal's indication and acts accordingly. Typically, a signa |
might inform the driver of the speed at which the train may safely proceed or it may

instruct the driver to stop.

r L v RF ok ovm §RERTN

Figure 2-10: Semaphore Signals (left) & Color -light Signals (right)

Originally, signals displayed simple stop or proceed indications. As traffic density
increased, this proved to be too limiting and refinements were added. One such
refinement was the addition of distant signals on the approach to stop signals. The
distant signal gave the driver warning that he was approaching a signal which might
require a stop. This allowed for an overall increase in speed, since train drivers no
longer had to drive at a speed within sighting distance of the stop signal.
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Under timetable and train order operation, the signals did not directly convey orders
to the train crew. Instead, they directed the crew to pick up orders, possibly stopping
to do so if the order warranted it.

Signals are used to indicate one or more of the following:

That the line ahead is clear (free of any obstruction) or blocked

That the driver has permission to proceed

That points (also called switch or turnout in the US) are set correctly
Which way points are set

The speed the train may travel

The state of the next signal

That the train orders are to be picked up by the crew

= =4 =4 -4 48 8 -9

Signals can be placed:

At the start of a section of track

On the approach to a movable item of infrastru cture, such as points or
switches or a swingbridge

In advance of other signals

On the approach to alevel crossing

At a switch or turnout

Ahead of platforms or other places that trains are likely to be stopped

At train order stations

= =

= =4 =4 4

'Running lines' are usually continuously signaled. Each line of a double track railway
is normally signaled in one direction only, with all signals facing the same direction
on either line. Where bidirectional signaling is installed, signals face in both
directions on both tracks (sometimes known as 'reversible working' w here lines are
not normally used for bidirectional working). Signals are generally not provided for
controlling movements within  sidings or yard areas.

Signals were originally contr olled by levers situated at the signals, and later by
levers grouped together and connected to the signal by wire cables, or pipes
supported on rollers (US). Often these levers were placed in a special building,
known as asignal box (UK) or interlocking tower (US), and eventually they were
mechanically interlocked to prevent the display of a signal contrary t o the alignment
of the switch points. Automatic traffic control systems added track circuits to detect
the presence of trains and alter signal aspects to reflect their presencer absence.

2.2.7Signaling Boards

Signaling boards give the driver fixed information (e.g. tunnels, bridges, speed
restriction area, etc.)(13).
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To ensure safe operation, a track section is supervised by an interlockinglocated at
the end of that section, usually at a station. Signals are placed at the entrance of
every section and sometimes in the middle to allow or restrict the passing of a train
into that section. Signals restrict the passing of a train when a failyre occurs on a
track circuit or an interlocking, and warns it to circulate with caution when there is a
failure in a level crossing. When a signal fails, the balise group associated with it will
force the train to stop. If a balise does not work properly, it will produce an
emergency brake (EB). A single TMS fails, the operation has an automatic mode that
allows normal operation for a maximum of 2 hours. After that time, operation is not
possible. If there is a stoppage of operation caused by a failure on the signaling
system of a track section, railway operation can still be possible on that section if the
dispatcher allows the driver to circulate with caution in a degraded operational
OOCETI Bw (Ow Ul PUWEEUI OwUT T wOERPOUOwW Ux1 1 Ew DU
supervision is required to ensure safe circulation (e.g. there is no damage in the
track; the switch is in the correct position etc.). (13)

The operation time between failure is represented by the total duration of operation
time between two consecutive restorations. Signaling systems supervise the railway
at all times, not only when a train passes, making them continuously operating
items. Therefore, all maintenance time will affect the operation of the signaling
system. (13)
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Figure 2-11: RBD of a Signaling System

Railway signaling systems are mainly divided into two main groups on a railway
block basis, which is consist of Fixed-block signaling systems (conventional railway
signaling systems), in that railway lines are partitioned into blocks with fixed length,
and Moving -block signaling systems , in that the sum of the length of train and its
braking distance is considered as a moving block. In this chapter, basic definitions of
these two signaling systems are presented.

2.3Fixed-Block Signaling Systems
Fixed-block signaling is a solution based onated OO0 OT awbOYIl OUI EwbOwUT

Fixed-block signaling creates an artificial separation between trains. Fixed-block
signaling divides the track into small blocks which determines how far apart trains
will be kept for safety and how frequently stations will be serviced.

