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PREFACE

The papers contained in this issue are a selection of those presented at the Conference on 
Railway Engineering, Design and Operation (COMPRAIL16) which took place in Madrid, 
organised by the Wessex Institute of Technology. The Meeting, which started in Frankfurt in 
1987, has been successfully reconvened every two years in different locations around the world.

The Conference aims to present and discuss the use of advanced railway systems, promoting 
general awareness of new developments in the management, design, manufacture and operation 
of railways and related transport systems. It emphasises the use of computer systems in advanced 
railway engineering.

Modern railway engineering attracts a variety of disciplines including managers, consultants, 
designers of train control systems and computer specialists, in addition to railway engineers. 
This is reflected in the contents of this issue, which also demonstrates the diversity and the 
international character of modern railway engineering development.

The papers contained in this issue, as well as all others presented at the Wessex Institute 
Conferences are archived in the Institute’s eLibrary (witpress.com/elibrary) where they are 
permanently available to the international community.

The Editors 
Madrid, 2016
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STOchaSTIc mODel fOr The real-TIme TraIN 
reScheDulINg

B. DaVyDOV1, V. cheBOTareV2 & K. KaBluKOVa2

1far eastern State Transport university, russia.
2computing center, far eastern Branch, russian academy of Sciences, russia.

aBSTracT
The article explores the problem of train rescheduling based on the actual situation. The proposed sto-
chastic model uses specific distributions of operating times which are dependent on the current traffic 
conditions. The arrival time distribution is considered as a result of adjusting the train trajectory by 
speed control. The results of modelled arrival distributions correspond well with the experimental data 
received at the russian railways. The proposed model is used for prevention of sequence-of-trains 
conflicts and violations of connections. The basis of deviation prediction is two-train model of mesa-
level which uses actual features of scattering of the operation times both at sites and at stations. The 
article also proposed a new measure of arrival delay which considers the share of satisfied passengers.
Keywords: local adjustments, online rescheduling, stochastic mesa-mode, train traffic.

1 INTrODucTION
modelling the train traffic on the railway section is necessary for the optimal schedule crea-
tion. ensuring a high level of traffic stability is the aim of constructing a tactical schedule. 
There is a need to use the online rescheduling when there is assumed a disrupting process. 
modelling in both of these cases has significant differences. Tactical graphic takes into 
account the average process conditions. a stochastic model for the schedule calculation is 
based on fixed probability densities that characterize the operating times. Such a model very 
approximately describes the real traffic options because of using a large diversity of situa-
tions and averaged densities. It is necessary to include sufficiently big buffer and running 
time supplements in the schedule to partially eliminate this disadvantage. 

Distribution of the train arrivals at a certain station is formed from the scattering of travel 
and stopping times. There are prevalent models that take into account only random devia-
tions of travel times. The known models of other type suggest that adjustment of traffic is 
made at the stations only in order to eliminate delays. This activity is to relocate the depar-
ture moments or change the order of trains. In each individual case, use rigid rules to resolve 
conflicts between trains which arrive at the transfer station. Such a regulatory framework is 
used in the model of Berger et al. [1]. using the simplified model and hard algorithms of 
conflict resolution is useful when creating a normative schedule which however is a rough 
approximation to reality. This assumes the absence of operative dispatching which is a funda-
mental drawback of the existing methods of solving long-term scheduling problems. Section 
3 discusses the main points of creation of the generic stochastic model which combines the 
two specified approaches.

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
www.witconferences.com
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Operative correction of train traffic can significantly improve the quality of functioning of 
the railway section. The main feature is to carry out an elementary cycle of modelling for that 
local area where there is a single disturbance. The deviation arises in some a ‘cone of delays’ 
if of moving an intense train flow. It is necessary to operatively change the trajectory of each 
of the trains to eliminate the spread of delays. This process is realized through the efforts of 
train manager and drivers. The train dispatcher implements centralized control of the entire 
system function, while the train drivers solve local problems on delays compensation. This 
all-inclusive technique is not reflected in the existing models.

The models used in the known papers have two drawbacks. One drawback is the lack of a 
framework that reflects a purposeful driver’s operation (or of on-board unit control) for the 
perturbation compensation. another disadvantage is that they ignore the following facts. The 
distributions that characterize partial travel times are distinct at different times of day and in 
different situations. Obviously, in the model which is used for online regulation, the param-
eters of these distributions should be established based on the emerging conditions. Section 4 
discusses the impact of the specific situation at mentioned parameters. 

The stochastic model which comes really close to our approach is in Büker and Seybold 
[2]. They basically have the same form of distribution of the train arrivals and respective 
waiting policies. however, they concentrated on train interactions independent of the specific 
operating conditions and of activities of the personnel. We will enhance their model to ana-
lyse the impact of actual factors on the distribution of arrival times.

computer experiments show that an output distribution width increases with the expansion 
of the forecast horizon in case of weak control algorithm. In many cases, this modelling result 
does not correspond to the actual movement of trains. When using the effective adjustments 
which are implemented by managers and drivers, the distribution width is stabilized over 
time. The problem of the effect of the driver operation on the distribution of the train arrival 
moments is explored in Section 5. combining techniques of forming delays on sections and 
stations allows you to create the generalized stochastic model of train traffic. The basis of the 
formal description of the motion is two-train model that is consistently applied to all pairs 
of train. a generalized representation of the traffic and the process of conflicts arising is a 
probability graph. 

2 lITeraTure reVIeW
many scholars study the rescheduling problem which considers the way to recover from a 

disturbed movement of trains. The researches were devoted to the algorithms that optimally 
adjust the schedule. The well-known papers [3, 4] provide an extensive survey of recovery 
models and algorithms for real-time rescheduling. Depending on the focus, the models used 
to solve the scheduling problem that differs by levels of infrastructure and traffic detail. a 
line appears as a sequence of segments between two major stations with few intermediate sta-
tions, while a network is composed of one or several junctions of lines. macroscopic models 
contain least details and have a more aggregated representation of some resources (e.g. a 
station), while microscopic representation includes a lot more detail such as block sections. 
existing models are not focused on direct description of the points of conflicts between trains.

analyses of previous studies show an increasing interest in stochastic approaches and 
models that help create adequate forecasts and make optimal decisions for traffic recovery. 
One of the first papers considering this problem [5] proposed analytical method for the deter-
mination of delays by a convolution of the initial (inlet area) and current delays. The analysis 
was limited because it used the assumption of uniform distribution of secondary delays. In 
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reality, this assumption is not confirmed. most stochastic models to analyse propagation of 
delays focused on single-track sections or on simple junctions. classical stochastic models 
for the propagation of delays had been studied intensively, most importantly in refs [6, 7]. 
The papers proposed the approximation of delay distributions to reduce the computational 
effort. The paper [7] represents train traffic in a form of occupying an intermediate position 
between the macro-models and the models with very detailed description of the process, i.e. 
micro-models. cumulative distribution of delays is calculated from the sequence of activities, 
which is defined by a stochastic event graph.

Stochastic analytical model for a traffic on a double-track line was proposed in ref. [8]. 
The paper investigates delays of a fast train caught behind slower ones. The section is mod-
elled as an infinite server. The running time distributions for each service are obtained by 
solving a system of linear differential equations. This model gives a good insight into delay 
propagation on a simple line but becomes too complicated to handle when dealing with large-
scale real-world networks. The approach for predicting waiting times using queuing system 
with a semi-markovian kernel was presented in ref. [9]. Description of the service process is 
based on an application of the theory of blocking times and minimum headway times.

a stochastic model for delay propagation and forecasts of arrival and departure events was 
proposed in ref. [1]. The model includes the general train waiting policies on stations and 
considers discrete distributions of travel time profiles. The model is formulated with respect 
to a directed event graph. another model proposed in ref. [10] is also designed to assess the 
knock-on delays. The analytical probabilistic model takes into account the duration of stops, 
stochastic relationship between the trajectories of trains, speed fluctuations and dynamic 
delay propagation. a new scheme was proposed for the exact determination of parameters of 
the distribution model based on the maximum likelihood method.

Stochastic simplified model can be used to find an optimal allocation of the running time 
supplements of a train on a number of consecutive trips along the same line [11]. The result of 
this study is the optimal distribution of supplements between the site elements. The approach 
is based on the periodic event scheduling developed in ref. [12]. an analytical method such 
as the max-plus algebra (mPa) is used to evaluate stability of the schedule. 

Various known models describe the functions of frequency and length of random traffic 
deviations. Thus, the exponential distribution is used as a stochastic model of every compo-
nent [7–9]. changes of distribution are due to ‘internal’ reasons. Obviously, accumulation 
of the individual random variables leads to exponential behaviour of delays. This problem is 
explored in ref. [13] and requires further study especially for the mixed flow of passenger 
and freight trains.

 Berger et al. [1] solve the problem of train traffic rescheduling on a large network. Scatter-
ing of arrival moments is treated as a random variable generated by a spread of the departure 
times and the running intervals. The basis of the analysis is two-train model. This model 
allows to define the order of departure of the train from the initial station and distribution of 
the respective moments of departure. The authors use a discrete representation of distribu-
tions.

a number of studies considered a model that comprehends two train runs, each with trans-
ferring passengers at some stations [14]. The model is illustrated as a Petri net graph. The 
approach proposed in ref. [2] uses a probabilistic operational graph, which considers con-
flicts within transfer operation. The interlinking conflicts are mapped in the model by manipu-
lating the time distributions of the elementary activities. The paper uses two-train mesoscopic 
model and the fIfO rule for conflict resolution. use of both conditional and unconditional 
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convolution is specifically made. Various types of delay are modelled by means of cumulative 
distribution function. Described model is logically incomplete. The authors consider only the 
station and crossing as the conflict points. To complete the model, you must use a resolution 
of the sequence-of-trains conflicts at a section.

a significant number of studies are devoted to the development of criteria for determining 
the optimal solutions for train traffic management. Top-level rail experts created a set of rail-
way performance indicators that measure efficiency from the perspectives of the government, 
passenger/client, infrastructure manager and train operating company [15]. a very common 
measure to quantify the service quality is to calculate the punctuality at different nodes in the 
system [12]. using only the punctuality criterion has some drawbacks. It does not take into 
account the number of passengers affected by delays nor does it cover the case where pas-
sengers are missing connecting trains. The new approach overcomes the above drawbacks, as 
it accounts for passenger delays (personal passenger time is measured in minutes) instead of 
only delays [10]. however, the total duration of delays weakly reflects satisfaction of the pas-
sengers. Obviously, there is a certain threshold mechanism, where the allowable time limits 
depend on the non-nervous traveller sentiment.

Previous studies have used the distributions of typical operations (running, stopping) in 
the probabilistic model that are unchanged in time and do not depend on the coordinates of 
a particular path element. It is required to take into account the circumstances in a particular 
local problem, individual distributions of which depend on the influencing factors. It is also 
necessary to model the impact of the online system adjustment at the quality of train traffic. 
Ways to solve these problems are described in the following sections.

 3 meSOScOPIc STOchaSTIc mODellINg Of TraIN TraffIc 
Two types of deterministic models are used in the analysis of intensive train traffic. The 
micro-model reflects the train running with a readability corresponding to the block sections. 
Speed within block section is considered as a constant value and it changes when the corre-
sponding signal is received from the next section. The micro-model is losing its effectiveness 
in the presence of random disturbances. 

from the viewpoint of queuing theory all the points of conflict on open tracks and at sta-
tions may be interpreted as server systems. This is considered as the mesoscopic approach for 
the creation of train traffic model. The mesa-model assumes that an elementary checking ele-
ment significantly exceeds the length of a block section. checkpoints such as stations, stops 
and crossings are the element boundaries. The speed profile and a scheduled time interval 
between checkpoints here are taken as fixed values.

random components, which are due to peculiar specific conditions of traffic and style 
of work of the driver, are reflected in a common distribution of the running time. In reality, 
coordinate control and centralized management of train runs (i.e. introduction of corrections) 
are made at the moments of train passage at the checkpoints. Decision to change the mode of 
run is made in the dispatch centre and is based on a mesa-model. movement of a train along 
a spatial trajectory is represented as a set of elements between the control points. complete 
time of a train passage by the trajectory is an additive value namely a sum of the elementary 
operation times. The trajectory of the train is modelled by a directed graph in the time domain 
(an activity graph), some nodes of which gather several arcs (fig. 1). 

The nodes of the graph represent the states of the process such as arrivals and departures on 
the station and the points of conflicts. Time deviation from the timetable is considered as an indi-
cator of every state. The arcs of the graph reflect transition of the train from one state to another 
that is an activity operation. Some authors (e.g. Büker and Seybold [2]) include connections for 
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the passenger transfer and inter-train conflicts in this list. length of the arcs reflects operating 
times that characterize the transition between checkpoints. additional arcs correspond to delays 
that occur due to the influence of other trains, i.e. conflicts on sites or stations.

The approach considered is the basis for a generic stochastic model of train traffic on the 
railway section [13]. The process of accumulating the delays is represented as a tree of inter-
ferences, which is the graph whose nodes reflect the presence of conflicts between trains at 
the control points. It is assumed this points can be of two types, namely with primary (i.e. 
input) disturbances or with secondary delays. The arc length is considered as a random vari-
able that distinguishes it from the most of previously reported frames.

 4 STOchaSTIc mODellINg Of cONTrOl acTIVITy
The driver or the on-board system produces the permanent control over the motion param-
eters of the train. Speed is adjusted so as to perform the schedule. The time trajectory of the 
train is adjusted occasionally by the infrastructure manager. The purpose of regulation is 
timely arrival at checkpoints. 

The running time is affected by random factors that are characterized by a probability 
density function. Over time, this function is changing, and its support becomes wider if there 
is no adjustment. at the same time adjustment by the system or the operator can stabilize the 
distribution and even to narrow its support.

Now we consider modelling the process of forming the probability distribution of deviation 
of the arrival time from the scheduled one, when there is a driver’s control work. let t0  be 
the time of departure, and ( )=s s t and ( )=v v t traversed path and speed of the train, respec-
tively. It is assumed that the minimum =v vmin1 and maximum =v vmax2 allowable speeds are 
known. We denote by v0 average speed of a train. random factors lead to the scattering of 
trajectories (fig. 2).

letτ ( )s be the actual arrival time of the train at P. If the train moves at a speed of v j , the 
moment of its arrival is

 

( ) = +a s t
s

v
  j

j
0 ,  j = 0, 1, 2,   < ≤ ≤0 s s s1 2 . (1)

The random variable τ( ) ( ) ( )= −Y s s a s0 is the deviation from the scheduled arrival time 
a

0
(s). Note that ( )Y s takes the values of different signs.
Denote by ( )f t s; the density function of the random variableτ ( )s , and by ( )g t s; the den-

sity function of the random variable ( )Y s . Obviously,

figure 1: fragment of the graph which reflects the passenger interlinking.
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 ( )( ) ( )= +g t s f t a s s; ;0
. (2)

The interval [ ]( ) ( )a s a s,2 1 is the support of ( )f t s; , i.e. ( ) =f t s; 0 when ∉t a s a s,2 1[ ]( ) ( ) , 

( ) ( ) ( ) ( )− − a s a s a s a s,2 0 1 0 is the support of ( )g t s; .
given the limitations on the speed, we obtain a one-to-one correspondence between the points 

of these intervals: ( ) ( )′ = +t A s t B s2 2 , where ( ) ( )∈ t a s a s,2 1 1 1 , ( ) ( )∈ t a s a s' ,2 2 1 2 ,

 

A s
a s a s

a s a s
1 2

1 1 2 1( ) ( )( ) ( ) ( )= −
−

, ( ) ( )
( ) ( )( ) ( ) ( )

=
−
−

B s
a s a s a s a s

a s a s
2 1 1 2 1 1

1 1 2 1

, 

  ≤ ≤s s s1 2 . (3)

Note that the length of the interval [ ]( ) ( )a s a s,2 1 increases when the boundary condition on 
the permissible speed is not changed, i.e. if there is no intervention to regulate the movement. 
In this case, the scattering of the considered probability distribution increases. Speed change 
in some points, which produces the driver, results in a decrease of scattering.

Assumption. Suppose that for each fixed sτ τ ( )( ) ( ) ( )= +s A s s B s
d

1 , where ( ) ≠A s 0 and 

( )B s are defined in eqn (3). This is equivalent to ( )( ) ( )( ) ( ) ( )= + +Y s A s Y s a s B s
d

1 0 1 . here 

we have used the notation =W W
d

1 2 as random variablesτ ( )s and [ ]+A B are identically dis-
tributed.

Note that if ( )f t is the density of the random variable X, ≠A 0 and B are constants, then 
−



A

f
t B

A

1 is the density of the random variable AX + B.

from this observation, assumption 1 and eqn (2), we deduce that

 
( )

( )
( )

( )
=

−





f t s
A s

f
t B s

A s
s;

1
; 1

, (4)

 
( ) ( )( ) ( )

( )
( ) ( )
( )

= + =
+ −

−






g t s f t a s s
A s

g
t a s B s

A s
a s s; ;

1
; .0

0
0 1 1

 
(5)

figure 2: graphs of functions ( )= −s v t tj 0 , j = 0, 1, 2.
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Thus, we conclude that the density of the random variable ( )Y s with increasing s is sub-
jected to a linear transformation. With increasing ( )A s supports of densities ( )f t s; and ( )g t s;  
extend.

The intervention of the driver consists in change of speed at the point s
3
. Speed is reduced, 

if the train is ahead of schedule, or increases in the opposite case (fig. 2(b)). The distribution 
of the time of arrival becomes narrower.

The analysis shows that the limitations imposed, <v v21 2 , >v v11 1 , also result in linear 
transformation of ( )f t s; 3 density. The form of the distribution ( )g t s; 2 in the point P  is main-
tained, changing only its parameters. experimental study on the russian railways shows 
that the real scattering of arrival times is well approximated by a gamma distribution. In 
the sections of railway, which carried out effective local control, the scattering width of the 
arrivals differs a little at different sites. The dispersion increases through the train route if the 
regulation is weak.

5 acTualIzaTION Of OPeraTINg TIme DISTrIBuTIONS
In the real world, the actual train arrivals and failures of infrastructure in the coming hours are 
known quite accurately. This is a prerequisite to develop a more accurate prediction of traffic. 
The operational model is constructed by taking certain influencing factors into account. Thus, 
the specific parameters of operating times scattering can be deduced.

you must use the specific probability distribution of operating intervals to create a predic-
tive model for each real situation. Such distributions for the running and stopping times are 
determined from historical data. By the historical data we mean the situations (scenarios) that 
occurred in previous periods on considered track section. Parameters of the operating time 
distributions depend on key factors like constraints on the train passage or weather condi-
tions. 

It is necessary to find out how to use historical data for a complete formalization of sto-
chastic model of the train traffic. The idea of the early proposed method for determining the 
forecasted indicators on the basis of previous experience is known as situational heuristic 
predicting [16]. The method is based on constructing the array of experience Z, which is a set 
of indicators of the line functioning in certain real-life situation. This situation is determined 
by the values of influencing factors, such as the number of cars or trains at the adjacent sta-
tions, etc. The array Z is a multidimensional matrix for various combinations of the factors 
and their associated cells that contain the realization times τ i , ≤ ≤i n1 , of a certain activ-
ity (e.g. travel time) in every historical situation. The array Z is considered in the following 
general form:

 

τ
τ

τ

=

Φ Φ Φ

Φ Φ Φ

Φ Φ Φ





















�

�

� � � �
�

�
Z

m

m

n n
m
n n

1
1

2
1 1

1
2

2
2 2

1 2

1

2 , (6)

where Φ j
i denotes ith particular observation of the influencing factor with number j, ≤ ≤j m1

. Thus, sequence of values Φr
1 , Φr

2 , … ,  Φm
r represents rth historical situation with ∈r N .

The paper [17] solves the problem of estimation of the process time τ +n 1 pointwise. This 
assessment is carried out by means of the selection of situations, which are close to the 
(n + 1)-th scenario. Note that two situations i

1
 and i

2
 are considered as close in case when 
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the concrete realizations, Φ j
i1

 
and Φ j

i2 , are similar in some predetermined way. The inequal-
ity εΦ −Φ ≤+

j
i

j
n

j
1 can be used as a criterion of closeness between the pair of situations, 

where ε j  represents allowable deviation value of jth factor. Seeking forecasted valueτ +  n 1
is defined as the mean betweenτ k from the close scenarios, i.e. by using the interpolation.

We propose a slightly different approach to the construction and use of the Z array. The 
matrix includes process times that have been implemented for a certain set N of previous 
actual situations. We assume the factors Φ j are mutually independent random variables, 
and each of them has a distribution ( )( ) = Φ <F x xPj j . In contrast to the mentioned paper 
we do not compute a specific value τ +n 1  but restore the distribution function of the random 
variableτ . method (a) of distribution restoring assumes the random variableτ considering 
the valuesτ1  , …, τ n can be represented as a linear combination of all the factors, i.e.

 
∑τ λ= Φ
=

j j

j

m

1

, (7)

where λ j  are coefficients of sensitivity to changes in the factors Φ j .
We have the following system of equations:

 

λ λ λ τ

λ λ λ τ

λ λ λ τ

Φ +Φ + +Φ =

Φ +Φ + +Φ =

Φ +Φ + +Φ =













… ,
… ,

  …   …   …   …   …   …
… .
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m m

n n
m
n

m n

1
1

1 2
1

2
1

1

1
2

1 2
2

2
2

2

1 1 2 2
 (8)

This system of equations is considered as overdetermined, because the number of equa-
tions n exceeds the number of unknown variables m. Some ‘optimal’ vector solution 
λ λ λ λ( )= ,  , … ,  m1 2 can be found by the method of least squares. The following relation is 
considered as a measure of closeness of the left and right sides of eqn (8):

 
∑ τ λ( )( )− →

λ
=

f mini i
i

n
2

1
, (9)

where ∑λ λ( ) = Φ
=

fi
j

m

j
i

j
1

. We calculate the required distribution after finding the vector λ  

by using eqn (7). Determination of the density function of τ  is reduced to (m – 1)-fold con-
volution of the densities of new random variables λ( )Φj j .

