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ABSTRACT Urban railways play a critical role in promoting sustainable transportation by providing high-
capacity, efficient, and low-emission alternatives to road-based travel. As cities continue to grow, the demand
for mass transit rail transport is steadily increasing, posing significant challenges to existing infrastructure,
particularly at terminal stations, which often become bottlenecks due to their complex operations. Addressing
these capacity limitations is essential not only for improving the quality of service but also for supporting
the broader goals of urban sustainability. This paper introduces a two-level optimization model designed
to maximize the practical transport capacity of mass transit railway stations. At the upper level, a genetic
algorithm determines the optimal sequence of train services and platform assignments. These solutions are
then evaluated by a linear programming model at the lower level to estimate the resulting transport capacity.
For a more realistic assessment of practical capacity, fuzzy modelling is employed to manage uncertainties in
train delays and operational variations. The model incorporates critical operational constraints of urban rail-
ways, including minimum turn-around times, track occupancy, and constant headways between train services
of the same type. A detailed simulation model is used to evaluate route intervals based on train dynamics
and signalling systems. Simulation results based on real-world data demonstrate the model’s effectiveness
in maximizing capacity under uncertain conditions and different operational schemes, contributing to more
efficient and sustainable mass transit railway systems. This research highlights the importance of optimizing
rail transport capacity as a key component of sustainable urban development.

INDEX TERMS Mass transit railway, transport capacity, fuzzy logic, genetic algorithm, bi-level
optimization.

I. INTRODUCTION

Railways are recognized as a high-capacity, efficient, and
safe mode of transport. These features make them essential
for metropolitan mobility, attracting millions of passengers
globally. Along with the growth in the population of cities,
this leads to a continuous increase in demand for urban rail
services. Consequently, many existing railway lines face a
significant challenge of operating near or at their maximum
capacity.

The associate editor coordinating the review of this manuscript and

approving it for publication was Jesus Felez

One of the key performance metrics in rail systems is trans-
port capacity, defined as the maximum number of trains that
can operate per hour within a segment of the railway line. This
capacity is influenced by several physical and operational
factors such as the infrastructure layout [1], the performance
of trains [2], or the signalling system installed [3]. In addition,
how the system is operated also critically impacts the trans-
port capacity. Thus, the traffic in the railway system must be
considered when assessing the transport capacity [4].

The project FUTURRAIL [5] tackles the interrelation of
these factors in transport capacity. The main objective of this
project is to provide an integrated model to manage trans-
port capacity efficiently in modern highly demanded urban
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and metropolitan railway lines, along with software tools to
implement it. As part of the FUTURRAIL project, this paper
presents the model developed to assess and maximize the
transport capacity in urban rail terminal stations.

Different bottlenecks can be found in a railway line, which
determines the capacity of the whole system. In particular,
terminal stations are frequently critical nodes in mass tran-
sit railways in terms of transport capacity because of their
complex layout and operation. For instance, incompatible
routes converge in terminal stations, direct trains face revers-
ing ones, and dwell times are higher when changing train
direction. Moreover, these stations have significant passenger
flows because, in many cases, they are part of transport hubs
with connections to other transport modes [6]. Therefore,
evaluating the terminal station node is mandatory to assess
the transport capacity of a line.

The scheduling of terminal station timetables for trans-
port capacity calculation is currently a sequential process
carried out by the railway infrastructure manager. First,
the assignment of train types to platforms is decided, and
then the sequence of entry and exit maneuvers is designed.
Then, the UIC timetable compression method is applied to
calculate the associated capacity [7]. Finally, to ensure that
small delays are not propagated to other trains, time margins
between services must be included. These margins are usually
introduced by the infrastructure manager only after the entry
and exit timetable pattern has been generated [8].

With the aim of addressing this complex operation, this
paper proposes a two-level optimization model that allows
the calculation of the maximum practical transport capacity
of a mass transit railway station, as well as the timetable and
the platform assignment that maximize the capacity usage.

At the upper level of the optimization procedure, a genetic
algorithm (GA) seeks the best sequence of services and plat-
form assignment. Then, the solutions of the GA are evaluated
in terms of transport capacity at the lower level using a
linear programming model. As in the literature, the signalling
system constraints, minimum turn-around time, occupancy
time and number of tracks at stations will be taken into
account. As a novelty, additional constraints are included
to represent the mass transit railway operation, such as a
constant headway between services of the same type and
platform assignment depending on the service type. More-
over, a simulation model with a detailed representation of the
train dynamics and ETCS (European Train Control System)
braking curves is applied to obtain the minimum and realistic
interval between the different routes and configure the opti-
mization model.

Compared to the conventional approach typically used
by railway administration managers, the proposed capac-
ity optimization method simultaneously addresses both the
assignment of service types to platforms and the sequencing
of station entry and exit maneuvers. Therefore, the model is
capable of finding better solutions that maximize capacity.
In addition, the proposed model incorporates delay uncer-
tainty through the use of fuzzy numbers, which allows for the
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sizing of the time margins while simultaneously optimizing
the entry and exit patterns and the platform assignments,
rather than doing so sequentially in a later phase.

The main contributions of this transport capacity optimiza-
tion model are:

o The use of the main mass transit operational constraints
in the transport capacity model to evaluate realistic sce-
narios such as, regular timetables, uniform headways
for services of the same line and platform assignment
dependent on service line, are considered.

o The model allows for the evaluation of two operational
schemes depending on whether rolling stock and train
drivers can operate any service type.

o The model does not need a predefined train sequence.
Instead, the model calculates the timetable and the plat-
form assignment that maximizes the transport capacity.

o The uncertainty in operation is included in the model,
making use of fuzzy parameters to produce a practical
transport capacity evaluation.

o The application to a real case study highlighting the
impact of the mass transit operational constraints and the
uncertainty.

The paper is organized as follows: Section II reviews
the related work. Section III describes the fuzzy maximum
practical capacity model proposed detailing the key factors
influencing railway station capacity. Section IV presents the
problem definition. Section V details the solution method
for the bi-level optimization model, including the integration
of GA, linear programming, and fuzzy logic to account for
operational uncertainties. Section VI explains the methodol-
ogy used for determining the minimum interval between train
routes, based on detailed simulations of train dynamics and
signalling systems. Section VII applies the proposed model
to a real-world case study, demonstrating its effectiveness
in optimizing railway station capacity. Finally, Section VIII
presents the main conclusions obtained in this piece of
research.

Il. RELATED WORK

The methods applied to calculate transport capacity can be
divided into three categories: analytical methods, simulation
methods and optimization methods [9].

Analytical methods use mathematical formulae to calcu-
late capacity. They need little data to provide a result, which
makes them adequate where detailed information about the
railway system is unavailable. Although fast calculation,
these methods are sensitive to parameter variation [8]. A well-
known approach is the compression method proposed by
the International Union of Railways (UIC), published in its
406 leaflet [10]. This method divides a railway system into
different sections and compresses each timetable to obtain
the capacity usage. The compression method was analyzed
by Lindner [11] in 2011, highlighting that it can only be
applied in conflict-free stations to obtain relevant results. As a
result, the compression method was extended in 2013 [7]

