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Extended Abstract

Nowadays, railway transport capacity is an important bottleneck for many railway
operators that face its ever-increasing demand. This poses a challenge to existing lines
as operation under conditions close to saturation tends to be unstable. Capacity in
urban railway systems depends largely on dwell times at platforms, but capacity
measures proposed in the literature rarely include the uncertainty associated to these
times. On the other hand, the transport capacity of an urban railway line can be
increased in many different ways. For planners and infrastructure managers it is vital
to have at their disposal all the tools available that allow them to choose the most
cost-effective solution among all the existing possibilities. This selection process can be
complex sometimes and deciding how the available capacity should be increased is an
important decision with significant financial consequences.

This work presents the uncertainty associated with Dwell Times modeled as fuzzy
numbers; two new capacity measures are proposed: The Fuzzy Maximum Capacity and
the Fuzzy Occupancy Time Rate. The proposed model makes use of a railway simulator
that enables route compression to obtain the conflict-free compressed time of the
section under study. Three practical capacity problems from the perspective of the
railway traffic operator have been presented and solved. The new measures provide
more information to the railway operator than the standard UIC method that does not
include uncertainty regarding dwell times. Finally, the model has been applied to a
section between Gràcia and Sarrià stations, belonging to the Spanish railway operator
FGC.

This work also presents new transport capacity indicators suitable for urban lines that
focus on disturbed circulation of trains; they can be used as a guide by decision-makers
to help them decide on infrastructure capacity improvements. The indicators ease the
process of deciding among different alternatives, considering the specific capacity
improvement they involve individually. One of the advantages of this technique is
allowing to decide among alternatives by choosing the most cost-effective solution to
be implemented.

This project uses a simulation system capable of reproducing accurately the complete
behavior of an urban railway installation like the FGC Barcelona-Vallès Line. The system
models the behavior of the Rolling Stock operating in the railway line under the
constraints defined in the design of the infrastructure and given a timetable and their
operations definition. The model allows obtaining the minimum departure-arrival
itinerary times in the stations under study. It has been applied to a case study in the
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station of Provença that is a station with long Dwell Times during rush hour and
belonging to the Spanish railway operator FGC. This case demonstrates the indicators
application and their contribution; it also shows that it would be possible to extend the
same kind of study to other nodes, allowing the systematization of their capacity
improvement by fine-tuning their signaling system.
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CHAPTER 1

1. INTRODUCTION

The process of interconnection of different parts of the world, movement and
integration of goods and people among different countries is what we name
nowadays as Globalization. The beginning of the twenty-first century has seen a
progressive acceleration of this process, which impacts global emissions of
greenhouse gases by increasing them. There is a growing concern regarding these
increments and future policies may be oriented to limit greenhouse gases emissions
and therefore boost means of transport that can be more environmentally friendly
like rail transport. Rail has the key advantage of emitting less than most of other
transportation methods. And these emissions can be further reduced with the
transition to a 100% renewable electricity system of production. So, it is imperative
to find new solutions that allow increasing the use of rail, which is potentially the
most environmental conscious form of transport. And with this increase, accelerate
the shift of passengers and freight from air, sea and road to rail.

Furthermore, future projections devise a global trend of general increase in
populations living in major cities. These projections are going to challenge existing
railway installations that will experience great difficulties to cope with the
aforementioned demand increase. Hence, the increase in railway congestion due to
this demand surge needs to be planned out very carefully by railway operators.

The European Union has adopted four railway packages with the aim of gradually
opening up rail services to a higher degree of competition by defining a common
framework of standards that allow a development of a single European railway zone.
In the end and among other features, this initiative will reduce barriers by increasing
interoperability between countries. This in turn will lead to an additional increase in
railway capacity demand. Also, from the European Commission there is a decided
drive to support rail to increase its importance in reducing the environmental
footprint of the whole transport sector, as it is a very efficient sector and largely
electrified.

Railway transport is nowadays in the process of improving elements like its efficiency,
level of customer satisfaction, quality of service and capacity. Regarding the latter,
many installations are reaching their maximum allowed capacity levels and future
projections show that this trend will continue into the following years. Thus, it is of
prime importance that railway infrastructure managers face as soon as possible the
challenge of reevaluating their available capacity and take decisions in order to
increase the available capacity in the railway installations that they manage.
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But this capacity expansion tends to be a process that is very intensive in capital,
therefore planning the investments well in advance is normally mandatory as its
implementation needs planning and execution times that tend to be long. Also,
financing is sometimes complicated and subject to political winds that can be many
times quite variable.

Therefore, before starting costly capacity increase programs through the purchase of
new Rolling Stock, refurbishing or update of Signaling Systems or even completely
new lines, other much more cost-effective solutions must be considered. This actually
means squeezing more juice out of the current installations, before they have to be
remodeled partially or completely. To do so, and therefore before deciding among
different projects to expand line capacity, infrastructure managers need to use
capacity indicators that allow them to choose efficiently the available options that
they have at their disposal.

Some railway administrations - like the Spanish FGC – are in the process of updating
their infrastructure to cope up with the growth in passenger demand. The current
scenario, in which governments are pushing the trend to limit the use of private cars
in order to reduce pollution levels in urban areas, for example by means of creating
zero-emission zones, is gradually increasing pressure on passenger demand in the
railway infrastructure.

For example, in 2019 FGC underwent an increase in passenger demand of 4,4% in
comparison to the previous year, which in turn also experienced an increase of 3,5%
in comparison to the previous period. As a response to this increasing pressure, FGC
announced on June 2019 that they were planning to invest 300 million euros to
renew their lines with the aim of increasing available capacities of their lines. The
rhythm of investment is expected to be of 100 million euros per year until 2021. A big
part of this money will be spent on new trains and some station renewals, like the
redesign of Plaça Catalunya, which is one of the busiest stations of the line. But many
times, capacity bottlenecks in railway lines are not present where they seem to be at
first sight and a more profound analysis is required to pinpoint their exact position.
Therefore, infrastructure improvements require the use of tools that ease the
process of decision among different investment possibilities. In this scenario is where
capacity indicators show their valuable contribution.

Specifically, when it comes to urban railway lines, these lines have some common
features that make it difficult to apply standard capacity indicators. These indicators
do not reflect some of the intrinsic aspects present in urban lines. These are:

- Dwell Times at stations have a huge impact in capacity, due to their variability and
the high values they can reach in crowded stations specially during the rush hour
of the service. The impact of this effect is dramatically increased as urban lines
tend to have very short sections between stations; in urban sections the average
distance between stations is typically about 800m. This implies that Dwell Times
have a remarkable effect on minimum running times of trains.
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- In urban lines that are close to saturation during the rush hour, it is frequent that
train movements are disrupted by the previous train in the line. This generates a
knock-on effect that affects line capacity making it different than the one initially
planned in the train schedule defined by the line operator.

The first aspect has been revised in the literature but without a satisfactory solution
so far. The majority of works regarding the study of Dwell Times at stations do not
consider the uncertainty in them and its effect over line capacity. Although some
works look into uncertainty, they do not perform an in-depth analysis of the matter.
Medeossi et al. (2011) perform a study using data coming from a real installation with
the aim of introducing uncertainty to support a better timetable planning. But the
work does not consider the variability of Dwell Times under different service
scenarios; they assumed as a valid simplification that the same distributions of Dwell
Times could be applied to every scenario.

In San et al. (2016) a revision of the factors affecting Train Dwell times is presented;
they conclude that further study of the factors influencing them is required.  In
Kecman & Goverde (2015) the researchers present a model to predict running times
using historical data and apply that to a case study in the Netherlands, but they
neglect the impact of variability in Dwell Times related to the time of the day and do
not perform a capacity calculation.

Also, Buchmueller et al. (2008) present a model which estimates Dwell Times based
on different sub-processes that are evaluated separately to assess their individual
influence on Dwell Times; they use real data to quantify it. But they are not
considering the influence of passenger volume in their model. In a similar way, Li &
Goverde (2016) show a Dwell Time estimation model but without using real
passenger demand data. Also, the study does not include an analysis on capacity
calculation of the case study that they are presenting.

The second aspect has also been revised in the literature without addressing the
aforementioned specificity of Urban Railway lines. A number of works that present
models of disturbed railway systems have been published. Just to name a few, in Abril
et al. (2008) the authors show simulation methods to reproduce train interactions and
knock-on delays. Zhong et al. (2018) show a model to calculate capacity considering
disruptions but using random numbers to model the delays.

Also, Huang et al. (2019) present a model based on K-Means clustering capable of
analyzing disturbances in real-time operation is presented.  The researchers of Zieger
et al. (2018) introduce a simulation tool to analyze buffer times by calculating knock-on
delays using a Monte-Carlo simulation, but they do not consider realistic delay times
but distributions of them. In Goverde et al. (2013) the researchers evaluate capacity
consumption under disturbed conditions by means of a Monte-Carlo simulation setup;
they apply random distributions of delays to model real operations. The main
specificities of urban metro lines are not fully considered, especially the effect of
saturation and the generation of subsequent knock-on delays. Although the model
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considers hindered movements due to signal aspect restriction, it only uses a part of
the minimum headway excluding the approach time while computing the scheduling
solution.

The present work shows two different approaches that allow obtaining higher levels
of capacity from existing railway installations. The first approach is based on the
analysis of uncertain information regarding the capacity calculation. In particular,
capacity in urban metro lines is heavily dependent on Dwell Times in the line and
therefore it is necessary to analyze its influence on the line capacity estimation. This
first approach uses Fuzzy Techniques to model uncertainty regarding Dwell Times in
stations.

The aforementioned problem has not been addressed yet in the literature. The
proposed models will be especially useful to value the level of saturation of urban
railway lines, because the new Fuzzy Maximum Capacity indicators will allow
evaluating to what extent the current infrastructure is capable of providing the
desired level of transport offer depending on the uncertainty in Dwell Times.

On the other hand, the second approach is based on the analysis of the capacity of
the line in disturbed conditions by means of Dynamic Indicators that allow giving
additional information which is useful for the infrastructure operators and managers.
These Dynamic Indicators are useful to guide capacity improvements by easing the
process of deciding among different alternatives of signaling design and redesign in
saturated lines. When different scenarios are presented to the infrastructure
manager, having the proper tools to choose among them results in a more long-term
valuable asset.

1.1. TRANSPORT CAPACITY AND VARIABILITY OF DWELL TIMES IN URBAN
RAILWAY LINES

Transport capacity is a vital component of railway systems, defined by the amount of
rolling stock per unit of time that the system will be able to move (Dicembre & Ricci,
2011). It depends on multiple factors (Abril et al., 2008; UIC, 2008; Dicembre & Ricci,
2011), such as Infrastructure design, signaling systems, traffic, dwell times at stations
and reversing routes at terminus stations.

In suburban lines this capacity calculation is heavily dependent on dwelling times,
considering that they suppose an important percentage of the operation time. But
these times tend to be variable and uncertain especially during the rush hour. Also, in
some situations when there are not real-world data available like in greenfield
projects, an approach based on fuzzy modeling proves to be especially convenient to
include uncertainty in the model.

In the present work a fuzzy capacity model for railway lines is proposed. Uncertainty in
dwell times is introduced by using fuzzy numbers. As a result, new measures of fuzzy
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maximum capacity and fuzzy occupancy time rate are proposed. The proposed method
provides more information to the railway operator than the standard UIC method that
does not include uncertainty regarding dwell times. The model permits as well
adjusting the level of fulfillment of the UIC time margins to calculate the operative
capacity.

Fuzzy capacity is compared with the operative capacity of a timetable, evaluating if the
timetable is feasible under the currently present signaling system design. Fuzzy
occupancy time rate is used to calculate the degree of compliance to the UIC
robustness reference values. In addition, the model allows calculating the maximum
operative capacity that achieves the UIC robustness requirement with a given level of
possibility or necessity as a target value.

This approach is considered especially useful in urban railway lines with frequent stops
and equipped with automatic driving systems, where the main source of uncertainty is
located in dwell times due to passengers getting on and off, and not in running times
(Domínguez et al., 2011).

1.2. LINE CAPACITY CALCULATION OF A LINE UNDER DISTURBED
TRAFFIC CONDITIONS

The demand for urban transport will increase in 95% until 2050, especially in
developing countries where cities are expected to growth hugely in size. Urban
dwellers will rise from 4 to 6.4 billion people during the aforementioned period (OECD,
2017).

Railway is one of the most efficient modes of urban public transportation and it has
seen an impressive technological improvement during the last few decades. Looking
into the future, railway is expected to be a cornerstone to alleviate congestion
problems in big cities and metropolis all around the globe.

Specifically, demand for railway urban transport is expected to increase 60% and this
rise will put a lot of pressure on current infrastructures. Therefore, city planners and
infrastructure managers will have to take complex decisions in order to increase the
capacity of current railway networks. Building completely new infrastructures as well
as the use of different rolling stock that allow more capacity are options on the table,
but they are quite expensive ones. Also, they tend to be constrained by political
momentum and funding, the rhythm of which is usually not synchronized with social
needs.

But before engaging in lengthy and costly upgrading processes, there are other easier
and convenient options that need to be analyzed. Transport capacity limitations in
railway networks are caused to a great extent by high dwell times at stations,
especially in high density urban lines. These dwell times at stations can be harmful to
capacity availability particularly during the rush hour when a great number of
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passengers make use of the service. An extended dwell time for a particular train can
disrupt the following one, that will have to reduce its speed or even come to a
complete stop. This situation happens because the minimum departure-arrival
itinerary times required between trains following each other are not fulfilled, and then
the following train is too close to the previous one and its movement gets disrupted.
So, it becomes key to improve the departure-arrival itinerary times at the station in
order to improve the capacity at each of them.

1.3. THESIS OBJECTIVES
1.3.1. MAIN OBJECTIVE

The main objective of this thesis is the development of indicators that allow the
improvement of capacity in urban railway lines, considering the main traffic uncertainty
triggers, namely dwell times and disturbed traffic conditions.

Furthermore, another main objective of this work is to perform the application of the
aforementioned indicators to a real case of application that allows validating the
advantages of its use.

1.3.2. SPECIFIC OBJECTIVES

The main specific objective of this thesis is the development of improvement strategies
in the design of railway urban infrastructures with the goal of increasing their capacity,
in view of the results obtained by using the proposed indicators. The fields of
improvement could be railway signaling, strategies for infrastructure design,
improvements in railway operation and others.

Specifically:

· Urban Railway lines capacity analysis considering Dwell Times variability.
Variability will be modelled by means of Fuzzy Numbers.

· Urban Railway lines capacity calculation in disturbed traffic conditions.
· Development of an Urban Metro simulation model that includes detailed

signaling and train movements.
· Test the proposed indicators in a real application case of an urban line close to

saturation to assess their validity.
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1.4. STRUCTURE OF THE DOCUMENT

This thesis is structured into six chapters:

The first chapter presents an introduction, the motivation, objectives pursued in this
thesis and structure of the document.