The density τf can be determined by the other approach (b). The method is based on the 
fact that an array of experience Z contains a sample of values from the distribution of the 
random variableτ . for this sample you can restore the law of distribution using the good-
ness of fit (e.g. Kolmogorov–Smirnov test or chi-squared test). Thereby our approach is 
more common and informative than that in ref. [16] and also allows the best use of the 
initial data Z. 

experimental studies provide the data that show the density of the arrival time to have 
a little asymmetric gaussian. a closer approximation is a Weibull distribution. The main 
results are the following. The parameters of the arrival times density are almost identical for 
all the stations in the standard periods. But the dispersion increases an order of magnitude 
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from 0.6 to 6.9 min2 at night (for the freight flow). at the same time the average delays are 
small. a similar pattern is in the suburban traffic.

6 The qualITy meaSure Of PaSSeNger TraIN TraffIc
Punctuality in the passenger traffic segment is an important component of quality of the rail ser-
vice. high level of punctuality increases the number of users of transport services and, conse-
quently, income of the carrier and operator companies. most studies on optimal traffic manage-
ment have used the total cumulated delay as a measure of punctuality. however, this approach 
does not fully reflect the situation – how to completely satisfy the demands of the passengers.

The main characteristic of an operator which should be observed by him when he organ-
izes the traffic control is as follows. The passenger begins to perceive the late arrival of the 
train as a significant delay only for sufficiently large values of delay. This measure has the 
uniqueness for every station and for different times of day. for example, a person perceives 
the delay more acutely during peak hours. Therefore, for the ith situation in this period the 
threshold of perceptionTd

lim
 ij
is smaller. The measure of quality of the service should not 

contain all the delays, but that lateness exceeds a specified threshold.
another circumstance that must be considered is the damage caused by delays for different 

groups of passengers. Obviously, the approach is most appropriate when the priority service 
is given to numerous groups. One example is the traffic management on the suburban line. 
During rush hours, a manager devotes most attention to stations where there is mass board-
ing and alighting of passengers. he instinctively tries to make such adjustments to reduce 
the delays. Therefore, if the delay exceeds the threshold value, it is advisable to assess the 
damage by the number of passengers Mdij

who fell under the delay.
We formulate the following criterion for the quality of traffic in the heavy passenger train 

flow, using the approach just described. The scenario is considered the best, if its implemen-
tation gives delayed arrival of the minimum number of passengers at all the stations. In this 
case, the delays that exceed certain defined thresholds are taken into account:

 ∑ →M min
dij

,  τ ≥ Tij
lim
dij

,  i = 1, 2, … , m,  j = 1, 2, … , n, (10)

where the index (ij) denotes the value of describing events occurring in the ith interval at the 
time of day at the jth station. Obviously the specified threshold must be peculiar for different 
types of trains such as high speed, intercity or commuter.

for example, the threshold value of delayed commuter trains during rush hours can be set 
from 1 min to 2 min in other periods. for those of local trains that have to deliver passengers 
on time at the connection station, this interval should be shortened to 0.5 min. using this rule 
it enables the separation of any delays into the groups, each of which obeys the following 
relation:

 
τ τ≥ alld k . (11)

In this case the objective function takes the following form:

 
∑Θ( ) =

k

J ndel k ,   k =1,…,K, (12)

where K is the number of train groups with different boundary values τ ac k .
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7 cONcluSIONS
In this article, we present an approach that allows considering the effect of adjustments on 
the traffic characteristics. The model developed takes into account the actual situation and 
its impact on operating times. The probabilistic forecast uses historical data to determine the 
improved time distributions. The calculated results agree well with the real data on the train 
traffic. The proposed new criterion of punctuality provides more correct adjusting solutions.

The next step of this study is to use the model developed in solving a specific real-time 
problem. In particular, we will carry out a detailed study on a linear transformation of the 
arrival time distribution when the local adjustment is made.
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ABSTRACT
Over the last twenty years, the railways in Britain have seen rapid growth, with patronage doubling and 
the level of train service increasing by 50%. However, these successes have also led to challenges. In 
particular real unit costs are estimated to have increased by 50%, with particularly marked increases in 
infrastructure renewal and enhancement costs. Against this background, the University of Southampton 
have been leading the Track 21 and Track to the Future projects, funded by the Engineering and Physical 
Sciences Research Council. These projects are assessing how to make ballasted track systems more 
durable given higher traffic levels and how to reduce the costs of maintenance and renewal.

Track 21 considered a number of engineering interventions of which this paper focusses on one, 
under sleeper pads (USPs). The cost implications of this intervention are assessed for the South West 
Main Line using an industry-specific model, VTISM (vehicle track interaction strategic model), adapted 
in two ways. First, the results of laboratory experiments from specialist test rigs are incorporated into 
the model. Secondly, the wider effects of increased reliability, improved ride quality and reduced 
vibration are also considered within a cost-benefit analysis framework. It is found that USPs can lead 
to substantial financial savings and, depending on assumptions concerning noise impacts, are likely to 
have substantial wider social benefits.
Keywords: CBA, maintenance costs, under sleeper pads

1 INTRODUCTION
Track 21 and its successor Track to the Future are projects funded by the UK Engineering and 
Physical Sciences Research Council (EPSRC) which explore several innovative interventions 
which are intended to deliver better engineering, economic and environmental performance 
of railway track (see more information on http://www.track21.org.uk/). As part of a good 
transport planning process, every transport infrastructure investment should be subject to 
some kind of economic appraisal. Cost benefit analysis (CBA) is the most commonly used 
tool for this purpose. When applying these tools, cost modelling is a crucial issue because it 
helps to determine the value of cost to be used. This financial valuation might have an impor-
tant effect on the outputs of the analysis (see, for instance, Ortega et al. [1]). In the case of 
railways, potential advances in track and sub-base construction and maintenance can lead to 
improvements in reliability or reductions in perceived noise, for example. The values adopted 
for these parameters could influence the result and profitability of track upgrades, with errors 
having the consequence of misperceptions of the return gained from investment. In order to 
conduct such an economic appraisal, a review of the valuation of some of the most relevant 
parameters was carried out as the first stage of this research, before using the findings to 
inform modelling of track system costs.

The remainder of this paper is divided into five sections. Firstly, a review of values of 
noise is provided. Secondly, values of vibration and ride quality are given. Thirdly, a review 
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of reliability and journey time is undertaken. Fourthly an illustrative application of the cost 
modelling methodology for the South West Main Line in the UK is provided. Finally, derived 
from this review, we are able to offer a set of conclusions for policy makers.

2 VALUES OF NOISE
Noise cost estimates can be difficult to generalize due to their local nature and dependence 
on background noise levels [2]. Furthermore, the impact of a given noise level will depend on 
people’s activities and their attitudes towards the railway, and as people become accustomed 
to a given level of noise exposure their annoyance level may decrease [3]. Four different 
methods were used in the studies reviewed to evaluate the cost of noise, including hedonic 
pricing (HP), i.e. the real market is used to obtain the economic value of one particular feature, 
willingness to pay (WTP) and contingent valuation (both generally carried out through stated 
preference (SP) surveys), and finally estimation of abatement costs. Willingness to pay 
values may be derived from HP as well as from SP surveys, although as Strand and Vagnes 
[4] point out there are a number of problems associated with such a derivation. In general, 
noise nuisance valuations obtained through HP methods tend to be larger than those from SP 
methods such as Contingent Valuation Method (CVM) or Stated Choice (SC) experiments. 
In fact, there are also differences between CVM and SC [5]. In addition, Janic [6] considered 
that the cost of noise can be calculated as the marginal cost of setting up noise protection 
barriers, with evidence suggesting that each barrier could reduce noise over a range of 8–10 
dB [7]. Finally, it is worth noting that there was also little consistency between the formats 
in which the results were presented. These groups are cost of annoyance per person, property 
value depreciation, marginal cost of additional vehicles and other valuations.

3 VALUES OF VIBRATION, RIDE QUALITY AND COMFORT
Despite an extensive search, relatively few studies which assigned financial values to vibration 
or ride quality could be found. This might be explained by the fact that passenger comfort and 
perception of service quality are affected by several factors [8], such as time, country, culture 
or the physical condition of passengers, and when the subjective contribution from all aspects 
is approximately the same then the optimum level of comfort will be achieved [9], regardless 
of the relative contribution of different factors. Schwanitz et al. [10] identified the four most 
important attributes of comfort as being odour, air quality, air ventilation and temperature. 
Moreover, users have a higher sensitivity to vertical acceleration than to longitudinal or 
transversal acceleration [11].

The first research found giving financial valuations of ride quality was based on both 
RP and SP methods and focussed on alternative types of rolling stock [12]. The research 
analysed seating comfort, ambience, ride quality, seating layout, ventilation and noise. The 
former three aspects were found to be the most important aspects with a valuation ranging 
from 3.41% to 5.22% of the single fare for seating comfort, 1.88% to 3.05% for ambience 
and 1.89% to 3.06% for ride quality. However, in a literature review conducted by Johnson 
et al. [13], higher valuations were given for the case of trams. Although a packaging effect 
has been demonstrated and could therefore mean that the valuation of individual attributes 
is too high, this effect does not impact on the rank of each attribute in relation to the others 
and the classification of [13] was also obtained by the same authors [14]. Paulley et al. [15] 
found that refurbishment which changed train characteristics from those associated with old 
‘slam door’ stock to new air-conditioned stock in SE England were worth around 2.5% of 
the fare paid, with most train refurbishments worth somewhat less than this (~1.5%). Finally, 
the Passenger Demand Forecasting Handbook (PDFH) [16] measured improvements in ride 
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quality in terms of a decrease in in-vehicle time (IVT). Going from an extremely bumpy 
ride to a very smooth ride would lead to a benefit equivalent to 3.3% of IVT (commuting) to 
3.7% (business/leisure), whereas going from an extremely bumpy ride to a train with a lot of 
movement would have benefits of 2.4% and 2.6% of IVT.

4 VALUES OF RELIABILITY
Frequency of travel may affect perceptions of reliability, with regular passengers likely to 
have a clear idea of reliability levels on their usual services, while infrequent travellers are 
more likely to be influenced by their most recent journey (however atypical) or by press 
reports and hearsay [16]. Bates et al. [17] suggested that a multiplication factor of 2.5 for 
delay minutes was a reasonable measure of the direct disutility of delays but also pointed 
out that this was an average value based on passengers having full knowledge of random 
delay distributions and concealing a range between 1 and 5 depending on journey length and 
purpose. Chang [18] recommended including in the CBA a value of journey time reliability 
which depends on the type of user, i.e. interregional or urban and working or non-working.

Most studies of the demand impacts of reliability have been based on SP methods. After a 
comparison between implied elasticities by SP valuations of late time and directly estimated 
lateness elasticities, Wardman and Batley [19] concluded that implied lateness elasticities 
are considerably higher than those which are directly estimated. Apart from overvaluation of 
lateness, there are other reasons which can help to explain these results such as the possibility 
that despite poor service performance rail travellers are unwilling or unable to reduce their rail 
travel. Preston et al. [20] hypothesized that users may have got used to a certain level of delay 
or be more tolerant to delays due to a high degree of delay associated with road travel. One of 
the few investigations based on RP data, conducted by Rail OR [21], looked at three significant 
runs of poor performance on the London–Northampton line using TRUST and CAPRI data, 
deriving implied multiplication factors which were around the generally accepted figure of 2.5.

5 CASE STUDY: THE SOUTH WEST MAIN LINE
The South West Main Line is a railway route between London Waterloo and Weymouth on 
the south coast of England. It was built in the 19th century and is one of the most used lines 
in the UK. London is the origin or destination of approximately 90% of all journeys, trains 
operate at medium to high speed, and there are important proportions of freight and commuter 
traffic. In this paper we are going to analyse the economic effect of installing under sleeper 
pads (USPs) in the stretch between Portsmouth and London Waterloo. For these calculations 
we only consider passengers from the main stations in the corridor which are at least 30 min 
journey time to/from Waterloo (i.e. Portsmouth Harbour, Portsmouth & Southsea, Fratton, 
Havant, Petersfield, Haslemere, Guildford and Woking). The length of the stretch considered 
is approximately 74 miles, the project life for the analysis is 60 years, the initial year 2009 
and the discount rate 3.5%. Table 1 offers the values we suggest should be used for this route:

Table 1: Suggested valuations for the SWML.

Parameter Measure Value

Noise £ per dB of household affected per 
annum

£20 (Year 2009)

Comfort/ride quality Value per passenger 1% of the ticket price

Reliability Value of late time (value in minutes 
per minute of average lateness)

2.5 times value of travel 
time on average
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The effect stemming from the installation of USPs can be split into installation cost of USPs, 
track maintenance, rolling stock, noise, comfort/ride quality and reliability. The methodology 
carried out to calculate the cost of each impact is explained within the next paragraphs:

•	 Investment. This is the cost of installing USP. We assume a hypothetical renewal of the 
whole stretch in the initial modelled year, 2009. By multiplying the number of sleepers by 
the unit cost of each sleeper the investment is obtained. There are 91 sleepers per 55.21 m of 
single track [22]. Taking also into account switches, and crossings and stations we assume 
that 400,000 USPs will be installed. We know from the Track 21 project that the unit cost 
per USP is £15 which leads to an investment of £5.9 million.

•	 Track maintenance and renewal. The cost of track maintenance and successive renewals, 
also known as life cycle cost, is given by the vehicle track interaction strategic model 
(VTISM) [23]. VTISM calculates the cost for the stretch London–Woking–Portsmouth 
if 40% of that route is renewed at the base year. By recalculating the average cost of the 
whole route (i.e. for illustrative calculations we multiply the result by 2.5) and applying 
the updated average cost the impact of track maintenance is determined. According to 
the lab tests conducted by Le Pen [24] the local track section modifier (LTSF) would 
be reduced by 25% after the installation of stiff USPs of 4 mm thickness and the main 
benefit would arise from an increased service life of the track and a reduced maintenance 
and renewal volume [25]. After the hypothetical investment not many renewals would be 
needed on the route, but VTISM considers additional renewals in some stretches along the 
infrastructure life. Therefore, in order to be conservative in our analysis we introduced the 
cost of installing USPs in each successive renewal calculated by VTISM, which is roughly 
an increase of 3% for each renewal. We estimate a benefit of around £45 million in terms 
of reduced maintenance and renewal costs.

•	 Rolling stock. Based on the results from VTISM under the USPs scenario around 10% 
more rail renewals would be needed. However, we have not been able to find any evidence 
that more rail renewal could lead to a deterioration of rolling stock. Therefore, we have 
decided to leave it out of the analysis.

•	 Noise. We estimated with ArcGIS that in 2009 there were slightly above 108,000 buildings 
within 300 m of the track and 30,500 within 80 m of the track. These buildings were 
therefore assumed to be affected by air-borne noise and ground-borne noise, respectively 
[26]. Moreover, the use of USPs could lead to a reduction of ground noise of up to 15 dB 
[27] but would slightly increase air-borne noise [28]. For those buildings within 80 m the 
dominant effect may be reduction in ground-borne noise whereas for those houses between 
80 and 300 m the increase in air-borne noise would be the dominant impact. Noise and 
vibration due to ground-borne noise are more annoying than just air-borne noise, albeit 
taking into account there are no monetary values for ground-borne noise, we have to assume 
this has the same valuation as air-borne noise. In order to be conservatives we have adopted 
a reduction of 5 dB in ground-borne noise and an increase of 1 dB in air-borne noise. 
The annual increase in the number of houses and in the values for noise has been chosen 
from [29]. We selected these values because are they lower than the WebTAG (transport 
analysis guidance in the UK) parameters. By multiplying the reduction of noise per house, 
the number of houses and the value of noise per house in each year we obtain the balance 
for this externality.

•	 Comfort/ride quality. USPs would also reduce noise inside the train and improve ride 
quality due to the reduction of vertical acceleration [30] but would have no impact on 
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other attributes of comfort. The value of changing from a very uncomfortable to a very 
comfortable ride could be up to 10% of the ticket price. Thus, and according to the literature 
review, the value chosen for an increase in comfort as a result of installing USPs is 1% 
of the ticket price. We have differentiated between anytime or full, season, and off-peak 
or cheapest tickets. Commuters pay season ticket in a proportion of 85%/15% standard/
first class which is the same proportion as of seats offered in the train and use the season 
ticket 480 times each year. The same proportion of standard/first is applied to anytime 
users. However, we assume that holders of reduced tickets do not travel in first class and 
that 25% of travellers within this category have a card with an average discount of 33%. 
The proportion of each type of ticket sold (full, season or reduced) is given in the Office of 
Rail and Road station usage database. Finally, by multiplying the number of users in each 
category by the percentage of their ticket price attributed to the improvement, the value of 
comfort/ride quality is known.

•	 Reliability. 30% of delays are due to track defects and networks management [31] 
and according to VTISM these disruptions would be reduced by around 20% after the 
installation of USPs, which would lead to an overall improvement in reliability of 6%. 
Nevertheless some items of the railway infrastructure would be relatively unaffected by 
USPs and therefore we have decided to reduce the figure by 50%, i.e. giving a final 
improvement of 3%. We have considered that 92% of trains would arrive on time, that is 
within 5 min of expected time, 5.6% would be delayed up to 30 min and 2.4% would be 
cancelled or with a significant lateness [31]. The values of time have been chosen from 
WebTAG and depend on the type of user: working, non-working commuting and non-
working others. To conduct the appraisal, the kind of ticket was transformed into the type 
of user using the figures given by the Passenger Demand Forecasting Handbook (PDFH). 
So we linked commuting users with non-working commuting users, business users with 
working travellers, and finally leisure travellers with non-working other users. Taking 
into account all these figures the improvement of 3% in reliability generates a benefit of 
£35 million.

Finally, other general economic parameters such as demand, evolution of demand and Retail 
Price Index (RPI) have been chosen from WebTAG and the National Rail Trends (NRT) web 
sites. Demand growth and RPI are capped after 20 years, and their annual average values for 
the first 20 years are settled around 2.05% and 3.5% respectively. Following the WebTAG 
recommendations, RPI has been used to calculate tickets price and rolling stock investment in 
nominal terms, but converted afterwards into real terms through the GDP deflator.

To conduct this economic analysis some hypotheses have been assumed, and it is often 
remarked that risks and uncertainty are not easily taken into account in CBA assessment [32]. 
For instance, the level of renewals could be slightly different from that considered by VTISM 
because the program assumes the renewal of some stretches in the initial year instead of the 
renewal of the whole route, or the value of the ground-borne noise reduction or reliability 
improvement could also be different. So, in order to overcome the intrinsic weakness of the 
CBA methodology, we use a stochastic approach rather than the deterministic one that is 
commonly used. This is done with a Monte Carlo Simulation underpinned by a sensitivity 
analysis aimed at determining the level of certainty and identifying the most important 
parameters for policy lessons. The goal of running a Monte Carlo Simulation is to assess risk 
more accurately, choosing randomly modifiable values in each iteration, whereas the goal of 
sensitivity analysis is to know the most important parameters influencing the result.
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In order to display the range of possible outcomes, the results of the CBA are sorted and 
plotted as histograms and cumulative probability distribution curves (also called value at risk 
and gain curve (VARG)). We have run two models with different assumptions with respect 
to noise. In assumption (a) we only consider an increase of air-borne noise for all houses 
within 300 m of the track, whilst in assumption (b) we consider the reduction of ground-
borne noise for houses within 80 m of the track and the slightly increment of air noise for the 
remaining houses between 80 m and 300 m from the track. Figure 1 shows how the cumulative 
probability distribution curves have the shape of a cumulative normal distribution, since we 
selected each variable to fluctuate between minimum and maximum values according to a 
normal distribution. In the most likely option, the social benefits of installing USPs in the 
selected route would be around £89 million. The final outcome in terms of social welfare 
is almost always positive and fairly stable over the MonteCarlo analysis. Only the worst-
case scenario under assumption (a) brings some welfare loss whilst the worst-case scenario 
under assumption (b) still produces a global benefit greater than £135 million. These results 
demonstrate that the outcome of the analysis is quite robust.

Figure 1: Net present value (NPV) cumulative distribution function.
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Two conclusions arise from the last figure. Firstly, under the majority of scenarios the 
expected net present value (NPV) will be always positive. Only taking into account just air-
borne noise (Fig. 1a) the NPV might be negative with a probability of less than 1%. In fact, 
under this assumption the benefit can be set between £38 million and £140 million with a 
probability of 80% and the mean of the sample is in the middle of that range, £89 million. 
Under the more realistic assumption of considering that the reduction of ground-borne noise 
dominates for buildings within 80 m of the track whereas the increase of air-borne noise affects 
the remaining houses up to 300 m, the benefit is even greater. The difference between the mean 
of both assumptions is £152 million. Secondly, there is a high variability between the minimum 
and the maximum value. For instance, under scenario b the maximum value is almost three 
times higher than the minimum value. Table 2 shows the results of the two CBA carried out.

Figure 2 shows the outcome of a test carried out to analyse the sensitivity of the results to 
the changes of the variables studied before. The analysis was conducted through a tornado 
diagram to show the sensitivity of the NPV to the variables used in the methodology while 
keeping the remaining variables constant (Fig. 2). On the left side of this figure, we find 
all the variables determining the final outcome in terms of net present social value. Next to 
the definition of each variable, in brackets, we display the variation range tested for each 
variable. The variables with the largest influence on the NPV have been plotted in red, whilst 
the variables with little impact on the final outcome have been depicted in blue. The economic 
variables have been represented at the top of the figure whilst the variables that could be 
managed by train operating companies (TOCs) and the infrastructure manager are drawn in 
the middle and at the bottom of the graph.