Looking back over the past few decades, railway signaling technology has been
based mainly on thi w UOw EEOOI Ew ?2" QOGO HOD QAaBOW bR IxE b

Page 24/91



Traditional signaling systems are based on fixed blocks: the railway is divided into
sections of track, which are separated by signals. A train is not allowed to enter a
given track section (=block) before the preceding train has cleared it.

This system has a number of disadvantages, one being its lack of flexibility: the block
size is the same for all trains regardless of their speed and braking performance.
Thus the big safety distancesrequired by fast trains are imposed on slower trains as
well. Obviously this reduces track capacity.

The fixed-block technology inherently imposed a service limitation because of the

need to reserve buffer block(s) for train separation. With increasing patronage,

demand grew to achieve higher line capacities on existing rail infrastructures. In

order to realize this requirement without major upgrades to the rolling stock and rail

infrastructure, intelligent signaling and train control systems have become acrucial

technology for the new age of rail systems and services. Thedistance-to-go

principle has therefoUl wEIT I OQOwET YI OO %!l EH@OwaId U UpreriddR BT DE T
flexible control of the buffer block(s) for train separation.

In fixed -block railway signaling systems, railway lines are divided into fixed length
subsections, named as railway blocks. The length of a railway block is determined
according to different variables such as the permitted line speed and the gradient of
the railway line. Each block has entrance and exit signals with different types
depending on the location of the signal (14). Dispatchers (responsible oficers)
request routes for incoming and outgoing trains in the region of their responsibility
(15).

Direction of travel

Train 2 |—QO Train 1

< —_—

Block Block Block

v
F 3

Figure 2-12. Fixed-block Signaling System (16)

Figure 2-12 represents blocks are defined as the distance between two signals. Trains
are prevented from colliding by ensuring that only one train is allowed into a block
at once(16).

In fixed block signaling, movement author ity is provided by signals that instruct
train divers on whether to stop or to progress through a block. Movement authority
is given to a fixed point on the track - i.e. the location of the next signal. Train
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detection equipment, for example electrical circuits built into the track, can detect
whether a train is occupying a particular block. Other track -side equipment (known
as interlocking) analyses information from the train detection equipment to
determine whether a block is available for a train to move into, before the signals can
give a train permission to move (16).

Typically, the lengths of the blocks on a particular route are chosen to safely
accommodate the fastest trains with the longest stopping distances. Stopping
distances vary between trains because of a number of factors, such as the speed of
the train, the age of the brakes and the weight of the freight being transported. Fixed
block signaling therefore prevents better-performing trains with shorter stopping
distances from travelling closer together. In some cases, block lengths are chosen to
optimize capacity for the trains that use the line most frequently. Trains with longer
stopping distances can still use the line, but are run at a reduced speed(16).

An automatic fixed block signaling system consists of lineside signals and train
detection devices (axle counters). In its basic form, it uses fixed block sections, which
are protected by signals. Signals allow control of the traffic on the network, and to
avoid collisions among trains. A block section is a track segment between two
signals, which may be red, yellow or green. A red signal means either another train
occupies the subsequent block or it is not in use, a yellow signal meansthat the
subsequent block section is empty but the following block section is occupied, and a
green signal means the next two block sections are empty ensuring the train ride
without any obstruction. Thus, a train is allowed to occupy a certain block sect ion
either the signal released is green or yellow. The later indicates the train driver to
EI EI Ol UEUT wUOWKYwOOYT Owol I xpOT wUIl PUw?2UDT T U2
safety reasons, it is assumed that a block section must be at least as long as ¢h
braking distance required for a train running at the maximum allowed speed.

Travelling time in each block section is called block running time, calculated
according to the physical characteristics of the railway infrastructure and rolling
stock, and alsothe running time supplements added as scheduled running times to
recover the planned operation. Besides, this running time can also include dwell
time at stops and surrounding acceleration or deceleration times.