In the second chapter, the Fuzzy Maximum Capacity and Occupancy Time Rate
measurements in urban railway lines are presented. Also, three applications with their
resolutions applied to a case study are shown.

The third chapter presents Indicators designed to guide Capacity Improvements in
Urban Railway Lines, showing the model, steps necessary for its applications and a case
study.

The fourth chapter shows the simulator that has been designed to reproduce accurately
the behavior of the urban railway installation used to perform the simulations
performed in this work.

The fifth chapter collects the main conclusions obtained from the work presented in the
thesis. The most relevant contributions and suggestions for future work are also
detailed in this chapter. The sixth chapter shows the papers used as references for the
present work.
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CHAPTER 2
2. FUZZY MAXIMUM CAPACITY AND OCCUPANCY TIME

RATE MEASUREMENTS IN URBAN RAILWAY LINES

2.1. INTRODUCTION

Nowadays, many of the urban railway lines are severely congested, especially during
rush hour. This is due partially to the great population growth that cities have
experimented, especially the larger ones, during the latest years.  In 1950, only 30% of
the population lived in cities while at the present time this figure has increased to 54%
and it is expected to reach 66% by 2050 (United Nations, 2014).

Therefore, on the one hand operators and managers of railway infrastructures are
facing the challenge of increasing the available capacity at existing installations to
cover the expected growth of demand. On the other hand, the operation of
installations under conditions close to saturation is prone to be unstable, because the
minimum incident causes a chain of delays down the line that affect negatively the
service quality and the overall service reliability offered by the system.

Transport capacity is a vital component of railway systems. In fact, it is the product
that infrastructure managers offer to the market as well as a measurement
representing the amount of rolling stock per unit of time that the system will be able
to move (Dicembre & Ricci, 2011).

Even though the concept of capacity is intuitive, its technical quantification in order to
make it useful in the evaluation and proper design of railway infrastructures is
complex. This has led to the definition of different types of capacity in the literature
(Krueger, 1999; Abril et al., 2008; Kontaxi & Ricci, 2010; Ortega et al., 2015).

· Theoretical or maximum capacity: Maximum volume of traffic usually expressed
as number of trains per hour that can travel through a railway network or network
section without the circulation of the trains being affected by the signaling
systems. This in practice means that trains should not brake due to the proximity
to another previous train circulating that could force them to slow down or to
increase their dwell time at stations.
Under this scenario, the signaling system always allows trains to move at the
maximum speed allowed at every point of the line, always considering the existing
safety configurations.
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· Practical capacity: Volume of traffic that can travel through the system
permanently maintaining a reasonable quality of service. It is a value smaller than
theoretical capacity, because buffer margins between circulations are required to
avoid small delays being transmitted to other trains (Salido & Tarazona, 2008;
Hansen, 2009; Dicembre & Ricci, 2011), therefore that reduces the number of
trains in circulation with respect to theoretical capacity which does not apply this
buffer margin.

Typically, practical capacity is calculated as a percentage of theoretical capacity
(between 60 and 85%), depending on the type of use (UIC, 2013). This
measurement of capacity turns out to be more useful to infrastructure managers,
considering that it is related to the real capacity they can offer because it
considers the true operating conditions in the installation.

· Operative Capacity used by a timetable: it is the volume of traffic contained in a
timetable for a period of time. In order to make that timetable operative under an
acceptable level of service quality, the value has to be inferior to the practical
capacity. It offers a measurement of the infrastructure level of use and, therefore,
of its saturation level. It can be expressed as a percentage of use regarding the
maximum capacity; therefore, it gives information about the infrastructure level of
occupation.

· Available capacity: difference between the practical capacity and the operative
capacity. It offers information about the residual capacity of a timetable.

Transport capacity depends on multiple factors, (Abril et al., 2008; UIC, 2008;
Dicembre & Ricci, 2011), such as:

· Infrastructure design: Defined by track topology, gradients and speed
limitations present in the system.

· Trains specifications: They determine their performance figures such as
acceleration rate, maximum speed and braking force. These parameters limit
the distance allowed between two consecutive circulating trains while the
required safety level is maintained.

· Signaling systems: They are in charge of guaranteeing train movements and
keeping them at enough distance from one another. In urban lines signaling
systems typically use fixed blocks, which implies having signals that inform the
driver placed on the border between blocks. They give the driver information
about what is beyond his field of vision. Train detection on track is performed
using either axle-counter systems or track circuits, which make possible
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determining the block or blocks being occupied by the train at all times.
Therefore, resolution regarding train location is limited by the length of track
blocks and this in turn limits the capacity the system is capable of offering.
Likewise, in installations with an ATP speed codes safety system the maximum
designed speeds for every block imply another restriction. And the line design
itself, with its associated itineraries and stops, limits the maximum capacity the
line can offer.

In addition to this typical configuration, there are systems like the ones based
on CBTC that allow a more precise train location with the use of continuous
bidirectional communication between train and track equipment. This
increases system resolution and consequently its available capacity, as trains
can run closer in the line.

Also, Automatic Train Operation (ATO) systems may introduce an additional
limitation to the capacity offered by the system while prioritizing other aspects
like comfort or energy efficiency.

And the Centralized Traffic Control (CTC), which is in charge of centralizing the
control of the interlockings and traffic flows of the line, similarly influences
system capacity by enabling the automatic dispatching of routes, following
predefined operation strategies.

· Traffic: which is defined as the mix of trains, train sequences and priority rules
at railway nodes. Capacity is reduced when trains with different speeds or
lengths travel one after another, or under a different dwelling schedule
(Burdett & Kozan, 2006). All the previous situations are possible in railway
urban lines. Typically, cyclical timetables are defined for every period of
demand in Metro lines: peak or off-peak hours. These timetables define a
predefined sequence of trains, priority rules at nodes and a commercial
dwelling schedule, usually with constant frequencies for every type of service.
This traffic structure forms a cyclical pattern in which capacity calculation
depends heavily. The maximum capacity of an infrastructure is often identified
with its capacity during the peak hour by analyzing the period of its traffic
pattern.

· Dwell Times at stations: They have a great influence on capacity and are
affected by door opening and closing times as well as time waiting to depart
once the doors close, passenger flow time and time the doors remain open
after passenger flow ceases (Kittelson & Associates et al.,2013). The required
times to allow the passengers getting in and off at train stops have a great
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influence on capacity, especially in metro lines where they are very common as
well as during peak hours when there is a high frequency of trains and
passengers in the line. Also, Dwell Times in these lines are subject to
fluctuations owed to variable passenger traffic as much as to its own process of
loading and unloading trains and its associated procedure for doors closing,
which is performed manually by the driver in many lines. Therefore,
uncertainty in commercial Dwell Times is a key problem in the calculation of
capacity in metro lines.

· Reversing routes at terminus stations: Terminus stations are the ones located
at every end of the railway line; in them all trains leave in the reverse direction
from that of their arrival. They tend to be critical nodes and therefore the way
trains are reversed in them conditions capacity of whole line as well. In this
procedure, both signaling system involved and operative time associated have
influence, as well as the time required by the driver to change cabin or being
replaced by a coworker.

In regard to capacity calculation, there are analytical methods that allow obtaining a
theoretical capacity value in a relatively simple manner by using mathematical
expressions applied to simplified models of the system, to which a certain margin has
been applied to approximate the practical capacity really obtained in the installation.

One of the most well-known is the one proposed by the International Union of
Railways (UIC, 1996) in its 405 leaflet, which is applied to the critical section of the line
and defines capacity as:

zurfm ttt
TP
++

= (2-1)

Where:
T: time of reference
tfm: minimum time between consecutive trains
tr: buffer time to allow a certain level of service quality
tzu: time required because of the blocks design of the line.

Other subsequent methods are based on this concept, like the one proposed in Robert
et al. (2006) which uses the proportions of types of trains in the system as well as their
direction and percentage flows in the nodes as static values of the system.

De Kort et al. (2003) present a method of capacity analysis that uses blocks which
represent elements of the system. It analyzes different topologies of track layout and
signaling systems, allowing quantifying how they influence system capacity.

Even though analytical methods are based on real-world data of infrastructure and
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timetables, they are only useful as a starting point in simple situations where the use
of more complex techniques can be avoided because there is no need to achieve a
more precise result. In addition, they could be used to detect installation bottlenecks.

There are some works that have made comparisons between some analytical methods,
like for example Malavasi et al. (2014), but in general the suitability of each one of
them will depend on the specific application case.

Analytical methods are not useful to precise the behavior during the interactions and
conflicts between trains, which is something basic to analyze complex railway lines
with high circulation intensity, like is the case regarding urban ones.

On the other hand, there are calculation methods based on the widely known as
timetable compression method. For example, UIC proposes in (UIC, 2013) their
reference method of capacity calculation UIC 406R. It aims to establish an international
standard to evaluate capacity in different environments by establishing a common
framework and uniform principles.

The method is based on real installation timetables and the undisturbed space-time
movement of the trains, which is defined in the circulations timetable. The circulations
order, passing order at nodes and halts schedule all get fixed beforehand; that forms
the traffic pattern of the line. The method performs a compression of the pattern of
traffic by bringing the trains closer to the limit allowed by the signaling system without
their circulation being affected and keeping their dwelling times for passengers loading
and unloading constant. Figure 2-1 shows an example of its application.

Figure 2-1. Left: Original timetable. Right: Compressed timetable (UIC 406R)

That is to say, the compression method eliminates buffer times between trains,
calculating the maximum capacity as the number of trains per hour contained in the
timetable within the compressed time. The margin reaches zero in the critical point
that limits capacity.
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By comparing the real timetable with the compressed one, the occupancy time rate
measure of a given timetable is defined as the compressed time divided by the
timetable time window. This value can be compared to the reference values proposed
by the UIC for various types of railway lines (Table 2-1).

Type of line Peak Hour Daily Period
Dedicated suburban passenger traffic 85% 70%
Dedicated high-speed line 75% 60%
Mixed-traffic lines 75% 60%

Table 2-1. Proposed occupancy time rate values

This allows checking the margin of capacity still available within the system. If the
occupancy time rate is not yet over the recommended values, the timetable generally
allows adding more circulations if that is required, before recalculating again the
occupancy time rate. When the reference value is surpassed, the timetable is already
saturated and does not allow adding any more circulations. The occupancy time rate
values recommended by the UIC for suburban traffic are 85% during peak hours and
70% on daily period.

In suburban lines this capacity calculation is heavily dependent on dwelling times,
considering that they suppose an important percentage of the compressed time. For
example, in the Barcelona-Vallès line of the Spanish operator FGC they suppose up to
20% during peak hours. However, the compression method does not include the
uncertainty associated to dwelling times, which are modelled as being constant, and
therefore does not allow analyzing the effect of their variability in the obtained capacity
value.

An effective procedure to calculate the compressed time and the maximum capacity is
the use of simulation models that allow reproducing the full railway system at a micro
level by using tools like OpenTrack or MultiRail. By means of them, it is possible to
calculate the maximum capacity of a railway system using the compression method. This
is accomplished by approximating the trains until they could not get closer without
affecting each other; that is the conflict-free compressed time.

Some works present their own simulation tool (Ballis et al., 2004; Goverde et al., 2013).
Goverde et al. (2013) presents an example of capacity consumption calculation method
that uses the compression method. It adds uncertainty by means of Weibull
distributions that allow randomizing line entry times, but dwelling times are considered
fixed.

On the other hand, Landex (2012) shows a tool that calculates capacity measured as an
average of Scheduled Waiting Times (SWT) in a sample of possible timetables of a
certain infrastructure. The system does not require a defined timetable, just the
number, order and type of trains and infrastructure design. Then, and based on this
setup, a large number of timetables are defined and their SWT are obtained. The
timetable with the lowest SWT that fulfills the capacity requirements may be chosen.
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As aforementioned, the capacity of a system is conditioned by its traffic pattern. There
are studies centered in finding traffic patterns that offer the largest capacity. In Ortega
et al. (2015) some optimization models developed by other authors (Jovanovic & Harker,
1991; Carey, 1994; Higgins et al., 1996; Caprara, 2002) are mentioned. Jovanovic &
Harker (1991) show an optimization tool aimed to assess the feasibility of a given
schedule, which searches over different possible plans and tries to find if at least one of
them could accomplish the expected schedule. The algorithm employed to solve the
problem is a branch-and-bound implementation. Higgins et al. (1996) demonstrate an
optimization single-track scheduling model, also based in branch-and-bound.

In Carey (1994) a mathematical model for train pathing and some heuristic techniques
that allow reducing its required computing load are exposed. These are typical
strategies commonly followed by experienced human dispatchers.

As for Caprara (2002), the author presents a method based on directed multigraphs to
solve the timetabling problem. The resulting linear programming model is solved by
means of Lagrangian relaxation, which decreases the problem-solving time.

Mussone & Wolfler (2013) propose a different approach to capacity calculation based
on an optimization method. The system is modelled using inequalities. These constraints
due to the probability of interference between trains are non-linear, then so is the
system. An iterative approach through constraints relaxation is applied until the solution
converges to a definite solution.

As mentioned before, capacity in urban railway systems depends heavily on stops made
by trains at station platforms, resulting in a higher system capacity when the dwelling
times are shorter. The major part of performed works about capacity does not consider
uncertainty related to dwelling times, although there are some exceptions.

In Medeossi et al. (2011), Dwell Time variability is considered by gathering real-world
data and using it to simulate separate train courses many times to obtain their time-
distance diagram represented as a cluster of dots. Where the different diagrams for
each train collide, there is a probability of conflict. A revision of deterministic models
about dwelling times is performed in San et al. (2016). They all gather real-world data
from several installations, the work concludes that the number of passengers getting on
and off and waiting at platforms are the most influencing parameters.

In Kecman & Goverde (2015) real global and local data of the studied corridor are used
and a robust linear regression, regressions trees and random forests. It concludes that
dwell times, although heavily correlated to arrival delays for the case of on time trains,
cannot be fully explained by means of the selected predictor variables.

Buchmueller et al. (2008) in turn divide dwell time into five subprocesses: door
unblocking, opening and closing, passenger boarding and alighting and train dispatching.
They present a statistical analysis using real passenger data for every station and type of
train, but without considering the number of passengers present on each wagon.
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On the contrary, Li & Goverde (2016) show a dwell time estimation model without the
use of passenger real data. It uses instead other predictors, being the one relatively
most accurate the dwell time at the previous station with a correlation coefficient of
0,456.