It is noteworthy that all stakeholders benefit: train operating company, infrastructure 
manager, travellers and non-users. The financial benefit to Network Rail is around £40 
million and might mean a risk of under-spending on maintenance given the fact that the social 
NPV is at least £100 million. As expected VTISM indicates that there are less interventions in 
the track than in the base case. The improvement in comfort and ride quality could be easily 
internalized through a higher ticket price and the housing market can internalize the effect 
of noise. The upgrades studied in Track 21 project (e.g. installation of USPs or random fibre 
reinforcement to name but two) are realistic and could be beneficial for the UK.

Three variables dominate the outcome: RPI, air noise increase and finally improvements 
in comfort/ride quality. The remaining variables have less impact on the NPV. The large 
influence of RPI is explained by inconsistencies with the GDP deflator and for this reason 
RPI is usually removed from CBA calculations. Each one dB increase in air-borne noise alters 
the NPV by almost £90 million under assumption (a) or £66 million under assumption (b). 
Ground-borne noise is also very important since each 1 dB reduction brings a benefit of £25 

Table 2: NPV from the CBA parameter values.

Probability NPV option (a) (£ million) NPV option (b) (£ million)

Minimum value –48.676 135.683

VAR 10% 38.079 194.374

Expected value (mean) 89.331 241.279

VAG 90% 140.257 290.150

Maximum value 230.139 364.720



 Alejandro Ortega et al., Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 325

million, mainly for the buildings within 80 m of the track. Any track intervention improving 
comfort/ride quality just by 1% of the ticket price leads to a social gain of £120 million. 
A reliability improvement of 1% would lead to a smaller benefit of nearly £10 million. This 
is also the case for the proportion of trains on time; each improvement of 1% means a NPV 
decrease of around £4 million. Logically, the better the punctuality of the system, the less 
the effect of USP, and this is what the figure is telling us. This result is based on the fact that 
this proportion is assumed to be constant along the infrastructure life, but different for USPs 
and base case. Fortunately these variables can be managed by TOCs and the infrastructure 
owner (i.e. Network Rail) and therefore there is room for realistic upgrades of the track. The 
UK railways are among the oldest in Europe and it is important that in order to avoid welfare 
losses from users with a high valuation of their trip or from their externalities the railway 
system should be upgraded to the 21st century.

6 CONCLUSIONS
In order to carry out effective cost modelling of potential advances in track and sub-base 
 construction and maintenance, and to reliably optimize the timing of maintenance inter-
ventions, it is necessary to place values on the various factors that are affected by such 

Figure 2: Sensitivity analysis.
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interventions. These include the effects of noise and vibration on both passengers and non-
users, and of reliability, journey time and ride quality on both passengers and rail industry 
stakeholders. A review of the evidence on valuations of these factors has therefore been car-
ried out in this paper, as the basis for undertaking a meta-analysis of the valuations. It should 
be noted that the extent of the evidence-base was found to be highly variable, with little 
research having been undertaken on valuing the effect of some of the factors.

The high degree of variability can be explained by several reasons. Firstly, differences 
between regions, types of travellers and affected non-travellers have been found. Secondly, 
depending on the approach considered the value to be placed in the analysis has to be 
different; such is the case of ride quality which can be valued through IVT or as a percentage 
of the ticket price. Finally, HP methods and SP surveys usually lead to different values, whilst 
bias in some results can also be found.

It is also noteworthy that noise can be valued by two approaches. On the one hand, noise 
should be taken into account as an externality that affects non-rail users such as neighbourhoods 
close to a rail line. On the other hand, noise experienced by rail users must also be considered 
as part of passenger comfort. An example which clarifies this can be found in noise protection 
barriers. If noise protection barriers are installed along the track, the external effect of noise 
would be greatly reduced, but travellers would continue to be negatively affected by noise 
while also losing potential benefits gained from appreciation of the view from the train. 
Regarding valuation of ride quality and passenger comfort, despite the improvement on the 
topic, there is still a lack of consistent values and therefore further research is needed. With 
respect to reliability, it is well acknowledged that rail users are adversely affected by lateness. 
Nevertheless, some findings suggest that travellers are becoming less sensitive to delays and 
consequently its value should be lower.

So, in order to carry out economic appraisal and avoid misinterpretations of the results, 
we suggest adapting the values to the particular case study reflecting a realistic situation and 
also conducting a sensitivity analysis which can help identify the key parameters. Finally, in 
developed countries with old rail infrastructures and high demand, such as is the case in the 
UK, it appears that minor interventions which improve reliability and comfort/ride quality 
and at the same time reduce externalities could potentially bring important social benefits.
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ABSTRACT
Promoting rail systems can represent a useful policy for rebalancing modal choices and reducing pri-
vate car use, especially in high-density contexts. Obviously, an increase in passenger numbers is only 
possible if generalized costs (i.e. a weighted sum of times and monetary costs) associated to public 
transport are abated. According to the recent literature and current professional practice, most strategies 
for achieving this objective are based only on infrastructural interventions which may be unfeasible or 
inadequate in densely populated contexts. Likewise, the adoption of policies based on replacing exist-
ing fleets or reducing fare levels entails increases in national or regional subsidies, which would be 
difficult to achieve in the current economic climate.

Hence, our proposal is based on investigating effects on travel demand arising from the replacement 
or upgrading of existing signalling systems (both in terms of trackside and on-board equipment). In-
deed, the recent European Union policy to create a single transnational interoperable rail network im-
poses the development of innovative signalling systems. In this context, since cost–benefit analysis has 
to be implemented to verify the economic and environmental feasibility of the proposed intervention 
strategy, an appropriate method should be developed to estimate passenger flows according to future 
configurations. In this article, we propose a method to determine travel demand in current and future 
contexts by appropriately processing data from Italy’s national census on mobility, population growth 
forecasts and turnstile counts. The proposed approach is applied to the regional Naples–Sorrento rail 
line serving the metropolitan area of Naples in southern Italy in order to show its feasibility.
Keywords: environmental impacts, microscopic rail system simulation, public transport management, 
signalling system, travel demand estimation.

1 INTRODUCTION
Public transport, especially in the case of a rail-based system, may be considered a useful 
resource for managing travel demand and reducing the use of road (car and truck) systems. 
Obviously, since according to the assumptions of rational decision-maker (see, for instance, 
[1–5]) each user tends to choose the alternative of maximum utility (i.e. minimum disutility), 
road system costs need to be significantly increased and/or public transport costs consider-
ably reduced.

Former strategies were based on the application of real pricing (such as road and parking 
pricing) or induced pricing (such as driving restrictions, restricted traffic zones and pedes-
trian areas). Details on the applications of such strategies and related implications can be 
found in Refs [6–11]. Subsequent policies were based on interventions to reduce travel times 
and ticket costs and improve service quality both in ordinary conditions and in disruption 
contexts (see Refs [12–23] for details). However, although the purpose of this article is to 
deal with the latter class of measures (i.e. improving public transport performance), it should 
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be pointed out that the literature also contains a third class of strategies based on reductions 
in social and environmental impacts of road systems, as reported by Refs [24–27].

The increase in public transport attractiveness can be obtained by reducing user general-
ized costs whose terms are the access and egress time (depending on station and stop loca-
tion), the waiting time (depending on the headway between two successive rail convoys), the 
on-board travel time (depending on infrastructure features and rolling stock performance), 
the transfer time (depending on the layout of rolling stock, stations and platforms) and the 
ticket cost (depending on the adopted pricing scheme and subsidy policy). This means that 
improving interventions on a rail transport system are based on infrastructural measures (new 
lines or modification of existing lines), fleet improvement (partial or complete replacement 
of rolling stock) or signalling system modification (replacement or upgrade of trackside and 
on-board equipment). Although, especially in densely populated environments, the optimal 
intervention class consists in signalling system improvements, in some cases the infrastruc-
tural component may be essential in order to make any kind of further intervention effective. 
Obviously, in order to verify the benefits of each proposal it is necessary to simulate effects 
on travel demand explicitly (see, for instance, Refs [28–33]) for long-time horizons.

In this article we propose a methodology based on the use of different data sources (cen-
suses, historical data, forecasts, counts, etc.) to estimate travel demand in a wide time period 
(several decades), taking into account variations due to infrastructure and signalling system 
interventions. The proposed approach was applied to a real regional line in southern Italy 
so as to show its feasibility. Hence, our proposal is organized as follows: in Section 2, we 
describe the general framework of the methodology for estimating travel demand; in Sec-
tion 3, the application in the case of a regional rail line is proposed; finally, conclusions and 
research perspectives are summarized in Section 4.

2 TRAVEL DEMAND DEFINITION
Defining travel demand may be considered to be of prime importance in order to evaluate 
effects of any intervention on transportation systems. However, whatever the methodology 
adopted, the following requirements have to be met:

•	 accurate reproduction of the current situation;

•	 prediction of future conditions arising from demographic changes and/or different perfor-
mance of transportation systems;

•	 travel demand must be considered a random variable and hence not only average values 
but also their distribution must be analysed.

This means that the model has to be elastic at least at the level of modal choice (in the case 
of transportation system variations) and trip generation (in the case of demographic changes).

Hence, in order to meet these needs, we propose the following methodology based on the 
use of different data sources. However, it should be pointed out that our proposal is based 
on Italian data sources even if generalization to a different context may easily be obtained.

The first phase consists in using data from the national census [34]. These data provide 
revealed information (i.e. related to behaviour actually occurring in the days prior to the 
survey) concerning mobility choices in terms of origin, destination, daily time period and 
transport mode. Census data concern systematic trips (i.e. for work or school purposes) 
during the average working day; origins and destinations are expressed in terms of munic-
ipalities; daily times are indicated as the morning peak hour (i.e. from 07:30 to 09:29) and 
the rest of the day. Obviously since trips are generally bidirectional (i.e. from home to the 
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workplace and return), data provide only outward trips. In order to increase our dataset 
and satisfy the third requirement (i.e. a wide distribution of considered values), we pro-
pose to analyse data from at least two decades (i.e. data from the 2001 and 2011 Italian 
censuses). Finally, data related to our area of interest have to be selected by extracting 
from the whole national database only data related to internal trips (i.e. with origin and 
destination both in the study area) and exchange trips (i.e. with the origin or the destina-
tion in the study area).

The second phase consists in using data from mobility observatories (such as Ref. [35]) 
which provide further information such as total daily regional trips, rates of trips during 
morning peak hours, rates of trip chains (i.e. trips with intermediate destinations) and regional 
modal split. By combining these data it is possible to generate non-systematic trips during the 
average working day classified by origin and destination municipality, time period (i.e. peak 
hour or rest of the day), transport mode used and reference year (i.e. 2001 or 2011).

In the third phase, by using historical data from the resident population [36], data for 
systematic and non-systematic trips may be extended from the census period to a succes-
sive period by considering the trip generation model as elastic and adopting an increase or 
decrease rate equal to population variation (i.e. a variation in α% of population in municipal-
ity A provides a variation in α% of all trips with origin in A).

The following phase consists in generating travel demand matrices related to all-day trips 
where the origin and destination are the stations of the rail line in question. This means that 
it is possible to identify two sub-phases: the first for obtaining round trips from outward trips 
in the case of all-day trips; the second for transforming trips expressed in terms of origin and 
destination municipalities into origin and destination stations.

The first sub-phase can be implemented by adopting the following formula:
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if there are two or more stations in a municipality, we hypothesize some distribution coef-
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where ODrt
r  is the origin-destination matrix related to all-day round trips (rt) associated to 

mode r (i.e. rail mode), ODrt
r  is the correction of matrix ODrt

r ; x is the variable expressing in 

the optimization problem (3) the generic value of matrix ODrt
r ; Z (·) is the objective function to 

be minimized; d
1
 is a function which expresses the distance between matrix x and the a-priori 

estimation of matrix ODrt
r ; Λ( )⋅ is the assignment function which provides passenger flows 

associated to origin-destination matrix x; f r  is the vector of turnstile counts; d
1
 is a function 

which expresses the distance between flows obtained by assigning matrix x and flows provided 

by turnstile counts (i.e. f r ); δ j  is the variation rate of travel demand associated to origin-

destination j; d j rt
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h, for purpose i by using mode m; d j h
i
,  is the a-priori estimation of trips in the case of origin-

destination j, in the time period h, for purpose i by using all transportation mode.
It is worth noting that since variable i, expressing the purpose of the trip, may assume s for 

systematic and ns for non-systematic and variable h, expressing time period, may assume ph 
for the morning peak hour and ad for all day, we obtain that, in the case of corrected matrices, 
eqn (1) can be expressed as follows:
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where ODrt
i m,  is the corrected origin-destination matrix related to all-day round trips (rt) 

associated to purpose i and mode m.
The sixth phase consists in the temporal extension to one or more analysis periods of 

corrected matrices. In particular, the new matrices may be obtained by considering (real or 
estimated) demographic variations as in the case of the third phase.

In order to make demand elastic at least at modal choice level, it is possible to specify, 
calibrate and validate a suitable choice model by adopting traditional methodology proposed 
in the literature (see, for instance, Ref. [4]). In particular, it is necessary to:

•	 specify a utility formulation and a probability choice model such as:
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where Vj h
i m
,
,  is the utility associated to mode m in the case of purpose i during the time 

period h for travelling between the origin-destination j; βk
m  is the parameter associated to 

kth attribute of the mode m ; X j h
i m
,
,  is the kth attribute associated to mode m in the case of 

purpose i during the time period h for travelling between the origin-destination j; [ ]p mj h
i
,  is 

the probability of choosing mode m for travelling between the origin-destination j in the case 
of purpose i during the time period h;

•	 calibrate the values of parameters βk
m  by solving the following optimization problem:
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m

j h
i

k
m
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where β̂k
m  is a calibrated value of parameter βk

m ; ( )⋅L  is a likelihood function to be maximized;

•	 validate the results by means of suitable statistical tests.

The following phase consists in determining hourly matrices being consistent with the cor-
rected matrices, that is:

•	 in the time period 07:30–09:29, the hourly travel demand can be obtained by dividing by 

2 the peak hour origin-destination matrix ODph
i r, ;

•	 in the morning period (for instance, until 13:30), except in the peak hour period already 
analysed, the hourly travel demand can be obtained by dividing the outward matrix minus 

the peak hour matrix (i.e. −OD ODad
i r

ph
i r, ,  ) by adopting suitable coefficients (for instance, 

derived from previous flow studies);

•	 in the afternoon and evening period (for instance, from 13:30 onwards), hourly demand 

may be obtained by dividing the transposed of the outward matrix ODad
i r,  by adopting suit-

able coefficients.

In order to consider interaction between travel demand and the rail service, we suggest adopt-
ing the approach proposed by D’Acierno et al. [17, 29] which consists in considering explic-
itly the behaviour of passengers waiting on a platform when a train arrives. The methodology 
allows boarding, alighting and on-board passenger flows to be determined for each train, 
average passenger travel and waiting times for each time period and hence the total general-
ized cost for passengers on the rail system.

The application of the interaction model for each analysed scenario allows all terms of the 
objective function to be calculated, that is,

 Ψ = + +FC UC EC , (12)

with

 = −FC OC TR , (13)
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 = + +UC RPC MTPC RC , (14)

 = + +RPC TTC WTC TC , (15)

where Ψ  is the objective function to minimize; FC are the total costs of the firm operating 
the rail system; UC are the user generalized costs; EC are the external costs; OC are the 
operative costs of the analysed rail system; TR are the traffic revenues due to the sale of rail 
tickets; RPC are the passenger costs on the analysed rail system; MTPC are the passenger 
costs on mass-transit systems except the analysed rail system; RC are the user costs on the 
road system; TTC are the passenger costs associated to travel times; WTC are the passenger 
costs associated to waiting times; TC are passenger monetary costs. Details on the calculation 
of these terms can be found in Refs [4, 17, 19, 37].

Obviously, in order to calculate cost terms in the case of other mass-transit and road sys-
tems it is necessary to adopt a multimodal approach which consists in generating a complete 
public transport and private car network in order to calculate flows and related time and mon-
etary costs (see, for instance, Refs [4, 7, 19, 37–39]).

3 REGIONAL LINE APPLICATION
In order to show the feasibility of the proposed methodology, we applied it in the case of a 
real regional rail line, namely the Naples–Sorrento line which connects the regional capital 
(i.e. Naples) with the Sorrento peninsula (the city of Sorrento represents the line terminus) 
in the south of Italy.

As shown in Fig.1, the line, which is 41.5 km long, can be decomposed into four sec-
tions: the Naples–Barra double-track section, 4.5 km long, at the end of which there is a 
branch to Sarno; the Barra–Torre Annunziata double-track section, 15.6 km long, at the end 
of which there is a branch to Poggiomarino; the Torre Annunziata–Moregine double-track 
section, 4.4 km long, after which there is a single-track section; and the Moregine–Sorrento 
single-track section, 17.0 km long, which finishes with the line terminus. Therefore, in the 
first section there is the overlap of three lines (Naples–Sorrento, Naples–Poggiomarino and 
Naples–Sarno), in the second section the interference is limited to only two lines and in the 
third section there are bottlenecks related to the Moregine–Sorrento single-track section.

The application consists in verifying the effects of a different signalling system in terms of 
variation in the objective function. In the case of a cost–benefit analysis, intervention costs 
have to be compared with global benefits. Hence, since we want to identify the improving 
signalling system in terms of performance and not in terms of existing commercial products, 
it is necessary to calculate long-term benefits so as to define cost thresholds for implementing 
new technologies.

Branch to
Sarno

Naples Barra Torre
Annunziata

Moregine Sorrento

Branch to
Poggiomarino

Figure 1: Functional scheme of the Naples–Sorrento line.
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However, since the last line section is single track, in order to improve line performance 
and maximize the effects of a different signalling system, we also explored the possibility of 
an infrastructural intervention consisting in doubling the line (i.e. construct another track in 
order to make the line double track). Therefore, in the application, we considered the follow-
ing seven scenarios:

•	 Scenario 1 consists in considering the current framework of the line in terms of infrastruc-
ture, signalling system and timetable;

•	 Scenario 2 consists in considering the current framework of the line in terms of infrastruc-
ture and signalling system while, in terms of timetable, we maximize the number of runs 
on the Naples–Sorrento line by considering the timetable of other overlapping lines as 
invariant;

•	 Scenario 3 consists in considering the same assumption as Scenario 2 but considering the 
Naples–Sorrento line as having priority over the other overlapping lines (i.e. a run of the 
other lines can be done only if a suitable time-window is available);

•	 Scenario 4 consists in doubling the ‘Moregine–Sorrento’ section so as to make the whole 
Naples–Sorrento line double track. In this case, we consider the existing signalling system 
as invariant and the timetable optimized by maximising the number of runs and consider-
ing the timetable of other overlapping lines as invariant;

Table 1: Objective function values.

Scenario
Analysed year

2016 2026 2036 2046 2056

1 26,001,375 25,470,409 24,640,361 23,484,308 21,984,231

2 25,966,660 25,438,469 24,612,758 23,462,747 21,970,508

3 25,962,951 25,434,976 24,609,605 23,460,065 21,968,439

4 25,822,162 25,301,345 24,487,163 23,353,207 21,881,802

5 25,694,677 25,178,209 24,370,825 23,246,337 21,787,218

6 25,030,696 24,533,087 23,755,185 22,671,758 21,265,919

7 22,935,558 22,488,373 21,789,297 20,815,657 19,552,276

Table 2: Variations in the objective function.

Scenario
Analysed year

2016 2026 2036 2046 2056

1 – – – – –

2 –0.14% –0.13% –0.12% –0.10% –0.06%

3 –0.16% –0.15% –0.13% –0.11% –0.07%

4 –0.74% –0.71% –0.67% –0.60% –0.49%

5 –1.26% –1.22% –1.16% –1.08% –0.95%

6 –3.93% –3.87% –3.78% –3.63% –3.42%

7 –12.20% –12.11% –11.96% –11.73% –11.40%
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•	 Scenario 5 consists in considering the same assumption as Scenario 4 but considering the 
Naples–Sorrento line as a priority over the other overlapping lines (i.e. a run on other lines 
can be undertaken only if a suitable time-window is available);

•	 Scenario 6 is similar to Scenario 5 but considers a new signalling system which allows a 
headway of 3 minutes between two successive rail convoys;

•	 Scenario 7 is similar to Scenario 6 but considers a headway of 2 minutes between two 
successive rail convoys.

The application of the proposed methodology in the case of the above seven scenarios is 
summarized in Tables 1 and 2.

Numerical results show that only the timetable optimization (i.e. Scenarios 2 and 3) pro-
vides limited improvements, which are lower than 0.2%. In this context, complete replace-
ment of the signalling system is not sufficient to improve line performance since the real 
issue is the single-track section. For these reasons, although simple doubling of the line (Sce-
narios 4 and 5) provides even limited improvements (<1.5%), it allows us to benefit fully 
from creating a different signalling system which allows the current minimum headway of 
4.62 minutes to be modified.

4 CONCLUSIONS AND RESEARCH PROSPECTS
The analysis of any transportation system requires implementation of a cost–benefit approach 
where long-term estimation of travel demand is a major requirement. In this context we 
proposed a method based on the use of different source data and applied it in the case of a 
regional rail line.

Analyses showed that, in the context considered, the existence of a single-track section 
represents the main limitation in line improvements. However, the only infrastructural inter-
vention, whose costs are about €300–800 million, does not provide significant improvements 
unless coupled with the replacement of the signalling system.