The time interval in which a block is allocated to a train and blocked for other trains
is called blocking time (17)the blocking time is the most important design variable to
estimate infrastructure capacity and to design schedules. The minimum time
between two succeeding trains, or headway as it is known, is determined by the
blocking time (3). The headway is the interval between two following trains. The
minimum headway on a line with a fixed blo ck system depends on the blocking
time, the time interval in which a section of track is exclusively allocated to a train
and therefore blocked for all other trains. In this sense, the blocking times describe
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the occupation of the infrastructure sections. The blocking time is longer than the
block running time, and it consists of:

1 Time for clearing the signal

1 Sight and Reaction time to view the signal aspect

1 Approach Time between the signal that provides the approach indication and
the entrance signal

1 Time between block signals: Block Running Time

1 Time to clear the block section, including safety margin of one train length

9 21 O1 EUIl wUDPOT wUOWRUDOOOEO> wUT 1 wWwEOOEOQwWUAaUUT ¢

Figure 2-13 illustrates that the blocking time is significantly longer than the time
used to pass the block distance. The occupation and clearance of a track section is
detected by a track clear detection device, which could either be implemented by
axle counters or track circuits, or by human staff (3).
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Figure 2-13. Elements of the blocking time

It is possible to detect the position of a train using track clear detection devices. This
information is used by dispatchers to detect deviations and possible consequential
conflicts. This position and time information is discrete data in general. Between two
detection points no information about a train is therefore available. Continuous train
detection systems are available, but are not widespread due to their high cost (3).

Automated route setting and releasing based on track clear detection systems helps
to minimize the fixed, train -independent system times for route setting and
releasing. Having a total route setting and release time of almost two minutes for
mechanical interlocking and manual block systems in the 1970s [43], these times are
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minimized for automatic systems to a few seconds nowadays depending on the
complexity of interlocking area and conflicting routes (3).

In the case of a cabsignaling system, the fixed minimum approach time (depending
on the distance between the distant and main signal and the track speed) can be
replaced by the duration based on the braking time depending on the actual, specific
speed and position (braking curves). Therefore, the use of cab signaling systems can
reduce blocking times.

By stringing together, the blocking times along the line on which a train is running,
the blocking time stairways in the time -distance diagram represent the use of the
infrastruc ture perfectly (Figure 2-14). The minimum headway of two trains between
two stations, overtaking or crossing points may accordingly be determined. In
addition, conflicts in the schedule or during operations can be identified (3).

Distant signal  Main signal

- T r]) T (f Q ?Dl:ance
\\
\

\_—_

y lime \

Figure 2-14: Blocking time stairways

Blocking time stairways show that the number of trains operating on a track section
is maximized when the blocking time for each train and the speed differences
between the trains are minimum. Another insight is that capacity is improved by
reducing the block distance. And finally, blocking times depend on train speeds.
Higher speeds, on the one hand, reduce the occupation time for the block section,
but increase approach time because of the braking distance extension on the other
hand. This leads to a nontlinear dependency between travel speed and minimum
headway time. Depending on the safety system (especially the fixed block length)
and braking coefficient, the optimum travel speed to minimize the headway (and
maximize capacity) is between 60 and 100 kilaneters per hour (18)

2.3.1Components Fixed -Block Signaling Systems

The components of fixed-block signaling systems are given in below: (19)

Page 28/91



Traffic Control Center: IS responsible for all railway traffic by providing an
interface between the interlocking system and the dispatchers. Dispatchers
(responsible officer) may send several requests to the interlocking system for
evaluation such as route reservation request, point machine position request or field
component blocking requests. Another main responsibility of the traffic control
center is to log and monitor the train movements. (19)

Interlocking system (Signaling System Control Softw are): The signaling system
control software, namely, the interlocking system (IS) receives the requests of the
traffic control center, and evaluates these requests of the dispatchers for a final
decision. The requests of the dispatchers can be accepted orejected according to the
safety restrictions. Then, it sends proper commands to the railway field equipment,

if necessary. The design, development and the testing process of the interlocking
system should be carefully handled and realized with respect to the related
functional safety requirements (20).