VOLUME 13, 2025



A. Fernandez-Rodriguez et al.: Transport Capacity Maximization in Rail Mass Transit Stations

IEEE Access

to include the assessment of nodes such as the bifurcations
or terminal stations. Different studies have since applied the
compression method to calculate transport capacity in railway
lines. In [12], a tool named MesoRail was used to calculate
the occupancy rate in railway stations. The tool’s analysis is
based on the compression method used to calculate capacity.
In [13], a compression-based method was also proposed for
long-term planning at stations. Later, different methodologies
were compared in [14] to obtain compressed timetables such
as the combination-reconstruction approach, the triangular-
gap problem, and the max-plus algebra method, and similar
results were obtained. Another analytical approach for capac-
ity evaluation was proposed in [15] for complex networks.
This method allows for the evaluation of transport capac-
ity and the production of strategic plans. In [16], several
capacity assessment methods were compared, and a novel
one was proposed and applied to a Lithuanian rail sys-
tem. In [17], the Potthoff, probabilistic and Deutsche Ban
methods were compared to calculate station transport capac-
ity. A novel space-time-speed method to improve station
transport capacity has been proposed in [18]. Specifically,
this paper used an analytical formulation to evaluate vari-
ations in transport capacity. In [19], an empirical method,
based on a compression method, was developed to correlate
timetable-based capacity utilization and performance at sta-
tions. A stochastic analytical method was proposed in [20] to
produce a correct buffer time, estimating delays produced by
conflicts between routes and deviations of transfer connec-
tions. In [21], a Lagrangian method is proposed to calculate
the passing capacity of a station in a high speed railway
system. Real-life trajectory data were used to assess capacity
occupation via a critical path extension of UIC 406 in [22].
All the previous works evaluate the transport capacity
based on a predefined timetable or a specific traffic pattern
that operates the infrastructure (based on the train sequence or
statistical distribution of trains). On the contrary, Jensen et al.
[23] studied the strategic assessment of capacity consumption
based on the compression method but without a timetable.
The application of the previous model to mass transit systems,
however, lacks of headway regularity or platform assignment
restrictions. In [24], a Markov-chain-based analytical method
was developed to evaluate junction capacity based on route
topology and arrival rates. In [25], a method combining timed
Petri nets and macroscopic diagrams was proposed to evalu-
ate periodic network capacity. Later, the same authors extend
the method in [26] to evaluate the transport capacity based on
the demand. Both methods do not depend on fixed timetables
and are intended for strategic and macroscopic purposes.
Simulation methods, on the other hand, use more detailed
data to estimate transport capacity, but provide more accu-
rate results. For this reason, they are more adequate for
the microscopic assessment of existing exploitations than
the analytical procedures above. Typically, simulation-based
studies analyze predefined timetables and rely on software
tools such as RailSys [27], OpenTrack [28], [29], [30] or
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RTC [31], [32], [33], [34], [35]. These platforms allow for
detailed modeling of train dynamics and infrastructure con-
straints, supporting accurate and scenario-specific capacity
evaluations. In [36], Montecarlo simulation, three heuristics
and branch and bound algorithms are compared in evaluat-
ing transport capacity under traffic disturbances. Montecarlo
simulation is also used in [37] for calculating headways of
different stopping patterns. In [38], a microscopic simula-
tion model, the Infrastructure Representing Model for fixed
equipment, is presented to evaluate transport capacity in
railway stations. A mesoscopic simulation model is intro-
duced in [39] to assess the transport capacity of stations,
taking into account the random disturbances of train delays.
The queuing theory was applied in [21] to model railway
station operations, and simulation was applied to solve the
model. In [40], a mesoscopic stochastic simulation model and
an analytical model are used to evaluate transport capacity
improvements by using an extended switch point area in a
single-track railway line. Several algorithms were proposed
in [41] for the automated creation of a mesoscopic target
model of station throat based on consecutive transformations
of an initial (intuitive) microscopic model. In [42], RailSys-
based simulations were used to evaluate the capacity effects
of ERTMS/ETCS Hybrid Level 3. The influence of level 3
and level 2 trains, the length of virtual subsections, and
infrastructure configurations are analyzed as a function of
real timetables.

Finally, optimization methods use mathematical program-
ming models or nature-inspired algorithms. Optimization is
typically used for capacity-related problems such as train
scheduling and routing. For example, an optimum track allo-
cation is performed in [43] to evaluate the transport capacity
of a station. In [44], a simulated annealing algorithm is
applied to determine the capacity of railway yards given a
timetable. An integer programming model is proposed in [45]
to measure the difference in transport capacity with different
train types. Sameni et al. [46] developed a Data Envelope
Analysis (DEA) to determine the efficiency of railway com-
panies using the transport capacity. In [47], a multi-objective
problem is presented to measure the trade-off between capac-
ity, train types and corridors, and simulated annealing is
proposed to solve the problem. A two-stage optimization
method is introduced in [48] to calculate transport capac-
ity depending on rolling stock and the infrastructure used.
Guo et al. calculate in [49] the transport capacity of a
high-speed railway station using a linear integer program-
ming model considering the minimum turn-around time,
the depot capacity and the entry and exit route sequence.
The study presented in [50] develops a model for delay
management that includes the capacity restriction of the sta-
tions in the platform assignment. An optimization model
was proposed in [51] to calculate the transport capacity of
high-speed railway stations, minimizing the track occupancy
and finding the shortest path for the service. In [1], a two-
stage optimization model is proposed to evaluate transport
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capacity at stations without an initial timetable. In the upper
stage, the compatible routes are determined by graph coloring
modelling and in the second stage, the sequence of routes is
modelled as a travelling salesman problem. However, typical
operational restrictions in urban railways, such as headway
regularity or platform assignment subject to service types,
are not considered. A mixed integer programming model
is applied in [52] to include new trains in a timetable to
maximize a station’s transport capacity, taking random delays
into account. A ‘“‘schedule and fix” algorithm is proposed
in [53] to solve mixed integer programming for estimating
capacity in different station layouts. This model takes into
account different traffic patterns and flexible route choices.
As before, the previous model does not take into account mass
transit operational restrictions.

It is important to note that, in previous works, two dif-
ferent definitions of transport capacity are used: theoretical
or practical transport capacity. On the one hand, to calculate
the theoretical transport capacity, there is no need to consider
uncertainty, given that it is assumed that trains do not devi-
ate from the expected behavior. That means that theoretical
transport capacity cannot be used to generate a commercial
timetable because, in this case, if a single train were to be
delayed, it would be transmitted to the rest of the trains in the
line. As a result, the quality of service would be continuously
degrading. In contrast, practical transport capacity refers to
the volume of traffic that can run in the system permanently
with a reasonable quality of service. This requires including
time margins between services to ensure small delays are not
transmitted to other trains. Consequently, practical capacity
always has alower value than theoretical capacity. Any model
that aims to calculate the practical transport capacity must
include the uncertainty inherent in train operations.

In order to represent those delays, many studies use
stochastic models that require reliable historical data. How-
ever, delay information is unavailable when assessing new
infrastructure, and it can no longer be valid in existing instal-
lations if the operation changes. In contrast, fuzzy modelling
can work with imprecise or incomplete data, therefore, the
representation of the uncertainty associated to time delays by
means of fuzzy numbers [54] presents advantages when cal-
culating capacity. Fuzzy modelling can work with imprecise
or incomplete data. Furthermore, it is flexible and simple to
implement, providing fast calculation times. Several studies
on railways have already applied an uncertainty model using
fuzzy numbers, proving its suitability. For example, in [55],
a fuzzy optimization model is proposed for rescheduling
high-speed trains. In [56], the optimal speed profiles in urban
DC railways are designed, with fuzzy numbers representing
the running time and energy consumption. A model is pro-
posed in [57] to obtain a timetable in the planning stage with
fuzzy passenger demand. In [58], a model to design jointly
timetable and speed profiles using a fuzzy model of delays
and punctuality constraints is proposed. The model presented
in [45] uses fuzzy knowledge to consider the frequency of
accidents and obtains the transport capacity of a railway
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station using an analytical model. The algorithm proposed
in [59] obtains speed profiles for urban automatically driven
railways where the mass uncertainty is modelled as a fuzzy
number. In [60] and [61], the uncertainty in applying man-
ual driving commands is modelled using fuzzy knowledge.
In [30], new capacity measures, fuzzy maximum capacity and
fuzzy occupancy time rate, are proposed and obtained using
an OpenTrack model and fuzzy dwell times.

lll. FUZZY MAXIMUM PRACTICAL CAPACITY

OF A STATION

This section presents the core elements of the proposed
model, which is structured into two primary components: an
uncertainty delay model and a practical capacity model.