In terms of future research, we suggest applying the proposed methodology, based on data 
from Italian sources, in other contexts both vis-à-vis other Italian railways (in order to verify 
the reliability of the adopted datasets) and other non-Italian railways (in order to test the 
methodology in the case of different source data).
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abSTracT
The choice of university studies is one of the main socio-economic categories that is affected by the 
quality of public transport services and in particular rail transport. This category is characterized to 
cover medium to long distances to reach, every day, the place of study. for this reason, among the 
urban sustainable policies, the mobility choices of the university students have long been analysed 
in literature. The aim of this paper was to estimate the effect of railway accessibility on the choice of 
university studies.

The university of Naples  federico II (Italy) is taken as the case study. In the spring of 2014, using 
the database obtained from the registry office of the university the following were investigated:

– the origin of the daily trips (residential address); 
– the trip frequency and the departure/arriving time; 
– the modes or sequence of modes used; 
– the perceived public transport quality (e.g. travel time, comfort).

To evaluate the catchment area of the university and for analysing what attributes influence the choice 
of university studies (in particular the ‘weight’ of a specific railway accessibility), a regression model 
was used. among the model attributes educational course variables, home–university distance and a 
constant-specific attribute were also considered.

The result of the study shows the surprising role of railway accessibility in the choice of university 
studies; to travel from a station within 900 m from home is equivalent (in terms of perceived utility) to 
travel every day a distance greater than 28 km to reach the university.
Keywords: geographical distribution of students’ residences, logistic function, railways stations, trans-
port accessibility.

1 INTrODucTION
among the urban sustainable policies (e.g. [1–3]), the mobility choices of the university stu-
dents have long been analysed in literature. This category is characterized to cover medium 
to long distances every day to reach the university. In many cases the distance between the 
students’ residence and the university, although long, is not encouraging the students to rent a 
room in a dorm near the university for economic, logistic or cultural reasons. In this case the 
students choose to travel several kilometres every day to reach the university.

although much attention has been given by the scientific literature to the  accessibility effects 
on the mobility choices ([4–8]), little attention has been given to the choices of  university studies.

In the Italian context, in the recent years, only a few universities (e.g. university of Milan [9, 
10]) have carried out a mobility survey to investigate the student transport choice. The results of 
this study show that the public transport accessibility (in particular railway services) influences 
the attendance of the students for university activities. for example, from the survey carried out 
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in Milan [9], it appears that the number of students who come from the areas that are served 
directly by the railway lines is higher. however, in this study, it is not considered if and how 
much the railway accessibility influences the choice of the students in deciding which university 
to choose for their education. The choice of the students in  deciding which university to enrol is 
only analysed with respect to the attributes related to the characteristics of the university (e.g. the 
institute’s scientific reputation, curriculum of  teachers, infrastructural qualities, etc.) (e.g. [11]) 
or with respect to possible job  opportunities that the university can offer (e.g. [12]). In this study, 
however, the variables related to the quality and the accessibility of the public transport are not 
considered while  how this  variable influences the users’ choices is demonstrated (e.g. [13–16]).

based on these considerations, in this work, the effects of railway accessibility on the 
choice of university studies are estimated through the following:

a. Quantify the geographical distribution of the students’ residences from the technical and 
scientific departments of the university of Naples (campania, Italy).

b. estimate (and so quantify), through a regression method, the weight of a rail service 
 attribute (railway accessibility) in the choice of university studies.

This paper is divided into three parts: in the first section, for the specific case study, the 
geographic distribution of students’ residences is analysed; in the second part, through a 
logistic regression model, the weight of railway accessibility is quantified. In the last part 
conclusion and research perspectives are summarized.

2 caSe STuDy
The university of Naples federico II is taken for the case study. This university with more 
than 150 years of history is one of the oldest and most prestigious universities in Italy. It is 
placed in the city of Naples (campania region in southern Italy) (fig. 1).

In this part of the research, the analysis focused only on the technical and scientific depart-
ments of the university of Naples: architecture, biology and biotechnology,  chemistry, 
Physics, engineering, Mathematics, computer Science, Natural Sciences, and earth Science. 
all these departments are located in the west of Naples. These departments are served by 
two metro lines: the line 2 of Naples that reaches the Garibaldi station, the most important 
 interchange point of the city, and cumana line that connects the historical centre of Naples and 
the northern municipalities. To analyse the geographic distribution of the students’  residences, 
the database available at the registry office of the university was consulted. This database 
gives information about the residences (address), age and gender of all  students. The results 
show that 71% of the students reside in the centre of Naples city and in its  province (fig. 2). It 
is interesting to note that the percentage of students who are not residents in  campania region 
is negligible. This result is in line with the other Italian universities (e.g. [17]).

Through a geographic information system software, the geographic distribution of stu-
dents’ residence is presented in a territorial map. for clarity of presentation, in fig. 3, only 
the main portion of the region (for which 80% of the university students showed interest) 
is reported. This area is divided into traffic zones. In fig. 3, the rate of students (university 
students for the academic year 2013/2014 among 1,000 inhabitants) for each single traffic 
zone is shown. It is evident that the distribution of the rate of students is not homogenous; the 
higher value is in the western part of the territory where the departments analysed are placed. 
This result would seem to indicate that one of the factors that influences the choice of the 
university is ‘proximity effect’. In other words the distance between the students’ residences 
and the university influences the choice of the university.
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figure 1: case study.
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figure 2:  The residence of students of the technical and scientific departments of the univer-
sity of Naples federico II.



342 I. Henke, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 

considering the data about zoning used in fig. 3, a cumulative distribution of students/
inhabitants based on the distances (km) is estimated (fig. 4). The comparison of two 
 diagrams confirms the proximity effect as introduced earlier. for example, 87% of stu-
dents live within a distance of 50 km from the departments analysed against the 68% of 
inhabitants.

The geographic distribution of students’ residences is also analysed based on the distance 
from the railway stations (railway accessibility). figure 5 shows the railway lines that have a sta-
tion near the university and the other metropolitan of Naples the line 1. from fig. 5 it could be 
observed that the rate of students is higher in areas that are served by rail service. Mostly 50% of 
the university students live within a distance shorter than 1.5 km from the railway station.

This result shows that the choice of university is influenced not only by proximity effect, 
but also by the distance between the students’ residences and the railway station (railway 
accessibility).

3 MODel eSTIMaTION
from the geographical distribution of residences of the students who belong to the techni-
cal and scientific departments of the university of Naples (campania, Italy) (described in 
the above paragraph “The case Study”), it is determined that the choice of university is 

department location of
technical-scienti�c area of
University Federico II  

Students / 1000 inhabitants

figure 3:  rate of students (university students/1,000 inhabitants) of the technical and scien-
tific departments of the university of Naples federico II.
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influenced by the distance between the students’ residences and the university and by the 
distance between the students’ residences and the railway station (transport accessibility). 
To estimate the effect of railway accessibility on the choice of university studies, a logistic 
regression model was used [18, 19].

logistic regression measures the relationship between a dependent variable (y) and one 
or more independent variables (x

i
) [18]. To estimate the probabilities, a logistic function, 
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figure 4:  The cumulative distribution of distances (km) between the technical and scientific 
departments of the university of Naples federico II and the residence of inhabitants 
of campania and enrolled students. 
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figure 5:  The rate of students (university students/1000 inhabitants) of the technical and 
scientific departments of the university of Naples federico II.



344 I. Henke, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 

which is the cumulative logistic distribution, was used. The aim was to estimate the inde-
pendent variable (x

i
) that influences the rate of students in different areas. The formula used 

to describe this phenomenon is as follows:

     
∑ β

=
+ −











y
x

1

1 exp *
i

j j j

,  
(1)

where
y

i
 is the rate students in the ith zone.

x
j
 is the jth parameter considered.

β
j
 is the generic jth parameter of the model.

considering the zoning data described in Section 2 and through the Gretl software [20], 
different systematic utility functions were specified. Table 1 reports the best tested attributes 
and those that are statistically significant.

The attributes of the model that are statistically significant are the following:

•	 Distance
od

 (km): it is measured considering the minimum path in street network between 
the university and the area where the residences are;

•	 Other university
i
 (1,0): a boolean variable that assumes value 1 if the residences are in 

the same zone where the other universities are (which are different from the technical and 
scientific departments discussed); it is 0 otherwise;

•	 railway accessibility
i 
(1,0): a boolean variable that assumes value 1 if the walking dis-

tance between the residences area and the railway station is less than 900 m (this threshold 
was estimated);

•	 constant-specific alternative: it considers other phenomenon that influences the users’ 
choice but has not been explicitly taken into account through the other variable.

The values estimated were compared to the result of other studies (e.g. [21–25]).
One of the most interesting results is related to the values of railway accessibility: compar-

ing the value of parameters estimated in the model, it is observed that to travel from a station 
at a distance less than 900 m (subway) is equivalent (in terms of perceived utility) to travel 
every day a distance greater than 28 km to reach the university.

Table 1: Model estimation results.

Parameter Model 

distance
od

 [km]
Std. Error/t-test

–0.01
0.01 to 2.60

other university [1,0]
Std. Error/t-test

–0.35
0.18 to 1.90

railway accessibility [1,0]
 Std. Error/t-test

0.28
0.17 to 1.67
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4 cONcluSION aND reSearch PerSPecTIVe
The aim of this paper was to estimate the effect of railway accessibility on the choice of uni-
versity studies through the following:

a. The analysis of the geographical distribution of the residences of the students enrolled in 
the technical and scientific departments of the university of Naples federico II.

b. The estimation, through a regression method, of the weight of a rail service attributes 
(railway accessibility) to the choice of university studies.

The geographic distribution of the students’ residences shows that the students prefer to 
live in areas which are in close ‘proximity’ to the university. for example, 87% of students 
live within a distance of 50 km from the departments analysed against the 68% of inhabitants. 
In addition, mostly 50% of university students of the technical and scientific departments of 
the university of Naples federico II travel a distance shorter than 1.5 km from the railway 
station. To evaluate the ‘weight’ of a specific railway accessibility attribute, a regression 
model was used. The result of the study shows the surprising role of railway accessibility in 
the choice of university studies: to travel to a station within 900 m from home is equivalent 
(in terms of perceived utility) to travel every day a distance greater than 28 km to reach the 
university.

This result shows that the public transport, and in particular the railway transport,  influences 
not only the attendance of students for university activities, but also the choice of students in 
deciding which university to choose for their education.

The research prospective is to also consider  the level of attributes of the railway services in 
the choice model (e.g. time

od
, cost

od
). In this way, the proposed model could be applied within 

the optimization planning procedures (e.g. [26]) in case of unexpected events too (e.g. [27, 28]).
The research prospects will include the following:

•	 extending this analysis to all departments of the university of Naples federico II; 

•	 evaluating the attributes that influence the choice of university studies (in particular, the 
‘weight’ of specific attributes and the level of service of public transport) and discovering 
a discrete choice model.
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abSTRacT
The costly construction and operation of urban rail transit have become escalating problems for cities 
worldwide, especially in developing countries. Reliable measures of residential property appreciation 
for urban rail transit can provide suggestions for policy-making of value capture to fund transit im-
provements. using gIS techniques and residential property price data, the relationships between acces-
sibility improvement value and residential property appreciation are analysed in Shanghai. The impacts 
of urban rail transit on residential property values are classified into traffic effect and agglomeration 
effect, both of which are measured by the accessibility improvement model. The results indicate that the 
goodness-of-fit of the model is greater than 93%. Traffic benefit is greater than agglomeration benefit 
in the suburb, which is completely different in the city centre. furthermore, the residential property 
appreciation is about 5 times the accessibility improvement value per year. This study contributes to 
the evidence of capitalization impacts of public transit from a booming and transitional economy and 
provides suggestions for land use planning of areas surrounding stations.
Keywords: accessibility, agglomeration benefit, residential property appreciation, traffic benefit, 
transit-oriented development, urban rail transit.

1 INTRODucTION
Traditional funding mechanisms, particularly for urban rail transit investments, have become 
increasingly inadequate, especially in china, a developing country. because of the costly 
construction and operation, chinese State council had issued a notification to suspend all the 
underground rapid transit projects in the mid-1990s. medda [1] presented that land value cap-
ture finance is often seen as an alternative method of revenue generation for urban rail transit 
systems. although quantitative methods have been applied for nearly 20 years in china, the 
appreciation results according to different researchers are quite different, even for the same 
research object. Such differences may be due to the methods introduced from abroad which 
are not suitable for china. for example, the comparison method [2–4] can hardly be a fit in 
china because most cities have diverse land use and high-density land development. These 
land use patterns result in that it is extremely difficult to find a control area which has similar 
characteristics to its paired catchment area. The traffic cost method assumes that the city is 
mono-centric and the factors affecting residential property values are uniformly distributed 
while most chinese cities are typically multi-centric or cluster-developed and have more 
than one central business District (cbD) in a city. The hedonic price model tries to estimate 
the implicit value of the determinant factors on the prices of heterogeneous goods [5, 6] 
by using the residential property transaction data and characteristics description, which are 
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easily obtained in many developed countries but difficult to be obtained currently in china. 
So a new approach to measure the impacts of urban rail transit on residential property values 
should be made. This paper considers the essential impact factors and quantifies them from 
the point of view that the main function of urban rail transit is to improve accessibility. using 
gIS techniques and residential property price data, the relationships between accessibility 
improvement value and residential property appreciation are analysed in Shanghai.

2 acceSSIbIlITy ImPROVemeNT mODel

2.1 Impact factor analysis

The primary function of urban rail transit is to improve travel accessibility around station 
areas. at the same time, it can promote land development, population gathering and job 
growth. although these agglomeration benefits are some kind of economic phenomenon, 
the major reason is the convenient transportation from other origins to the stations by 
urban rail transit, which is called attract accessibility. Therefore, the impacts of urban 
rail transit on residential property values can be divided into two parts. One is travel ben-
efit, called travel accessibility improvement. The other is agglomeration benefit, called 
attract accessibility improvement. however, rail transit may also bring negative impacts 
to property value [1, 7, 8]. Since the negative impacts are factored into the final transac-
tion price, they are ignored in this article. The accessibility improvement model will be 
established as follows.

2.2 modelling

No matter what the purpose of a trip, it will take a certain amount of cost. If the construction 
of a new transport facility reduces the original travel costs, the reduced part can be regarded 
as benefits brought by the new transport facility. Therefore, the accessibility improvement 
provided by urban rail transit is defined as the decrease of travel costs after the operation of 
urban rail transit. Since the most public transit trips within a city rely on bus transit before 
the construction of urban rail transit in china, the travel costs before the operation of urban 
rail transit

 
are supposed to be the travel cost by bus transit. although the bus transit also has 

slight impact on residential property values, it is not discussed in this study. for a generalized 
travel starting from a rail station, the generalized destinations are identified as areas within 
walking distance from other stations in the urban rail transit network of the city [9]. So 
the accessibility improvement is the weighted average of generalized travel cost differences 
between urban rail travels and bus travels starting from a rail station to areas within walking 
distance from other stations.

2.2.1 Travel accessibility improvement
from the residence to the starting rail station, shuttle transportation modes are generally 
required, such as walking, cycling, bus, taxi or private car in china. because of the high cov-
erage density of bus stops, the default shuttle transportation mode of bus is walking. So the 
travel accessibility improvement of a generalized travel from the residence to a generalized 
destination is the sum of the shuttle transportation accessibility improvement and the travel 
accessibility improvement excluding the shuttle transportation.
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first, the shuttle transportation accessibility improvement expression is as follows:

 ∆ ∑γ( ) ( ) ( )= − ⋅
=

C r C r r C r( )i d k rk
k

K

1
, (1)

where r is the network distance from the residence to the starting rail station. ( )C rd is 
the generalized shuttle transportation cost from the residence to the starting bus stop.γ ( )rk is 
the sharing rate of the shuttle transportation mode k (k =1, 2, 3… K, and K is the number of 
the shuttle transportation modes). ( )C rrk is the generalized shuttle transportation cost from 
the residence to the starting rail station by mode k. The generalized shuttle transportation 
costs include fares, travel time and private transportation depreciation charges, all of which 
are converted to a unified monetary unit by the time value [9].

Second, the travel accessibility improvement excluding the shuttle transportation is calcu-
lated as follows:
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whereω ij1 is the travel importance weight from the rail station i to j (j = 0, 1, 2, …, J, and 
j ≠ i, J is the number of urban rail transit stations within the city).Cijd is the generalized travel 
cost from the bus stop near the rail station i to the bus stop near the rail station j by bus.Cijr
is the generalized travel cost from the rail station i to j by urban rail transit. Ejm is the number 
of job m in the impact range of the rail station j (m =1, 2, 3, …, M, and M is the number of 
job types).αm is the number of attracting visitors per job m (obtained by survey). E m0 is the 
number of job m in the impact range of the centre station.Ci r0 is the generalized travel cost 
from the rail station i to the centre station. The serial number of the centre station is 0. The 
generalized travel cost includes fares, travel time, transfer time and transfer punishment, all 
of which are converted to a unified monetary unit by the time value [9].

assuming that the urban per capita daily travel frequency is n
iy
 in the impact range of the 

rail station i in year y, the travel accessibility improvement per capita in year y is as follows: 
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where the indicators which have the subscript y are the corresponding values in year y; t is 
the service time of urban rail transit.

2.2.2 attract accessibility improvement
The agglomeration benefits around urban rail transit stations are also attributed to convenient 
transportation from other origins to the stations by urban rail transit. Therefore, the attract 
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accessibility improvement is the weighted average of generalized travel cost differences 
between urban rail travels and bus travels from other origin stations to the destination sta-
tion i. assuming that the urban per capita daily travel frequency is n

y
 in the city in year y, the 

attract accessibility improvement per capita in year y is as follows:
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where Biy is the attract accessibility improvement per capita in year y. ω ij2 is the travel impor-
tance weight from the rail station j to i (j = 0, 1, 2, …, J, and j ≠ i). Eiy is the number of jobs in 
the impact range of the station i in year y. , N Njy y0 are the resident population in the impact 
range of the rail station j and the centre station. Jy is the number of urban rail transit stations 
within the city in year y.

2.2.3 accessibility improvement model
In summary, the accessibility improvement model is as follows:

 
= +D r A r B( ) ( )iy iy iy .
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assuming that the residential area per capita in the impact range of the rail station i is s
iy
 in 

year y, the accessibility improvement by urban rail transit for per square metre of residential 
in the impact range of the rail station i is as follows:
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3 ReSIDeNTIal PROPeRTy aPPRecIaTION calculaTION meThOD
although the benefits associated near a rail station and other benefits are not easy to distin-
guish, Wu and ye [10] designed a method to separate the benefits of urban rail transit from 
other benefits. The specific process is shown as the following.

The characteristics of residential property are generally divided into physical characteris-
tics, neighbourhood characteristics and location characteristics [7, 8, 11, 12], which are the 
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main factors affecting residential property values. The impact scope of urban rail station on 
residential property value is about 500 to 2000 m radius around a station, depending on the 
location of the station in the city and the size of the urban area. Within the same impact scope, 
most neighbourhood characteristics and location characteristics are generally similar. If the 
physical characteristics are controlled to be the same, the difference between the prices of 
residential property in different places within the same impact scope should only be caused 
by the distance to the nearest rail station. 

Within the impact scope of a rail station, residential districts which have the similar physi-
cal characteristics are chosen as the research sample. a scatterplot about the average price 
per square metre and the distance to the station is drawn. Then a quadratic curve is adopted 
to fit the scatterplot. The inflection point of the price curve is the border of the impact scope, 
where the residential property appreciation is considered to be zero. The residential property 
appreciation at a certain place within the impact scope is calculated as follows: 

 
∆ = −P P Pil il i0, (7)

where ∆Pil is the average appreciation per square metre of the residential district l within 
the impact scope of the station i (l = 1, 2, 3, …, L, and L is the sample set size for the sta-
tion i). Pil is the average price per square metre of the residential district l within the impact 
scope of the station i. Pi0 is the average price per square metre of the residential district on the 
border of the impact scope. If the calculated result is positive, it means the impact of urban 
rail transit on residential property value is positive; otherwise, the impact is negative. 

4 STuDy aRea aND DaTa
The study area is the city of Shanghai, located in the yangtze River Delta in east china. 
Shanghai is one of the global financial centres, with a population of more than 25 million 
as of 2014. as of the end of June 2014, 14 rail transit lines have been operated in Shang-
hai (excluding the maglev line). Shanghai metro line 11 crosses from the cbD to the 

figure 1: Shanghai metro line 11.
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north-western outskirts of Shanghai. To ensure that the impact scopes of adjacent stations do 
not overlap and the residential property price data within the impact scope is rich and evenly 
distributed, 16 newly built stations of line 11 between 2009 and 2013 are taken into consid-
eration as a case study (see fig. 1).

Data for this study are gathered from various sources and all of them are from 2014 to main-
tain consistency. The accessibility improvement data include information of rail travel, bus 
travel, population and employment. Rail travel information comes from the Shanghai metro 
official web site; bus travel information comes from the Shanghai gIS map with the city’s bus 
transit network loaded; population and employment information come from Shanghai Statisti-
cal yearbook and field survey. The residential price data come from various online real estate 
platforms and include information of average price per square metre and network distance to the 
nearest station for 2,236 residential districts which have similar main physical characteristics. 

The parameters that cannot be obtained by actual survey will be referred to previous 
research literature and reports. The waiting time is set as half of the departure interval in the 
peak period; the time value is set as 20 yuan per hour referring to the income level per capita 
in Shanghai (Shanghai Statistical yearbook, 2013); the daily travel frequency per capita is 
set as 2 referring to the report on the fourth comprehensive traffic survey in Shanghai (2010); 
the residential area per capita is set as 30 m2 referring to Statistical bulletin of urban hous-
ing Overview (2003) and Shanghai Statistical yearbook (2013); the penalty coefficient of the 
shuttle transportation time, waiting time and transfer time is set as 1.5 compared to the time 
on the subway or in the bus. 