Railway blocks (RBs): are the subsections of the railway lines with fixed -length. The
entrance and exit of a RB is equipped with signals to inform train drivers. The
location of the trains are detecting by using simple electrical circuits know as track
circuits or devices known as axle counters. (19) The occupation of a train in a railway
block is detected by the help of track circuits or axle counters (21). Depending on the
length of the block, one or more track circuits are used. Track circuits operate
according to the short-circuit principle. By the entrance of a train into a railway
block, the track circuit is short -circuited by the axles of the train. In this situation, the
interlocking system considers that the related block is occupied. TCDD uses three
different types of track circuits, namely, DC -type, AC-type, and Jointlesstype track
circuits (14). On the other hand, axle counters can be used to detect the train
locations. The counter heads of the axle counters are located at the intersection
points of the railway blocks and count the train axles. The railway block is assumed
to be occuped until the total number of the incoming axles becomes equal to the
total number of the outgoing axles. (15)

Traffic Control
Center

Final Decisionﬂ iL Requests

The Signaling System
Control Software

Sensor Information | | J; Final Decisions

Point Sienals Railway
Machines | == Blocks

Railway Field Components

Figure 2-15; General Block Diagram of a Fixed -block Signaling System
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Signals (SLs): are used to inform the train drivers about the situation of their way.
Even different colors and their combinations are in use and differ from country to
country, the red color and the green color have similar meanings. Turkish State
Railways use the red color to denote the next two RBs are occupied whereas the
green color denotes the next two RBs are free. The yellow color denotes the next RB
is unoccupied but not the RB after the next. Depending on the topology of the
railway field, an additional yellow color is also used by Turkish State Railway to
denote the line change. Generally, this additional yellow color is placed at the
bottom of the signal before entering point machine regions. (19)

Since every ountry has its own signaling principles and safety standards, the use of
colors of railway signals and their combinations may vary from country to country.
Railway signals inform train drivers of the occupation of the next block. The train
drivers have to pay attention to the signals on the right side with respect to their
direction of movement. For example, in the TCDD, the meaning of the red color is
that the next block is occupied, whereas the yellow color means that the next block is
free but not after the next block. The yellow color also permits a train to proceed
with reduced speed. The green color indicates that the next two blocks are free and
the train can proceed. The Japanese Railways uses red, yellow, and green signals
with their combinations an d the North American Railways uses purple and amber
signals. Signals are generally located at the entrance and exit of railway blocks.(15)

Point machines (PMs (Points, Railway Switches)): are devices which enable trains
to pass from one railway line to another. They are established in certain locations
where track change is needed. They have two location indicators known as normal
and reverse. A PM can be operated either by a route reservation request or manually
via traffic control center. The position of a PM can be controlled by the TCC either
manually or automatically. PMs can also be controlled by the officers in the railway

field by using a metal bar (lever). (19)

General representation of a fixed-block signaling system is illustrated in Figure 2 -16.
(19)

Trains

: ey
Final Final Mi(?lili]rtles % Signal
Traffic Control Center |Requests |Interlocking | Decisions | Remote |Decisions = ~ | Aspect
(Dispatchers Office) System " |1/O Units || Signals |§ Train
Final Sensor T Sensor - "8 Positi
* Decisions | + information information || Railway |2 «-21Hon
Blocks |=

Figure 2-16: General Representation of a Fixed -block Signaling System
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2.4Moving -Block Signaling Systems

Today with the power of microprocessor based systems, there is another option
called Moving -block signaling systems. It was a changing process from the
traditional view of si gnaling for the new concept.

Fixed Block Track — Chain of Blocks linked Together
® +H@ +H® +@ H®

Moving Block Track — Single Contiguous Track

Switch

Figure 2-17: Different between Fixed -block & Moving -block signaling systems in schematic view

Trains are moving according to a route reservation procedure in fixed -block

signaling systems. Trains cannot enter the same railway line in opposite directions

and must leave at least one block while moving on the same railway line in the same

direction. Briefly, for each block, at most one train is allowed to move. Since trains

need a long sbopping distance that depends on different variables such as mass of
train, brake reaction time, or type of brakes etc., the length of the blocks have to be
determined carefully. As it is obvious, it is not possible to use the overall capacity of
the railway lines efficiently (14).

Moving -block signaling systems provide more efficient use of the railway lines by
enabling multiple train movements on the same block, especially on metro and
urban lines. Moreover, the moving -block signaling system increases the transport
capacity and reduces headways. A moving block is defined as the sum of the length
of the train and the safe braking distance (15).

Moving -Block System, which also operates on the distanceto-go principle, has
evolved. Moving block systems require less wayside equipment than fixed block

systems. They provide considerable cost reductions for personnel and maintenance
due to a strong reduction in way -side equipment.