Some of the works in the literature are completely centered on the study of passenger
influence on dwelling times. In Jiang et al. (2015) a simulation model of dwelling times
that was generated by using real data coming from Shanghai Metro is presented. It is
based on the passenger boarding and alighting times and delays caused by overcrowded
vehicles preventing door closing on the first attempt. Another similar approximation to
the study of dwell times is proposed in Perkins et al. (2014) which developed a
mesoscopic passenger simulation model. Zhang et al. (2008) present a cellular
automata-based alighting and boarding passenger model that considers their individual
and group behavior.

Chu et al. (2015) propose an approximation to the problem by a feedforward neural
network that is compared to an own microsimulation model, demonstrating that the
first one fits better to real-world obtained data.

In some situations, there are not real-world data available. This is the case of greenfield
projects where no previous information is available or when the timetables of a line
need to be modified. In both cases, the previous statistical data of the line are not
completely useful any longer, as these modifications invalidate the previous existing
information regarding delays. In this situation, an approach based on fuzzy modeling
proves to be especially convenient to include uncertainty in the model.

The modelling of uncertainty by means of fuzzy knowledge (Bellman & Zadeh, 1970) has
been extensively used in the literature for different applications. In Chan & Thia (1996)
they present a fuzzy expert system aimed to perform the online rescheduling of mass
transit rapid systems by managing train dwelling times at stations. It defines as fuzzy
sets line regularity, risk and congestion. Chanas & Kasperski (2001) use fuzzy logic and
hybrid genetic algorithms to minimize maximum lateness of a machine solving a
scheduling problem. Balaji (2011) present a type-2 fuzzy logic based urban management
traffic system.

In Cucala et al. (2012) delays at the departure station are modeled using fuzzy numbers
in order to optimize the timetable of a train subject to punctuality restrictions.
Milinković et al. (2013) propose to use expert knowledge to define rules and fuzzy sets
that allow obtaining a calculation model for primary and secondary delays based on a
fuzzy Petri net.

Also, there are some works related to timetables, for example in Yang et al. (2009) a
model is proposed to solve the timetable planning of a line by applying fuzzy
information on passenger demand. The optimum solution is obtained through the
application of a branch and bound algorithm. In an analogous manner, Isaai et al. (2011)
propose a model to obtain the best trains timetable by using fuzzy AHP, a methodology
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of alternatives selection based on fuzzy set theory and hierarchical structure analysis
and with the goal of obtaining the best possible timetable via the aggregation of
multiple service performance figures.

In Fay (2000) a dispatching support system for railway operation control is described, it
uses Petri Nets and Fuzzy Sets to model rule-based expert knowledge. In the previous
works the use of fuzzy numbers has proven its utility to model uncertainty in passenger
attendance to stations or other parameters related to scheduling and railway traffic
management. However, this modeling technique has not yet been applied to fuzzy
capacity calculation in a greenfield project, a redesign of an existing infrastructure or a
timetable modification. Typically, in these situations statistical data regarding dwelling
times are not available.

In the present work a fuzzy capacity model for railway lines is proposed. Uncertainty in
dwell times is introduced by using fuzzy numbers. As a result, new measures of fuzzy
maximum capacity and fuzzy occupancy time rate are proposed. The proposed method
provides more information to the railway operator than the standard UIC method that
does not include uncertainty regarding dwell times. The model permits as well adjusting
the level of fulfillment of the UIC time margins to calculate the operative capacity.

Fuzzy capacity is compared with the operative capacity of a timetable, evaluating if the
timetable is feasible under the current signaling system design. Fuzzy occupancy time
rate is used to calculate the degree of compliance to the UIC robustness reference
values. In addition, the model allows calculating the maximum operative capacity that
achieves the UIC robustness requirement with a given level of possibility or necessity as
a target value.

This approach is considered especially useful in urban railway lines with frequent stops
and equipped with automatic driving systems, where the main source of uncertainty is
located in dwell times due to passengers getting on and off, and not in running times
(Domínguez et al., 2011). It provides valuable information regarding results robustness
in comparison to other models using deterministic stopping times.

In table 2-2 a summary showing the different references found in the literature is
presented. It offers also information regarding their specific use in an urban lines
application.
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Table 2-2.  State of the art – Summary table

The proposed model is applied to a real case in a section of the Vallès line of the Catalan
operator FGC, which is currently saturated and under study to be partially redesigned. A
railway traffic simulator based on OpenTrack has been configured and used to apply the
UIC timetable compression method.
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2.2. FUZZY CAPACITY MODEL
2.2.1. MODEL DESCRIPTION

In this section, a model to calculate maximum capacity and occupancy time rate
measurements using fuzzy numbers is proposed. This allows considering uncertainty
regarding dwell times at platforms in urban railway lines and analyzing capacity
dependency in relation to those times. To that effect, the compression method defined
in UIC (2013) is applied. The compression method is a generalized method for
calculating capacity consumption section by section. An example of its application is
shown in Figure 2-2; the left figure shows 11 consecutive train paths departing from
Gràcia station with destination Sarrià. The Tope is reflecting the cycle time of 2 trains
following a certain timetable.

Figure 2-2. Train paths diagram and the timetable compression method (Left: Uncompressed
paths from the schedule. Tope reflects the periodic cycle time of 2 trains, Right: Compressed

paths)

The diagram on the right in Figure 2-2 shows the same train paths but compressed until
trains cannot get any closer without affecting each other, therefore eliminating buffer
time margins between trains.

Given a periodic traffic pattern that determines the sequence of trains in the cycle and a
signaling and operation system the maximum line capacity is calculated as:

C = ଷ·
்

(2-2)

Where:
T: conflict-free compressed time in seconds of the traffic pattern, according to UIC
n: number of trains circulating in the pattern

Therefore, the capacity C is measured in trains per hour. After setting the traffic pattern,
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the compressed time T can be expressed as a function of dwell times in the stations of
the analyzed line section:

ܶ = f( ୈܶ୩) (2-3)

Where:
k = 1, 2…S

Where TDk is the dwell time at each platform k, and S is the number of stops. Function f
will be calculated in the case study by using a detailed traffic, signaling and control
systems simulator.

C = ଷ·
(்ీౡ) (2-4)

The uncertainty associated to dwell times can be modeled as fuzzy numbers ෨ܶ, and
thus, the obtained compressed time is as well a fuzzy number:

෨ܶ = f൫ ෨ܶୈ୩൯ (2-5)

Where k = 1, 2…S

In this way, the proposed Fuzzy Maximum Capacity (see equation 2-6) is a function of
the fuzzy dwell times:

ሚܥ = ଷ·
( ෨்ీౡ)

= F( ෨ܶୈ୩) (2-6)

The function f increases with Dwell Times. Hence, the maximum capacity decreases with
those times. Thus, it is possible to easily calculate the fuzzy maximum capacity C෨   by
means of α-cut arithmetic (Chanas et al., 1984).

The upper limit of each α-cut of the fuzzy C෨  (Cഥ) can be obtained considering the lower
limit of the α-cut of the fuzzy T෩ୈ୩ (Td) (see equation 2-7 and Figure 2-2). Similarly, the
lower limit of each C෨   α-cut (C) can be obtained using the upper limit of the T෩ୈ୩ α-cut
(Td) (see equation 2-8 and Figure 2-3). This way, by varying the α value between 0 and
1, the whole C෨  set can be obtained.

ഥܥ = F(Td) (2-7)
ܥ = F൫Td൯ (2-8)
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Figure 2-3. Fuzzy capacity obtained from fuzzy Dwell Times

Given the fuzzy maximum capacity, and a timetable with an associated operative
capacity Cope, the Fuzzy Occupancy Time Rate U෩ can be defined as:

෩ܷ = 
ሚ

· 100 (2-9)

2.2.2. RAILWAY TRAFFIC OPERATOR APPLICATIONS

Using the previous model definitions of C෨  and U෩, three practical problems from the
perspective of the railway traffic operator could be set out:

· Is the operative capacity achievable?

· Does the operative capacity keep enough reliability margins?

· Calculation of the highest Cope that fulfills the recommended UIC Occupancy
Time margins with a target possibility/necessity value

These three applications are described and solved in the following subsections.

2.2.2.1. FIRST APPLICATION: IS THE OPERATIVE CAPACITY
ACHIEVABLE?

Given a timetable, the first question is to determine if the associated operative capacity
Cope is below the Fuzzy Maximum Capacity, to assess if the timetable is feasible under
the current signaling system (see equation 2-10):

ܥ ≤ ሚܥ (2-10)

The advantage of using the fuzzy value comparison instead of the crisp one is that the
inherent uncertainty of dwell times is properly considered. The fuzzy number C෨  is
compared to the crisp number Cope in terms of possibility Π and necessity N measures
(Dubois & Prade, 1983), providing the possibility and the necessity that the Cope is below
the fuzzy maximum capacity (equations 2-11 and 2-12). Thus, Railway operators obtain
more information about the degree of fulfillment of the maximum capacity.
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Π(ܥሚ ≥ (ܥ (2-11)
N(ܥሚ ≥ (ܥ = 1− Π(ܥሚ < (ܥ (2-12)

Two examples are presented below:

In Figure 2-4, the possibility of C෨  being greater than or equal to Cope is α, and the
necessity of C෨  being greater than or equal to Cope is zero, since:

N൫ܥሚ ≥ ൯ܥ = 1 −Π൫ܥሚ < ൯ܥ = 1− 1 = 0 (2-13)

Figure 2-4. Fuzzy maximum capacity compared to Operative Capacity Cope at the right side

In Figure 2-5, the possibility of C෨  being greater than or equal to Cope equals to 1, and the
necessity of C෨  being greater than or equal to Cope equals to 1 – α, since:

N൫ܥሚ ≥ ൯ܥ = 1 −Π൫ܥሚ < ൯ܥ = 1− ߙ (2-14)

Figure 2-5. Fuzzy maximum capacity compared to Operative Capacity, Cope at the left side
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2.2.2.2. SECOND APPLICATION: DOES THE OPERATIVE
CAPACITY KEEP ENOUGH RELIABILITY MARGINS?

In the first application it has been checked if the Operative Capacity is less than the
Theoretical Fuzzy Maximum Capacity. But this condition does not ensure that a
timetable is robust enough to incidents in the line. To conclude that a timetable allows
an operation that is reliable, which means that it can compensate delays by using
enough time buffer margins, the timetable needs to preserve certain occupancy time
rate reference values (UIC, 2013). The fuzzy occupancy time rate is calculated for a given
timetable, as its associated operative capacity divided by the fuzzy maximum capacity
(in %) (equation 2-9).

Therefore, the Fuzzy Occupancy Time Rate of the line can be compared to the reference
values proposed by the UIC:

෩ܷ ≤ ܷூ (2-15)
౦
ሚ

100 ≤ ୍ܷେ (2-16)
౦
ి

100 ≤ ሚܥ (2-17)

Where UUIC is the maximum occupancy time rate reference value recommended by the
UIC. This value is defined for every type of railway line and service hour (Table 2-1).

The degree of compliance to the UIC robustness requisite is evaluated again in terms of
possibility and necessity measures, but this time comparing the fuzzy maximum capacity
C෨  to the proportion of the operative capacity C୭୮ୣ over the UIC reference value U୍େ
(equation 2-17). Again, railway operators obtain information about the degree of
fulfillment of the UIC recommended occupancy time rate values. Then, possibility and
necessity measures associated with the fuzzy comparison are calculated with a
procedure akin to the one described previously in the first application.

2.2.2.3. THIRD APPLICATION: CALCULATION OF THE HIGHEST COPE

THAT FULFILLS THE RECOMMENDED UIC OCCUPANCY TIME
MARGINS WITH A TARGET POSSIBILITY/NECESSITY VALUE

Finally, once the fuzzy maximum capacity associated with an infrastructure and a certain
traffic pattern has been calculated (taking into account the uncertainty in dwell times),
the proposed model allows calculating the maximum operative capacity Cope that
achieves the UIC robustness requirement with a given level of possibility or necessity as
a target. To that effect, the Cope of the following equations has to be calculated
depending if the imposed requirement is a possibility value α୭ୠ୨ of a necessity value
N୭ୠ୨:

∏ቀ౦
ి

100 ≤ ሚቁܥ = ୭ୠ୨ߙ (2-18)
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N ቀ౦
ి

100 ≤ ሚቁܥ = ୭ܰୠ୨ (2-19)

Where α୭ୠ୨ and N୭ୠ୨ are the target levels of possibility and necessity that could be
imposed as the level of fulfillment of the UIC recommended value.
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2.3. MODEL RESOLUTION

In this section the procedure to solve the problems laid out in the previous section is
described.

2.3.1. PROBLEMS 1 AND 2 RESOLUTION

A procedure to solve problems 1 and 2 without the need of generating the whole C෨
number, which would require repeated iterations, is proposed. This procedure is based
on the alpha-cuts arithmetic (see Figure 2-3). The method for the first problem is the
following:

· For α equal to 0, the simulation function F(Tୈ୩) is applied using the Tୈ୩ values.
The resulting capacity value is the upper limit of the α-cut of Cഥ  with α equal to 0
(see Figure 2-6). If this Cഥ  value is lower than Cope, the possibility and necessity of
C୭୮ୣ ≤ C෨  are null and the algorithm ends.

· For α equal to 0, the simulation function F(Tୈ୩) is applied using the Tୈ୩ values.
The resulting capacity value is the lower limit of the α-cut of C with α equal to 0
(see Figure 2-6). If this C  value is higher than Cope, the possibility and necessity
of C୭୮ୣ ≤ C෨  are equal to 1 and the algorithm ends.

· For α equal to 1, the simulation function F(Tୈ୩) is applied using the Tୈ୩ = Tୈ୩
values, that is, the core of the triangular fuzzy numbers. The resulting capacity
value is the core of the fuzzy maximum capacity (α equal to 1) (see Figure 2-6).

· If Cope is higher than Cഥ = C with α  equal to 1, then the cutting point between
Cope and C෨  has to be found in the upper limits of the α-cuts of C෨ by using the
bipartition method simulating F(Tୈ୩) with the lower limits of T෩ୈ୩ α-cuts. In this
situation, the necessity value is null, and the possibility value is calculated as the
α value of the cutting point (see Figure 2-4), and the algorithm ends.

· If Cope is lower than Cഥ = C with α equal to 1, then the cutting point between
Cope and C෨  has to be found in the lower limits of the α-cuts of C෨ by using the
bipartition method simulating F(Tୈ୩) with the upper limits of  T෩ୈ୩ α-cuts. In this
situation, the possibility value equals to 1 and the necessity value is calculated as
1 minus the α value in the cutting point (see Figure 2-5), and the algorithm ends.
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Figure 2-6. Calculation of the core and the support of fuzzy maximum capacity obtained from triangular
fuzzy Dwell Times, α-cuts method.

If the fuzzy T෩ୈ୩ numbers representing dwell times have a core longer than 0 (for
example trapezoidal fuzzy numbers), the same procedure can be applied.
The same procedure can be used to solve problem number 2, considering that in
problem 2 the fuzzy maximum capacity C෨   has to be compared to

౦
ి

100 (that is a crisp

value) instead of Cope.