A. UNCERTAINTY DELAY MODEL

The transport capacity model proposed takes into account
the uncertainty in arrival and departure hours of the service
because of the delays accumulated during the operation. The
model aims to represent the vagueness in the knowledge
regarding the delays because of the uncertainty of train oper-
ation using fuzzy numbers to represent arrival and departure
times [54]. As a consequence, the transport capacity result is
a fuzzy number as well.

In the proposed model, each train event i, either an arrival
or a departure, has an associated time (#;) represented as a
fuzzy number #;. This allows for incorporating uncertainty
into scheduling. Various membership functions w; (r) can
be employed, such as hyperbolic, exponential or piece-wise
linear functions [62] or S-shaped functions [63], [64]. In this
case, triangular membership function is used to model the
events’ hour.

The fuzzy arrival/departure time of a service is represented
in Figure. 1 and by (1). The arrival/departure time with an
associated possibility value of 1 (which is the core of the
fuzzy number) is ¢#;. This is the value that will be published in
the commercial timetable. On the other hand, the lower limit
of the support is ¢’ and the upper limit of the support is ¢”.

0; ift<t

t—1t

— i <t<y

l‘,'—l‘/

3 ) = ¢ @))

—— fi<t=t"

t" —t;

0; ift>1t"

B. PRACTICAL CAPACITY MODEL

The aim of the practical capacity model is to determine the
optimal traffic pattern that maximizes the practical capacity
of a mass transit railway station. The model considers K
different types of services, which correspond to the lines that
converge at the station, and there are M platforms where
trains can arrive at or depart from. The input information is the
number of services of each type Ny, = {n1,n2...nxg} that
arrive and depart from the station in the time period studied.
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FIGURE 1. Fuzzy arrival/departure time of a service.

Thus, the total number of arrival and departure events in the
timetable period is NS, that can be calculated as two times
(arrivals + departures) the sum of the number of services of
each type (Eq. (2)).

NS=2~an )

The output of the model is the minimum time length for
the period (W), the associated arrival and departure of ea_c)h
service T , and the target platform for each type of service P .

For train conservation, the number of arrivals of a service
type must be equal to the number of services of each type
in the time period as shown in (3). This condition is estab-
lished as well for the number of departures of a service type
using (4).

NS
D s =m ke[lK] (3)
i=1
NS
> s =m kellK] 4)
i=1

where 87 is a binary variable that is equal to 1 if the event
i is an arrival of a service type k, and Sﬁ( is another binary
variable that is equal to 1 if event i is a departure event of a
service type k.

Moreover, an arrival at a platform must occur between
two consecutive departures from the same platform for train
conservation. Similarly, a departure from a platform must
occur between two consecutive arrivals at the same platform
to observe the platform capacity of one train stopped. This
can be ensured with the restrictions modelled by (5), (6).
In the case of equation (5), between any two departure events
assigned to a platform, there exists at least a number of arrival
events assigned to the same platform equal to the number of
departure events to this platform in the interval (including
the two departures in the extremes) minus 1. If the interval
only contains two departure events from the platform at the
extreme of the considered interval, at least one arrival event to
this platform must occur between them. The same reasoning
can be applied to equation (6), but changing departures for
arrivals and vice versa. Both equations applied at the same
time, make that feasible solutions are those where arrivals and
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departures assigned to a platform are alternating. Addition-
ally, (7) ensures that an event only represents an arrival or a
departure of a specific service type.

K Jj K j-1
Z Z ,Bt,matd’k =< 1 + Z Z ,Br,maf,k
k

k=1 t=i =1r=i+l1

ie[l,NS —2];j e [i+2,NS];m € [1,M]

(5)
K Jj K j-1
DD Bmd <1+ DD Brmdly
k=1 t=i k=1 r=i+1
i € [1,NS — 2]: je[i+2, NS]:me[1,M]
(6)
K
Z(agk +3§{k)51i € [1,NS] %)
k=1

where f; ,, is a binary variable that is equal to 1 if the event ¢
will arrive at or depart from platform m.

The platforms of the station are reserved for services of
the same type. That means that the departure of a service
type always occurs from the same platform to help passengers
find their train. In the proposed model, the terminal station
topology analyzed in this study is of the “stub-end” type,
where trains arrive and depart from the same platform due
to the absence of the possibility to switch tracks via reverse
maneuvers behind the station. Considering this topology, two
different operational scenarios can be assumed for the station
exploitation.

« Fixed platforms for arrivals and departures of the same
service type. In this case, the rolling stock is differ-
ent depending on the service type and/or the drivers
assigned to the rolling stock have to operate the same
line of the railway system. Consequently, it is mandatory
that the trains performing a service type arrive at the
platform assigned to the departures of the same service
type. Thus, trains connect arrivals and departure services
of the same type. To model this case, it is necessary to
include equation (8).

,Bi,m (agk + Sgk) = ,Bj,m (5;1]{ + 8]"1,]()
i,j €[1,NS], ke [1,K] (8)

o Fixed departure platforms for the same service type
with flexible arrivals. In this case, the rolling stock
is similar for all the service types and the drivers
assigned to the rolling stock can operate in any line
of the railway system. Therefore, arriving trains can be
assigned to any platform independently of the service
type that they are performing. Thus, trains will connect
an arrival service of a type with the departure service
assigned to its platform (that can be of a different type).
To model this case, equation (9) is included instead of
equation (8).

Bimdiy = Bimdji.j € [1,NS], k € [1,LK] ~ (9)
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In both cases, equation (10) must be satisfied to ensure that
each event is assigned to a single platform.

M
> Bim=1 i€[l,NS] (10)
m=1

The previous conditions need to satisfy that the number of
platforms is greater than or equal to the number of service
types as shown in (11).

M>K (11)

The problem is subject to safety constraints (the mini-
mum interval between each pair of routes) and operational
requirements (regular headway between services of the same
type).

It is necessary to consider the trains of the previous time
period of the timetable to include the restrictions imposed by
them. Therefore, the difference between the departure/arrival
hours of trains and the departure/arrival hours of trains in
the previous time period will be equal to the time length of
the timetable period, given a traffic pattern and a platform
assignment. That means that all the events in the previous
time period occur exactly at the same time but are displaced
one period into the past. This is modelled by the constraint
represented in (12).

ii—tp;=W iel[l,NS] (12)

where 7; is the fuzzy arrival or departure time for the
arrival/departure event i, ff)i is the fuzzy hour of the same
event but in the previous time period and W is the fuzzy length
of the time period.

A minimum distance between trains must be respected for
safe operation. This is modelled using the minimum time
interval constraints shown in Eq. (13) for services in the same
time period and in Eq. (14) to compare with services in the
previous time period. In train operation, the minimum dis-
tance between trains can be translated as the minimum time
interval that must be observed between every two events. This
minimum distance is related to the topology of the station and,
therefore, the minimum interval depends on the two routes
considered; i.e., the arrival/departure platform. Furthermore,
the minimum interval depends on the rolling stock that runs
on the routes, as different rolling stocks perform different
running times. As the rolling stock is dependent on the service
type, the minimum interval that restricts the closeness of
two events depends on the arrival/departure platform and the
rolling stock of the two events considered.

M

K K M
2 2 N
UEDIDIPIP WM O
x=1y=1 m=

11=1

+ 5gx5;fylad;fj + affxajfylda;fj

+of 8 1ddh] i€ [1NS]jelli)  (13)
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(RITEDID I I W NN L

x=1y=1 m=1I=1
d N d |
+ 8% 8¢ ,Iadf’cfy + 8% 8¢ Ida)’fy

LX"],y LX"],y
+ 6780 1dd75)] i €[1,NS];j € [1,NS] (14)

where Iaa)’C””Vl is the minimum interval between the arrival of a
service of type y at platform / and the arrival of a service of
type x at platform m, Iadx’"”; is the minimum interval between
the departure of a service of type y from platform / and the
arrival of a service of type x at platform m, Ida;""; is the
minimum interval between the arrival of a service of type y
at platform [/ and the departure of a service of type x from
platform m, and Idd;’f”}{ is the minimum interval between the
departure of a service of type y from platform / and the
departure of a service of type x from platform m. The value
of these minimum intervals is calculated using the procedure
detailed in Section VI.