A moving block syste m (often called CBTC = Communications Based Train Control)
does not require traditional fixed -block track circuits for determining train position.
Instead, it relies on continuous two-way digital communication between each
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controlled train and a wayside co ntrol centre. On a moving block equipped railway,
the line is usually divided into areas or regions, each area under the control of a
computer and each with its own radio transmission system. Each train transmits its
identity, location, direction and speed to the area computer which makes the
necessary calculations for safe train separation and transmits this to the following
train. The radio link between each train and the area computer is continuous so the
computer knows the location of all the trains in its area all the time. It transmits to
each train the location of the train in front and gives it a braking curve to enable it to
stop before it reaches that train. In effect, it is a dynamic distance-to-go system. As
long as each train is travelling at the same speed as the one in front and they all have
the same braking capabilities, they can, in theory, run as close together as a few
meters (e.g. about 50 meters at 50 km/h). This, of course, would contradict the
railways safety policies. Instead, one sakty feature of fixed block signaling is usually
retained - the requirement for a full speed braking distance between trains. This
ensures that, if the radio link is lost, the latest data retained on board the following
train will cause it to stop before it reaches the preceding train. What distinguishes
moving block from fixed block is that it makes the block locations and lengths
consistent with train location and speed, i.e. making them movable rather than fixed.

In moving -block signaling, trains are given permission to move to a specific position
anywhere on the track, as defined by a computer system. This is in contrast to the
fixed block signaling (in which trains are granted permission to move to a pre -
defined, fixed position | i.e. the next signal) (16).

- z oA >

around each train, which moves with that train. This envelope can be tailored to

match the breaking performance and speed of that specific train, optimizing line

capacity in diff erent situations. For example, the same track could be used to run
lower -speed commuter trains (with shorter stopping distances) closer together, and
high-speed trains (with longer stopping distances) further apart (16).

Althou gh moving block signaling can increase the capacity of railway routes
compared to fixed block signaling, in practice there are still constraints, largely due
to train braking performance and timetabling restrictions. This means that the
increase in capacily provided by moving block signaling differs between routes (16).

ERTMS application level 3 and Communication Based Train Control (CBTC) systems
are examples of moving-block signaling systems and already in use, in different
regions in worldwide. Unlike fixed -block signaling systems, track circuits and
wayside signals are removed from the railway lines. As a result of this, the total

maintenance costs ofrailway li nes are significantly decreased(15).

ERTMS can be considered as a standard for safety signaling andcommunication
systems for railways across Europe and also world-wide. ERTMS increases railway
capacity, decreases energy consumption, and optimizes train speeds. Another main
purpose of ERTMS is to unify different national signaling and train control systems
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in Europe. In addition to European countries, ERTMS is also in use in Mexico, South
Korea, China, Thailand, Taiwan, Australia, and Turkey (22).

European Train Control System (ETCS) has mainly three application levels from 1 to
3. The application levels 1 and 2 can be regarded as fixeeblock signaling systems
with ATS (Automatic Train Stop) and ATP (Automatic Train Protection) features,
respectively (23) whereas the application level 3 is considered as moving block
signaling systems(24).

Detailed explanations can be found in the following subchapters. (15)

2.4.1European Train Control System

The basic of ETCS was defined by cooperation of railway people in Europe such as
UIC (International Union of Railways), UNIFE/UNISIG (European Rail Industry /
Union Industry of Signaling), an d ERA (European Railway Agency) (15).

ETCS lewls are defined below in detail:

2.4.1.1 Application Level O

In this application level, train drivers should obey the national rules and
requirements. It is assumes as level 0 when an ETCS equipped vehicle is used on a
route without ETCS equipment (15).

2.4.1.2Application Level 1

In this application level, wayside signals and track circuits are used to inform train

drivers of the occupation of the track in front of them. The communication between
the train and the railway block (railway track) is real ized over balises (Eurobalise) or
beacons [64]. The onrboard train computer named Eurocab receives the movement
authority (MA) over balises, compares with the actual speed of the train, and
calculates the train braking distance, if necessary. All essential information is

displayed to the driver over Driv er Machine Interface (DMI) (25).