2.3.2. PROBLEM 3 RESOLUTION

To calculate the limit Cope of the timetable that fulfills the UIC reference value with a
target possibility α୭ୠ୨ (thus, the associated necessity value is 0), Cope can be isolated out
of the following equation:

∏ቀ౦
ి

100 ≤ ሚቁܥ = ୭ୠ୨ߙ (2-20)

To this end, Cഥ  has to be calculated with α equal to α୭ୠ୨ (see Figure 2-4), that is, just one
simulation is required )ܨ ܶ

ఈ) with α equal to α୭ୠ୨. Finally, the Cope that meets the
specified requirement is obtained as the result of multiplying .ఈ್ണതതതതതതത by UUIC/100ܥ

If the accomplishment of a certain level of necessity Nobj is fixed as a goal (thus, the
associated possibility value is 1), Cope can be calculated from the equation:

N ቀ౦
ి

100 ≤ ሚቁܥ = ୭ܰୠ୨ (2-21)

For this purpose, ఈ has to be calculated (see Figure 2-5) withܥ α equal to 1 minus Nobj,
that is, just one simulation is required ݀ܶ)ܨ

ఈ) with α equal to 1 minus Nobj. Finally,
the Cope value that meets the specified requirement is obtained as the result of
multiplying .ఈ by UUIC/100ܥ
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2.4. CASE STUDY

A section of the FGC Barcelona-Vallès network has been chosen to apply the proposed
model. FGC (Ferrocarrils de la Generalitat de Catalunya) is a railway company that
operates several lines in Catalonia, a region located at the northeast of Spain.

The Barcelona-Vallès infrastructure (line map in Figure 2-7) is equipped with a safety
system called ATP (Automatic Train Protection), which is in charge of supervising the
train speed and applying the penalty brake in the event of safety conditions not being
fulfilled. This line is equipped with a speed codes implementation scaled to
90/60/45/30/0 kilometers per hour.

Figure 2-7. Map of FGC Barcelona-Vallès lines

The section Gràcia-Sarrià covers one of the most congested parts of the network,
comprising the nodes of Gràcia and Sarrià, which are two key points of the whole
network. The first one is the main node serving several lines: L6, L7, S1, S2, S5 and S55.

With the aim of obtaining precise times of the itineraries in the installation, a parametric
model of the section has been implemented using a simulation tool. This tool allows
modelling line profile data and track topology as well as rolling stock and the routes for
each interlocking of the line.

2.4.1. SIMULATOR DESCRIPTION

The infrastructure topology of the railway line has been developed in a graphical
manner using the OpenTrack tool (Nash & Huerlimann, 2004), which supports modelling
a railway line by means of double vertex graphs (Figure 2-8). This allows defining the
infrastructure topology in a graphical manner.  Graphic elements have attributes that
can be precisely configured by the user. Also, precise data of the rolling stock such as
technical characteristics for every Electrical Multiple Unit, including traction efforts and
speed diagrams, weight, length, adherence factor and power systems can be
introduced. In particular, real data obtained from FGC series 112, 113 and 114 currently
in service have been applied.
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Figure 2-8. Simulator operation process

Signaling and ATP systems have been modeled using real data coming from the actual
installation, such as track circuit lengths and gradients, signals, routes between signals,
switches and ATP system features.

Additional characteristics of the simulation model are presented in detail in chapter 4.

2.4.2. LINE SECTION DESCRIPTION

The Gràcia-Sarrià section presents some conditions that make it particularly interesting
for its analysis. It is an especially congested section, also Sarrià station has been
remodeled recently with the aim of improving its capacity, and further improvements to
the section are still required to be implemented. Therefore, it turns out to be a good
testing ground to analyze its transport capacity possibilities.

2.4.3. DESCRIPTION OF THE TRAFFIC PATTERN

The simulated timetable of the line shows that in the line section from Gràcia to Sarrià,
and from 8 to 9 hours during weekdays, 21.8 trains per hour are circulating in direction
to Sarrià.
Those trains moving from Gràcia to Sarrià have a particular behavior, which is that half
of them do not stop at three of the stations of the interval: Sant Gervasi, La Bonanova
and Les Tres Torres. This makes the study of this section key when it comes to
determining its Operative Capacity (Cope). Table 2-3 shows the simulated timetable
which illustrates the aforementioned characteristics.
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Position Line Departure Position Line Departure
1st S1 8:00:00 12th L6 8:28:30
2nd L6 8:01:00 13th S1 8:33:00
3rd S2 8:05:30 14th L6 8:34:00
4th L6 8:06:30 15th S2 8:38:30
5th S1 8:11:00 16th L6 8:39:30
6th L6 8:12:00 17th S1 8:44:00
7th S2 8:16:30 18th L6 8:45:00
8th L6 8:17:30 19th S2 8:49:30
9th S1 8:22:00 20th L6 8:50:30
10th L6 8:23:00 21st S1 8:55:00
11th S2 8:27:30 22nd L6 8:56:00

Table 2-3. Simulated timetable of trains departing from Gràcia with destination Sarrià (08:00-09:00)

The repeating cycle between Gràcia and Sarrià during the described part of the service is
hence formed by 2 trains, one stopping at all 7 stations and another one stopping only
at 4 of them.

The simulator is used to obtain the compressed time T in seconds of the traffic pattern,
simulating the trains up to the limit where their circulations would be affected (UIC,
2004). Table 2-4 shows the main parameters of the compressed pattern simulated and
its Time vs Distance diagram can be found in Figure 2-2.

Parameter Value
Dwell Time at stations 30 s
Compressed Cycle Time
(2 trains, Sarrià direction) 289s

Table 2-4. Main parameters of the simulated compressed pattern

Figure 2-9 gives an example of the unhindered speed profile computed in the case study
for the routes from Gràcia to Sarrià. This simulated speed profile has been compared
with real data from the line and the results show its good accuracy.

Figure 2-9. Simulated speed profile of a train circulating from Gràcia to Sarrià using the ATP
system. Train not hindered by other circulations and stopping at all stations
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2.4.4. TRIANGULAR FUZZY DWELL TIMES

To consider uncertainty in dwell times they have been modeled as triangular fuzzy
numbers. The membership function is defined as follows, where TDk is the core of the
fuzzy dwell time (equation 2-22, Figure 2-10):

(ܠ)ࡰ෩ࢀ =
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(2-22)

Figure 2-10. Diagram of Fuzzy Dwell Times. Triangular implementation.

To analyze the impact of the core variation, the core TDk of the dwell time interval used ranges
from 20 to 40 seconds at each stop. This range is considered as the most possible considering
the operating experience in the section regarding dwell times. Also, the influence of the
support variation of the fuzzy distribution (from lower to upper alpha-cut limit) has been
tested, making it range from 15 to 25 seconds (equation 2-23, TDL between 15 and 25s).

ܶ = ܶ + ܶ
ఈഥ−( ܶ − ܶ

ఈ) = ܶ
ఈഥ + ܶ

ఈ (2-23)
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Figure 2-11: Examples of fuzzy capacity obtained using triangular Dwell Times distribution and different
values of TDL and TDk

The three practical applications from the perspective of the traffic operator previously
proposed in section 2.2 are analyzed. Also, a sensitivity analysis is presented with the
objective of assessing the impact of variations in the core and support of the fuzzy dwell
times.

2.4.5. FIRST APPLICATION: IS THE OPERATIVE CAPACITY
ACHIEVABLE?

The first step is to verify whether the operative capacity Cope, defined by the operator, is
below the Fuzzy Maximum Capacity. According to the simulated timetable, this section
of the line is operated with a Cope of 21.8 trains per hour during the rush hour of the
daily service. The fuzzy maximum capacity shown in Figure 2-12, has been obtained
using a fuzzy dwell time with a TDk of 30 seconds and a TDL of 25 seconds, which are
typical values according to the experience of the operator of the line.
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Figure 2-12. Fuzzy Maximum Capacity C෨  (TDk 30s, TDL 25s)

Under that scenario, the possibility and necessity measures of fulfilling the fuzzy
constraint C෨ ≥ ܥ  are calculated as:

N൫ܥሚ ≥ ൯ܥ = 1 −Π൫C෨ < ൯ܥ = 1 − ߙ (2-24)
N൫ܥሚ ≥ ൯ܥ = 1 − ߙ = 0,83 (2-25)
Π൫ܥሚ ≥ ൯ܥ = 1 (2-26)

The results show that, even during the rush hour, the first requirement is accomplished
with a high degree of certainty, although no reliability margin has been considered yet
to face an incident without disrupting the service.

For the sake of comparison, by using the same input parameters but with crisp values
(considering the core of the Fuzzy Dwell times) instead of fuzzy ones, the following
maximum capacity is obtained:

ܥ = ଷ·
்

= ଷ·ଶ
ଶ଼ଽ

= ℎ/ݐ24,91 (2-27)

The crisp value shows that the Cope of 21.8 trains per hour would always be
accomplished. Hence, taking uncertainty into account by means of fuzzy numbers
provides the operator richer and more complete information than just using crisp
values.

2.4.6. SECOND APPLICATION: APART FROM BEING ACHIEVABLE,
DOES THE OPERATIVE CAPACITY KEEP ENOUGH RELIABILITY
MARGINS?

In a similar way to the first application, in the second one the operative capacity is
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compared considering the margin proposed by the UIC in terms of the occupancy time
rate. This allows considering a buffer to absorb certain delays that may happen during
the normal operation of the section. The fuzzy occupancy time rate U෩ shown in Figure 2-
13, is obtained using a fuzzy dwell time with TDk of 30s and a TDL of 25s.

Figure 2-13. Fuzzy Occupancy Time Rate U෩ (TDk 30s, TDL 25s)

Given the reference occupancy time rate UUIC of 85% proposed by UIC, the possibility
and necessity measures of fulfilling the fuzzy constraint U෩ ≤ ܷூ  are calculated as:

N൫ ෩ܷ ≤ ܷூ൯ = 1 −Π൫ ෩ܷ > ܷூ൯ = 1 − 1 = 0 (2-28)
Π൫ ෩ܷ ≤ ܷூ൯ = ߙ = 0,78 (2-29)

In light of the results, the second requirement can be accomplished with a degree of
certainty during the rush hour of operation. If the same calculation is performed using
crisp values, the following results are obtained:

౦


100 ≤ ୍ܷେ (2-30)

ଶଶ ୲/୦
ଶସ,ଽଵ ୲/୦

100 = 88,32% > 85% (2-31)

In this case, the perception about the degree of certainty is lost entirely. Then, as a
conclusion, it would seem that the operative capacity is not achievable by any means if
the occupancy time rate value of 85% proposed by the UIC is taken into consideration.
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2.4.7. THIRD APPLICATION: CALCULATION OF THE HIGHEST COPE

THAT FULFILLS THE RECOMMENDED UIC OCCUPANCY TIME
MARGINS WITH A TARGET POSSIBILITY/NECESSITY VALUE

The values of possibility and necessity that fulfill the required UIC occupancy time rate
value and Cope of the section at the same time can be found by calculating equation 2-
32. The numerical values have been obtained by using a TDk value of 30s with a TDL of
25s, and α୭ୠ୨ = 0,5 and N୭ୠ୨ =0:

∏ቀ౦
ೆ

100 ≤ ሚቁܥ = ୭ୠ୨ߙ (2-32)

∏ቀ౦
଼ହ%

100 ≤ ሚቁܥ = 0,5 (2-33)

୭୮ୣܥ = 23,18 t/h (2-34)

Therefore, under the Dwell Times defined and using the uncertainty parameters set
previously, the highest Cope that fulfils the target possibility is 23,18 trains per hour.

Another example on this same scenario could be obtained. If the operator imposes a
higher level of certainty on the fulfillment of the UIC Occupancy Time margins, he will
impose a necessity level instead (that is stricter than a possibility level). In the following
example, Cope is calculated by setting Nobj=0,42 and αobj=1:

N ቀ౦
଼ହ%

100 ≤ ሚቁܥ = 0,42 (2-35)
୭୮ୣܥ = 19,75 t/h (2-36)

In this case, the calculated Cope is 19,75 t/h. When a necessity level is imposed, the
operative capacity calculated is lower than the one obtained when a possibility value is
imposed.

2.4.8. SENSITIVITY ANALYSIS

This section is aimed to show a sensitivity analysis of the capacity considering different
fuzzy dwell time possibility distributions. To this end, all fuzzy maximum capacities have
been obtained for fuzzy dwell times with core TDk ranging from 20 to 40 seconds and
support TDL ranging from 15 to 25 seconds. Figure 2-14 depicts the values of the Cope

that comply with possibility αobj = 0,7 (and thus, a necessity value of 0).
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Figure 2-14. Operative Capacity sensitivity analysis. Possibility (αobj)=0,7 Necessity=0

Figure 2-15. Influence of TDL support variation on Fuzzy Maximum Capacity and Cope (Possibility=0.7,
Necessity=0)

The operative capacity figure shows that, for any particular value of TDk, a certain
sensitivity in TDL can be observed. As a conclusion, in general the wider the TDL span, the
higher the Cope obtained. This happens because when the support of the fuzzy maximum
capacity is bigger, the calculated Cope for α=0,7 increases. Figure 2-15 shows this
behavior in detail for a fixed value of TDk (30s). The fuzzy capacity is depicted for three
different values of TDL.

That is, when the support of ෨ܶ increases, lower values of dwell times are considered
possible, and for these lower values of dwell times, higher values of maximum capacity
are calculated as possible as well.

On the other hand, if a necessity value is imposed, the higher the TDL, the lower the Cope
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calculated (see Figure 2-16). In this case, when the support of ෨ܶ increases, higher
values of Dwell Times are considered possible, and for these values of Dwell Times,
lower values of maximum capacity are calculated as possible. Thus, when the target
necessity level is imposed, the calculated Cope is lower as the C෨  support increases.

Figure 2-16. Influence of TDL suport variation on Fuzzy Maximum Capacity and Cope (Necessity=0.3,
Possibility=1)

Figure 2-17 shows the impact on Cope of modifying TDk for different values of the
necessity value imposed. This time TDL is fixed at 20s. The different curves are obtained
by fixing its Necessity value and obtaining the corresponding Operative Capacity values
for every TDk measured.

Then, by making use of this information and his own record of operating experience, the
operator can design the timetable in order to maintain an occupancy time rate that
allows certain reliability margins.