Finally, the operational requirement of constant headway
between services of the same type is modelled by Eq. (15)
for trains in the same period and Eq. (16) for trains in the
previous period. These constraints establish that the differ-
ence between the core value of an event’s fuzzy arrival or
departure hours and the previous event of the same type must
be equal. The core value of the fuzzy numbers has been
chosen given that it is the arrival/departure time with the
highest possibility value associated and, consequently, the
value that will determine the published timetable.

i i
ti— 1 = ha (B0 D87 + 88k D 87k—1)
1=j 1=j
ie[l,NS];jell,i); k e[1,K] (15)

l l
= 1=j
ie[l,NS];jel[l,NS]; k € [1,K] (16)

where Ay, is the value of the headway between two arrivals or
two departures of trains with the same service type.

The consideration of constant headway restrictions and
minimum distance restrictions significantly reduces the fea-
sible solution space. The reason is that while the minimum
interval sets a floor on how close events can be, the
uniform headway establishes a rigid structure where the
arrivals/departures of the same type must be as evenly dis-
tributed as possible in the traffic pattern. On the other
hand, including uniform headway criteria reduces the trans-
port capacity result because it is possible that between two
arrivals/departures of the same service type, the trains must
respect not only a time related to the different minimum
distance restriction but also an additional time to respect the
uniform headway.

Finally, initial conditions are established to fix the hour
of the first event in the traffic pattern. The core value for
the first event fuzzy hour is set to O to obtain the relative

VOLUME 13, 2025



A. Fernandez-Rodriguez et al.: Transport Capacity Maximization in Rail Mass Transit Stations

IEEE Access

<<= Track1

= Track2

.
/e
D

Platform 4

£

FIGURE 2. Station layout with 5 platforms.

departure/arrival hour of the other events, as shown in
Eq. (17).

n=0 7)

IV. PROBLEM DEFINITION

The model proposed in this paper aims to calculate a mass
transit railway station’s maximum practical transport capac-
ity. The offer of services in mass transit railways is generally
based on periodical timetables where the services of each line
that converges at the station run with homogeneous head-
ways. Furthermore, trains of the same line always stop at the
same station platform to be predictable for passengers.

The central objective is to identify the optimal traffic
pattern, the repeated sequence of train routes during each
timetable cycle, that yields the maximum practical capacity.
In each traffic pattern, K types of arrival services and K types
of departure services correspond to K lines that converge at
the station. Two services are of the same type if both have the
same origin and destination. Each of these services will have
an assigned arrival/departure platform from the M platforms
of the station. Consequently 2-K routes will be assigned to the
services (M arrival routes and M departure routes). Figure 2
depicts an example of a mass transit railway station layout
with 5 platforms.

The input information is the number of servicﬁom
each type of service that depart/arrive at the station Ngep, =
{n1,n2...ng} in a repetitive period of the timetable. The
input m defines the relative frequency of each type of
service.

K
NS = 2-an (18)
k=1

With this information and the minimum interval
between routes (calculated with the procedure explained in
Section VI), the result will be each service’s relative arrival
and departure hours that minimize the length of time that
the timetable period lasts. In other words, that maximizes the
station’s practical transport capacity.

This paper proposes a bi-level optimization model to
address the problem. The objective of the upper level is to
find the most adequate traffic pattern, i.e., the most adequate
order of arrival/departure routes. On the other hand, the traffic
pattern is evaluated at the lower level, which obtains the
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minimum time window to perform all the routes, respecting
the minimum time interval between each pair of routes.

V. SOLUTION METHOD

A two-level optimization procedure is proposed to solve the
problem stated in Section III-B. At the upper level, the pro-
posed genetic algorithm with fuzzy parameters seeks the best
traffic pattern and platform assignment that can perform the
minimum time length for the period (W) in the timetable. The
genetic algorithm evaluates the solutions by an optimization
performed at the lower level that obtains the minimum length
of the period in the timetable for each solution.

The chromosome of the genetic algorithm indiViduil)s is
coded using on one hand the vector for traffic pattern S =
{s1, 52, ...,sNs} where each component determines, for each
event, the type of service and if it is arrival or departure
using an integer value. On the other hand, the genome of the
genetic algorithm contains another vector, for the platform
assignment, P = {p1, p2, ...,pns} that determines for each
event, the arrival/departure platform. This chromosome must
satisfy constraints defined in (3), (4), (5), (6), (7) and (10).
Depending on the operational case, the constraint defined by
Eq. (8) or by Eq. (9) is included. The flowchart of the genetic
algorithm proposed is depicted in Figure. 3.

The first step in the algorithm execution is the initializa-
tion that randomly generates the initial population. Thus, NP
individuals are generated. For each individual, a vector S _1)s
generated iteratively. First of all, ny components of vector S
are selected to be assigned to service type k. Then, randomly
is decided if the first event in S of type k is an arrival or a
departure. Finally, the rest of the events of type k are assigned
to be alternatively departure or arrival. Once S is gener-
ated, P is randomly generated to assign a platform to each
service k. Using this method, the individuals obtained are
feasible.

After initializing the population, each individual is eval-
uated to determine its fitness. The fitness of each solution
corresponds to the minimum duration of the timetable period,
which serves as the measure of transport capacity for the
station. The evaluation function is performed by the lower
level of optimization. At this level, the input variables are the
traffic pattern and the platform assignment of a solution. The
objective function of the lower level is the minimization of
the core value of the length of the timetable period (W). The
core value is used because the most possible value will be the
one published in the timetable.

This objective function is subject to the constraints defined
in (12), (13), (14), (15), (16) and (17) to take into account the
safety distance between trains, the constant headway between
services of the same type and the initial time for the first event
in the period. The problem described is a linear program-
ming problem that can be easily solved using commercial
solvers such as CPLEX, GUROB]I, or the function “linprog”
included in MATLAB’s optimization toolbox.
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FIGURE 3. Flowchart of the genetic algorithm for capacity calculation.

Then, a binary tournament is performed to select the NE
survivors for the next generation. Thus, the fittest individuals
are retained in the population of the next generation.

Finally, mutation and crossover operators are performed to
generate the offspring and complete the NP individuals in the
next generation population:

« NM individuals are generated using the mutation opera-
tor proposed in this paper: An individual is selected from
the survivors of the previous generation to be a parent
for the new individual. Then, it is randomly select_e)d
if @)e modifications will be performed in S or P.
If P is selected, the arrival platform of two randoml
selected types of services is swapped. Otherwise, if S
is selected, the order of two randomly selected events is
swapped. In contrast with ge situation where P is mod-
ified, the modification of S requires the reconstruction
of the solution to fulfil the constraints defined in Eq. (5)
and (6) (the arrival of a service of a type must occur
between two consecutive departures and vice versa). The
reconstruction is performed for the two service types
implicated in the mutation. For each one, for an event of
the service type, it is compared if the immediate event of
the same service type in S is of the same nature (arrival
or departure). If it is, the event is changed to make it
different to the previous, ensuring the fulfillment of (5)
and (6).

o NC individuals are generated using the crossover opera-
tor proposed in this paper: Two individuals are randomly
selected from the survivors of the previous generation
to be the parents for a new individual. Then, the new
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individual will preserve the traffic pattern E) of a parent
and the platform assignment P of the other one.
Once an offspring population is obtained, the process
is repeated from the evaluation during a number G of
generations.

A. CONSTRAINT HANDLING METHOD

Some traffic patterns can be unfeasible because they cannot
satisfy the minimum distance constraints (equations (13) and
(14)) and the constant headway between services of the same
type (equations (15) and (16)). For that reason, a constraint
handling method is introduced to guide the population evolu-
tion to feasible solutions.