Track circuits are used to detect the occupation in railway blocks. Trains cannot pass
the balise as long as the next signal is red. If the train passes the related balise while
the related signal is red, then it will st op automatically by the Eurocab, or if the

driver does not react in time for a signal change then the train will slow down by i ts

own (15).
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Figure 2-18 ETCS#¢ Level 1

2.4.1.3Application Level 2

In this application level, MA is sent to the on -board train computer directly from
Radio Block Center (RBC) viaGSM-R instead of balises. There is no need foway side
signals and Eurocab is always up to date over GSM-R. Balises are used agosition
markers and send fixed messages such as location and gradient(15).

Train sends position &
veem..... Feceives signal status

ey Radio Block
Centre

Interlocking

Track Balise
circuits (reports position
(detect train) to train)

Figure 2-19: ETCSt Level 2

2.4.1.4Application Level 3

In this application level, all necessary information from the control center to a train is
sent directly to on-board train computers over GSM-R and vice versa whereasCBTC
uses the bdirectional radio frequency (26). The location of a train is detected by the
help of balises placed on proper positions on the railway line. Balises provide
information to a train to check the actual train location and to calibrate its odometer.

Page 34/91



It is mentioned in (27) that the proper balise position also reduces train headways

and corrects speed errors(15).
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(reports position
to train)

Figure 2-20: ETCS¢ Level 3

For this application level, while moving on a railway line, depending on the

conditions, End of Authority (EOA) messages could be received by the train from

the control center and new MA will be uploaded to train on-board computers via
GSM-R. The control center and the interlocking system communicate with the GSMR
network by using the nearest RBC. As mentioned before, more than one train can
share the same block while moving on the same railway line in the same direction
but trains have to leave a sufficient gap between them to prevent from collision. This
gap is calculated by considering the braking distances and the safety distance which
can be chosen as the lengt of the train. The movement of trains is ill ustrated in

Figure 2-21. (15)
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Figure 2-21: Movement of Trains in a Railway Line

2.5Punctuality and Delay

One of the most important quality indicators of public transportation is  punctuality.

Deviations from schedule reduce the level of service (25).
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affects the quality perception, which helps smooth® OT wUT | wx OUUPEOI w@UE
(25).

Delay is defined as the deviation from the planned departure/arrival time registered
on the railway stations. Based on the daa the level of the service can be evaluated
and the different lines are to be compared. Identification of the delay events and
their causes helps the future planning of service and it can be used for traffic forecast
(25).

1 on operational side: in view of delay trends, the schedule and connections are
to be modified,;

1 on passenger side: in view of the certain factors (weather conditions, lines,
service type, etc.) the punctuality of vehicles (departure and arrival time) are
predictable. These values can be used for passenger information on stations as
well as on personalized travel information applications (journey planners).

The most frequent reason for delay is guaranteeing connections. Delays above
average value have been caused by other railway companies and in case of
extraordinary weather conditions (25).

There are two specific situations in which a functional relation between train delays
and characteristics of the railway system would be useful for tactical planning:

1 Investment planning. Managers are interested in reducing train arrival
delays at a station by investing in the infrastructure. The investments may
include track renewal to increase the speed profile along some routes,
building an overpass to avoid train conflicts, or introducing more advanced
signaling systems that resolve rights-of-way more efficiently. A functional
relation between train delays and characteristics of the infrastructure would
enable the planners to evaluate the effects that different infrastructure projects
(or their combination) would have on delays. This would assist the
management in selecting the most effective investment plan, given the
available budget (26).

1 Simulation analysis. Planners are interested in examining effects of changes
in the railway system on bottlenecks, capacity utilization, or delay
propagation. Such analysis is typically conducted by simulating specific
traffic scenarios, given the information about t he infrastructure and train
movements (30). Since trains often deviate from their timetables, simulation
models must account for delays to validly represent the real-world
operations. A functional relation between train delays and characteristics of
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the system can be used to estimate initial arrival delays to the observed
section or intersection. These initial delays can be used further as inputs to a
simulation model to obtain more realistic estimates of the capacity utilizatio n,
delay propagation, or bottleneck effects at downstream locations (26).

Models for real-time prediction of train delays are used to detect potential
instabilities in the timetable and alert the dispatchers to reschedule some trains.
Train delays are predicted from data describing arrivals and departures, which are
gathered in real-time (31). Train movement data are collected from the infrastructure
track occupation records, sensors in rolling-stock, or mobile GPS devices. Flier et al.
(32) apply an algorithm that sweeps through the delay of the incoming trains and
efficiently finds systematic dependencies in large-scale railway delay data (26).