This procedure could be used to apply the UIC margin recommendations or the
operator’s own, the later could be specifically defined for the line under operation
considering its intrinsic characteristics. This may end up being a better solution than the
one-size-fits-all approach of UIC’s occupancy time rate guidelines. Also, by adjusting the
possibility and necessity target values, the system can be suited to account for a
predefined level of uncertainty. The operator expertise again can be the key in its
definition.
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Figure 2-17. Operative Capacity VS TDk for different values of Necessity. TDL=20s
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CHAPTER 3
2. DESIGN OF INDICATORS TO GUIDE CAPACITY

IMPROVEMENTS IN URBAN RAILWAY LINES

3.1. INTRODUCTION: CAPACITY IMPROVEMENTS IN URBAN RAILWAY
LINES

The demand for urban transport will increase in 95% until 2050, especially in
developing countries where cities are expected to growth hugely in size. Urban
dwellers will rise from 4 to 6.4 billion people during the aforementioned period
(OECD, 2017).

Railway is one of the most efficient modes of urban public transportation and it has
seen an impressive technological improvement during the last few decades. Looking
into the future, railway is expected to be a cornerstone to alleviate congestion
problems in big cities and metropolis all around the globe.

Specifically, demand for railway urban transport is expected to increase 60% and
this rise will put a lot of pressure on current infrastructures. Therefore, city planners
and infrastructure managers will have to take complex decisions in order to
increase the capacity of current railway networks. Building completely new
infrastructures as well as the use of different rolling stock that allow more capacity
are options on the table, but they are quite expensive ones. Also, they tend to be
constrained by political momentum and funding, the rhythm of which is usually not
synchronized with social transportation needs.

But, before engaging in lengthy and costly upgrading processes, there are other
easier and convenient options that need to be analyzed. Transport capacity
limitations in railway networks are caused to a great extent by high dwell times at
stations, especially in high density urban lines. These dwell times at stations can be
harmful to capacity availability particularly during the rush hour when a great
number of passengers make use of the service.

An extended dwell time for a particular train can disrupt the following one, that will
have to reduce its speed or even come to a complete stop. This situation happens
because the minimum departure-arrival itinerary times (IDAmin) required between
trains following each other are not fulfilled, and then the following train is too close
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to the previous one and its movement gets disrupted. So, it becomes key to
improve the departure-arrival itinerary times at the station in order to improve the
capacity at each of them.

IDAmin represents the minimum interval corresponding to the time passed between
the start of the movement of the first train from a station until the stop in the same
station of a following train without any disturbance caused to the second train by
the signaling system. So that an increase of one more second in the moment of
departure of the first train would start causing disruption to the following train.

In the railway environment different types of capacity are typically used (Abril et al.,
2008). Firstly, the Theoretical Capacity associated to the passage of trains in trains
per hour through a station of a metro line is obtained as:

ܥ = ଷ
ு

(3-1)

Where:

Hmin = IDAmin + DT [s]
Hmin: Minimum Headway [s]
IDAmin: Minimum interval for 2 trains at a station [s]
DT: Dwell Time [s]

Theoretical Capacity is the maximum value that could be obtained in a line under
ideal conditions without any existing delays. Practical Capacity considers some
additional buffer times that are introduced in the timetable to absorb possible delays
so that a more realistic measure of line capacity is offered. But it is still a fixed value
that does not fully account for disruptions and delays since it considers that trains
are not disrupted by the signaling system. See section 2.1 for additional detail on the
definition of the different types of capacity in the literature.

However, during real line operation in urban lines, traffic can be heterogeneous and
service disruptions and delays are often suffered. These disruptions are quite
common during the rush hour in urban lines close to saturation, therefore it is
necessary to take these situations into account when it comes to system design.

In the aforementioned situation, trains travel in disrupted conditions caused by the
signaling system and the measures of Theoretical and Practical Capacity of the line
are not useful anymore since these measures are not enough to account for
slowdowns caused by the signaling system that control the flow of trains throughout
the line. Therefore, it is necessary to define new Capacity Indicators for urban lines
that are useful to characterize urban railway installations where it is frequent to have
trains travelling in disturbed conditions. The definition of this new Capacity
Indicators is the challenge addressed by the present chapter.
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Some authors present different methods to evaluate between several transport
improvement alternatives, like Nalmpantis et al. (2019) who present an application
of a Multi-Criteria Decision Analysis (MCDA) method, the Analytic Hierarchy Process
(AHP), that based on expert’s evaluation allows deciding among different transport
implementations.

Zhang et al. (2020) propose an interesting multi-objective optimization method
based on particle swarm optimization to choose among different designs for a
railway line, considering both economic and environmental considerations. The
method is not applied specifically to urban railway lines, but to optimize railway
alignment design decisions.

For its part Luteberget et al. (2019) present a verification technique and tool to be
used at the design phase of the installation to assess its capacity; this allows
processing different design solutions to choose the optimal one among them. The
authors use an approach that avoids using a model including both discrete and
continuous elements, therefore losing the precision that these methods bring. Also,
their study does not consider the specificities of disturbed urban railway lines, as
described in Chapter 1 of this document.

In Haramina & Talan (2018) the feasibility of a timetable and infrastructure
improvement in a suburban line to be expanded from single to dual-track line is
validated. They perform several iterations in station areas to obtain the desired
results and also applied different simulation scenarios to validate their conclusions.
The work is based on comparing capacity available of the existing single-track design
with the modified dual-track one; the work is not aimed to finding the best possible
design solution but to validate the improvements of the new proposal.

In Burdett (2016) is presented an analytical model suitable to identify capacity
expansions in railway systems, considering track duplications and subdivisions of
sections. The model allows to decide in each case which design approach is more
effective and furthermore of application to new railway networks. The authors use
Theoretical Capacity and do not consider the effects of disturbances in the line and
their consequences in Capacity values.

Lai & Wang (2012) also present a method to evaluate the capacity benefits of
implementing new advanced signaling system in a Taiwanese line. The method uses
fixed values to model the real installation and does not consider line saturation
conditions.

A model to evaluate the impact on a mixed railway network of different expansion
proposals is presented in Rosell & Codina (2020). The mathematical programming-
based model is mainly focused on increasing freight transportation and they show its
application to a regional network located in the Mediterranean Corridor. A Pareto
efficiency analysis is applied in order to find the optimal result of investment
executed and operating costs obtained out of the model application. The aim of the
model is to compare different design possibilities; it is not aimed to find the optimal
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solution for every different proposal.

In Ljubaj et al. (2017) the authors present an analysis of the bottlenecks of a line with
the aim of increasing its capacity utilization without resorting to expensive new
investments. The use of a simulator allows the assessment of different situations and
changes in the infrastructure. Ljubaj et al. (2018) displays a similar approach allowing
the selection and discard of different line upgrade alternatives according to their
justification in terms of capacity increase. In Ljubaj et al. (2019) a double-track line
and its planned upgrade to allow for bi-directional traffic are analyzed and simulated
in order to assess the economic feasibility of the line upgrade. These three previous
works are based on determining if the proposed signaling solutions improve the
existing model and its bottlenecks, not on finding the optimal solution for every
bottleneck found in the line.

Macroscopic models used to analyze the future capacity of networks using forecast
data are presented in Reinhardt et al. (2018).  The models can be used to find
bottlenecks under different demand scenarios and to choose between a set of
possible capacity expansions, helping proper placement of future railway
infrastructure investments. The authors present a macroscopic solution to improve
freight capacity, the application of it to urban railway lines and their specificities is
not shown in the paper.

In Jensen et al. (2017) a model to calculate railway infrastructure occupation and
capacity consumption by using a stochastic simulation of delays is presented. It is
applied to different scenarios and it does not require a timetable, allowing
optimization of the infrastructure by considering different train sequences. The
model uses a stochastic simulation solution and compares different signaling
alternatives, it is not aimed to find the optimal solution for every bottleneck.

Additionally, several works have been published related to the modelling of
disturbed railway systems. In Abril et al. (2008) the authors show a summary of the
different methods available to calculate railway capacity, also it shows some
simulation methods that allow the reproduction of train interactions and knock-on
delays. In Huang et al. (2019) the authors review the disturbances in high-speed lines
and considering train interval, disturbance length, occurrence time and disturbance
influence, they present a model based on K-Means clustering that allows analyzing
disturbances in real-time operation.

A mesoscopic simulation method that allows calculating values of capacity at stations
is proposed in Zhong et al. (2018). It also considers the presence of random
disturbances although only of train and operation delays.

In Zieger et al. (2018) the authors present a simulation model to analyze the
influence of buffer times distributions on capacity and level of service (expected
waiting time for trains). The model is also compared to the STRELE framework to
assess its validity and differences.
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A technical exercise with the aim of analyzing the capacity increments allowed by the
installation of a new signaling system, but without modifying the existing layout, is
presented in Marcianò et al. (2019). A model of the real installation is created to
simulate its behavior under predefined levels of capacity load. The results obtained
allow sensing the improvements in terms of capacity that will be obtained by the
planned investment but without fully considering the performance of the system
under disrupted conditions.

An approach to simulate a single direction suburban railway system based on the
Nagel-Schreckenberg model is showcased in Becker & Schreckenberg (2018). This
approach uses a cellular automaton with the application of stochastic dwell times;
this was previously used to reproduce jamming effects in roads. The implemented
solution does not consider the effect of disturbances in the line and their effect on
trains through the signaling system.

In Shekhar et al. (2019) the authors demonstrate a railway junction simulator with
mixed traffic based on Python. It uses graph theory to simulate the junction and
select the best path available to traverse it and identify existing bottlenecks. It also
allows comparing the effects of changes in the infrastructure, but also lacks the
analysis of the effect caused by disturbed conditions in the line.

The concept of dynamic capacity consumption is introduced in Goverde et al. (2013);
random distributions of delays are used to model real-life operations to simulate
disturbed conditions. A modular dispatching system based in a microscopic model of
the line under test is shown. The model does not focus on finding the optimal
solution for the bottlenecks of the line, but on validating the improvements obtained
with the implementation of the proposed design solutions.

In Gašparík et al. (2018) a simulator based on RailSys is presented. It allows
simulating railway lines with mixed traffic and introducing different delays into the
system with the aim of calculating the line capacity value, but without considering
the specificities associated with urban railway lines.

In table 3-1 the summary of the different references found in the literature is
presented. Also, a specific detail about their focus on disturbed or dynamic
conditions is emphasized.
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Table 3-1.  State of the art – Summary table

In this work, indicators designed to guide capacity improvements in urban lines with
high occupancy stations are presented. Their specific goal is the removal or impact
reduction of bottlenecks in stations that reduce the overall capacity of the line. Also,
the presence of service disruptions due to hindered circulations during the rush hour
and their effects has been considered in the indicators design.

These novel indicators ease the decision-making process required when it comes to
making investments on the infrastructure to guide capacity enhancements. When
different scenarios are presented to the infrastructure manager, having the proper
tools to choose among them results in a long-term very valuable asset.

The following parts of the chapter are organized as follows. A Model to calculate
disturbed capacity indicators using a rail simulator and real data coming from the
actual installation is presented in section 3.2. The case study is shown in section 3.3.
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The proposed installation design improvements and the results obtained are shown
in section 3.4.
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3.2. DISTURBED CAPACITY MODEL

3.2.1. MODEL DESCRIPTION

In this section, a model to calculate disturbed capacity indicators using a rail simulator
and real data coming from the actual installation is proposed. This model allows
considering disturbances in nodes and the process of choosing between different
signaling solutions.

This model uses as a measurement of disturbance between two consecutive trains,
considering the time of departure of two trains from two consecutive nodes (A and B):

ܶ = ܶ − ( ୈܶଶ − ୈܶଵ) (3-2)

Where:

TD2B = Time of departure of 2nd train from station B
TD1A = Time of departure of 1st train from station A
TBT = Difference between departure times between two consecutive trains from two
consecutive stations
TBTP = Limit of difference between departure times of two consecutive trains from
two consecutive stations; times lower than this value imply a disturbance to the
movement of the second train

Figure 3-1. Disturbance measurement for two consecutive trains

During nominal performance, trains depart from the station B and arrive to station A
without being disturbed through the signaling system by any previous train, with TD2B-
TD1A>TBTP. As TD2B-TD1A gets reduced, the following train of the pair starts to be
disturbed by the previous one (TD2B-TD1A)<TBTP and TBT>0. This situation is presented
when for example Train 1 increases its dwell time at the station B. Therefore, the TBT

value when positive shows that two trains are running beyond their limit of
disturbance and its value denotes for how many seconds that limit is being surpassed.
So, it is a measurement of disturbance between two consecutive trains.

Figure 3-2 shows the running time between the departure of a train from Station B
and its arrival to Station A as a function of the increase in Dwell Times beyond the
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point when the movement of the second train gets disturbed by the first one in
Station A. For values of TBT smaller than 0, the time of movement of the second train is
constant since the movement of the train is not hindered by the signaling system
because there is enough distance between both trains to run without disturbing each
other.

From TBT > 0 the movement of the second train is affected by the signaling system,
increasing therefore its time of movement. In TBT = 0 the Theoretical Capacity value
can be found, that is the Capacity value that allows trains to move as close as possible
without affecting each other. In this point, the difference between the departure of
the first train from A Station and the arrival of the second one to the same station is
IDAmin, which offers the minimum headway without disturbance.

Note that when the TBT value reaches a certain value the train suffers a complete
standstill due to the action of the signaling system (Figure 2-2, t of 32s). After this
value, the graph of running time is a straight line with an angle of 45º, because for
every extra second of TBT the train is stopped one more second due to the action of
the signaling system that stops it for one additional second. This increases for one
second its running time to the next station.

Figure 3-2. Train 2 Running Time (y-axis) versus Increase of Dwell Time of Train 1 (x-axis) after the TBTP

limit values

For values of TBT higher than 0 the values of Theoretical Capacity are not useful
anymore because the trains are moving in disturbed conditions. In these situations,
where TBT is higher than 0, the new indicator of Disturbed Capacity is defined as:

ୈܥ = ଷ
ுీ

(3-3)
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Where:
HD = IDAP + DT
HD: Average Disturbed Headway
IDAP: Average Disturbed Interval
DT: Dwell Time

IDAP is the average value of the disturbed departure-arrival interval, it can be
calculated as the expected value of the statistical distribution of Iୈ for values of TBT

>0. This distribution is produced during the real service of the line during the period of
time under analysis (for example, during the rush hour). HD is the average disturbed
headway value between trains that are moving under disturbed conditions and CD is
the disturbed Capacity value associated to the installation under those disrupted
circumstances.

The expected IDAP value is obtained using:

ୈܫ = ∑ )ୈܫ ܶ) × ݂( ܶ)݀( ܶ)ூேி
 (3-4)

Where f(TBT) represents the statistical frequency of the disturbances (variable TBT for
TBT > 0) experienced during the time period of the real line service under analysis.
IDA(TBT) is the interval between departure and arrival of two consecutive trains to a
station produced for every value of TBT.