5 ReSulTS aND DIScuSSION
by eqns (3–7), the travel accessibility improvement average per square metre Ai , the attract 
accessibility improvement average per square metre Bi and the residential property average 

appreciation per square metre ∆Pi within the impact scope of each station could be calculated. 
The results and analysis are shown in Table 1. T

i
 is the travel time by urban rail transit from 

the station i to the city centre station.Di is the sum of Ai and Bi ;Hi is the ratio of Ai and Bi .
It can be seen from Table 1 that both of the residential property average appreciations 

and the accessibility improvement average values show the trend that they are larger in the 
suburb but smaller in the city centre in Shanghai. The relationship between the travel acces-
sibility improvement and the attract accessibility improvement will be discussed, as well as 
the relationship between the accessibility improvement and the residential property average 
appreciation. 

5.1 Relationship between travel accessibility improvement and attract accessibility 
improvement

It can be seen from Table 1 that H
i
 increases significantly with the increase of travel time 

to the city centre station (see fig. 2). In the station areas away from the city centre (anting, 
North Jiading, Jiading Xincheng, Nanxiang, Taopu Xincun, Sanlin, east Sanlin, Pusan Rd. 
and luoshan Rd.), the ratio is 1.5–2, suggesting that the travel benefit is 1.5–2 times the 
agglomeration benefit. In the station areas close to the city centre (liziyuan, Zhenru, caoy-
ang Rd., Jiangsu Rd., Xujiahui, longhua and longyao Rd.), the ratio is less than 1, suggest-
ing that the travel benefit is less than the agglomeration benefit.

The quality of public transportation in the suburb is generally worse than that in the city centre 
in chinese cities. after the construction of the urban rail line, the transportation around the subur-
ban station is improved significantly. So the travel benefit is more than the agglomeration benefit 
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Table 1: Results and analysis of the accessibility improvement and the residential property 
average appreciation.

Station name T
i
 (min) Ai  

(yuan m−2)

Bi  
(yuan m−2)

∆Pi  
/(yuan m−2)

Di  
(yuan m−2)

Hi

anting 65 334.3 175.7 2417.9 510.0 1.902
North Jiading 60 336.9 172.2 2395.7 509.1 1.956
Jiading 
Xincheng

50 368.0 189.8 2827.0 557.8 1.939

Nanxiang 41 233.9 124.6 2087.3 358.5 1.877
Taopu Xincun 37 182.8 101.2 1314.2 284.0 1.805
liziyuan 29 153.4 172.0 1928.0 325.4 0.892
Zhenru 24 120.5 140.6 1369.6 261.1 0.857
caoyang Rd. 19 141.2 224.5 1820.6 365.7 0.629
Jiangsu Rd.  8  56.2  91.9 1102.9 148.1 0.611
Xujiahui 12  91.7 147.1 1232.1 238.8 0.623
longhua 24 128.3 147.6 1555.3 275.9 0.869
longyao Rd. 26 207.7 223.4 2063.4 431.1 0.930
Sanlin 28 247.3 164.9 2286.3 412.2 1.5
east Sanlin 30 252.0 168.0 2092.3 420.0 1.5
Pusan Rd. 32 251.5 167.7 2188.4 419.2 1.5
luoshan Rd. 40 414.1 276.1 3773.0 690.2 1.5

figure 2: Relationship between H
i 
and the travel time to the city centre station.
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in the suburban station areas. On the other hand, the introduction of the urban rail line attracts 
more travellers over a long distance to the station areas close to the city centre on employment 
and consumption. So the agglomeration benefit is more than the travel benefit in the urban station 
areas. That is the reason why the relationship between the travel benefit and the agglomeration 
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benefit in the suburban station area and in the urban station area is distinct. further explanations to 
this phenomenon will be made by analysing representative stations as below. 

5.1.1 luoshan Rd. station
luoshan Rd. station is in the suburban area of Shanghai, and the linear distance to the city 
centre is about 15 km. before the opening of the rail station, public transportation was very 
poor (see fig. 3).

after the opening of luoshan Rd. station, public transportation is improved significantly. 
There are 9 bus stops in the range of 500 m around luoshan Rd. station, which is convenient 
for travellers to transfer from bus to subway (see fig. 4). 

(a) Bus stop not in use around the station. (b) Land use around the station.

figure 3: Public transportation and land use before the opening of luoshan Rd. station.

500m

Nm

200 4000

Bus stop

Luoshan Rd. station

figure 4: bus stops in the range of 500 m around luoshan Rd. rail station.
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fiugre 5: Xujiahui core area development after the opening of rail lines [13].

(a) Xujiahui core area in the 1980s. (b) Xujiahui core area in 21st century.

figure 6: 500 m walking distance around Xujiahui station.

500m

500m

500m

Nm

200 4000

Xujiahui Station in Line 11
Xujiahui Station in Line 9

Xujiahui Station in Line 1

5.1.2 Xujiahui station
Xujiahui station is a three-line transfer station of line 1, line 9 and line 11, located in the Shang-
hai core area. Xujiahui is one of the four commercial circles in Shanghai. agglomeration benefits 
are strengthened significantly due to the opening of rail lines, which can be seen in fig. 5.
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line 1 and line 9 were opened in 1993 and 2007, respectively. line 11 was opened in 2009 
and brought convenience for travellers from Jiading district to the city core area. The opening 
of line 11 also expanded the scope of the 500 m walking distance around Xujiahui station, 
as the shaded part shows in fig. 6. 

Through the analysis given earlier, the traffic benefit is greater than the agglomeration 
benefit in suburban area, which is completely different in the city centre. Therefore, the sub-
urban station should be considered to strengthen the traffic function and improve the shuttle 
transportation while the urban station should be considered to connect with the surrounding 
commercial building and provide convenience for travellers when planning urban rail transit 
stations. 

5.2 Relationship between accessibility improvement and residential property appreciation

The accessibility improvement average value is significantly associated with the residential 
property average appreciation (see fig. 7).

The fitting function coefficient is 4.77, close to 5, suggesting that the residential property 
appreciation is about 5 times the accessibility improvement value per year. The goodness-of-
fit of the model is greater than 0.93. In theory, the fitting line should be through the origin of 
coordinates. In fact, the intercept is 176.63 in this case study because of bias. but compared 
to the appreciations level, the intercept is close to zero. 

6 cONcluSIONS
The introduction of urban rail transit benefits to the accessibility and land development of the 
city. One of the most significant benefits is the impact on property values. a new approach 
which researches the impacts of urban rail transit on residential property values has been 
proposed here. The impacts of urban rail transit on residential property values have been clas-
sified into traffic effects and agglomeration effects, which are measured by the travel acces-
sibility improvement and the attract accessibility improvement, respectively. a case on 16 
stations of Shanghai metro line 11 has been studied to verify the accessibility improvement 
model, whose goodness-of-fit is greater than 93%. both of the residential property average 
appreciation and the accessibility improvement average value show the trend that they are 

y = 4.7732x + 176.63
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figure 7:  Relationship between the accessibility improvement average value and the residen-
tial property average appreciation per square metre.
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larger in the suburb but smaller in the city centre. Traffic benefit is greater than agglomeration 
benefit in the suburb, which is completely different in the city centre. furthermore, the resi-
dential property appreciation is about 5 times the accessibility improvement value per year.

It should be noted that the research findings are subject to the specific selected data samples 
and only reflect the case of Shanghai metro in the given period of examination. future studies 
will consider a more detailed and generalized analysis of such phenomenon for other cities in 
developing countries like china, as property value impacts of urban rail transit consist of the 
basis for value capture, providing finance in the development of new rail lines. 
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OPTImIzaTION SySTem Of ReSeRVeD/NON-ReSeRVeD 
SeaTINg PlaNS fOR ImPROVINg CONVeNIeNCe aND 

ReVeNue Of INTeRCITy exPReSS TRaINS
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abSTRaCT
In Japan, seating plans of reserved/non-reserved seats in intercity express trains do not nec-
essarily correspond to passenger demands which may vary depending on many factors such 
as calendar days and operating sections. This mismatch possibly causes passengers’ incon-
venience due to passenger congestions on board, and railway operators can lose revenue. 
Optimizing seating plans is expected to be an effective solution for these problems, where 
predicting both potential passenger demands and reflections to the potential demand caused 
by the passenger congestions is necessary.

for establishing the prediction methods, we conducted some demand analyses and some 
questionnaire surveys. according to these results, we establish demand estimation models of 
reserved/non-reserved seats which can consider potential demands and behaviour changes 
if the passengers face congestion. We developed a prototype of seating plans optimization 
system applying these models, simulation of passengers’ behaviour and genetic algorithm. 
This paper describes these models, the optimization system and the result of applying this 
system to some existing intercity express trains as a case study. We got the optimized seat-
ing plan which is expected to improve both of the passengers’ convenience and the railway 
operators’ revenue.
Keywords: congestion, genetic algorithm, intercity trains, potential demands estimation, revenue man-
agement, seat reservation, second best choice behaviour.

1 INTRODuCTION
In Japan, seating plans of reserved/non-reserved seats in intercity express trains do not neces-
sarily correspond to passenger demands, because the demand is more flexible than the seat-
ing plans (minami et al. [1]). This problem possibly causes passengers’ inconvenience, and 
railway operators can lose revenue. We suppose optimizing seating plans is expected to be an 
effective solution, as described in Shibata et al. [2, 3].

This paper describes the seating plans optimization system we have developed and the 
models involved in the system, which estimate potential demands and passengers’ behaviour. 
by conducting a case study, we can show that the optimized seating plan improves both the 
passengers’ convenience and the railway operators’ revenue.

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
www.witconferences.com
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1.1 abbreviations and terminologies

In this article, we use the following abbreviations:

RS(s)  – reserved seat(s).
NRS(s) – non-reserved seat(s).
ICT(s) – intercity express train(s).
lf – load factor.

We also use the terminology ‘OD’. This is the combination of ‘origin’ and ‘destination’ 
stations of passengers’ travel.

2 eSTablIShINg POTeNTIal PaSSeNgeR DemaNDS eSTImaTION mODel

2.1 existing revealed demand data

To estimate the potential demand, we have to know the revealed demands of the target ICTs. 
We can get three kinds of the revealed demand data as described in Table 1. We use these data 
to calibrate the potential passenger demands estimation model.

(1) Sales results accumulated in seat reservation system
all RSs are sold through the seat reservation system. We can get sales results of RSs for all 

days and trains from the system. by using these data, we can observe all passengers’ OD. We 
have to consider that the sales results do not necessarily correspond to the revealed demands; 
the tickets may not necessarily be used in accordance with their validity. We also have to 
consider that we cannot get the sales results of NRSs from these data.

(2) OD survey for ICTs
for some ICTs, OD survey has been conducted to gain the OD data. usually this survey is 

carried out in some weekdays per year, by collecting used tickets.
from this survey, we can observe OD data of not only RSs passengers but also NRSs 

passengers with relatively higher accuracy. On the other hand, we cannot grasp short-term 
change (e.g. seasonal change) of the demand from this survey, because this survey is annual.

(3) Visual count of ridership
The train conductors of ICTs have to report the number of ridership in predetermined target 

sections. They walk through the train and generally count the passengers in each seat class. 
If the target section consists of some station-to-station sections and some passengers get on 
board or drop off within the target section, the record should be the maximum number of 
ridership through the target section. The most important feature of these data is that they are 
recorded through all days, all trains and all of the seat classes. by analysing them, therefore, 
we can recognize the changes of the demands depending on the season, the day of the week, 
etc. On the other hand, we have to consider some defects of them – their accuracy is relatively 
low compared to other data and they are not OD data.

2.2 an online survey

To establish the potential passenger demands estimation model for NRS, we conducted an 
online survey. In this survey, we asked how passengers behave when they want to board NRS 
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and face passenger congestion. The outline of the survey is described in Table 2. We also 
asked how passengers choose their seat class to board and the impact of the price difference 
between RS and NRS (Nakagawa et al. [4]).

The results are shown in Table 3. most of the passengers want to get a seat in NRS, although 
there are only few seats available in NRS. On the other hand, if there is no seat available (i.e. 
they have to be standing in deck or aisle), 35% of them avoid boarding the NRS.

Table 2: Outline of the online survey.

Target of the survey Persons who:
–  belong to the age group between the age of a high school 

 student and a 69 years old
– live in Japan (excluding Okinawa Pref.)
–   have experiences to get on the ICT (not including Shinkansen 

super express) operated by JR (Japan Railways) in last one year

Period of the survey from 30 January to 13 february 2014
Number of answerer Target: 8,130

Valid response: 6,036 (response rate: 74.2%)

Table 3:  answers for ‘how do you behave when you want to board NRS and face passenger 
congestion?.’

Do not mind mind a little 
but not feeling 
 uncomfortable

board the ICT 
although feeling 
uncomfortable

feeling uncomfortable 
and do not board the 

ICT

(1) 3,758 1,616  562  100
(2) 3,357 1,854  628  197
(3) 3,134 1,989  743  170

Table 1: existing real demand data.

(1)  Sales results  
recorded in seat 
 reservation system

(2)  OD survey for ICTs (3)  Visual count of 
ridership

method to get 
the data

from the seat reservation 
system

Collecting used tickets Visual count by the train 
conductors

Type of the data OD OD Ridership on target 
 sections

Date all days Target date of the survey all days

Seat type RS and first-class seats all types all types

features OD data of RS are 
 available

OD data of NRS are 
 available

Demand data on all days 
and of all seat types are 
available

Demerits Do not always correspond 
with revealed demands

Cannot grasp short-term 
change of the demand from 
this data

less accuracy than other 
data

(continued)
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Do not mind mind a little 
but not feeling 
 uncomfortable

board the ICT 
although feeling 
uncomfortable

feeling uncomfortable 
and do not board the 

ICT

(4)  832  714 2,388 2,102
(5)  501  350 1,989 3,196

(1)  both the window seat and the aisle seats are available (for all empty seats, and adjacent, front and rear 

seats are occupied)

(2) There are some window seats available but the aisle seats are fully occupied (ditto)

(3) There are some aisle seats available but the window seats are fully occupied (ditto)

(4) Cannot be seated due to full occupancy (but no one stands in the deck)

(5) Cannot be seated due to full occupancy and the deck is crowded

2.3 The POTeNTIal PaSSeNgeR DemaNDS eSTImaTION mODel
We established the potential passenger demands estimation model from the data described 
above. The outline of the model is shown in fig. 1. This model estimates the potential OD 
data of some ICTs on a particular date from the revealed demand data of the ICTs. because 
there are few revealed OD data for NRS, we tried to estimate the potential OD data indirectly; 
i.e. this model estimates the ridership on some sections and converts them into OD data.

(1) Calculate the average of the counts of ridership reported on the same date over the past 
years, where we consider the structure of calendar date. This is treated as the revealed 
ridership on the section on the target date and train.

(2) from the estimated ridership calculated in (1), we estimate the potential ridership, by 
using the equation describing the relationship between the potential demands and the 
revealed demands.

(3) Convert the potential ridership calculated in (2) into the potential OD data of the  target 
date and train, by applying the result of OD survey for target ICT as a OD  pattern data.

The detail of each method is as follows. 

2.3.1 Relationship between the potential and revealed demands (for NRS)
We tried to formulate the relationship between the revealed ridership (actual demands) and 
the number of the passengers who avoid to board the ICTs due to passenger congestion (lost 

Table 3:  continued

Past data of ridership

Ridership on each section

Potential ridership on each section

(1) Average on the same data over past years

(2) Estimate potential demand

(3) Convert ridership into OD data

Potential OD data

figure 1: Outline of the potential passenger demands estimation model.
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demands), by utilizing the result of the online survey described in Section 2.2. first, we assume 
that the lf is 75% if there are some vacant seats – either window seat or aisle seat. This is 
because usually half of the seats in the ICTs are window seats and the rest of the half is aisle 
seats. Then, we assume that when the lf is between 75% and 100%, behaviour of ones who 
intend to get on is average of the second and third rows in Table 3. under this assumption, the 
ratio between passengers becoming the revealed demands (i.e. who take the ICT) and passen-
gers becoming the lost demands (i.e. who abort taking the ICT) is calculated as below:

(3357+1854+628+3134+1989+743) : (197+170) = 11705 : 367

hence, when the lf is between 75% and 100%, the lost demands are estimated to be 
367/11705 of the lf minus 75%.

In the same way, when the lf is over 100%, the ratio is as below:

 (832+714+2388) : 2102 = 3934 : 2102 

Therefore, when the lf is over 100%, the lost demands are estimated to be the summation 
of 2102/3934 of the lf minus 100% and the lost demands are generated if the lf is between 
75% and 100%.

by the estimation described above, we can formulate the relationship between the potential 
lf and revealed lf of NRS. The result is shown in fig. 2. Note that we consider that the lost 
demands are not generated when the lf is less than 75%.

2.3.2 Relationship between the potential and revealed demands (for RS)
To estimate the potential demands of RS is more difficult than that of NRS, for the reasons 
described below.

(1) The lf of RS, the number of seats reserved divided by the number of RS, never exceeds 
100%. for this reason, we cannot conclude that ‘the ICT whose revealed lf is high has 
high potential demands’ with absolute certainty.

(2) Sometimes the seat reservation request is rejected though the lf is less than 100%. 
This is because the request is accepted only when there is a seat available through the 
requested OD. Therefore, we cannot understand whether the rejection of the seat reser-
vation request occurred or not from the lf.

50

100

150

200

50 100 150

Potential LF(%
)  

Revealed LF(%) 

Lost demands

figure 2: The relationship between the potential and revealed lf of NRS.
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(3) most of the rejections for seat reservation requests are not recorded in the seat reserva-
tion system due to its specifications. In addition, the records of the rejections do not 
necessarily represent the passengers’ initial choice. for these reasons, we cannot observe 
how many rejections of the seat reservation request have truly occurred from the seat 
reservation system.

We thought about a method to estimate the potential demands of RS from the revealed 
demand data considering these problems. first, while there is the problem (1) shown above, 
we decided to formulate the relationship between the potential and revealed lf of RS, which 
is similar to that of NRS. It is because we have no other data from which we can estimate 
the volume of potential demands. Next, we assumed that the rejection for the seat reserva-
tion occurred only when the lf is over 85%, as a result of an interview survey for a railway 
operator. furthermore, we analysed some sales results of ICT recorded in the seat reservation 
system and noticed that most of the RSs are reserved on the day of operation and the rate of 
reservation on the previous days of operation rarely exceeds 85%. from these situations and 
knowledge, we supposed some assumptions described below can be applied.

(a) When the revealed lf of RS is under 85%, no rejection for reservation request has oc-
curred. When the lf is over 85%, some rejection has occurred at a constant rate for the 
excess of 85%. In other words, the equations described below are satisfied, where y is the 
potential lf and x is the revealed lf:

 y = x    (if x <= 0.85)
 y = x + p(x  – 0.85)    (if x > 0.85; p is a coefficient)

(b) The rejection for reservation occurs only on the day of operation.
(c) There is linear relationship between the rate of reservation on the previous day of opera-

tion and the potential lf.

With these assumptions, we conducted a linear regression analysis between the rate of res-
ervation on the previous day of the operation and the revealed lf (from assumption (a), this 
is equal to the potential lf) for every ICT whose lf is under 85%. Then we calculated the 
coefficient p to fit the regression line with the ICTs whose lf is over 85%. using the obtained 
value of p, relational expression between the potential lf and revealed lf has been calculated.

2.3.3 a method to get the OD data from the ridership on each section
as described in Section 2.1, there are few actual measured OD data for NRS. for this reason, 
we established a method to get the potential OD data by adjusting the past real OD data to 
correspond with the estimated potential ridership. The outline is as below.

(1) Consider the previous result of OD survey (or the result of an extra survey, if the target 
date is a holiday) of the target ICT as the basic OD data. We note that we describe the 
number of passengers who take the ICT from station i to station j in this basic OD data 
as t

ij
.

(2) for every station appeared in the basic OD data, we define the coefficient a
i
. We assume 

that the number of passengers from station i to station j in the OD data is calculated by 
t
ij
 * a

i
 (as shown in fig. 3).
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(3) Convert the OD data assumed in (2) into the ridership on every section. Then calculate 
the coefficient a

i
 which minimizes the square error between the converted ridership and 

the potential ridership. The potential OD data are calculated by using this a
i
. for exam-

ple, when the OD data assumed in (2) are as given in the table in fig. 3 and the potential 
ridership in the section between station 3 and station 4 is 200, this method calculates a

i
 

to fit 100a
1 
+ 70a

2 
+ 60a

3
 to 200.

In other words, this method stands on the assumption that the ratio of the passengers who 
get off at each station to who get on a certain station is constant. under this assumption, this 
method calculates the potential OD data by adjusting the basic OD data to suit the estimated 
potential ridership which is the input of the method.

3 eSTablIShINg SeCOND beST ChOICe behaVIOuR mODel
To utilize the potential demands to determine how the transport service is, we have to consider 
how the customers think when they faced congestion. In other words, we have to understand 
how the potential demands change to revealed demands. To measure this, we carried out a 
questionnaire survey for the passengers of some ICTs. In this survey, we observed their choice 
preference if they could not take a seat/they could not get a reservation. for RS passengers, the 
question was ‘how did you behave if you couldn’t buy a ticket for RS due to full occupancy?’ 
for NRS passengers, the question was ‘how did you behave if you faced passenger congestion 
of NRS when you got on board?’ The outline of the survey is described in Table 4.

The result is shown in Table 5. as for RS passengers, about half of them would try to 
reserve RS of other trains. about 40% would decide to board on NRS. Only 4% answered 
that they would avoid boarding the ICT.