Some models are defined with several variables (i.e., influencing factors) that are
correlated with the type of delay that is analyzed. For example, the punctuality of
trains in Norwegian railways is correlated with the number of passengers,
occupancy ratio, departure punctuality and operational priority rules (32) (26).

CONTROLS
Delay Attribution Board
Delay Attribution Principles
and Rules
Condition B4 Audit rights

INPUT l OUTPUT

Delays / Cancellaions PROCESS Accurate record of the agreed
identified in the Train Assign Delay Atttribution « cause of delay / cancellation
Management Systems to train services

Reporting reasons and

Contractual responsibility
for incidents t

RESOURCES
Delay Attribution Staff
Responsible Managers

Training and Competency
Assessment Package
IT Systems and Applications

Figure 2-22: Delay Attribution Process

Punctuality of transport services has become a major issue during the last decade
due to increased mobility of people, globalization of trade, competition with ot her
transport modes, saturation of infrastructure capacities, and deregulation of the

transport sector. Road congestion, and air and railway traffic delays are daily

phenomena and seem to increase continuously (27).

Punctuality of train services, in general, is expressed as the percentage of trains
passing, arriving or departing at given locations of the railway network no later than
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a certain time in minutes. Delays smaller than 5 minutes are usually not considered
as delays by the European railway companies because of limited precision of the
applied modes of measurement, tolerances of the timetable and insufficient means of
control of operations in practice. As there are no standard definitions and the mode
of measurement of delays is varying, the punctuality rates of the railways differ a lot
(27).

As the time difference with regard to the scheduled time can be determined only on
Ul 1l wEEUPUWOI wEwUDOI UEEOI wUI | wOEUUT Uz UwWEIT T UI I
punctuality estimation. As the railway timetable for the public indicate s only hours
and minutes, the train delays could be defined as being 1 or more minutes behind
schedule. A computerized timetable design enables, however, to determine the
planned arrivals and departures by fractions of a minute, e.g. in steps of 5 or 10 se.
A high timetable precision of seconds is applied in Japanese Railways and even
some European railway companies use this for internal purposes. But, so far, the
punctuality levels published by most of the railway companies do not include a lot
of trains with small delays and therefore create a much too positive image compared
to reality (27).

In any case, the definition of delays should not be influenced by political or
marketing aspects in order to assure a scientifically objective measurement and
estimation. As delays may occur also during train stops, thus creating eventually
differences, both arrival and departure delays should principally be considered.
Whether it is suitable to publish arrival, as well as departure delays depends on the
railway network. In first instance, departure delays are considered as being more
important because they include dwell time delays. For reasons of practicability of
control of operations and public perception, statistics of punctuality of t rain services
do not need to include delays smaller than one minute. The setting of a larger
minimal limit than one minute delay for the estimation of punctuality seems to be no
longer justified for railways with state -of-the-art automatic train detection systems
(27).

Trains are considered delayed if they arrive, pass or depart later than scheduled at
the stopping position of the platform or stabling track. Early or late arrivals and
departures are treated separately. Punctuality of train services is expressed as the
percentage of trains that arrived, passed or departed no later than 60 sec compared
to all train movements in the same time period at predefined re presentative network
locations (27).

The presence of trains is detected automatically by means of axle counters, coils,
induction loops, or track circuits. In general, the start and the end of the occupation

of a signal block or a track The location of the devices, however, varies and depends
on the track layout and the design of the section by a passing train is recorded and
the data is saved a cetain time for safety reasons. Signaling system. In most cases
the last measurement point before a station is situated some hundred meters or even
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more than a 3 kilometer upstream of the platforms, whereas the first one after a
station is located typically close to the departure signal. Moreover , the stop position
of trains at a platform may vary if the length of trains is changing over time -of-day
or day-of-week and the passenger access to the platform is not located at only one
end. Therefore, the distances between the last (first)trains detection devices before
(after) the station and the stop position of the different trains at the platform are to
be determined in order to estimate the remaining deceleration (acceleration) time of
the trains until (from) the stop (27).