Figure 3-3.  Example of normalized statistical frequency of TBT > 0 accumulated values (y-axis) versus
Increase of Dwell Time of Train 1 (x-axis) after the TBTP limit value

f(TBT) is also obtained using statistical analysis of real data during the time zone under
study to consider the level of disturbance of the trains approaching the station. This
level of disturbance in the station under analysis depends also on the level of
disturbances in the previous stations of the line that may generate a ripple effect
down the line.
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IDA(TBT) depends only on the signaling system and the train speed profile and for an
existing installation, that can be obtained using statistical analysis of train movements
real data. In the cases of greenfield or resignaling projects, simulation tools can be
used to calculate and evaluate Capacity indicators under disturbed conditions. In
Figure 2-9 an example of IDA(TBT) is presented, the straight part of the graph
corresponds to values of dwell time of train 1 that actually cause train 2 to come to a
complete stop.

The second indicator of the line under disturbed conditions is the loss of commercial
speed caused by the speed reduction generated in the signaling system. The indicator
related to the Disturbed Running Time (TRD) is obtained as the expected value of
running times TR when movements are disturbed, TBT is higher than 0 and the
frequency of real disturbance of trains f is known.

ܶୖ ୈ = ∑ ܶୖ ( ܶ) × ݂( ܶ)݀( ܶ)ூேி
 (3-5)

TR(TBT) depends on the signaling system, the train speed profile and on the frequency
of disturbed trains arriving to the station. For an existing installation, it can be
obtained using statistical analysis of real data of train movements. In the cases of
greenfield or resignaling projects, simulation tools can be used to calculate and
evaluate it.

In conclusion, two indicators associated to periods involving disturbed trains moving
between two nodes have been presented: CD and TRD. The first one is a measurement
of disturbed capacity, while the second measures the loss of service quality produce
under these situations. Both indicators need to be considered to design and redesign
signaling systems; a reasonable compromise must be achieved.

3.2.2. MODEL STEPS

In this section the procedure to apply the proposed model is presented. The model
requires the following steps to perform the complete evaluation:

1. The minimum ( ܶଶ − ܶଵ) value (TBTP) that allows unhindered operation and the
associated IDAP value are both obtained with the use of the simulator. To
accomplish this several 2-train simulations are performed with the goal of
launching the second train as close as possible to the first one, without its
movement being disturbed by the signaling system due to the proximity to the first
train.

2. Using the simulator to perform several runs and starting from the TBTP value, the TBT

value is increased from 0 in successive simulation steps with the aim of obtaining
the IDA(TBT) characteristic curve of the node under study. In this step, the movement
of the second train is always affected by the first one. Then, the IDA curve obtained
with all the iterations simulated represents a curve of how the second train is
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affected by the signaling system as it gets closer to the first one. In the same way,
the running times of the second train TR(TBT) are obtained following the
aforementioned iterative simulation process.

3. Furthermore, with the analysis of real installation data coming from the operator
the frequency of real disturbances is calculated. That is the frequency of the TBT

variable. From this data and using the minimum TBTP value that allows unhindered
operation found in step 1, the numbers are filtered to obtain the frequency of TBT >
0 values that cause the disturbance in the installation during real operating
conditions.

4. The average IDAP value is the basis of the indicator of disturbed capacity. This
average value is obtained as a result of the weighted average of all IDA values
obtained with the simulator weighted by their real occurrence frequency in the
node under study for TBT > 0. The indicator meaning is clear: it is the average
interval considering the real statistical disturbance level existing in the node and it
offers information regarding the true level of disturbance experienced in the node.
Also, the CD value is calculated and gives information of the disturbed Capacity
Value associated to the installation.

5. The indicator of average disturbed running time TRD is obtained in a similar way to
the indicator of disturbed capacity. It is obtained as the average of all disturbed
route times (for TBT > 0) weighted by their frequency of their occurrence.
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Figure 3-4. Model Flow Chart

Both indicators of Disturbed Capacity and Average Disturbed running Time TRD

constitute a useful tool to decide among different signaling alternatives to redesign
existing signaling installations.

Regarding Disturbed Capacity CD it gives precise information about the installation
usage under disturbed conditions. This indicator is more useful than the Theoretical
Capacity one because it considers the interactions between trains; therefore,
considering the resulting effects they produce to each other and that are transferred
through the signaling system.

The different signaling design alternatives are simulated and then the aforementioned
indicators are obtained. The best signaling solution will be the one offering better
indicators. This implies a higher level of capacity in real conditions that include
disturbed circulations, but at the same time keeping in check the average route time.

2. With the Simulator
obtain the IDA (TBT) curve

and TR(TBT)

1. Use the Simulator to
obtain TBTP & IDAmin

3. Using real data:
Obtention of real TBT,
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average IDAP value and CD

5. Calculation of the
average TRD value
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3.3. CASE STUDY

In this section an example of resolution of the model presented in the previous
section is described.

3.3.1. LINE DESCRIPTION

The FGC Barcelona-Vallès line has been chosen to apply the methods described
in the previous sections. FGC (Ferrocarrils de la Generalitat de Catalunya) is a
railway company which operates several lines in Catalonia, a region located at
the northeast of Spain. And the Barcelona-Vallès line connects Barcelona with
the cities of Terrassa and Sabadell, going through the Collserola range.

Figure 3-5. Map of FGC Barcelona-Vallès line

The Barcelona-Vallès infrastructure is fitted with an ATP (Automatic Train
Protection) safety system which is in charge of supervising the train speed and
applying the penalty brake in the event of safety conditions not being fulfilled.
This line is equipped with continuous data transmission through coded track
circuits with a speed codes implementation scaled to 90/60/45/30/0 km per
hour. It enforces speed limits and movement authorities ensuring safety of train
movements by comparing the current train speed to the permitted speed limit.
Speed is limited by the system to protect routes of other trains in the installation
or due to other existing constraints in the line.

With the aim of obtaining precise times of the itineraries in the installation, a
parametric model of the section has been implemented using a simulation tool.
This tool allows modelling line profile data and track topology as well as rolling
stock and the routes for each interlocking of the line.

The station of Provença is arguably one of the most congested nodes in the
whole network. It is a key station serving several lines: L6, L7, S1, S2, S5, S6 and
S7. Hence, it constitutes a perfect testing ground to apply the tools shown in
previous sections.
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3.3.2. SIMULATOR DESCRIPTION

The infrastructure topology of the railway line has been developed in a graphical
manner using the OpenTrack tool (Nash & Huerlimann, 2004), which supports
modelling a railway line by means of double vertex graphs (Fig. 7). Graphic
elements have attributes that can be precisely configured by the user. Also,
precise data of the rolling stock such as technical characteristics for every
Electrical Multiple Unit, including traction efforts and speed diagrams, weight,
length, adherence factor and power systems can be introduced. In particular,
real data obtained from FGC series 112, 113 and 114 currently in service have
been applied.

Figure 3-6. Simulator operation process

Signaling and ATP systems have been modeled using real data coming from the
actual, such as track circuit lengths and gradients, signals, routes between
signals, switches and ATP system features.

Additional characteristics of the simulation model are presented in detail in
chapter 4.

3.3.3. NODE DESCRIPTION

The current Provença station was opened in 1929 and has nowadays a passenger
density of 4700 passengers per hour during the rush hour, that value only
surpassed by Plaça Catalunya in the Barcelona-Vallès line. This density is
expected to be increased even more during the next years and the station has
been remodeled in 2019 to keep up with this upcoming passenger increment.

3.3.3.1 DESCRIPTION OF THE TRAFFIC PATTERN UNDER
ANALYSIS

The traffic pattern under analysis is formed by the movement of trains between
Gràcia and Provença stations towards Plaça Catalunya. Therefore, trains leave
Gràcia station alternatively from platforms 2 (GR8) and 4 (GR10).
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Figure 3-7. Track layout in Gràcia – Provença section
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The movement of trains follows a route through track circuits A4, A2, GR6, GR4,
GR2 and PR2 which corresponds to the platform in Provença station. The ATP
system implementation follows the design shown in Table 3-2.

Right: Train in Track Circuit
Down: Occupied Track Circuit A2 GR6 GR4 GR2 PR2 PC18 PC18a PC16 PC14 PC12

- 60/60 60/60 60/60 60/60 60/60 60/60 60/60 60/60 60/60 60/60

PC12 60/60 60/60 60/60 60/60 60/60 60/30 60/30 30/0 0 -

PC14 60/60 60/60 60/60 60/60 60/30 30/30 30/0 0/0 -

PC16 60/60 60/60 60/60 60/30 30/30 30/0 0/0 -

PC18a 60/60 60/60 60/60 60/30 30/0 0/0 -

PC18 60/60 60/60 60/30 30/0 0/0 -

PR2 60/60 60/30 30/0 0/0 -

Table 3-2.  ATP Speed values allowed in section Gràcia – Provença

The codes follow the definition XX/YY, where XX is the maximum speed in the
current track circuit while YY is the permitted track speed allowed at the end of
the current track circuit.

The codes received by the second train through the continuous data
transmission through the coded track circuits are shown on the table 3-2. They
depend on the track circuits occupied by the previous train, the closer the trains
are the more restrictive the speed limits received by the following train become.
This is because the signaling system protects the second train route from
colliding with the previous route, which means that the following train reduces
its commercial speed due to the presence of the previous train and the reduced
speed codes it generates after it.

3.3.4. APPLICATION OF THE MODEL STEPS TO THE CASE STUDY

In this section the application of the Model Steps to the Case Study is presented:

Steps 1&2. Obtention of the minimum TBTP (limit of disturbances), IDAmin, IDA(TBT)
and TR(TBT)

In this step the TBT of the first train is increased sequentially by increasing the
Dwell Time of the first train using the simulator, the results are shown in Table 3-
3.
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ܶ = ܶ − ( ୈܶଶ − ୈܶଵ) (3-6)

Level of
disturbance in
Provença TBT

Departure-
Arrival

Interval IDA

Train 2
Running

Time
−( ܶଶ − ܶଵ)

Train position
in disturbance

T1 / T2

-7 69 69 0 -
-6 68 69 1 -
-5 67 69 2 -
-4 66 69 3 -
-3 65 69 4 -
-2 64 69 5 -
-1 63 69 6 -
0 62 69 7 -
1 61 69 8 PC18 / GR4
2 60 69 9 PC18 / GR4
3 59 69 10 PC18 / GR4
4 59 70 11 PC18 / GR4
5 59 71 12 PR2 / GR6
6 58 71 13 PR2 / GR6
7 58 72 14 PR2 / GR6
8 58 73 15 PR2 / GR6
9 58 74 16 PR2 / GR6

10 57 74 17 PR2 / GR6
11 57 75 18 PR2 / GR6
12 57 76 19 PR2 / GR6
13 56 76 20 PR2 / GR6
14 56 77 21 PR2 / GR6
15 55 77 22 PR2 / GR6
16 55 78 23 PR2 / GR6
17 55 79 24 PR2 / GR6
18 55 80 25 PR2 / GR6
19 55 81 26 PR2 / GR6
20 55 82 27 PR2 / GR6
21 54 82 28 PR2 / GR6
22 54 83 29 PR2 / GR6
23 54 84 30 PR2 / GR6
24 53 84 31 PR2 / GR6
25 53 85 32 PR2 / GR6
26 53 86 33 PR2 / GR6
27 52 86 34 PR2 / GR6
28 52 87 35 PR2 / GR6
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29 52 88 36 PR2 / GR6
30 53 90 37 PR2 / GR6
31 53 91 38 PR2 / GR6
32 54 95 39 PR2 / GR6
33 56 96 40 PR2 / GR6
34 56 97 41 PR2 / GR6
35 56 98 42 PR2 / GR6
36 56 99 43 PR2 / GR6
37 56 100 44 PR2 / GR6
38 56 101 45 PR2 / GR6
39 56 102 46 PR2 / GR6
40 56 103 47 PR2 / GR6

Table 3-3. Result values obtained with the simulator (s)

The first column shows the disturbance level reached by the two trains arriving
to Provença platform (TBT). The second column shows the interval between the
departure of the first train and arrival of the second one (IDA). And the third one
is showing the running time of the second train; this time displays directly the
affectation produced on the second train by the delay of the first one and its
transmission to the second through the signaling system. And the fifth column
shows the track circuits where both trains are located when the disturbance is
produced.

The 0 value in the first column shows the moment when the second train is
receiving the affectation produced by the first one (time resolution in seconds).
This means that it is receiving reduced speed codes through the signaling system
and these codes are in turn affecting its normal movement.

With this information, the following characteristic curves of the Provença station
are obtained.
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Figure 3-8. TR(TBT) (y-axis) versus TBT (Dwell Time increase for Train 1) (x-axis)

The Figure 3-8 shows the TR values that correspond to each TBT value; they
increase as the level of disturbance between the trains grows. When the
following train is stopped completely before continuing its movement (33s in
Figure 3-8), the slope shown presents a 45º shape, as explained previously for
Figure 3-2.

Figure 3-9.  IDA values (y-axis) versus for TBT>0

Figure 3-9 shows the IDA value that corresponds to each TBT value. The Dwell Time
of the first train arriving to the station is increased sequentially. As the second
train gets closer to the first one with each dwell time value increase, the interval
between the departure of both trains from their respective stations gets smaller.
This means that trains manage to move closer although the second one is
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already affected by the signaling system and receives reduced speed codes.

The results show that for an increase in Dwell Time of 28s the IDA value reaches
the minimum value of 52s. After that, additional Dwell Time increments also
increase the IDA value until the point when the second train is fully stopped by
the signaling system during its movement. Therefore, after a TBT value of 33s the
IDA value is constant and equals to 56s.

Step 3. Using real data: Obtention of real TBT, statistical analysis (frequency)

Real data coming from the installation have been used for this purpose. The
aforementioned data has been obtained from a MoviolaW system, which is a
computer-based data logging and replay tool in charge of keeping updated faults
and events data continuously coming in real-time from the interlocking. The FGC
Barcelona-Vallès line is equipped with Siemens WESTRACE and relay
interlockings, models Mk1 and Mk2, the electronic interlockings are all equipped
with MoviolaW systems.

The data used in this work was obtained from the MoviolaW systems on October
15th, 2018. They were obtained in database format and have been processed
using a tool created specifically for this purpose that allows filtering to acquire
only the desired data from the raw file. Figure 3-10 shows an example of the
aspect of the data obtained directly from the MoviolaW system prior to its
filtering by means of the custom filtering tool.