This method consists of including a penalty factor in
the fitness function for the non-compliance with the con-
straints [65]. This penalty factor ensures that, when compar-
ing two infeasible solutions, the one with better fitness is
closer to feasibility.

The constraint handling method applied affects the lower
level, including a positive slack variable (¢! and z-:p;:) in the
constraints for constant headway between trains with the
same service type. Thus, (15) and (16) are substituted in
the LP for transport capacity calculation by equations (19)
and (20).

i

_ a qa a d od

ti—tj = hg - (81 8y - Z‘St,k + 8185k
=

i
2 =D
=
ie[1,NS]yje[li):ke[lLK] (19

1
ti = ) = h - (83487% - D 814 + 8748
=

i
D S Den)

t=j

ie[l,NS];je[l,NS];k e [1,K] (20)

Moreover, the objective of the lower level is modified to
minimize, not only the length of the timetable period, but also
the value of the slack variable (equation (21)). The value of
the slack variable is multiplied by a weight (b) sufficiently
big to ensure that the slack value is the minimum possible
and to ensure that a feasible solution will always present a
lower value of the objective function than an unfeasible one.

min (W +b- > [ +epl] 1)
ij
Thus, the fitness function of the upper level will be calcu-
lated by Eq. (21) as well. This way, in the binary tournament,
when comparing two feasible solutions, the solution with the
lowest length of the timetable period will be selected, and the
feasible solution will be selected when comparing a feasible
solution with an unfeasible one.
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FIGURE 4. Necessity measure of minimum interval restriction fulfilment.

B. RESOLUTION OF FUZZY CONDITIONS

The resolution of the bi-level optimization problem is subject
to conditions that are dependent on fuzzy numbers. First of
all, there is a safety requirement that establishes a minimum
time interval between two arrival/departure events in the
timetable, which is imposed by the signalling system.

This requirement is defined by (13) and (14) and involves
two variables defined by fuzzy numbers. These equations
establish that the difference of two fuzzy times must be
greater than a minimum interval. The minimum interval is
the minimum time that must separate two arrival/departure
events so that the preceding one does not interfere the speed
profile of the follower train. As the arrival and departure
events are defined as fuzzy numbers, a robustness degree of
the timetable versus delays must be defined. This is defined
by (22).

,t\dl:ﬁ glmin (22)

where 747 is the difference between two arrival/departure
events (fgiy = 1; — 1) and Ly, is the minimum interval
imposed by the signalling system related to these two events.

The minimum interval fuzzy constraint is illustrated in
Figure 4. A required degree of time separation between trains
can be defined as the necessity measure [66]. The necessity
measure of observing the minimum interval I,,,;, (N (?,hff >
Lyin) 1s defined as 1 minus the possibility of violating the
minimum interval in the planned operation (H(?d,-ﬁc < Lin).
If two train movements are planned with a separation that
violates the minimum interval, this will result in delays in the
operations as the trains cannot run closer than the distance
related to the minimum interval imposed by the signalling
system.

The previous condition can be solved by means of the
«-cuts arithmetic [67]. As shown in Figure 4, the lower limit
of the a-cut for the fuzzy time difference between two events
is needed to evaluate the minimum interval restriction. The
lower limit of the difference between two fuzzy numbers can
be obtained as shown in Figure 5. The value of 74 decreases
when the value of the time for the second event #; decreases.
On the other hand, the value of ?d,ﬁf decreases when the value
of the second event time ?j increases. Therefore, the lower
limit of the «-cut for fdiﬁc (t%ﬁ) can be calculated as shown
in (23).

tag =1 — 1 (23)

VOLUME 13, 2025

FIGURE 5. «-cuts of two arrival/departure events and the difference
between them.

where tig is the lower limit of the a-cut of ; and tf is the upper
limit of the a-cut of 7;.

Finally, the restrictions for the minimum interval repre-
sented by Eq. (13) and Eq. (14) can be expressed in terms
of -cuts using Eq. (24)) and Eq. (29)).

K K M M

2 D DD (BB (67,5 ol

x=1y=1 m=1 I=1

+ agxajfyladjﬁj + afx(s;fylda;:fj + Sfxaﬁylddﬁ’yl N
i€[1,NS];jel[l,i) (24)
K K M M

tl.g — z‘p]‘-37 > Z Z Z z [,Bx,mﬂy,l(‘sia,xaja,ylaaﬁié

x=1y=1 m=1I=1

d N d N d od ")
+ 871,87 Jadl’y + 67, 87 Idal’y 4 67 67 1ddyy)]

i € [1,NS];je[l,NS] (25)

The calculation of the time period (W) also involves the
difference between two fuzzy numbers, as shown in (12).
Similarly, the operation restriction for a constant value of
headway between two arrival events or two departure events
for the same service type involves the difference between two
fuzzy time events as well as can be seen in Eq. (19) and Eq.
(20). However, in this case, these values are related with the
timetable published for passengers. Therefore, these restric-
tions apply to the arrival/departure times with the highest
possibility values of the fuzzy numbers. For this reason, these
restrictions are written in terms of the core value of the fuzzy
numbers.

VI. MINIMUM INTERVAL CALCULATION

BETWEEN ROUTES

This section describes how the minimum time intervals
between train movements are determined. These intervals
are a critical input for the practical capacity model as they
configure the minimum distance constraints (equations (13)
and (14)).

The minimum interval calculation is performed through
detailed simulation [68], including the ATP (Automatic Train
Protection) algorithms of ETCS [69] (considering automatic
train operation configuration), and applying the compression
method [7]. In this simulation, the train movement and the
track circuit occupation are calculated at constant time steps.

Furthermore, during the simulation, a limit brake curve
model is applied to calculate the track distance that must
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not be occupied in front of the train to prevent triggering an
ATP braking command. That means that if the track between
the train head and the limit brake curve model result is not
occupied (not by a train or an assigned route), the train can
circulate without interference. With this purpose, the model
calculates the braking curves considering that it is circulat-
ing within the allowed limits. Then, it derives the distance
between the train head and the position where the braking
curves achieve a speed equal to O (this is the point where
the end of authority must be located to not interfere with the
train movement in the instant of calculation). In Figure 7, the
previously described situation is depicted.

Once the simulation is performed, the compression method
is applied to obtain the minimum time interval between each
pair of conflicting routes at the station.

A. TRAIN MOTION MODEL

The simulation model calculates the train’s position s(%),
speed v(¢) and acceleration a(t) at each time step. This is
achieved applying the motion equations (26), (27) and (28).

ds

a =0 2o
% = a(t) 27)
a(t) = F (1) + Fp (t;._’(nFr(V)'FFg(S)) (28)

where m is the train mass, p represents the effect of rotat-
ing mass, F,(v) is the running resistance and F,(s) is the
resistance due to the grades and the bends (modelled as equiv-
alent grades), F,(¢) is the electrical tractive or braking effort
provided by the motors, and Fj(t) is the effort of pneumatic
brakes. Tractive/braking effort and pneumatic braking effort
depend on the train’s speed and position, driving inputs, speed
limits, and the train’s overall length.

The initial and boundary conditions for s(¢) and v(¢) are
outlined in (29) and (30).

5 (0) = s0,
s (RT) = senas

v(0)=0 (29)
v(RT)=0 (30)

where s and s.,q are the train initial and final train position,
and RT is the running time of the trip between sg and spg.

The electrical traction force F,(t) adheres to maximum
and minimum limits modelled by speed-dependent curves,
as illustrated in Figure 6. Pneumatic braking effort Fj(?) is
null when the motors are accelerating and lower than or equal
to zero when braking (Eq. (31) and (32)).