Though they had to stand in the deck or the aisle, 63% of the NRS passengers would 
choose to board the NRS. In other words, 37% of them would avoid boarding the NRS. This  
corresponds well to the result of the other online survey described in Section 2.2. 25% of the 
passengers would wait for the next train: 8% would try to reserve RS, and 17% would wait 
in line for NRS.

Get off at
Sta. 1 Sta. 2 Sta. 3 Sta. 4 Sta. 5 Sta. 6

Sta. 1 10 20 50 20 30
Sta. 2 10 40 10 20
Sta. 3 30 10 20
Sta. 4 30 20
Sta. 5 10
Sta. 6

After multiplying the
coef�cients 

Get off at
Sta. 1 Sta. 2 Sta. 3 Sta. 4 Sta. 5 Sta. 6

Sta. 1 10a1 20a1 50a1 20a1 30a1

Sta. 2 10a2 40a2 10a2 20a2
Sta. 3 30a3 10a3 20a3

Sta. 4 30a4 20a4
Sta. 5 10a5

Sta. 6

Basic OD data

Get on
at 

Get on
at 

figure 3: an example of applying the converting method.
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In addition, we conducted chi-squared tests for these results to check whether the attribu-
tions of the passengers and trains significantly affect the choice preference or not. The results 
of these tests imply that the choice preference is significantly different by some factors; for 
RS passengers, their age and number of the accompanying persons; and for NRS passengers, 
their age and OD.

from these tests, we decided to establish various second best choice behaviour models 
depending on these factors. as an example, in fig. 4, we show the model for the NRSs 
passengers who are in their thirties travelling long-distance trip. NRS passengers have 
four alternatives as a second best choice as shown in fig. 4. RS passengers have six 
alternatives, including ‘switch to the RS of earlier service’ and ‘switch to the NRS of 
earlier service’.

Table 4: Outline of the onboard survey.

Target of the survey Persons who:
–  board the target ICT on the sections where the visual count of 

ridership is recorded
– seat in RS or NRS
– are not young children

Period of the survey 17 and 18 January 2015
Target ICT 10 trains each day
Number of answerer Distributed: 4,194

Valid response: 3905 (response rate: 93.1%)

Table 5:  The passengers’ choice behaviour if they could not take the seat they were 
seating.

Passengers of RS Passengers of NRS

Reserve RS of earlier service 261 –

Reserve RS of latter service 291   209

board NRS of earlier service   6 –

board NRS of this train 447 1,748

board NRS of latter service  15   470

abort taking ICT  41   93

Others/invalid answers  83   241

Switch to the RS of latter service

Switch to the NRS of latter service

Board the NRS of this train

8%

Abort
taking ICT 

15%

76%

1%

figure 4: an example of second best choice behaviour model.
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4 The DeVelOPeD SySTem aND The OPTImIzaTION algORIThm
We developed the seating plans optimization system by using the models described above. 
The outline of the algorithm is shown in fig. 5. This system is based on the genetic algo-
rithm, whose solutions are combinations of seating plans of each target ICT and sections on 
the target date. In this system, to evaluate the solution, we have to consider the relationship 
between the potential demands and the solution, especially the effects on the demands caused 
by a certain seating plan. Therefore, this system involves the simulation of selling process 
of RS before departure and seating behaviour of NRS when a certain ICT arrives, which is 
called ‘S&S simulation’ hereafter.

The calculation flow of the system is described as below.

(1) estimate the potential OD of the target date and trains from the real demand data in the 
past, applying the potential passenger demands estimation models described in Section 2.

(2) generate various seating plans as initial solutions of the genetic algorithm.
(3) for each of the solutions generated in (2), conduct S&S simulation using the poten-

tial OD estimated in (1). This simulation represents the selling process of RS from the 
launch day. The outline is as follows.

 (3–1) We assume that the number of passengers who wanted to reserve RS every day 
follows the sale curve estimated by the revealed demand data. based on this assumption, 
the system implements the simulation, where RSs are reserved gradually on a first-come-
first-served basis. When a passenger cannot reserve the RS due to full occupancy in this 
simulation, he/she changes his/her choice in accordance with the second best choice 
behaviour model. We note that if he/she chooses to reserve another train’s RS but again 
faces full occupancy, he/she again changes his/her choice.

 (3–2) When the train’s departure time comes in the simulation, the passengers of NRS, 
including those who decide to take NRS in (3–1), begin to try to take a seat. We as-
sume that they make a queue on the platform and take a seat in random order if there 
is a NRS available. When the passenger cannot take a seat in the NRS due to full 
occupancy, he/she changes his/her choice in accordance with the second best choice 
behaviour model.

Real demand 
data

Potential 
passenger demand 
estimation model

S&S simulation
Evaluate solutions

Selection of solutionsConstraints

Generate 
solutions

Potential 
OD data

Best solution

Initial
solutions 

When the terminate condition is satis�ed

figure 5: The outline of the seating plan optimization algorithm.
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(4) evaluate the solution considering the OD data which are the result of S&S simulation 
derived using procedure (3) and calculate the evaluated indices of each solution as an 
objective function. based on the genetic algorithm, the system generates and selects 
the solutions, using a certain index which is set in advance. We can choose a certain 
objective function among four types of evaluation indices: the number of passengers per 
kilometre who take ICT but cannot seat (minimize), the difference between the lf of RS 
and NRS (minimize), the lf (maximize), and the total revenue (maximize).

(5) When the condition for termination defined in advance (e.g. the limit of calculation 
time) is satisfied, this system terminates the continuous calculations and outputs the 
best solution.

The solution is displayed in the form of seat map, as shown in fig. 6.

5 ReSulT Of ValIDaTION Of The mODelS
To validate the accuracy of re-productivity of the models and S&S simulation, we estimated 
the OD data of a series of ICTs operated in two weeks by using the system and compared 
them with real demand data.

The results are shown in figs 7 and 8. We converted the estimated OD data into the rider-
ship on each section and compared them with the real visual count of ridership. The coef-
ficient of correlation R is 0.787 for RS and 0.800 for NRS. These imply that the models and 
S&S simulation have an enough accuracy of re-productivity and these seem to be suitable 
for practical use.

6 ReSulT Of a CaSe STuDy
To evaluate the effect of this kind of flexible seating plans, we applied the seating plans 
optimization system to a series of ICTs operated in a certain line, as a case study. We treated 
two types of evaluation indices, as described in Table 6, and conducted the calculation for 

*/**/2016, Train No. **

Sta. 1-2

Sta. 2-3

Sta. 3-4

Change a car of RS to NRS at Sta. 2.

First class seat RS NRS

Indicates the number of and the
ridership of each type of seat 

figure 6: an example of seat map representing optimized seating plan.
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two days (a certain weekday and a holiday.) We also calculated the evaluation indices of the 
current seating plan and compared them with the indices of optimized seating plans. The 
results are shown in Table 6. These suggest that the optimization result possibly decreases 
the passengers per –kilometre (P-k) who take an ICT without taking a seat and increases the 
revenue.

Real ridership

Estimated ridership

figure 7: Validation result of accuracy (for RS).

Real ridership

Estimated ridership

figure 8: Validation result of accuracy (for NRS).

Table 6: The effect of optimizing seating plans.

minimize P-k* maximize total revenue

Date P-k Total revenue P-k Total revenue

a weekday   –74.1%** +0.1% –40.0% +1.3%
a holiday –60.1% +0.1%  –9.2% +1.1%

* P-k means ‘passengers per kilometre who take an ICT but cannot take a seat’.

** Percentage in this table shows the results of comparison with the evaluation indices of current seating plan.
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7 CONCluSION
We established the potential passenger demands estimation model and the second best choice 
behaviour model and developed a seating plans optimization system for ICTs. This system 
can generate solutions which can improve both the passengers’ convenience and the railway 
operators’ revenue.

This system can be effectively utilized when the railway operators consider their ICTs’ seat-
ing plan. While there are some further studies to be conducted about the train operation practi-
cally, e.g. how to show whether the seat is RS or NRS to the passengers, we aim to carry out 
this effective flexible seating plan for ICT operations with the cooperation of ICT operators.
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ABSTRACT
A new era of automation in rail has begun offering developments in the operation and maintenance 
of industry standard systems. This article documents the development of an architecture and range 
of scenarios for an autonomous system for rail maintenance planning and scheduling. The Unified 
Modelling Language (UML) has been utilized to visualize and validate the design of the prototype. 
A model for information exchange between prototype components and related maintenance planning 
systems is proposed in this article. Putting forward an architecture and set of usage mode scenarios for 
the proposed system, this article outlines and validates a viable platform for autonomous planning and 
scheduling in rail.
Keywords: decision support systems, rail planning and scheduling, software architecture.

1 INTRODUCTION
According to the Office of Rail Regulation (ORR) [1], for the period 2013–14 total rail indus-
try expenditure in the UK was £12.7 bn, of which £6.2 bn (49%) was incurred in operating 
rail infrastructure alone. A significant percentage of these costs were incurred through main-
tenance of railway infrastructure. Railway infrastructure state may be affected by a range of 
factors such as ‘the track geometry, topography, geology and weather conditions’ [2]. Main-
tenance plans must be devised and the risk of failures forecasted in order to maintain safe 
operation with high levels of service availability.

With a significant increase in railway traffic in the UK expected over the coming years the 
scheduling and distribution of maintenance (and possession) time is increasingly challeng-
ing. Hence ‘An integrated maintenance software framework’ is essential to streamline future 
maintenance activities based on factors of cost, urgency and the flagging of issues sensed by 
intelligent assets and infrastructure. These factors, especially the rise in the use of sensors, 
are driving a need for the automated planning of maintenance tasks within rail. With this need 
comes the potential for autonomous scheduling.

1.1 The AUTONOM project 

The examination of autonomous planning and scheduling for rail maintenance is a core com-
ponent of the AUTONOM project (integrated through life support for high-value systems) 
[3] sponsored by the Engineering and Physical Sciences Research Council (EPSRC), a UK 
government–backed major research funder and UK rail infrastructure provider Network Rail 
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(Network Rail is the organization that is responsible for maintaining and developing the UK 
rail infrastructure including signalling, bridges, tunnels, level crossings, viaducts and 17 key 
stations within the country) [4]. Encompassing areas such as sensor fusion (collection and 
analysis of data streams from rail vehicles and infrastructure) and cost analysis (costs and 
benefits in maintenance decisions) the development of a detailed architecture, encompassing 
scenarios of operation, was necessary. The AUTONOM system is comprised of four modules:

•	 WP1: Integration – integrates system functionality and acts as a user ‘dashboard’

•	 WP2: Sensor Fusion – gathers data from data stores and live feeds, provides an analysis of 
asset degradation trends and alerts to flag areas in need of urgent maintenance

•	 WP3: Planning and Scheduling – optimally schedules maintenance jobs based on impor-
tance and cost

•	 WP4: Costing – determines the cost and benefit of different maintenance jobs

While other notation sets such as Business Process Modelling Notation (BPMN) and Flow-
charts [5] have been used in enterprise level projects, the Unified Modelling Language (UML) 
is still the accepted modelling standard. Examples of UML use in rail are in evidence through 
works such as Berkenkotter et al. [6, 7]. The modelling standard provides a set of notations 
designed to support various domain specialisms and stages involved in the engineering of 
software systems.

2 RELEVANT RESEARCH
Planning in railway operations is a complex task, due to the large solution space this work is 
normally partitioned into several problems that are solved sequentially [8]. Klabes [9] pre-
sents a novel framework detailing the different planning processes involved:

•	 Network planning: determines the detailed layout of the railway infrastructure

•	 Line planning: determines the lines and the frequency of train operation on them

•	 Timetabling: governs the arrival and departure times of trains at train stations

•	 Capacity allocation: including insertion of train path requests into the working train timetable

•	 Vehicle planning: rolling stock assignment 

•	 Crew planning: crew rostering and staff planning 

•	 Re-scheduling: controlling the movements of trains during operation

To date, many studies have examined the problem of maintenance scheduling for railway sys-
tems. The maintenance concept can be categorized into three groups: corrective maintenance; 
periodic maintenance; predictive maintenance [10]. Though works on autonomous operation 
and scheduling in rail are limited, one particular study by Dadashi et al. [11] suggests an 
intelligent infrastructure to move from find and fix to predict and prevent. Schlake et al. [12] 
have conducted research into the trackside monitoring of rail vehicles, an essential develop-
ment to enable predictive maintenance. Their work [12] examined the economic impact of 
train delays and the effect of introducing lean production methods in passenger and freight 
railway operations to improve rail vehicle maintenance and monitoring procedures.

Automated planners have been investigated by authors such as Cresswell et al. [13] and 
Fernandez et al. [14]. Such planners require action models described using languages such as 
the Planning Domain Definition Language (PDDL) [15]. 

Apart from such standardized data formats, a semantic model with a high level of ‘struc-
tured interoperability’ between information systems is required to correctly combine and 
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manage complex scheduling information. Verstichel et al. [16] describe both UML and OWL 
as methods of semantically describing models. Marcano et al. [17] while stating that UML 
offers a standard systems modelling notation also acknowledge that it lacks formal semantics 
to model safety critical scenarios. 

In summary, the literature suggests that interactions and message passing are modelled 
either using sequence diagrams or interaction diagrams, the former being more prevalent. As 
far as message exchange is concerned, numerous research articles point towards an XML-
based schema due to its simplicity and dual advantage of being both machine and human 
readable.

3 METHODOLOGY
The methodology followed for this research is detailed in Fig. 1. As shown in Fig. 1 the 
background study phase consisted of two sub-tasks, namely to study relevant literature for 
modelling in the context of railways and to analyse the input and outputs between the sys-
tems/modules within the maintenance framework. The literature review performed helped to 
identify the UML approaches present. The model and document phases dealt with modelling 
the interactions and message passing between the aforementioned modules. UML was iden-
tified from literature to be the most suitable visual modelling language for the case study. It 
was decided at this stage that the standard notation set of UML should be used in this research 
due to its familiarity and acceptability to both software developers and the rail industry (with 
the proviso that such models could be transformed to newer more rail specific standards, 
as they gain in popularity and use, in the future). The validation phase involved identifying 
operational scenarios from domain experts, pertaining to this modelling environment.

4 SCENARIOS FOR AUTONOMOUS PLANNING AND SCHEDULING
As previously mentioned in this article the use of UML as a notation for the description of 
software including complex railway information systems is quite established, it is by far the 
most widely accepted modelling language in the software engineering community. In the 
development of the scenario set supporting the AUTONOM project the process of modelling 
is divided into three phases, namely scenario specification phase, architecture engineering 
phase and interaction design phase.

Figure 1: Methodology employed.
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4.1 Scenario descriptions

In order to completely specify and model the requirements of the AUTONOM system, it is 
essential to understand the scenarios that it can work under. With careful analysis and discus-
sions with the stakeholders, the following scenarios were identified:

a. amanual production of maintenance schedules
b. bsemi-automated production of maintenance schedules
c. cautomated production of maintenance schedules
d. dautomated/person-in-loop production of maintenance schedules

Scenario 1: Manual production of maintenance schedules
The first scenario deals with the production of schedules for further processing from existing 
Network Rail systems; a ‘person in the loop’ manually prompts AUTONOM to start running. 
In this scenario, the data is static in nature and comes from a database store at Network Rail 
(NR). AUTONOM needs to identify manual alterations and produce schedules that will be 
stored in the database shared with all NR’s systems. The decision dashboard is generated and 
displayed to user. The scenario ends with user having to manually select one of the many 
scheduling choices from the dashboard.
Scenario 2: Semi-automated production of maintenance schedules
The semi-automated use of AUTONOM involves the generation of automatic alerts to trig-
ger actions within the system. The alert is generated after studying the live data streams 
supplied by NR systems. Communication protocols at both NR and AUTONOM ends need 
to be devised to respond to such alerts. As with Scenario 1 the ultimate decision of schedule 
selection is manual.
Scenario 3: Automated production of maintenance schedules
In this scenario a user is not required as an autonomous decision engine is used to select 
a schedule as against manual selection in Scenario 2. In this scenario the system is fully 
autonomous, notifying NR systems of updated maintenance schedules when available, based 
on alerts raised by the sensor fusion module. 
Scenario 4: Automated/person-in-loop production of maintenance schedules
Automated/person-in-loop is an extension of Scenario 3 where a user can veto autonomous 
decisions proposed by the system; abnormal values and conditions are then monitored and 
communicated to the user via the dashboard. When such situations occur, an alert is gener-
ated which requires user intervention for a decision to be made. The user can either continue 
with the scheduling advised by AUTONOM or abort the suggested flow of processes and take 
over manual control of the operations. 

4.2 Scenario 1: Manual production of maintenance schedules

There are two actors in this use case, namely User and the AUTONOM system itself. The 
user clicks on the dashboard to update the workflow log. This workflow log is used to 
identify different activities that are performed as a part of the maintenance process. The 
AUTONOM system reads the static data, listens for alterations in state (raised by the user 
starting the system), generates the decision dashboard, creates schedules and parses the 
workflow log. In addition a user may wish to manually import data from a live Hadoop big 
data store. 
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4.3 Scenario 2: semi-automated

There are three actors in this use case. The additional actor is provided by the ‘data handler’ 
‘live data streams’. In this scenario the user has one task, that of selection of a schedule 
from the decision dashboard returned by AUTONOM. In this scenario AUTONOM listens 
for alterations that can be triggered by an incoming data feed as against the manual mode in 
Fig. 2. The processes such as ‘Generate Dashboard’ and ‘Create Schedules’ are similar to the 
manual mode of operation. In this scenario the Hadoop big data store is utilized. Creation of 
workflow including parsing is performed at the AUTONOM end. The data handler reads the 
live data feeds. It also creates an XML encoding of the existing schedules and stores both the 
schedules and cleansed data in the Hadoop data store.

4.4 Scenario 3: automated

The use case diagram (shown in Fig. 3) details the system working in fully autonomous 
mode. In Fig. 3 it can be seen that the user has been removed from the loop.

4.5 Scenario 4: automated /person-in-loop

In this scenario the user is placed back into the diagram for this scenario. The actors 
AUTONOM system, data handler and autonomous decision engine execute the same set 
of processes as found in Fig. 3. The autonomous decision engine apart from choosing a 
schedule also checks for abnormalities and notifies the user of an unexpected event. The 
user is simply tasked to act on such alerts by approving the course of action suggested by 
AUTONOM.

Figure 2:  Use case diagram for semi-automated system for production of schedules.
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4.6 Sequence diagrams of the use cases

The case scenarios can be modelled as a sequence diagram depicting the messages exchanged 
as in Appendix 1 (showing the sequence for the automated scenario). The initial objects 
involved are the user, AUTONOM prototype, static data store, the database (to store the 
schedules), NR systems and a ‘workflow handler’ which is again a part of AUTONOM. 
An additional component in this diagram is the Hadoop data store (in the manual scenario 
it is an inactive entity due to the use of static data). With the fully automated production of 
schedules, the AUTONOM prototype along with NR systems listens for alerts (or new data 
feeds). Meanwhile the ‘live data handler’ works with the live data streams, cleanses live data 
and parses the data on schedule (to represent schedules as XML). Once the data is stored in 
the Hadoop data store by ‘live data handler’, a notification is received by the AUTONOM 
software of an incoming feed. The production of maintenance schedules is commenced by 
reading the Hadoop data store. A set of schedules and dashboard of possible schedules are 
produced. 

In the fully autonomous scenario the user remains inactive until and unless the ‘autono-
mous decision engine’ creates an alert for the user to handle an emergency situation.

4.7 Sequence diagram for whole AUTONOM project

The next step is to model the information exchange between the AUTONOM modules 
described in Section 1.1, this is shown in Fig. 4. Apart from these four main components, 
there exists another object: the Web Application. This application is used to mirror the dash-
board displayed on desktop application through a web browser, thereby enabling portability 
across several devices. 

Figure 3: Use case for automated system for production of schedules.
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There are two UML frame elements being used in this sequence diagram: one to denote 
an alternative fragment and another to denote a loop fragment. The process begins with 
the ‘integration module’ listening for alerts or new feeds. When a new data stream is 
detected, the integration module directs the sensor fusion module to read data from the 
corresponding data store (could be static data or a live feed via the Hadoop data store). 
The data is read and processed by the sensor fusion work package; it then generates an 
alert when the data values display the presence of a fault. The sensor fusion module cre-
ates an alert and directs integration to schedule a maintenance activity to manage the fault 
detected. The integration module subsequently requests the scheduling of the activity. The 
planning and scheduling module either returns a schedule or messages integration about 
the existence of that particular activity in the schedule. In the case of the schedule already 
being present, the sensor fusion overrides the alert. Alternatively, the integration module 
sends an acknowledgement to the senor fusion module. The model element ‘Alternative 
Segment’ is used in order to visually represent the two aforementioned mutually exclu-
sive logic flows. Once the planning and scheduling module receives a request to produce 
an optimized schedule, it triggers the costing module to calculate the schedule’s cost. 
This action is completed for numerous combinations of schedules, for each of which the 

Figure 4: Sequence diagram for the AUTONOM framework.
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cost value is obtained from the costing module. This iterative fragment is denoted by a 
‘loop’ segment in the diagram. The planning and scheduling module, finally, passes the 
optimized schedule to the integration module dashboard. The Web Application mirrors 
this action.

5 VALIDATION
In the validation of the architecture a semi-structured questionnaire was drafted and the 
insights of eight industry experts sought. This questionnaire was used to judge the models 
based on various parameters such as completeness, simplicity, clarity and accuracy. The 
user community chosen for this validation process were industry experts with experience 
in planning and scheduling and the design and development of prototypes. The question-
naire for this study consisted of seven parts, beginning with an introduction a second sec-
tion stated details of the case study, and the subsequent sections listed: UML models to be 
evaluated; questions on scenario modelling; use case diagrams; AUTONOM component 
interaction; sequence diagrams. The message passing aspect was tested using questions 
under Section 6 followed by questions about the overall model. For each of the questions, 
the experts were expected to rate the model (from a rating scale of 1, low, to 5, high). The 
overall feedback from the eight interviews conducted showed parameters such as accuracy, 
simplicity and completeness scored more than 4.5. The clarity of the models was evaluated 
to be 4.3 out of 5. 