Delay is often used as a metric of capacity; however, delay is a measure of level of
service, not capacity and the relationship between delay and capacity is
complicated. Delay can be defined as either the difference between the minimum, or
unopposed, travel time and the actual travel time or the difference between
the scheduled and actual travel time. Using either definition, delay increases as the
level of service offered decreases. Trains can be delayedby both scheduled
and unscheduled events. Scheduled delays are incorporated into the timetable as
buffer time to allow for conflicts with other traffic.  Unscheduled delays are
stochastic and are a leading factor in unreliability and instability of a network (28).

Unscheduled delays can becaused by numerous events including:

Mechanical failures, malfunctioning infrastructure, weather conditions, excessive
boarding times of passengers, accidents at highway-railroad grade crossings and so
on (28).

Delays to onetrain can lead to a cascading effect ofdelays to other trains. As a route
nearsits theoretical capacity the probability that a delay will lead to subsequent
delays increases, while the ability to recover from these delays decreass (28).

The amount of delay is related to the volume and type of traffic on a route. With
more traffic the number of meets and passes increases, and headways are reduced,
increasing the probability of a delay causing additiona | delays to other traffic. It is
generally agreed upon that delays increase exponentally with volume (Figure 2-23
a).

However, the specific delay volume relationship is dependent on the traffic mix on a

route. Different train types have different operating characteristics influencing the
amount of delay that a train experiences. Heterogeneity in these train characteristics
causes additional conflicts increasing delays (Figure 2-23p) (28).
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Volume Heterogeneity
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Figure 2-23: The Delay-Volume (a) & Delay -Heterogeneity relationship (b)

Delay is the extra time it takes a train to operate on a route due to conflicts with
other traffic. Reduction in delay is often used by the railroads to calculate the benefit
of a project or operational change. However, the specific factors that cause these
delays are not well understood. According to previous studies by Dingler on
intermodal (freight trains with the highest maximum speeds, power to ton ratios and
dispatching priorities) and bulk trains (freight trains with the lowest speeds, power
to ton ratios and dispatching priorities) in a typical Midwestern north American
single-track mainline, t he delays can becategorized by conflict and source. Conflicts
can be considered in three categories including meets, passes and line restrictions.
Meets can be classified as any delay due to conflicts with one or more trains
traveling in the opposite direction. Passescan be classified as any delay due to
conflicts with one or more trains traveling in the same direction that result in one
train overtaking another. When a conflict involve s multiple meets and passes, the
acceleration and braking delay can be attributed to the first conflict while the extra
dwell time required to accommodate the additional conflicts can be attributed to
each conflict accordingly. Line delays can beclassified as any delay due to one train
being slowed down by a preceding train traveling in the sa me direction that does not
result in an overtake. For each conflict the specific operational source can be
identified. Sources of delay include the delays while a train is braking, accelerating,
at a canstant slower speed or stopped. By splitting the delay up into conflicts and
sources, it is possible to see which type of conflict has more delay, why that delay is
occurring, and how it changes with changes in traffic composition (28).

Conflicts that Cause Delays When sorted by type of conflict most of the delay is

accumulated during meets (Figure 2-24). The delays from meets are much larger
than delays from line or pass delays. Each type of delay changes differently with

changing traffic. The delays due to passes are the greatesat the highest levels of
heterogeneity while mainline delays are the same with all levels of heterogeneity.

The delays from meets closely follow the trend of the average delays.Consequently,
the increased delays due to heterogeneity are primaily from i ncreased meet delays
(28).
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Figure 2-24: Average Delay by conflict and Ratio of Bulk to Intermodal Trains

Each source of delay has a different trend with regard to traffic mix (Figure 2 -25).
The delays while a train was traveling at a reduced speed were minor and relatively

constant over all traffic mixes. The delays while a train is braking and accelerating

increased with larger percentages of bulk trains. These delays are therefore due to
changes in traffic and not increased heterogeneity. As the percentage of bulk trains
increases the acceleration and braking delays increase accordingly (28).

The stopped delay is the only delay that increased with heterogeneity. Therefore, the
increased delays with heterogeneity are due to a greater amount of time trains are
stopped waiting in a siding. There are two possible explanations for this. First, at the
higher levels of heterogeneity there is a greater likelihood two trains of different
priorities will meet resu lting in less efficient meets. These inefficient meets result in
longer dwell times because a train will enter a siding earlier than it otherwise might.
Secondly, higher heterogeneity results in more complex conflicts in which a train is
met or passed by more than one train resulting in more time stopped (28).
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