Fuin (V) < F (1) <Fpax(v) 3D
Fp(1) <0 (32)
Fr@®)=0 if Fp(1) 20 (33)

where F,qc(v) and F,;, (v) are the limits for electric trac-
tion and electric braking effort as a function of the train
speed (v). The total braking effort combines electrical and
pneumatic braking (blended braking), where pneumatic force
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FIGURE 6. Maximum Electrical Traction/Braking curves of the train motor.

supplements the electrical braking when needed to meet
deceleration requirements.

Running resistance (F,(v)) is computed using the Davis
equation (equation (34)) while the resistance due to grades
and bends (F(s)) is calculated using (35)).

F,(W)=A+B-v+C -V (34)
Fo(s) =g -m- p(s) (35)

where A, B and C are positive coefficients that define the
running resistance, g is the gravity acceleration and p(s)
is the average equivalent grade in the train’s position. The
average equivalent gradient integrates both the mean gradient
affecting the train’s full length and the equivalent gradient
from curve resistance. The mean gradient value includes the
continuous variation of gradients and curvature along transi-
tion curves.

B. LIMIT BRAKE CURVE

A limit brake curve model is applied in the simulations to
calculate the closest movement authority from a train’s head
not to be interfered by the ATP system (signalling system).

The limit brake curve reproduces the braking curve

calculations defined in the gamma model presented in Base-
line 3.6 ERTMS system requirements specifications [69].

The model is composed of several braking curves that are

continuously supervised:

o Permitted Speed (P): This is the target speed that the
train should not surpass. Therefore, to calculate the max-
imum capacity and the minimum end of authority to not
interfere with the train movement, it is assumed that the
train’s speed and position align with the Permitted Speed
curve.

o Service Brake Intervention (SBI2): This is the curve
where the service brake must be initiated, considering
the possible delays. This curve can be calculated from
the P Curve, adding a distance obtained from multiply-
ing the speed of the curve by a delay whose value is
defined by the configuration parameter 7 jver -
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« Emergency Brake Intervention (EBI): This is the curve
where the emergency brake must be initiated, taking into
account the possible delays. This curve can be calcu-
lated from the SBI Curve position, adding a distance
obtained from multiplying the actual train speed by a
delay parameter Tpy.

o Emergency Brake Deceleration (EBD): This braking
curve is calculated using the safe emergency decelera-
tion command. At this curve, the emergency brake is
applied to stop the train completely. A point in EBD
can be calculated from the corresponding point in EBI,
taking into account the following aspects:

o Vyeirao 1s added to the speed of the point in EBI to
account for the inaccuracy in speed measurements.

o Vigenra1 is also added to the speed of the point in
EBI to consider the period of time between the
command of emergency braking and the effective
traction cut-off (Ty4crion) Where the train is main-
taining its current acceleration if it is positive or null
acceleration if it is negative (Agg1)-

o Viena2 1s also added to the speed of the point in EBI
considering the period of time (Tperen) between the
traction cut-off and the emergency brake applica-
tion time (Tperem = The — Tiracrion) Where the train
is coasting with an acceleration A,g>. This accelera-
tion is the current train acceleration but limited by a
lower limit of 0 m/s2 and an upper limit of 0.4 m/s2.

o Dpec is added to the position of the point in EBI to
account for the distance run in the period between
the command of the emergency brake and the actual
application of this command. Dy, is derived as the
distance run by the train to achieve V1 from the
current speed and Vejrg2 from Ve .

Therefore, the closest position of the end of authority to
not interfere in the train movement (the limit of the braking
curves) is obtained from this model by applying the following
steps.

o It is considered that the train speed and position are
exactly a point in the Permitted Speed curve.

o The position of the corresponding point in the EBI curve
is calculated applying the different time delays config-
ured (v - [Tariver + Tps2])-

o The position and speed of the point in EBD correspond-
ing to the previously calculated EBI point are derived
from the different traction cut-off and coasting period
accelerations and speed inaccuracies.

o The position of the EBD curve end (where it achieves
speed equal to 0) is calculated by means of the uni-
formly accelerated movement equations, following the
configured emergency deceleration values corrected by
the gradients according to system requirements specifi-
cations [69].

The previous braking curve model is devoted to manual
driving operation and, for this reason, many safety margins
are included. However, when talking about automatic train
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operation (ATO), many of them can be ignored given the
quick response and accuracy of the electronics. In particular,
the following time delays has been set to O as it has been
proposed in ATO over ERTMS working group: 7., and
Tpso.

The result of the previous consideration is that the Permit-
ted Speed Curve coincides with the EBI curve. Furthermore,
it is similar to the typical ATP braking curves of urban rail-
ways applied in proprietary systems of the major signalling
companies.

C. COMPRESSION METHOD
The compression method [7] allows to calculate the minimum
time interval that must be observed between two trains so
the preceding one does not interfere the speed profile of
the follower train. The method proposed to calculate the
minimum interval compares each pair of routes to determine
conflicting points. In this method, three different scenarios
can be observed:

1) Two routes with the same direction

2) Two routes with opposite directions

3) Arrival and departure route for the same train

In the first scenario, as the two routes run in the same direc-
tion, it is necessary to determine the piece of the track that is
shared by both. Then, for each track circuit in the shared track,
a minimum interval is calculated. The minimum interval is
calculated assuming that the minimum safe distance between
trains at one track circuit is achieved with the preceding train
in the position where the track circuit is just released and the
follower train is in the position where its limit brake curve is
at the beginning of the track circuit. In Figure 7, an example
of the positions of two trains running at the minimum distance
when they have routes in the same direction is depicted.

Taking into account that these train positions are achieved
at the same time, the minimum interval is calculated as shown
in (36) if both trains are arriving trains, and in Eq. (37) if both
trains are departing trains.

laa; ; = talimit; — tar; (36)

where talimit; is the running time required by train i to
move from the position where the limit brake curve is at the
beginning of the track circuit up to the arrival and tar; is the
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running time required by train j to move from the release of
the track circuit up to the arrival.

Idd,‘,j = trj—tlimiti 37

where tr; is the running time required by train j to release
the track circuit from its departure and tlimit; is the running
time required by train i to achieve the position where the limit
brake curve is at the beginning of the track circuit analyzed.

Previous intervals must be modified in the case of track
circuits where routes converge or diverge. In these cases, it is
necessary to add to the previous time interval the time to
unlock the first route, move the switch and lock the new route
(Troute)-

In the second scenario, the same procedure is applied to
conflicting track circuits. In this case, the minimum interval
is calculated using Eq. (38) for an arriving train followed by
a departing train or Eq. (39) for a departing train followed by
an arriving train.

Ida; j = —tlimit; — tarj + frouze (38)
Iad; ; = talimit; + trj + froure 39)

Finally, in scenario 3, the minimum interval between an
arriving service and a departing service performed by the
same train is the minimum time to load and unload passen-
gers, including the reverse maneuver.

VII. CASE STUDY

To evaluate the effectiveness of the proposed model, a case
study was conducted using operational data from a real Span-
ish mass transit terminal station. This section describes the
setup, application, and outcomes of the model under realistic
conditions.

A. DATA PREPARATION

The station under analysis features M =5 platforms and K =
5 different services that arrive at and depart from this station.
In the repetitive period of the timetable, the_;lumber of arrivals
of each service type is defined by vector N = {3,3,2, 1, 1}.
Thus, in each period NS = 20 arrival or departure events
occur in the station. The topology of the station and the track
circuit division is depicted in Figure 2. A train that enters the
station zone runs approximately 250 m, and the track can be
considered flat.

The rolling stock devoted to provide all the services with
origin/destination at this station has the same characteristics.
The mass of trains is 140 Tn, the rotative inertia coefficient
(p) is 1.05, and the trains’ length is 80 m. The maximum
power of the trains motors is 3000 kW and the maximum trac-
tion effort is 250 kN. Trains’ acceleration and deceleration are
limited to 1 m/s? and 0.7 m/s?, respectively.