The main changes made in response to expert comments included the insertion of a 
sub-task within `create maintenance schedules’, called `calculate cost’, in the use case 
diagrams and improvements in the way the data store was represented in the sequence 
diagrams. The data stores are presented as hollow rectangles whereas the elements rep-
resenting functions are shown as solid coloured figures.

6 DISCUSSION AND CONCLUSIONS
This article has now presented the UML modelling pertaining to AUTONOM. The study 
includes the high level design (HLD) of the prototype with this article focussing on the com-
munication between identified modules in the AUTONOM framework. Scenario-based mod-
elling best describes the information flow between the different modules. UML provides a 
unique bridge for developers and business users, permitting efficient communication that 
supports the implementation of software. In the further development of this research the 
following suggestions for future work need to be taken into account: An XML-based mes-
sage framework should be employed to specify generic templates of various messages that 
could be exchanged. Description of constraints is an essential step in introducing railway 
terminology into the UML profile. UML standard supports a notation, the Object Constraint 
Language (OCL) for specification of constraints. In this study, scenarios were used as the 
foundation for requirement specification. Use case models derived from the identified sce-
narios project a black box representation of the system. The use of sequence diagrams with 
use cases allow for clarity in software functionality. Together, this set of UML diagrams will 
act as a standardized documentation of the system and will be used to communicate system 
specifications to the implementation team.
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ABSTRACT
It is important for railway operators to make suitable timetables. On the assumption that 
passengers’ train paths are invariant even if the timetable changes, the timetables are determined 
according to the various statistical data under the current timetable. In planning the timetable, 
it is difficult to grasp the change of passengers’ paths due to timetable modifications because 
it is too complex. In this paper, we propose a framework of timetabling with due consideration 
of the path change and propose a practical timetabling system which can quickly estimate 
the congestion of each train by using passengers’ origin–destination (OD) data collected by 
automatic ticket checkers. With the system, timetable planners can interactively make and 
modify timetables by trial and error while confirming the congestion, and finally, they can 
reach the most preferable one. In order to realize such an interactive system, it is important 
to develop a fast estimation algorithm of train congestion. We developed a new shortest path 
search algorithm to determine which trains each passenger gets on. The algorithm devised 
based on the Dijkstra method has two features. First, the shortest path search from each node 
to all the destination stations in the composed graph network is executed only once. Second, 
overlapping the path searches are omitted using stored information of the shortest paths 
which have already been searched. By applying this algorithm, it took only about 10 s to 
estimate the train congestion under a timetable of the whole day on an urban commuter line.
Keywords: Dijkstra method, estimation of congestion, interactive system, passengers’ path, shortest 
path search, timetabling.

1 INTRODUCTION
For railway companies, it is necessary to prepare timetables so that they provide enough trans-
portation capacity to satisfy passengers’ demands. Currently, a software dedicated for timeta-
bling is used, but timetabling itself is not automated. Therefore, the quality of timetables relies 
on the timetable planners’ experience and skill. The planners conduct lots of investigations 
under current timetables and determine a modified timetable based on the results, their experi-
ences and so on. But there are two problems with respect to this method. One is that timetables 
they prepare are not reflecting passengers’ real demands. The other problem is that the timeta-
ble planners assume that passengers’ train paths will not change in case the timetable changes.

Especially during the rush time when many people use the railway for commuting, there 
are many people who give up boarding on the heavily congested trains and get on other trains 
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which have space for them to get on. It means that the passengers choose trains against their 
wills. Therefore, it is difficult to grasp all the passengers’ real demands by the investigations 
under current timetable.

Also, passengers choose trains based on the given timetable in accordance with the purposes 
of trips. If they need to reach the destination station as soon as possible, they choose the earliest 
trains regardless of train congestion. If the timetable changes, train paths of these passengers 
may change because the earliest train will change according to the train reordering. But the 
changes of passengers’ train path are so complex that the timetable planner has difficulty in 
grasping them by the investigation under current timetable.

So, as shown in the article, we have built a new timetabling system which can estimate train 
congestion by using passengers’ OD data collected by the automatic ticket checkers. In order 
to reflect passengers’ real demands, the system supposes that all the passengers get on the 
trains with the aim to reach the destination station as soon as possible. The system calculates 
passengers’ train path under planned timetables, based on passengers’ real demand.

The system has three features as follows. First, the timetable planners can estimate 
congestion of each train at sight by fast calculation algorithm of train congestion. Second, 
they can grasp congestion of each train visually and intuitively by the coloured train lines on 
train diagram. The colour is determined based on the estimated train congestion. Third, on the 
diagram which is coloured according to train congestion, they can modify timetable properly 
by using mouse operation such as dragging, dropping, copying and pasting.

At the same time, in this article, we propose a workflow which helps the timetable planners 
make the timetables more efficiently. In the workflow, the timetable planners can prepare an 
appropriate timetable interactively by repeating modification of the timetable and estimation 
of the train congestion.

2 PROBLEMS RELATED WITH PREPARATION OF TIMETABLE

2.1 Workflow of timetabling and problems associated with timetabling

Timetables are determined based on a comprehensive view of management policy, passengers’ 
demands on the lines, passengers’ volume under current timetable, and the constraints of 
resources required for operating trains such as the number of the rolling stocks and crews.

For timetabling, the timetable planners use the dedicated software, which enables them to 
conduct their task very efficiently. When they input departure time at the starting station, train 
line is drawn automatically by calculating the arrival time and departure time at intermediate 
stations. Moreover, it has a function that allows them to make cyclic pattern timetables by 
copying the existing train lines. However, it is impossible to propose appropriate number of 
trains, the number of vehicles of each train or the operating sections of each train so as to 
meet passengers’ demands.

In order to help the timetable planners make decisions, many investigations about 
transportation situation are conducted. In these investigations, investigators on platforms 
count and record the number of passengers on each train. Also, in order to grasp the 
transportation situation, train operating companies have begun to estimate the number of 
passengers on each car based on its weight and passengers’ trip data stored at automatic ticket 
gate (Kubota et al. [1]).

However, even if the investigation results clarify the problems of the current timetables 
such as existence of the heavily congested trains, it will not be obvious whether the modified 
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timetable becomes more convenient for passengers, because it is difficult to grasp real 
passengers’ demand from the results of executed investigations under current timetable, 
and it is also difficult to grasp all the passengers’ train choice change caused by timetable 
modification. For example, suppose that 4 rapid trains and 8 local trains are operated every 
hour. Timetable planners cannot grasp train congestion change in case where the number of 
rapid train changes from 4 to 6, and that of local train changes from 8 to 6, or in the case 
where the places where the rapid trains overtake the local trains change. If the congestion 
of rapid trains drops due to increase in the number of rapid trains, there is possibility that 
passengers getting on a local train because of heavy congestion under current timetable may 
shift to a rapid train.

2.2 Related research

Many researches on estimating train congestion under planned timetable have been executed, 
making use of passengers’ OD data obtained from the automatic ticket gate. For example, 
we built a prototype ‘Multi-Agent Train Simulator with Intelligent Information Exchange’ 
which has a function by which passengers’ flow and delay time of each train are estimated 
simultaneously by using the data and timetable data (Kunimatsu et al. [2]). Also, Nagasaki et 
al. [3] proposed a fast-estimating algorithm of passengers’ flow under a given timetable by 
preliminary search in a reverse direction (a direction going back in time).

However, in these researches, the timetable planners have to make a timetable for 
estimating the train congestion every time. So it is beyond the scope of their researches 
to consider their actual work flow with which they prepare timetables by trial and error 
based on the estimated train congestion in the stage of planning and making timetables. 
They conduct various modifications to the current timetable one by one and finally reach 
target timetable. Especially, when they prepare dozens of candidate timetables because of 
large-scale modification of current timetable, it is not realistic to prepare relevant data and 
estimate train congestion for all the candidate timetables. Therefore, it is necessary to unite 
the function of preparing timetable with that of estimating train congestion so that they can 
make lots of timetables and examine which one is the best. Then, the timetable planners can 
estimate train congestion and grasp them promptly every time they modify the timetable.

On the other hand, as for research on visualization, Inagawa et al. [4] proposed a coloured 
diagram in order to grasp the result of evaluation of timetables easily. In the research, at 
first, actual result operation data of some selected days are collected from the programmed 
train control system, and statistics of delay of departure and arrival time at each station are 
obtained. Then, train lines on the diagram are coloured according to the delay results. This 
method enables the timetable planners to grasp and specify easily where delays occur, but it 
is impossible to grasp the change of train congestion when the timetable changes because the 
method is based on the actual result.

2.3 Requirements for timetabling system

Based on the discussion above, in this research, we propose an interactive timetabling system 
which fulfils three requirements as follows. First, the system can estimate train congestion 
quickly under modified timetable. Second, the timetable planners can grasp promptly train 
congestion easily and visually. Third, the timetable planners can modify the timetable 
instantly with confirmation of the estimated train congestion.
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3 INTERACTIVE TIMETABLING SYSTEM WITH FUNCTION OF  
ESTIMATING TRAIN CONGESTION

3.1 Proposed work flow of preparing timetables

Considering the requirements mentioned above, we propose a work flow of preparing 
timetables with the use of the system we built, as shown in Fig. 1.

First, the timetable planner inputs the initial draft timetable data into the system (e.g. the 
current timetable data). After that, estimation of train congestion is conducted under the input 
timetable according to user command. The calculation is performed based on the input timetable 
data, passengers’ demands of the target line (origin stations, destination stations, time zones 
when passengers appear at origin stations, the number of passengers. These data are created by 
converting those obtained by automatic ticket gate.), and infrastructure data (order of stations, 
track layout, platform layout at each station). Then, the result is shown as a coloured diagram 
in which each train is coloured according to the train congestion so that the timetable planners 
can grasp train congestion easily (see Fig. 2). Therefore, in case the timetable planners can find 
some congested trains, they modify the timetable on the coloured diagram.

Figure 1: Process of interactive timetabling incorporating estimation of train congestion.

Figure 2: An example of system interfaces for timetabling.
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After modification of the timetable, if the timetable planner executes estimation again, 
then the result of re-estimated train congestion under the modified timetable is shown as the 
coloured diagram. As a next step, the timetable planners compare train congestion before 
and after the modification of the timetable, and they can confirm whether the modification 
is appropriate. In this way, by repeating modification of the timetables and confirmation of 
the train congestion under the modified timetable, the timetable planners can find proper 
modification with trial and error by which the train congestion can be adjusted. Then, they 
can finally prepare the most suitable timetable.

If this work flow is executed, it is possible both to improve timetable quality based on 
the estimation of the train congestion and to make timetabling more efficient. In order to 
achieve this, the interactive system we built needs to have fast algorithm for estimating train 
congestion.

3.2 Presupposition of this research

Considering the purpose of the system (i.e. prior evaluation of the revised timetable), 
estimation of train congestion is conducted on the following three presuppositions.

First, passengers’ demand is invariant even if a timetable changes. Passengers’ demand 
will change if a new line is constructed, the mutual direct operation starts or the required time 
is shortened by vehicle speed-up. However, such a large-scale modification is not conducted 
frequently, so it is out of consideration in this research.

Second, delay caused by troubles or getting on or off by passengers at each station is 
not considered. It is difficult to consider train delay caused by getting on or off trains by 
passengers at each station, because it is necessary to analyse relationship between train 
congestion and dwelling time which varies by station or time. Therefore, in this research, it 
is out of consideration, and the timetable planners are supposed to set enough dwelling time 
so as not to cause delay.

Third, passengers choose trains so as to reach their destination station as soon as possible. 
It is based on the thought of timetabling that the planners have to grasp passengers’ needs 
for rapid train which they really want to get on and to make timetables to have enough 
transportation capacity. For example, as shown in Fig. 3, if the ratio of the number of the 
rapid trains to that of the local trains is 1 to 1, train congestion of the local trains is found to be 
120% and that of the rapid trains is found to be 150%. But the train congestion is calculated 
assuming the inclusion of the passengers who avoid getting on rapid train because of heavy 
congestion, which amounts to 30% of the total amount of the passengers. The problem is 
that these passengers are invisible to the investigators. Therefore, even if train congestion of 
the rapid trains is higher than those of the local trains, there is possibility that passengers’ 
demand for rapid trains is not so huge as to operate rapid trains and local trains with the 
ratio of 2 to 1. Under the same situation, if passengers can get on any train they like without 
avoiding rapid trains of heavy congestion, train congestion of the rapid trains and the local 
trains is estimated to be 180% and 90%, respectively. Accordingly, it is better to operate rapid 
trains and local trains with the ratio of 2 to 1 in order to meet passengers’ actual demands. 
To obtain an idea to conduct such a modification, it is necessary to modify the timetables 
according to passengers’ actual demands for each train without considering passengers who 
avoid heavily congested trains.
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4 ALGORITHM FOR FAST ESTIMATION OF TRAIN CONGESTION

4.1 Method of estimating train congestion

In this system, estimation of train congestion is conducted by the following steps.
First, passengers’ appearances at each station are created based on passengers’ demands 

data. When passengers’ data based on leaving time from the destination stations are available, 
they have to be converted to the format of passengers’ demands data described in Section 
3.2 according to the required time from the origin stations to the destination stations. Based 
on the data and Poisson distribution, appearance time of each passenger is determined by 
stochastic method. For further details, see Kunimatsu et al. [2].

Second, the graph network which represents the timetable is constructed. The graph network 
has nodes (including information of reference time and platform) and arcs as follows.

•	 Nodes
There are three types of nodes. The first is a train arrival node that represents each train 
arrival at each station. Here, the reference time is the arrival time, and the reference platform 
is where the train arrives and departs. The second is a train departure node that represents 
each train departure at each station. Here, the reference time is the departure time, and the 
reference platform is where the train arrives and departs. The last is a stay node that represents 
passengers stay on the platform in order to wait for the next train. Each departure node has 
one stay node. Also, the reference time is equal to the departure time plus ∆ which means 
minute time smaller than the minimal time of timetable (e.g. 1 s). The reference platform is 
the same as that for the departure node.

•	 Arcs
There are three kinds of arc, and the cost of each kind of arc is equal to the difference 
between the reference times of the nodes regardless of their kinds. The first one is a train arc 
that represents a train running between stations or dwelling at stations. The second one is a 
transfer arc that represents passengers’ change of train. A tail node of transfer arc is an arrival 
node, and a head node of it is a corresponding stay node which has the nearest reference time 
immediately after the arrival node, considering the transfer time. Here, the reference platform 
of the stay node is different from that of the arrival node, but the station of the stay node is the 

Figure 3: Estimation reflecting passengers’ real demands.
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same as that of the arrival node. The last one is a stay arc that represents passengers’ waiting 
for next train on the same platform. The tail node of the stay arc is the stay node, and the head 
of it is a corresponding stay node which has the nearest reference time immediately after the 
arrival node. The platform of the stay node is the same as that of the arrival node.

After creating a graph described above, the shortest path search from every arrival or 
departure node to every station is conducted according to the method based on Dijkstra 
method. In order to accelerate search speed of this search algorithm, the following are 
devised. First, each node has data about both the next node on the shortest path and the 
shortest required time in order to reach every station. Second, according to the arrival or the 
departure time of each node, the shortest path search is conducted in a reverse direction (a 
direction going back in time) in the same way as Nagasaki et al. [3] proposed. Third, both 
the shortest required time and an arc which should be traced on the shortest path from the 
node are recorded or updated as the data of the shortest path, according to the sum of the 
time data of another node linked by the arc and the cost of the arc. Moreover, using the 
stored shortest path data, the calculation of re-search is accelerated by omitting overlapping 
path search (see Section 4.2).

Based on the result of the shortest path search, the number of passengers who appear at the 
origin station at the time zone between nodes is assigned to each node, classifying passengers 
according to their destination stations.

Finally, the number of passengers is assigned to each train and section according to both 
the number of passengers and the shortest path data. By accumulating them, the total number 
of passengers of each train in each section is calculated.

4.2 Algorithm for fast re-estimation

In order to speed up the re-estimating train congestion after the first estimation, the path 
search which has no possibility that train paths will change by timetable modification is 
omitted.

In this research, we propose a method by which re-search of the shortest path is conducted 
only for the node which may have changed the shortest path according to updated information 
of the structure change of the graph network. The following process is performed every time 
the path search is conducted and the timetable is modified.

After the path search described in Section 4.1 is conducted, the data of the shortest path at 
each node are retained. The data include the next node on the shortest path and the shortest 
required time in order to reach every station.

On the other hand, according to timetable modification, the structure of the graph network 
is updated, and changing the data of the shortest path of each node is recorded with the 
method described in Section 4.2.1. By means of this method, all the changes of the graph 
structure after the last path search are stored.

When research is carried out after timetable modification, data of the shortest path are 
updated with the method described in Section 4.2.2 based on the stored data described above.

4.2.1 Timetable modification and updated data of the network configuration
In each operation of modification of a timetable, data of network structure are updated, and 
list of nodes necessary for checking is updated by the following method. As for the operations 
which are not described in this section, they can be substituted by cancelling and adding train 
to the parts in need of correction.
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Let N
o
 be a set of network nodes before modification; A

0
, a set of arcs before modification; 

a
s
, the tail of arc a; a

d
, for the head of arc a; a

c
, cost of arc before modification.

When the user cancels trains (including shortening of operating section) and changes the 
train operation from stopping to passing, all the nodes and arcs related to the train, the station 
and the section are deleted. Let N– be a set of deleted nodes, and A

–
 be a set of deleted arcs.

In the case where the user adds trains (including extension of operating section) and 
changes the train operation from passing to stopping, all the nodes and arcs related to the 
train, the station and the section are added. Let N+ be a set of added nodes.

If timetable is modified according to N' (a set of node which satisfies N' = N
0 
– N_ + N

+
), 

the graph structure after the modification is created by the method described in Section 4.1. 
Let A' be a set of arcs of the graph corresponding to the modified timetable.

As for recording or storing in the list of nodes necessary for checking, four kinds of the 
nodes are all recorded and stored in the list as described in Fig. 4. They are added nodes (N

+
), 

data of the tail nodes of the added arcs which belong to not A
0
 but A', data of the tail nodes of 

the deleted arcs which belong to not A' but A
0
 in the case where the nodes are not deleted or 

belong to N', and data of the tail nodes of the arcs whose cost changed in the case where the 
arcs belong to both A

0
 and A' and the a

c
 is different from a

c
'. The data recorded and stored are a 

set of [node n, destination station s], and the recorded data are the one about every destination 
station from the nodes.

4.2.2 Updating the shortest path data using network updated data
For the graph network of the modified timetable, determining whether cost of the shortest 
path has changed and updating the data of the shortest path are conducted with the use of the 
list necessary for checking by the following steps until the list becomes empty.

First, the node which has the last reference time in the list is considered as a target. Then, 
the node and the destination stations are deleted from the list. Here, the order of destination 
stations is not considered.

In the case where there is neither the target node nor the data of the shortest path (the next 
node on the path, the shortest required time), the path search for the destination stations and 
data updating are conducted by the method described in Section 4.1. In addition, all tail nodes 
of all the arcs whose head are the target node and the destination station are added to the list; 
then the first step is conducted again.

If the node u and the destination station s have already had data of the shortest path, 
confirming whether it is optimal is conducted with the following method. Here, let C

xy
 be the 

cost from the target node x to the node y; C'
us

, the cost recorded in the shortest path data; and 
v

0
, the next node in it.

Figure 4: Process of specifying nodes to be checked.
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1. Minimum cost C*
us

 and v* which minimizes the cost are obtained by calculating C
uv

 + C
vs

  
for every arc.

2. If v
0
 = v* and C

uv0 
+ C

v0s
 = C*

us
 = C'

us
, then the information is not changed (Fig. 5 (case 1)).

3. If v
0
 is not in the changed graph and C'

us
 = C*

us
, or v

0
 ≠ v* and C

uv0
 + C

v0s 
> C'

us
 = C*

us
, 

then the next node is changed from v
0
 to v* because the minimum cost is the same but 

the next node is changed (Fig. 5 (case 2)).
4. If v

0
 = v* and C

uv0
 + C

vos
 = C*

us
 ≠ C'

us
, then the minimum cost is changed from C'

us
 to 

C*
us

 because the path is the same but the cost is changed. In addition, each tail node of 
each arc whose head is the node u is added to the list necessary for checking with respect 
to the destination station s (Fig. 5 (case 3)).

5. If v
0
 is not in the changed graph and C'

us
 ≠ C*

us
, or v

0
 ≠ v* and C'

us
 ≠ C*

us
, then the 

next node is changed from v
0
 to v*, and the minimum cost is changed from C'

us
 to C*

us
.  

In addition, the each tail node of each arc of which the head is node u is added to the list 
necessary for checking with respect to the destination station s (Fig. 5 (case 4)).

6. The first step of this section is conducted again. Target node is determined.

In this way, both confirmation of the possibility that the shortest path from each nodes is 
changed by timetable modification and path change operation in case where the shortest path 
is changed are conducted at the same time by propagation on the graph. This enables us to 
narrow the re-search width without giving any influence on the optimality of the shortest 
path. For example, if local change of the network structure such as reordering of one train is 
only considered, it is possible to shorten the calculation time drastically.

Figure 5: Process of updating the optimal path for the destination.