ID ID_MNE VALUE WT_DATE
46433 14780 0 4:52:47
46434 14463 0 4:52:47
46435 15346 0 4:52:47
46436 15351 0 4:52:47
46437 13560 0 4:52:49
46438 5366 1 4:52:49
46439 8030 1 4:52:49
46440 12953 0 4:52:49
46441 2615 0 4:52:56
46442 2864 0 4:52:49
46443 2864 0 4:52:49
46444 2864 0 4:52:49
46445 2864 0 4:52:49
46446 2746 1 4:52:56
46447 1123 1 4:52:56
46448 8 0 4:52:50
46449 2399 1 4:52:58
46450 8 0 4:52:50
46451 13659 1 4:52:52

Figure 3-10. Raw data coming from Siemens MoviolaW system
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Figure 3-10 shows the mnemonics and their changes in value for every second of
logged operation time. The values of the field ID_MNE are each one associated
to a particular variable of the system, e.g. the status of a specific track circuit has
an associated mnemonic whose value can be 0 it the track circuit is occupied or 1
if it is clear. This same principle applies to other elements of the system like
points, signals or axle counters. By means of the filtering of these data we can
analyze and determine all the changes that took place in the system during a
certain period of time.

In this case, the data needed for the calculation is the status of track circuits and
the ATP speed codes being injected through the coded track circuits. These codes
enforce speed limits and movement authorities to allow the safety of train
movements in the installation.

The indicator related to the Disturbed Running Time (TRD), which is also used to
calculate the IDAP, is obtained as the expected value of running times TR(TBT)
when movements are disturbed (TBT is higher than 0, therefore the second train
movement is disturbed), and the frequency of real disturbance of trains f is
known. The statistical frequency of TBT can be found in Figure 3-11.

Figure 3-11.  Normalized statistical frequency of TBT > 0 accumulated values (y-axis) versus
Increase of Dwell Time of Train 1 (x-axis) after the TBTP limit value

Step 4. Indicator of disturbed capacity: Average IDAP value

Using figure 3-9 which shows IDA values for TBT value higher than 0 and the
statistical frequency of TBT, the average IDAP value is obtained. The IDAP value
equals to 57,47s. The average IDAP value indicator is obtained as a result of the
weighted average of all IDA values by their real occurrence frequency.

ୈܫ = ∑ )ୈܫ ܶ) × ݂( ܶ)݀( ܶ)ூேி
 (3-7)
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The CD value is calculated as follows:

ୈܥ = ଷ
ுీ

(3-8)

ୈܪ = ୈܫ + ܶܦ (3-9)

ୈܥ = ଷ
ହ,ସାଷ

= 41,16 Trains/Hour (3-10)

The minimum interval between trains without any disturbance is 62s. On the
other hand, the IDAP value for disturbed trains equals to 57,47s. This value under
disturbed conditions is lower; trains move slower but also closer between each
other.

Step 5. Indicator of disturbed Route Time: Average TRD value

The average TRD value indicator is obtained as a result of the weighted average
TRD values by their real occurrence frequency. It is calculated using:

ܶୖ ୈ = ∑ ܶୖ ( ்ܶ) × ݂( ܶ)݀( ܶ)ூேி
 (3-11)

The minimum TRD between trains without any disturbance is 69s. When train
movements are disturbed, TRD value equals to 75,07s.  These values show the
reduction in commercial speed caused by the disturbances to train movements.
These disturbances show up in reduced speed codes received by the trains
running too close to each other.
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3.4. DESIGN IMPROVEMENTS

To obtain the results of the application to the case study, the track layout
information and the data in Table 3-4 obtained from the brake distance table are
used as inputs.

92 km/h 62 km/h 46 km/h 31 km/h 21 km/h
-25‰ 572.6m 303.3m 195.4m 116.7m 76.4m
0‰ 457.7m 243.6m 157.7m 95.2m 63.2m

Table 3-4. Braking distances required to stop the train by levels of track declivity. Values include
the level of additional safety applied by the operator.

Declivity value in the section to be redesigned is -25‰. This value is necessary to
calculate the distance required to stop the train from every speed value until
complete stop. The distance necessary depends heavily on the declivity values,
hence they have to be considered to plan the design improvements.

Option A: Modification of track speed codes without any other additional
change

Shunted Track
Circuit &
Lenght

GR6
171.6m

GR4
158.4m

GR2
192m

PR2
120.2m

PC18
109m

PC18a
87m

Case a: PC18 60/60 60/30 30/0 0/0

Case b: PR2 60/30 30/0 0/0

Table 3-5. Original ATP Design: Shunting PC18 & PR2

Modifying the track speed codes is the ideal solution as it is relatively the
cheapest to be implemented. It only requires an interlocking software update
without any change to other track or lineside systems. To check its feasibility, the
proper design of the ATP design has to be revised.

Case a: In this case, it has to be checked if a 60/0 reduction could fit in GR2
where we have now a 30/0 reduction. According to table 3-4, that is not possible
as it is required a braking distance of 303,3m which is longer than the length of
PR2 (120.2m).

Case b: In this case, it has to be checked if a 60/0 reduction could fit in GR4
where we have now a 30/0 reduction. According to table 3-4, that is not possible
as it is required a braking distance of 303,3m which is longer than the length of
GR2 (192m).

Therefore, a solution only modifying the ATP speed codes design is not feasible,
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so this redesign option is in this particular case discarded.

Option B: Change in the interlocking software and redesign the length of track
circuits GR2, GR4 and GR6.

To redesign this section, we need to consider the distance required by the train
to brake from every speed value until complete stop. Those values are shown in
table 3-4. Taking them into account, the adjustment of the length of the track
circuits to improve the efficiency of the speed codes applied should be tried.

Technical Discussion: In this case, in case of an emergency brake at the end of
GR2 when there is a 30/0 code (previous train in PC18), the train requires
116,7m to brake completely. The reduction 60/0 requires 303.3m, which is a
value lower than the combined distance of GR2 and PR2. The following table
shows the actual distances presents in the track layout:

Shunted
Track Circuit

& Lenght

GR6
171.6m

GR4
158.4m

GR2
192m

PR2
120.2m

PC18
109m

PC18a
87m

Train
shunting

PC18
60/60 60/30 30/0 0/0

Table 3-6. Original ATP Design: Shunting PC18

Redesign alternatives: There could be several different redesign alternatives to
be applied in this situation.

Alternative B1: In order to optimize the braking distances design; GR2 could be
reduced to 186,6m (303.3m-116.7m).

Shunted Track
Circuit &
Lenght

GR6
171.6m

GR4
158.4m
167,3m

GR2
192m

186.6m

PR2
120.2m
116.7m

PC18
109m

PC18a
87m

Train
shunting PC18 60/60 60/30 30/0 0/0

Table 3-7. Modified track circuit distances: Shunting PC18

So according to these calculations, a better design of this section would be to
approach the frontiers between track circuits PR2 and GR2 towards the Provença
platform by a distance of 3.5m and also between track circuits GR2 and GR4 by a
distance of 8.9m. The later modification will also imply moving the signal 102
accordingly.

Alternative B2: In this case, a train applying emergency brake at the end of GR4
and entering GR2 at 30km/h would require 116.7m to stop completely, which is a
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distance shorter than the 186.6m currently present in GR2. But this reduction is
not feasible if we want to keep the reduction defined in alternative B1; which is
reducing from 60/0 in GR2+PR2.

Also, a train applying emergency brake at the end of GR6 and entering GR4 at
60km/h would require 303.3m to stop completely, which is a distance shorter
than the 345m currently present in GR4+GR2. Therefore, GR4 could be optimized
by making the length of GR2+GR4 equal to 303.3m.

Shunted
Track

Circuit &
Lenght

GR6
171.6m
222m

GR4
158.4m
116.7m

GR2
192m

186.6m

PR2
120.2m
116.7m

PC18
109m

PC18a
87m

Case a2:
PR2 60/30 30/0 0/0

Table 3-8. Modified track circuit distances: Shunting PR2

So according to these calculations the frontier between GR4 and GR6 should be
moved towards Provença platform by a distance of 50.6m. This in turn would
increase the length of track circuit GR6 up to 222m.

Selection between alternatives: Both alternatives displayed would allow trains
to run closer in this section under disturbed conditions. Alternative B2 implies
some additional works to modify track circuit limits, therefore it needs to be
evaluated it these additional investment makes sense from the operation point
of view.

After these modifications, the characteristic curves obtained are the following:

Figure 3-12. IDA values (y-axis) versus for TBT>0, original (black), alternatives B1 (blue) and
B2 (red)
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Figure 3-13. TR(TBT) (y-axis) versus Dwell Time increase for Train 1 (x-axis), original
(black), alternatives B1 (blue) and B2 (red)

The CD value is calculated as follows:

ୈܥ = ଷ
ுీ

(3-12)

ୈܪ = ୈܫ + ܶܦ (3-13)

ୈଵܥ = ଷ
ହ,ଽଵାଷ

= 41,42 (3-14)

ୈଶܥ = ଷ
ହହ,ସାଷ

= 42,12 (3-15)

The following table shows the comparison of values between the base and
redesign alternatives B1 and B2:

Indicator Original Alternative B1 Alternative B2
IDAmin [s] 52 50 47
IDap [s] 57,47 56,91 55,47
TRD [s] 75,07 72,56 71,07

CD [t/h] 41,16 41,42 42,12
Table 3-9. Comparison of indicators between the original and redesigned cases

Both alternatives proposed improve the performance parameters of the original
design. Specifically, B2 reduces IDAmin in 9,61%, IDAp in 3,48%, TRD in 5,33% and CD

improves in 2,33%. These performance figures are superior to the ones obtained
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by alternative B1, but they require a further modification in the track layout,
which is the displacement of the frontier between track circuits GR4 and GR6.
This displacement implies the rail welding in the present position of the isolating
joints to move them to their new position in the track where their installation
will take place. Also, all cabling related to the track circuit connection to the rails
needs to be displaced to its new position.

Therefore, alternative B2 is a solution more expensive than B1, although it
provides better performance. These indicators allow deciding which is the most
interesting solution to be implemented in terms of its cost-efficiency and added
value to the performance of the installation. In some cases, little indicator
improvements require a high cost of implementation and hence may not be
recommended because that money could be better spent in another point of the
installation where its impact on system performance is going to be much higher.
In many cases, even small percent improvements are beneficial when the line is
highly saturated during the rush hour.
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CHAPTER 4

SIMULATION MODEL

4.1. OVERVIEW

This work uses a simulation system capable of reproducing accurately the
complete behavior of an urban railway installation like the FGC Barcelona-Vallès
Line.  The system models the behavior of the Rolling Stock operating in the
railway line under the constraints defined in the design of the infrastructure and
given a timetable and their operations definition. For all the parts combined to
make up the model, real data obtained from FGC installations, infrastructure and
rolling stock have been used.

In this chapter, a presentation of the different parts of the infrastructure
modelled to create the simulation system are presented. Therefore, in this
chapter the infrastructure model and the process followed to model its different
parts are shown. Also, the model of the signaling system is presented, making a
specific mention to the ATP/ATO model that has been implemented into the
simulation system. Likewise, the rolling stock model and its calculation process
are shown, together with the train movement model and its associated
modelling. Lastly, the operations model and the process to create it are also
introduced.

The simulation system is created by means of OpenTrack (Nash & Huerlimann,
2004), that is a well-established railway software that allows modelling,
simulating and analyzing different types of rail systems. Specifically, for this
project it has been used to create the simulation model of the complete FGC
Barcelona-Vallès line and to analyze the capacity in stations and also perform
running time calculations of train movements.

Therefore, the simulation system allows the user to define input data to create
the rolling stock, infrastructure design, timetables definitions and train
movements. Then, simulation of operations is carried out using that input data
design that has been previously generated.

The particularity of this tool is that it uses a mixed approach between discrete
and continuous simulation implementation, as train movements are simulated
by means of differential motion equations which are solved continuously. In
turn, other elements of the installation present discrete states like, for example,
track circuits, signals or predefined delays.
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Both train speed and distance travelled are obtained by solving the differential
motion equation by means of the Euler’s Method, which gives accurate
estimated values. And the real occupation state of track circuits and signal
aspects also have an affectation on the movement of trains in the installation.
Figure 4-1 shows an example of a speed-distance diagram of a train moving from
stations A to C and stopping in the middle at station B.

Figure 4-1. Example of a speed-distance diagram
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4.2. INFRASTRUCTURE MODEL

The infrastructure model designed uses track circuits, signals and points as basic
building blocks to create the installation. The track layout is designed by using
data coming from the actual installation currently in service in the line. Figure 4-2
shows an example of Les Planes station. Data obtained from the track layout of
the real installation has been used to create its modelized version by using the
same distances, gradients and elements placement.

Figure 4-2. Example of a station model: Les Planes. Up: Real Track Layout. Down: Model
implementation.

As Figure 4-2 shows, the model is generated by placing elements such as signals
and points and connecting them by using track segments. The figure also shows
the use of double vertex graphs; every vertex is defined by two joined boxes
allowing the definition of different conditions at both sides of the vertex. For
example, signals are placed in one of the sides and that is what defines the
direction of the movements that the signals are controlling in both movement
directions.

The track segments are called edges and are defined with their real properties
like their length, gradient, radius and maximum available speed. An example of
the design of a track circuit is presented in Figure 4-3.
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Figure 4-3. Track circuit design example: GR14A

4.2.1. SIGNALING MODEL

The simulator models the signaling system present in the installation and its real
behavior. Therefore, each track section can only be reserved by one train at most
and every moving train is allowed to stop in the section or sections that are
reserved specifically for them. This means that the trains are allowed to move as
long as the distance between them is appropriate and their speed permits them
to stop under the necessary safety conditions; also, the speed limits required by
the track design and current conditions must never be surpassed under any
circumstance.

Railway interlockings are the systems present in every line in charge of
controlling the safe movement of trains; their behavior is also modelled by the
simulator. Two real examples of this kind of systems are shown in Figure 4-4. For
trains to perform movements in the line they require a Movement Authority; it
gives permission to a train to move from one point of the infrastructure to
another one. This means that routes and all the elements that form the route are
reserved for the specific train that requires that route, otherwise those elements
and the route they form are free. So, in order to successfully reserve a route, it is
required that all the elements that form the route are available for it and not
blocked by any other route or condition present in the system.
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Figure 4-4. Left: Electrical Relay Interlocking. Right: Electronic Interlocking

For the train to complete a route it requires that another route or at least a part
of it is free at the end of the reserved route or after its Limit of Movement
Authority; this is called a Route Overlap. Overlaps are necessary to ensure safety
conditions for the train, even if it is stopping at the end of the route (i.e. a train
stopping at a station platform requires an additional free track length after the
end of its route to ensure that enough safety distance to allow it to stop safely is
available. This additional distance could be required in case of a brake failure or
any other kind of system fault. This requirement mandatorily applies in an ATP
application design like the one currently present in the FGC Barcelona-Vallès line.

In Distance to Go systems, which is a different kind of ATP application, this
requirement is not always necessary. In DTG mode, the train has a map of the
line implemented in the On-Board system, and also receives its current position
in the line through APR passive transponders located throughout the entire
length of the line.