In Figure 8 and Figure 9, the possible arrival and departure
routes are depicted. Most of the routes are conflicting in the
track circuits that protect the bifurcations’ switches. These are
critical points because, apart from releasing the track circuit,
it is necessary to wait the necessary time to unlock a route,
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move the switch, and lock the new route (¢,y,z.). Two trains
with the same route are considered compatible, although they
have to respect a tracking distance. However, this distance
will always be observed because the second train will have
a greater incompatibility with the corresponding departure
route of the first train. On the other hand, a departure route
will have to observe a minimum time interval with the
corresponding arrival route corresponding to the minimum
turn-around time. The main incompatibilities between each
pair of routes are represented by Table 1. In this table, the
incompatibility is referred to the bifurcations represented by
lettersFigure 9, the compatible routes are represented by a
dash, and the rows represent the event that occurs before the
event represented by the columns.

On the other hand, two different operational scenarios
are evaluated according to the information provided in
Section III-B: operation with fixed platforms for arrivals and
departures of the same service type, and operation with fixed
platforms for departures of the same service type and flexible
arrivals.

B. APPLICATION OF THE COMPRESSION METHOD
The first step to calculate the maximum practical capacity is
the calculation of the minimum time interval between each
pair of arrival or departure events. This information is crucial
to know how close each pair of trains can run in the station.
The process explained in Section VI is applied to the case
study. A minimum turn-around time (77,,,,) of 60 s is assumed
for trains that perform services 1, 2 and 3, and 45 s for trains
that perform services 4 and 5. The value of the parameter ¢,z
is set to 8 s to incorporate the time to unlock a previous route,
switch movement and new route lock.
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TABLE 1. Incompatibilities between each pair of routes. Row represents the event that occurs before the event represented by the column.

Arrllval Arr21val Arr31val Arrival Arrslval Departure 1~ Departure 2 Departure 3~ Departure 4 Departure 5
Arrival 1 - A B B B T/A - - - -
Arrival 2 A - B B B A T/A C - -
Arrival 3 B B - D D B,C B,C T/A B,D B,D
Arrival 4 B B D - E B,D B,D B,C T/A B,E
Arrival 5 B B D E - B,D B,D B,D B,E T/A
Departure 1 A A B,C B,D B,D - C D D
Departure 2 - A B,C B,D B,D A - C D D
Departure 3 - B B,C B,D C C - D D
Departure 4 - - B,D B B,E D D D - E
Departure 5 - - B, D B,E B D D D E -
*The incompatibility between the departure from and arrival at the same platform is represented by a turn-around minimum time
TABLE 2. Minimum time interval between two events.
Arrllval Arrzlval Arr31val Arrival Arrslval Departure I~ Departure 2 Departure 3~ Departure 4 Departure 5
Arrival 1 - 51.71 51.46 50.46 50.21 Trwrn - - - -
Arrival 2 42.21 - 44.96 43.96 43.71 8 Teurn 8 - -
Arrival 3 42.46 45.46 - 44.21 43.96 8 8 Trwrn 8 8
Arrival 4 43.46 46.46 46.21 - 44.96 8 8 8 Tiwrn 53.00
Arrival 5 43.71 46.71 46.46 45.46 - 8 8 8 53.00 Teurn
Departure 1 96.96 12196  121.71 120.71 120.46 - 55.25 55.25 62.50 62.50
Departure 2 - 11896  118.71 117.71 117.46 49.25 - 49.25 59.50 59.50
Departure 3 - 117.21 11696 11596 11571 47.50 47.50 - 57.75 57.75
Departure 4 - - 118.71 117.71 117.46 59.50 59.50 59.50 - 49.25
Departure 5 - - 121.21 120.21 119.96 62.00 62.00 62.00 51.75 -

The train movement corresponding to every route is simu-
lated, including the evolution of the limit brake curve. For
the simulation track and train data previously presented is
used. Moreover, the parameters applied for the limit brake
calculation include a null value for T . and Tpp, a trac-
tion cut-off time (Tyrqcrion) €quals to 2 s, and an emergency
brake time application of 2.5 s. After that, the compression
method presented in Section VI-C is applied to obtain the
minimum time distance between each pair of events presented
in Table 2. In this table, the rows represent the events that
occur before the events in the columns.

As can be seen, the most restrictive time intervals occur
between departures and arrivals because they account for the
first train travel time between its departure up to the release
of the conflict track circuit, plus the second train travel time
from the minimum safe distance to the critical track circuit
up to its arrival. On the contrary, the least restrictive time
intervals occur between arrivals and departures. In this case,
many time intervals are set to f,,,. (8 s) to represent that a
departure route cannot be set before all the conflicting arrival
routes are finished.

C. STATION PRACTICAL CAPACITY EVALUATION FOR FIXED
PLATFORMS FOR ARRIVALS AND DEPARTURES OF THE
SAME SERVICE TYPE

The model presented in Section III is applied to the case
study to obtain the maximum practical capacity of the station.
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The arrival and departure times are fuzzy numbers with a
triangular membership function as represented by (1) and
Figure. 1. Each time has a core value #; equal to the time
planned for the arrival or the departure. The lower limit of the
support (¢') is set for all the services as #; minus 1s. The upper
limit of the support (¢”) is set depending on the service type.
Thus, most frequent services (services of type 1 and 2) have ¢
equal to #; plus 120s, less frequent services (services of type 4
and 5) have 1" equal to f; plus 45s, and service of type 3 has
t” equal to t; plus 90s. A necessity measure of observing the
minimum interval is established as N (igifr > Lyin) = 0.5 to
provide robustness to the timetable.

In this subsection, the case of fixed platforms for arrivals
and departures of the same service type is considered. In the
operation defined in this case study, trains performing a ser-
vice type arrive at the platform assigned to the departures of
the same service type.

In Table 3, the parameters of the genetic algorithm used to
solve the upper level are shown. The model is implemented in
MATLAB and the lower level is solved by means of the “lin-
prog” function. The value of the constant b to calculate the
fitness (Equation (21)) is set to 10! to distinguish between
feasible and non-feasible solutions.

The fitness (or, in other words, the time period W plus
the penalty for non-feasible solutions) evolution of the best
solution found at each generation is depicted in Figure 10.
On the upper side of the figure, a complete view of the fitness
evolution is represented. The value set for the constant b
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TABLE 3. Upper level genetic algorithm parameters.

. Number of Number of  Numberof  Number of
Population . . .
. survivors mutations crossovers generations
size (NP)
(NE) (NM) (NC) @)
40 8 20 10 75
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&
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0
0 20 40 60 80

Generations

Magnified view of the feasible region
4000
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3000
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2500
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FIGURE 10. Fitness evolution of the best solution found at each
generation for the fixed platforms for arrivals and departures of the same
service type case.

allows to graphically distinguish between unfeasible solu-
tions (with fitness values on the order of 1013) and feasible
solutions (with fitness values on the order of 103). Thus,
it can be seen that the algorithm starts evaluating unfeasible
solutions up to generation 5. From this point, the best solution
found by the algorithm is feasible. On the lower side of
the figure, a magnified view of the fitness evolution in the
feasible area is shown. From generation 5, the algorithm
finds feasible solutions and starts to improve the time length
for the period in the timetable of the solutions found. From
generation 27, the result is stabilized in a solution with a
period in the timetable of 2026 s.

In Figure 11, the timetable of the best solution obtained is
graphically represented. As can be seen, all the services of the
same type have regular departures and arrivals, maintaining
a constant headway. Services of types 1, 2, 3, 4 and 5 are
assigned to platforms 1, 4, 2, 3 and 5, respectively.

The solution derived from the proposed method effec-
tively maximizes practical transport capacity. Importantly,
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FIGURE 11. Timetable of the best solution for fuzzy practical transport
capacity for the fixed platforms for arrivals and departures of the same
service type case.
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FIGURE 12. Timetable of the best solution for crisp practical transport
capacity for the fixed platforms for arrivals and departures of the same
service type case.

the generated timetable accounts for operational robustness
by modeling the arrival and departure times as fuzzy numbers.
This solution can be compared with the crisp case, where
the departure and arrival times are crisp numbers, to evaluate
the increase in the time length of the timetable period. The
crisp solution can be obtained using the same model but with
a possibility of observing the minimum interval (I(Zzp >
Lnin)) equal to 1 and a necessity of observing the minimum
interval (N (Zgifr >Imin) = 1 — N(air < Imin)) equal to 0.