4.2.2. ATP / ATO MODEL

The Barcelona-Vallès line is equipped with an ATP system that supervises the
speed of the trains to make sure safety conditions are always fulfilled. The line is
equipped with a speed codes implementation scaled to 90/60/45/30/0
kilometers per hour. The 45 code is only available in some parts of the line with
an ATP implementation based on Frequency Modulated technology.
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The simulated model allows the setting of different track speed limits in every
track circuit depending of the status of the signals; this allows designing into the
simulator the real behavior of the ATP design present in the Interlocking systems
of the line. To do so, in the simulator all signals are equipped with signal aspects
and the possible speeds available at their position are defined. Also, the routes
associated to each signal are configured in the same way.

Figure 4-5 shows an example of an ATP codes sequence. The Movement
Authority shown allows Train B to move until it arrives to the track circuit with a
30/0 code. A free circuit with a 0/0 code needs to be reserved as a safety buffer
in this type of signaling systems. During the movement, Train B will have to adapt
its movement speed to the maximum speed actually allowed by the signaling
system (90 / 60 / 30). In its last authorized circuit, Train B will have to stop until
Train A frees its current track circuit, thus allowing Train B to move beyond its
current Limit of Movement Authority. When Train A frees its current track circuit,
the speed codes present between both trains will change allowing train B to
move beyond its current Limit of Movement Authority which will have been
moved forward.

Figure 4-5. Track reservation and ATP codes applied

0/090/6090/90

Train ATrain B

30/060/30

30

60

90
Maximum track speed allowed
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4.3. ROLLING STOCK MODEL

FGC uses two different train compositions in the Barcelona-Vallès line, units
UT113 and UT114. Real data coming from the installation has been used to
model the rolling stock of this project. The models use technical specifications of
the trains such as tractive effort/speed diagrams (Figure 4-7), weight of the
wagons and locomotives, their length, maximum speed, resistance factor and
rotating mass factor among other parameters.

Figure 4-6. Train Unit UT113 FGC

Figure 4-7. Tractive effort / Speed diagram UT113 FGC

The following equations shown are the ones used by the model present in
OpenTrack software (Nash & Huerlimann, 2004) to simulate rolling stock
behavior. The adhesion or friction behavior between wheel and rail is modelled
by using the Curtius and Kniffler formula:

ୌߤ = .ହ
ାସସ

+ 0,161 (4-1)
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Where:

ୌ: Friction coefficientߤ

V: Speed in km/h

The resistance to the advance of the train results from the addition of the
traction and acceleration resistances:

ܴ = ܴ + ܴୟ (4-2)

Where:

ܴ: Traction resistance [N]

ܴୟ: Acceleration resistance [N]

Figure 4-8. Train simulated parameters UT113 FGC
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Acceleration resistance is calculated using:

ܴ =  m · a · (1 + 0,01 · ρ) (4-3)

Where:

 m: Train mass [kg]

a: Acceleration [m/s2]

ρ: Empirical mass factor

Traction resistance is composed of rolling and distance resistances:

ܴ = ܴ + ܴୈ (4-4)

Where:

ܴ: Rolling resistance [N]

ܴୈ: Distance resistance [N]

Rolling resistance is composed of air resistance and tunnel resistance:

ܴ = ܴ + ܴ (4-5)

When trains travel through tunnels have to bear a higher resistance due to the
tunnel diameter and the surface of its walls. This is modelled using the following
equation:

ܴ = ݂ · ଶݒ (4-6)

Where:

ܴ: Tunnel resistance [N]

݂: Tunnel factor [kg/m]

v: Speed [m/s]

To model the effect of the unit UT113 air resistance, the mass-dependent
quadratic Davis formula has been selected:

ᇱݎ = ܣ + ܤ · ݒ + ܥ · ଶݒ (4-7)

ܴ = ··ᇱ
ଵ

(4-8)

Where:

ܴ: Air resistance [N]

r’: Special air resistance [N]
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m: Weight of wagons [kg]

V: Speed [m/s]

Distance resistance consists of gradient resistance and curve resistance:

ܴୈ = ܴୋ + ܴେ (4-9)

Gradient resistance is the part of the train mass working in the opposite direction
to the movement of the train due to the existing gradient:

ܴୋ = ݉ · ݃ · tan(ߙ) = ݉ · ݃ · ூ
ଵ

(4-10)

Curve resistance is due to the friction between the wheel flanges and the rail
during the movement of the train through a curve:

ܴେ = ,ଷ
ିହହ

· ݉ for r≥300m (4-11)

ܴେ = ସ,ଽଵ
ିଷ

· ݉ for r˂300m (4-12)

Where:

ܴୋ: Gradient resistance [N]

ܴେ: Curve resistance [N]

r: Curve radius [m]

[‰] Positive gradient :ܫ

m: Train mass [kg]
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4.4. TRAIN MOVEMENT MODEL

The train movement is modelled by starting with the Newton’s basic equation of
Dynamics:

ܽ = ி


(4-13)

Where:

 a: Acceleration [m/s2]

m: Train mass [kg]

F: Train traction effort [N]

The train starts its movement if the Traction Effort it is applying to the rails is
higher than the Traction Resistance:

ܨ = (ݒ)ܼ − ܴ(ݒ, (ݏ (4-14)

Where:

: Tractive Surplus [N]ܨ

Z: Tractive Effort [N]

ܴ: Traction Resistance [N]

Speed [m/s] :ݒ

Distance [m] :ݏ

From the diagram of the tractive effort/speed presented in Figure 4-7 the value
of Tractive Effort Z(v) is obtained. If all Tractive Surplus is used to accelerate the
train:

ܽ = ிౖ
·(ଵା,ଵ·ఘ)

(4-15)

: Tractive Surplus [N]ܨ

m: Train mass [kg]

a: Acceleration [m/s2]

Rotary masses - Empirical mass factor :ߩ
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4.5. OPERATIONS MODEL

Data obtained from the real installation has been used to create the movement
of trains from every origin to its destination. There are three types of levels used
to define train movements and operations; the higher levels include units of the
lower levels. The levels, from less to more complex, are called routes, paths and
itineraries.

The lowest level of design are the routes; these are descriptions of train
movements formed by several vertex placed in the same direction of train
movement. This movement allows movement of the train from one element to
another. These elements are typically main signals and during their occupation
by a train they are not available to any other movement. Routes link together
signals, points and segments of track to form possible basic movements a train
can perform in the installation.

An example of this definition can be found in Figure 4-9, which shows all possible
routes from the signal 218 in Gràcia station. The route definition includes the
average gradient present, length of the movement from origin to destination and
the time required by the interlocking to lock and release it. This processing time
is highly dependent on the type of technology used by the interlocking; in
general, electronic interlockings tend to be faster than electrical older relay-
based ones. Electronic interlockings speed depend on the speed of their main
processor and also generally the newer they are the faster they process the
rungs forming their signaling code. But this speed is also dependent on the size
of the installation managed by the interlocking and therefore the number of
elements under the control of it. So, the times required to lock and release a
route are variable for every type of installation and approximative values need to
be defined in every case to simulate the behavior of the real installation.

Also, the signal aspects and release procedure for the route is defined as shown
in Figure 4-9 as well as the approach zone of the signal ending the route. This
means that the train will reduce its speed within the approach zone to match the
maximum speed value allowed at the beginning of the approach zone set.
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Figure 4-9. Example of routes definition: Routes from signal 218 in Gràcia

The following level of signaling design uses paths, which are sets of one or
various sequential routes used together and grouped to form longer movements
in the same direction. These movements are for example the ones required to
move a train from a certain station to the following one, so they may include
various elements like signals, track circuits and points. An example of a path
definition is shown in Figure 4-10.

Figure 4-10. Example of path definition: Path from signal 229 in Putxet
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The last level of signaling design uses itineraries, which are sets of one or various
sequential paths grouped to form for example longer movements or even the
operation of a complete line. Itineraries therefore can group paths that are
designed in different directions. An example of an itinerary list is shown in Figure
4-11.

Figure 4-11. List of defined Itineraries

Itineraries are then associated to train operations through the creation of
Courses, which are Itineraries associated to a specific kind of Rolling Stock and
timetable definition. The Courses definition is shown in Figure 4-12 and it shows
that also its speed type and performance parameters could be defined.

Figure 4-12. List of courses available

The timetable definition includes the list of stations included in the Itinerary and
defines its arrival and departure times, dwell times at stations, stops and other
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adjustments like connections to other itineraries, split and joining of trains. An
example of this management window is shown in Figure 4-13.

Figure 4-13. Example of timetable management window: Itinerary from Gràcia to Plaça Catalunya
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CHAPTER 5

7.CONCLUSIONS, CONTRIBUTIONS,

PUBLICATIONS AND FUTURE WORKS

5.1 CONCLUSIONS AND CONTRIBUTIONS

This section collects the main conclusions obtained and contributions generated that
have led to the development of this thesis. Also, future works are proposed as a
continuation of it.

FUZZY MAXIMUM CAPACITY AND OCCUPANCY TIME RATE
MEASUREMENTS IN URBAN RAILWAY LINES

The main goal of this work is to improve urban railway lines capacity analysis
considering the uncertainty associated to dwell times. In these types of lines, dwell
times have an important impact on capacity because there are frequent stops, and
running times are quite stable due to the use of automatic driving systems.

New capacity measures have been proposed: The Fuzzy Maximum Capacity and the
Fuzzy Occupancy Time Rate. They are based on the maximum capacity and occupancy
time rates defined in UIC (2013) (timetable compression method), including the
uncertainty associated with dwell times modeled as fuzzy numbers.

Three practical problems from the perspective of the traffic operator have been
presented and solved applying the proposed model, by means of the alpha-cut
arithmetic: (1) Is the operative capacity achievable?, (2) Does the operative capacity
keep enough reliability margins?, (3) Which is the highest operative capacity that fulfills
the recommended UIC Occupancy Time margins? Problems (1) and (2) are solved by
calculating the degree of compliance in terms of possibility and necessity measures,
while the third one calculates the maximum operative capacity that achieves the UIC
robustness requirement with a given level of possibility or necessity as a target.

The proposed model has been applied to the section Gràcia-Sarrià of the Spanish railway
operator FGC. The model uses a railway simulator that enables the timetable
compression method to obtain minimum conflict-free cycle times of the section under
study.
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It has been shown that the proposed method provides more information to the railway
operator than the standard UIC method that does not include uncertainty regarding
dwell times. The model permits as well adjusting the level of fulfillment of the UIC time
margins to calculate the operative capacity. Furthermore, the sensitivity of the transport
capacity to the uncertainty level for these input parameters of the model has been
analyzed.

DESIGN OF INDICATORS TO GUIDE CAPACITY IMPROVEMENTS IN URBAN
RAILWAY LINES

In general, Railway capacity increase is one of the great challenges faced by planners
and infrastructure managers. To allow them to choose the most cost-effective solution
among different alternatives it becomes vital to have suitable tools available.

In this work, two different indicators have been presented. These indicators ease the
decision process among different installation alternatives. The indicator IDAP is a
measure of capacity under disturbed conditions; it is the expected value for the
departure-arrival interval of trains in a node. On the other hand, the indicator TRD

represents the loss of commercial speed caused by the speed reduction generated in
the signaling system to protect routes of other trains in the installation or other
constraints.

A case study with the application of the described model and its indicators has been
presented in this work, based on Barcelona-Vallès line of FGC.

The railway line Barcelona-Vallès of the Spanish operator FGC is of great importance to
the metropolitan region of Barcelona. The increase in passenger demand puts more
pressure on the capacity of the line thus all possibilities need to be explored in order to
squeeze more capacity from the current signaling system before getting involved in
costly infrastructure upgrades

The results of the application of the model show a reliable technique that can be used to
improve the signaling of railway systems in order to increase its capacity levels. In table
3-8 the compared values between the original case and the proposed resignaling
solution discussed in section 3.4 are presented. The redesigned proposal clearly
improves the values of Minimum departure-arrival itinerary times IDAmin and Average
Disturbed Interval IDap .

Also, Disturbed Train Running Times TRD and Disturbed Capacity CD value are clearly
improved. All these changes enable more capacity in the section without the
implementation of expensive changes, just with the displacement of three track circuits
frontiers.

The aforementioned indicators presented can be used to improve decisions taken in the
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field of design and redesign of signaling systems and therefore support the cost-benefit
analysis process previous to a sound infrastructure investment. There are many
application possibilities available, from choosing between different signaling design
alternatives by applying the indicators from scratch in Greenfield projects to selecting
the most cost-effective solution to increase capacity in Brownfield Projects.
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5.2 PUBLICATIONS

The studies carried out in the frame of this thesis work have yielded the following
publications:

JCR Journals

Navarro, L. M., Fernandez-Cardador, A., & Cucala, A. P. (2018). Fuzzy maximum capacity
and occupancy time rate measurements in urban railway lines. European Transport
Research Review, 10(2), 1–14. https://doi.org/10.1186/s12544-018-0335-3

JCR Journals Awaiting publication (under review)

Navarro, L. M., Fernandez-Cardador, A., & Cucala, A. P. (2020). Design of indicators to
guide capacity improvements in urban railway lines. European Transport Research
Review
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5.3 FUTURE WORK

In this section, some research lines are proposed to continue the work presented in this
thesis.

FUZZY MAXIMUM CAPACITY AND OCCUPANCY TIME RATE MEASUREMENTS IN URBAN
RAILWAY LINES

Regarding the Fuzzy Maximum Capacity and Occupancy Time Rate measurements, the
work could be expanded with the following additional works:

· Other infrastructure topologies like suburban railway lines or lines equipped with
CBTC systems. This would allow enriching the knowledge of the procedures and
also establishing new reference values for every type of different line topologies
and technologies.

· Extending the application of Fuzzy techniques to other variables beyond Dwell
Times. For example, by applying Fuzzy numbers to weight present in the train
coaches as this could be used to introduce uncertainty in the time required by
train movements.

· Analyze the feasibility of creating a custom membership function to define the
Fuzzy Dwell Times.

DESIGN OF INDICATORS TO GUIDE CAPACITY IMPROVEMENTS IN URBAN
RAILWAY LINES

Regarding the Design of Indicators to guide Capacity Improvements in Urban Railway
Lines, the scope of the study could be extended with the following proposed additional
works:

· Extending the works to other types of infrastructures like suburban and high-
speed railway lines. Also, the use of Dynamic Indicators could be extended to
nodes like junctions or terminus stations.

· Adding other installations with different signaling technologies that could also be
tested like ERTMS level 2 or CBTC.

· Developing an assisted design model of urban railway signaling systems based on
the indicators presented in this work. It could include automatic optimization
processes, like accurate track circuit sizing.
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· Incorporate as a design variable in the improvement of capacity in disturbed lines
the regulation of speed provided by the ATO system.
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