Figure 12 presents the timetable for the best solution found
for the crisp case. In this timetable, the services of the same
time maintain a constant headway as in the fuzzy case, but
the period’s time length is 1084 s. That means that the crisp
timetable increases the transport capacity by 46%. However,
this timetable has no time margins with respect to the min-
imum time interval between maneuvers. Thus, if a train is
delayed, the subsequent trains will be delayed as well, and the
planned operation cannot be recovered anymore. Therefore,
the railway planner has to adjust the necessity of punctuality
requirement considering the trade-off between the transport
capacity and the timetable robustness.

VOLUME 13, 2025



A. Fernandez-Rodriguez et al.: Transport Capacity Maximization in Rail Mass Transit Stations

IEEE Access

| [ / [ Service 4
‘ Service 1
Service 5

Service 2

Service 3

Platform 5 \
Platform4 |/ |

Platform 3
Platform 2
Platform 1

Time (s)

FIGURE 13. Timetable of the best solution for theoretical transport
capacity for the fixed platforms for arrivals and departures of the same
service type case.

An additional comparison can be made between the previ-
ous solutions and the maximum theoretical transport capacity
solution. This second solution can be obtained by means of a
crisp model with no restrictions related to the homogeneous
headway between services of the same type. That means
that the proposed model can be applied to obtain the maxi-
mum theoretical capacity with the previous requirements of
necessity and possibility, and without restrictions formulated
in (19) and (20).

The timetable for the maximum theoretical transport
capacity is represented in Figure 13. As can be seen, the
headway between services is not constant, as happened in
previous cases. The length of the timetable period obtained
for this case is 802 s. This value of transport capacity is 26%
higher than the maximum crisp practical capacity solution.
The variation between the maximum theoretical and practical
capacity solutions highlights the importance of taking into
account the operational rules with which the station will be
exploited when assessing the transport capacity. Compared
with the maximum fuzzy practical capacity, the difference
is 60% in the length of the timetable period. This difference
accounts not only for the constant headways’ restriction but
also for the robustness against delays. As can be seen, the
value of theoretical transport capacity is far from achievable
transport capacity, given that, in the theoretical case, the
service provided to the passengers will be poor in terms of
service regularity and punctuality.

D. STATION PRACTICAL CAPACITY EVALUATION FOR
FIXED PLATFORMS FOR DEPARTURES OF THE SAME
SERVICE TYPE AND FLEXIBLE ARRIVALS

In this subsection, the case of fixed platforms for departures
of the same service type and flexible arrivals is considered.
In the operation defined in this case study, trains performing
a service type have to depart from the platform assigned, but
arriving trains may be assigned to any platform regardless of
their service type.

VOLUME 13, 2025
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FIGURE 14. Fitness evolution of the best solution found at each
generation for the fixed platforms for departures of the same service type
and flexible arrivals case.

The same values for the fuzzy parameters and genetic
algorithm configuration used in Section VII-C are applied in
this case study.

The fitness evolution of the best solution found at each
generation of the fuzzy maximum practical capacity model is
depicted in Figure 14. On the upper side of the figure, a com-
plete view of the fitness evolution is represented. As shown in
the figure, the algorithm starts evaluating unfeasible solutions
up to generation 6. From this point, the best solution found
by the algorithm is feasible. On the lower side of the figure,
a magnified view of the fitness evolution in the feasible area
is shown. From generation 6, the algorithm finds feasible
solutions and starts to improve the time length for the period
in the timetable of the solutions found. From generation 51,
the result is stabilized in a solution with a period in the
timetable of 1085 s.

In Figure 15, the timetable of the best solution obtained is
graphically represented. As can be seen, all the services of the
same type have regular departures and arrivals, maintaining a
constant headway. Departure of services of types 1, 2, 3,4 and
5 are assigned to platforms 5, 1, 2, 3 and 4, respectively.

The results obtained represent an improvement of 46%
in transport capacity compared to the operation analyzed in
Section VII-C. Allowing a flexible arrival platform allows
the algorithm to find a better coordination among arrival and
departure routes, which translates to a more efficient station
operation. This improvement in efficiency can be observed
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FIGURE 15. Timetable of the best solution for fuzzy practical transport
capacity for the fixed platforms for departures of the same service type
and flexible arrivals case.

by comparing the resulting timetables, as train dwell times
are significantly reduced.

With this operational scheme, passengers can easily find
their trains, as departures always take place from the same
platforms. On the other hand, only arriving passengers who
need to make a connection are affected, as they must orient
themselves upon arrival to locate the platform for their next
train. However, in this case study, it is required that both
drivers and rolling stock be capable of performing any service

type.

VIIl. CONCLUSION

This paper presents a two-level optimization model for cal-
culating the timetable and the platform assignment that
maximizes the practical transport capacity of mass transit
railway stations, a critical aspect of sustainable urban mobil-
ity. The proposed model integrates a genetic algorithm at the
upper level to optimize the traffic pattern (train sequencing)
and the platform assignment, while a linear programming
model at the lower level optimizes the arrival/departure hour
of each service to maximize the transport capacity.

Practical capacity is achieved by means of introducing
the rules with which the station is exploited. In urban rail-
ways, typically, services of the same type (with the same
arrival and destination) are operated, maintaining a constant
headway between them. Thus, restrictions are introduced in
the model’s lower level to ensure that a uniform headway
between services is obtained for each traffic pattern. The
model allows the evaluation of two different operational
scenarios: operation with fixed platforms for arrivals and
departures of the same service type, and operation with fixed
platforms for departures of the same service type with flexible
arrivals. Moreover, fuzzy parameters are employed to incor-
porate operational uncertainties, ensuring a more robust and
realistic capacity assessment. The inclusion of a detailed train
simulation component further refines the accuracy of interval
estimations, leading to improved reliability in the scheduling
of train movements.
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In this paper, it is shown that constant headway restrictions
cause that many traffic patterns are not feasible. Therefore,
a constraint handling method is introduced in the genetic
algorithm at the upper level to guide the algorithm’s search
to feasible regions in the solution domain.

The application of the model to a real-world case study
demonstrates its effectiveness in optimizing transport capac-
ity in a mass transit railway station while maintaining oper-
ational feasibility. Results indicate that the fuzzy approach
produces a realistic maximum transport capacity solution.
Comparisons between theoretical transport capacity and
fuzzy practical capacity highlight the trade-off between max-
imizing capacity and maintaining service robustness and
regularity. The results obtained by the proposed model show
that the regularity of the services is guaranteed by introducing
the constant headway restriction, although a 26% decrease in
transport capacity is observed compared with the theoretical
one. An additional 34% of transport capacity decrease is
obtained while introducing robustness in the timetable with
a necessity of punctuality value equal to 0.5. Consequently,
these results indicate that the theoretical transport capacity
assessment is not realistic when evaluating a mass transit rail-
way station because the solutions obtained are not applicable
in real lines.

On the other hand, a significant improvement in transport
capacity can be obtained by means of the operational scheme
with fixed platforms for departures of the same service type
and flexible arrivals (46%). However, this operation requires
that both the rolling stock and train drivers can perform all
types of services.

Future work will focus on extending the current optimiza-
tion model to analyze not only individual stations but also
the entire network of a mass transit system, incorporating
additional constraints related to transfers between lines and
with external transport modes. In addition, future work will
consider expanding the terminal station topology to incorpo-
rate the possibility of platform-changing maneuvers behind
the station (i.e., yard operations). In such cases, arrival and
departure platforms do not need to be the same. If the station
topology allows for these types of maneuvers, overall station
capacity could be improved.
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