 Daisuke Tatsui et al., Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 391

5 EVALUATION OF A PROTOTYPE BUILT FOR AN ACTUAL COMMUTER LINE
In order to evaluate the system, we built a prototype for an urban commuter line and measured 
estimating time for the current timetable and re-estimating time when the train order between 
one rapid train and a following train is changed at 20 stations.

The target line includes 103 stations, the number of passengers per day is 1,600,000 and 
the number of trains per day is 2,319. The measurement of the estimation time was executed 
on a PC equipped with a 2.4 GHz Pentium Core i7 processor, 8 GB memory and Windows 
7 64 bit.

As a result, it took approximately 10 s for the estimation of train congestion under current 
timetable, and 7 s for the estimation under modified timetable. If the algorithm which was 
proposed by Kunimatsu et al. [2] is applied, the estimating time is approximately 180 s. So 
the estimating time of the algorithm we propose is considered sufficiently practical.

Moreover, comparing the estimating time under the current timetable and with that 
under the modified timetable, we confirmed the effect of the proposed fast algorithm for 
re-estimating train congestion in the case where the shortest path search for the nodes is not 
conducted if there is no possibility that the path of the node does not change even in case of 
modification of timetable.

However, it is early to conclude that the calculation speed is fast enough to use the system 
as an interactive system. As a future work, it is necessary to realize faster calculation (e.g. 
algorithm for summing up the passengers).

6 CONCLUSION
In this research, we built the prototype interactive timetabling system in order to realize raising 
both the quality of timetabling work and effectiveness of it. Specifically, we designed user-
friendly interface and fast algorithm of estimating train congestion. As for fast-estimating 
algorithm of train congestion, it took 10 s in order to estimate current timetable on the actual 
train line, and it took only 7 s in order to estimate train congestion under a modified timetable 
when the train order between one rapid train and a following train is changed at 20 stations. 
As a result, effectiveness of fast re-estimation algorithm of train congestion is confirmed.

As for the future work, it is necessary to consider faster algorithm and to verify the usability 
of the system in case of applying it to various complex train lines.
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MAXIMIZING FREIGHT TRAFFIC BY RE-ROUTING

C. MEIRICH AND N. NIEßEN
Institute of Transport Science, RWTH Aachen University, Germany.

ABSTRACT
This article describes how to maximize the number of freight trains through global networks. Nowa-
days, the capacity of railway lines and also of railway nodes can be calculated by using analytic al-
gorithms. Currently there is no generally accepted method to allocate the overall capacity of lines and 
nodes of such networks by using analytic algorithms. However, to maximize the number of train runs, 
the rail passenger service will be fixed on the scheduled train course so that the rail freight service can 
use the remaining capacity on a planned or re-routed train course. Existing or detected bottlenecks 
could be eliminated by means of sensible re-routing due to optimization, which will reveal the best train 
paths through the network. The article concludes with an illustrative computation for a generic railway 
sub-network to exhibit how the optimization is working.
Keywords: assessment of railway infrastructure, linear programming, network optimization, railway 
capacity, routing.

1 INTRODUCTION
It is undeniable that the rail traffic forecast will rise in Europe, so that in the strategic network 
planning it will be more and more important to optimize the capacity available throughout 
networks. Currently, it is only possible to calculate the capacity separately for railway lines 
and railway nodes by using analytical methods, especially the principles of queuing theory. 
Apportion of the capacity for lines and nodes to describe a required capacity for networks has 
not been possible hitherto. One of the reasons for this condition is the differing assumptions 
used for the calculations. The importance of facilitating such apportionment so as to justify 
suitable means of developing and maintaining the network in longer-term planning will nev-
ertheless grow in the years ahead.

In addition to maximizing the number of trains through a network, the procedure is 
designed to serve as a basis for identifying and reducing bottlenecks. 

The present work aims to use the capacity available on lines or nodes in a macroscopic net-
work to calculate the maximum number of trains through such a railway network. Moreover, 
possible train courses can be used to re-route (especially) freight trains through the network 
to maximize the given capacities. Therefore, the important assumption in this article is that 
the capacities of lines and nodes can be applied to each other.

2 RESEARCH PROGRESS TO DATE
Set out in the following section is the current state of scientific progress as well as the point of 
departure for the network-wide optimization of capacity. It includes the general description 
of railway networks, capacity and how the capacity can be calculated.

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
www.witconferences.com
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2.1 Lines, nodes and set of tracks

A railway network can be divided into individual infrastructure elements that are explained 
in greater detail below and basically comprises nodes and lines.

Nodes are deemed to be either stations linking at least two lines with one another or junc-
tions. Furthermore, a node can be divided into waiting positions (set of tracks) and route 
nodes (cf. Fig. 1).

The set of tracks could be subdivided into platforms, through and passing tracks as well 
as handling tracks, which are used as (scheduled or unscheduled) stopping or waiting posi-
tions. In addition, all tracks in a set of tracks have to substitute each other. If there are some 
tracks which could not be collated, it is possible to set up an additional set of tracks in the 
same node.

Between two nodes, ‘line’ is the term given to the running path. Up to this, intermediate 
stations can be part of a line so that only the major nodes in a network have to be set up in 
detail for a macroscopic approach. It is the major nodes, however, that from the start and end 
of the line. 

2.2 Capacity of transport systems

The capacity of transport systems is generally taken to mean the ability to meet demand for 
the conveyance of persons, goods or information to a desired level of quality. 

Hansen and Pachl define the capacity of infrastructure as follows: 
The maximum number of trains that may in theory be operated over a defined part of 

the infrastructure over a certain period of time, through this limiting value is unlikely to be 
reached in practice [1].

The transport system’s actual loading is compared and contrasted with a basic quality indica-
tor as a rule. The higher the loading, the sooner the queue lengthens and hence the sooner the 
waiting times arise. This correlation between traffic units and waiting time is shown in Fig. 2.

The theoretical capacity of an infrastructure element is equitable with the maximum pos-
sible number of train runs n

max
. In this case the performance graph in Fig. 2 will rise to 

infinite congestions because of an infinite waiting time and infinite delays. In the practical 
applications, the theoretical capacity is a value that is of no relevance. Normally the qual-
ity available (waiting times, knock-on delay) with a given level of service (LoS) is used 
to describe the dimensioning railway infrastructure. To establish the (economical) optimum 
loading, the number of train runs n

opt
 is used at which congestion is at a defined level so that 

Figure 1: Route node and set of tracks.
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both infrastructure managers as well as train operating companies will be marketed with most 
profit. This optimum number of trains is thus referred to as ‘practical capacity’ [2].

To determine the capacity, the infrastructure area and its properties, the period under 
review, the operating schedule (train rides as well as the mixing ratio) and at least the quality 
of traffic have to be defined (cf. Fig. 3). 

Having regard to a running path, a train move is defined as a path which includes minimum 
two railway nodes. Furthermore an infrastructure area is set up by the current infrastructure 
elements like set of tracks, route nodes or lines. 

The introduced factors are not the only ones which have a direct influence on the capacity. 
In addition, attention needs to be paid when studying capacity of a plethora of operational 
requirements, rescheduling strategies, speeds, length of block sections, automatic train con-
trol systems and signalling facilities. These influences are considered by minimum headway 
times (cf. Hansen & Pachl [1]). Using analytical methods, minimum headway times are an 
establishing approach to the applicable technical standard.

2.3 Procedure for establishing capacity

To calculate the capacity of a railway infrastructure there are various procedures. But overall, 
most procedures have to map the infrastructure and train characteristics as well as the specific 
national signalling systems, the operating process and input factors.

Literature on the subject summarizes the approaches available in differing ways. A very 
good overview of the establishing approaches is given by Pouryousef et al. [3]. Abril et al. 
[4] divide these approaches into analytical, optimization or simulation methods. Hansen and 
Pachl [1] advocate a breakdown into analytical and simulation procedures, which is the most 

Figure 2: Correlation between loading and quality.

Figure 3: Factors impacting on capacity on the railways.
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frequently used approach in the literature. A further option involves a division into timetable-
based procedures and these are not underpinned by any precise timetable (Sameni et al. [5]).

In addition, the capacity can be calculated by using compilatory procedures. One of the 
common approaches draws on the blocking-time theory (cf. Happel [6]). To establish the 
capacity by the UIC (Code 406 Capacity) the stepped blocking-time series have to be com-
piled as soon as possible without producing conflicts. To this end, the compensated and non-
compensated consumed time is used to determine the concatenated track-occupation ratio. 
Placing this concatenated track-occupation ratio in relation to quality the potential capacity 
can be established (cf. [7]).

A further method to calculate the capacity is by using simulation. With the aid of ensuring 
parameters the behaviour of a system can be measured and replicated. Normally this method 
focuses on delay development here. Simulation can be subdivided into synchronous and 
asynchronous simulations, where the first group only allows to review the running of traffic, 
however (cf. Pachl [8]). But overall, to get the most benefit of both simulation methods, these 
are often used in a hybrid formation (cf. Kuckelberg et al. [9]).

Another procedure is to calculate capacity using analytical procedures. The railway 
system is viewed with the aid of queuing theory approaches to this end. For example, railway 
lines and railway nodes are modelled as (multi-channel) queuing systems. For the service 
system, train moves are analogous with the demands. The service times are described by 
the minimum headway times for different sequence-of-trains scenarios. Former information 
about queuing theory in the field of railway systems are given in Kleinrock and Gail [10], 
Gnedenko and König [11] and Fischer and Hertel [12]. Once again the upshot of establishing 
capacity analytically is that the possible number of train moves for an infrastructure section 
under review is output as a ratio of a predefined LoS. 

Furthermore, there are some published approaches to assess the overall capacity of a rail-
way network. First of all, the macroscopic software tool NEMO (traffic and re-apportionment 
model) could be named, which contains a network modelling algorithm to lead trains through 
a network to assess the profitability (Prinz et al. [13]). 

With interest focusing on a direct correlation between capacity and quality in a railway 
network, analytical methods are most suitable for the procedure presented here.

3 MODE OF PROCEDURE AND METHOD
There follows a general course of action for the optimization targeted.

3.1 Process

The general concept presented in this section is shown in Fig. 4. First of all the required input 
data have to be set up. A sub-network and a level of detail of this network have to be defined. 
Furthermore, the minimum headway times and in addition the capacity of infrastructure ele-
ments cannot be calculated without train runs, so a reference operating programme with 
(pattern-)trains has to be appointed. As an additional input factor the mixing ratio can be 
calculated using the reference operating programme. 

The next step is to detect the running paths of the passenger trains. Here are different con-
strains like frequency of stops, so there is only limited scope for conducting running-path 
searches in rail passenger traffic. As a consequence the passenger trains will be fixed and 
the number of them (n

P
) will be counted to reduce the capacity limits in the optimization. 

After that, a running path search of rail freight service through the network by defining the 
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sources and sinks of the trains has to be conducted. Various route-search procedures exist, 
which establish the shortest or fastest link between two points in a network. One of the most 
well-known is the Dijkstra algorithm [14]. It is necessary here, however, to output all pos-
sible routes below the highest boundary condition. For example, if there is a wrong traction 
unit (diesel/electric) it is impossible for this train to use the proposed alternative. All routes 
in the process have to be acyclical; hence there is no duplicate negotiation of nodes or lines.

Schwanhäuser [15] has explained how to calculate the capacity of lines and route nodes 
by using the STRELE formula (also in Nießen [2]) which is archived in current EDP-based 
procedures [16]. To calculate the set of tracks capacity the method of HERTEL can be used 
with the assumption that there will be an intensive disturbed operation [2, 12]. The capacity 
of each infrastructure also can be calculated by using the method of UIC Code 406 [7]. By 
using predefined levels of service, it is possible to calculate the capacity of each infrastructure 
segment.

To maximize the number of freight trains through the network, an objective function has 
to be determined:

 
⋅c nmax T
T  (1)

where
nT  is the vector of the number of train moves and ≥n 0T
c  is the vector for the cost for weighting running paths and < ≤c0 1
The possible running paths are the variables in this function. For weighting this function 

the constant c is used and for example it depends on the shortest path by length or time 
(Radtke [17]). 

An upper limit C
max

 and, where applicable, a lower limit C
min

 for capacity are required as 
input parameters for each infrastructure element. For simplicity’s sake, computations are 
confined to the upper limit C

max
.

It is to ensure that the number of trains is lower than or equal to the calculated upper limits 
C

max 
for each infrastructure element (line, set of track, route node). 

One of the following conditions accordingly is applied as an equality constraint for each 
infrastructure element.

Figure 4: Optimization flowchart.
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Lines:   ≤n CT L L, max,i j,  (2)

Set of tracks:  ≤n CT SoT SoT, max,i
 (3)

Route nodes:  ≤n CT RN RN, max,i r,
 (4)

Here n  T L, i j,
is the number of trains on the line from note i to node j; nT SoT, i

is the number of 
trains in the set of tracks of the node i. nT RN, i r,

is the number of trains on the route node r of 
the node i.

As already pointed out, if there are any passenger train moves on the infrastructure ele-
ments the limit of capacity has to be reduced due to the number of passenger trains n

P
 on this 

element (cf. Fig. 4).
One of the important assumptions in this article is that all capacities of lines, route nodes 

or set of tracks can be applied to each other. 
With this background, the actual optimization is performed by a commercial solver. Using 

the previous steps the maximum number of train runs on a sub-network by forming a set of 
linear equations (cf. eqns (1)–(4)) can be calculated. 

Furthermore, the solver also outlines the selected train paths which are used. It is addition-
ally possible to output the loading for each individual infrastructure element. Finally, the new 
mixing ratio on the infrastructure elements can be calculated.

3.2 Altering the mixing ratio and adapting capacity

As illustrated in Fig. 4, train moves or, respectively, the mixing ratio has a significant impact 
on capacity so that there is an iteration loop. The reason is, if the number of freight trains on 
an infrastructure element will increase due to the optimization and there also are passenger 
train runs the mixing ratio will change. And in conclusion, it has to be checked if the capacity 
limits have to be adjusted.

Figure 5 shows illustrative existing capacity by percentage variations in the mixing ratio 
divided into long-distance passenger service (p

long-dist.
) and local passenger service (p

local
), 

arrived for a generic line. Computations were conducted for each interpolation node (at 20% 
stages). As an evidence for this, the missing percentages up to 100% are the freight trains. For 
example if p

long-dist.
 is 20% and p

local
 is 30% there are 50% rail freight service. Only the marked 

surface is important, because the sum of the percentages cannot be over 100%.
Up to this, after changing the number of freight trains it has to be checked which new 

capacity depending on the optimized values is on the infrastructure elements now. There are 
two obvious methods. On the one hand, the capacity could be calculated again by using the 
methods pointed out in Sections 2.3 and 3.1. On the other hand, it can be interpolated for 
every mixing ratio and the adjusted capacity can be read out as shown in Fig. 5. Currently a 
mixed-linear approach is used to include a linkage between long-distance and regional traffic.

It becomes apparent that mixing fast and slow services yields differing capacity curves. 
With freight and local-passenger traffic travelling at comparatively homogeneous speeds, 
this curve is higher than the curve for the applicable comparison of these types of traffic with 
long-distance passenger traffic. 
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3.3 Deviation between capacity interpolated and calculated 

The percentage deviation between the values interpolated and exact values calculated using 
LUKS® software (Studies into the Output Capacity of Nodes and Lines) was established 
illustratively for four levels of service, those being ‘better than required’, ‘optimum’, ‘risk’ 
and ‘deficient’. Figure 6 portrays these deviations with the aid of boxplots. The average level 
of deviation for all interpolation nodes amounts to <2%. No deviations exceed 10%. Though 
the results could be refined by adding further interpolation nodes, this constitutes an adequate 
degree of accuracy for the course of action targeted.

3.4 Evaluation of results

Once optimization has been concluded, the results need to be evaluated. The number of pos-
sible train runs is composed by the number of freight trains and the base loading (passenger 
trains). As outlined in Section 3.1, the chosen freight train running paths in the network could 
be read out, even if these are not the shortest running paths. 

As another result, the loading of each infrastructure element can be calculated by knowing 
the limits of capacity as well as the actually consumed capacity. Applying recognized indicators 

Figure 5: Illustrative representation of output capacity for given mixing ratios.

Figure 6: Representation of percentage deviations.
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like quality and track-occupation ratio, congested infrastructure can be detected and a compari-
son between different infrastructure and/or operating-schedule variants can be made. 

By comparing and gauging the number of train paths in the sub-network with the aid 
of length or run-timing factors a further indicator could be set out. Therefore, longer-term 
expansions, redesign or downsizing of a network depending on the cost/benefit ratios will be 
possible by considering the whole networks.

4 ILLUSTRATIVE COMPUTATION
The methods and theories presented thus far are elucidated in greater depth with the aid of an 
illustrative computation in this section. To simplify this example how many freight trains can 
run through a network without any passenger trains should be analysed. In addition the train 
paths will be chosen by the optimizer on detected point-to-point routes. 

A small model network consisting of seven nodes linked by the lines represented in Fig. 7 
was set up as an illustrative network. The respective running times and distances between and 
within nodes are further posited as being known. The sources and the attendant sinks for the 
freight traffic were taken as follows:

•	 Point-to-point route 1: from node 1 to node 7

•	 Point-to-point route 2: from node 4 to node 3

The number of train moves is to be conducted in this sub-network on the point-to-point 
routes detailed above, with various alternatives being predefined for each point-to-point route 
(cf. Table 1).

In this example, four alternatives are listed for each of two point-to-point routes; hence 
eight variables are used in the objective function. For simplicity’s sake, the indices for the 

Table 1: Running paths of point-to-point routes for freight traffic.

Point-to-poiPoint-to-point route 1 Point-to-point route 2

Alternative Nodes Alternative Nodes
1 1,4,6,7 1 4,1,2,3
2 1,2,3,5,7 2 4,6,2,3
3 1,2,6,7, 3 4,6,5,3

4 4,6,1,5,3

Figure 7: Illustrative network with given capacity limits.
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point-to-point route (1 or 2) and the number of the alternative (1; 2; 3 or 4) are assigned to 
each variable (cf. Table 1).

The weighted target function (cf. eqn (1)) has to be set out by using the given distances 
between the different nodes (cf. Fig. 7), the length of the route nodes (here simplified to 0.5 
km) as well as the length of the set of tracks (here simplified to 1 km).

For each alternative (cf. Table 1) the distance between source and attendant sink can be 
calculated by adding the distances of the lines, the route nodes and the set of tracks. Fur-
thermore, the shortest train course of every point-to-point route can be appointed and due 
to this the ratio for the alternative to this shortest train course can be calculated. Because of 
the maximization the reciprocal will be needed so that the shortest path of the point-to-point 
route will have the highest weight (equal to 1.0). The other weights will be less than 1.0. 
Using eqn (1) the weighted objective function is given as

                
⋅ = + +

+ + + +
c n n n n

n n n n

max    0.667  0.737 

0.966  0.718  0.778   

T
T T T T

T T T T

1,1 1,2 1,3

2,1 2,2 2,3 2,4

 

(5)

nTn m, is vector of the number of train moves on the point-to-point route n and the alternative 
m (cf. Table 1).

It needs to be ensured for all equality constraints that the sum of all train moves over the 
respective infrastructure element is lower than the capacity ceiling for this element (cf. eqns 
(2)–(4)). In the cause of enhanced assimilation, one equality constraint per infrastructure ele-
ment is exemplified hereafter.

If the line from node 1 to node 2 is considered, the following equality constraint needs to 
be observed:

                                             
+ + ≤n n n CT T T L1,2 1,3 2,1 1,2

 (6)

The set of tracks in node 5 thus contains all variables for the train moves that run through 
this node:

 
+ + ≤n n n C  T T T SoT1,2 2,3 2,4 5

 (7)

With regard to the left-hand station throat in the same node, the following condition is to 
be met:

 
⋅n n n C+ 2 + ≤T1,2 T2,3 T2,4 RN5,a  

(8)

Table 2: Results of optimization (consumed capacity).

Point-to-
point route

Lines Set of
Tracks

Route Nodes

n
T1,1

19 L
1,2

26 L
6,7

20 SoT
1

26 RN
1,a

26 RN
1,b

26
n

T1,2
 0 L

2,3
15 L

4,1
26 SoT

2
26 RN

2,a
37 RN

2,b
15

n
T1,3

 0 L
3,5

15 L
6,2

 0 SoT
3

34 RN
3,a

15 RN
3,b

34
n

T2,1
 9 L

2,6
11 L

5,3
19 SoT

4
54 RN

4,a
26 RN

4,b
28

n
T2,2

 0 L
4,6

28 L
7,5

 0 SoT
5

34 RN
5,a

53 RN
5,b

 0
n

T2,3
 11 L

5,7
 0 L

5,6
19 SoT

6
39 RN

6,a
39 RN

6,b
39

n
T2,4

 15 SoT
7

20 RN
7,a

20 RN
7,b

 0
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In eqns (6) to (8) the right side is the existing upper limit of capacity for lines (L), set of 
tracks (SoT) and route nodes (RN).

A further special feature that can be mapped when taking this course of action is the revers-
ing of train moves in a station. The additional condition is that there must be scope for double 
negotiation of a station throat (RN) (cf. eqn (8)). 

This is thus a course of action that enables all equality constraints to be imposed for lines, 
sets of tracks and route nodes. 

After the solver has calculated the results the following output information can be derived 
(Table 2). The predefined ceilings for the infrastructure show that a total of 44 freight train 
moves are possible in the sub-network (sum of point-to-point route; cf. Table 2). If the solver 
does not find a solution, there is no possibility to route another freight train through the 
network. The second and third alternative from point-to-point route 1 as well as the second 
alternative from point-to-point route (cf. Table 1).

If there were any passenger trains in the sub-network, it must be checked how the limits of 
the capacity will be changed. This course of action is to be verified following optimization 
for each line, set of tracks and route node. A process of iteration with the new ceiling is to be 
launched should limiting factors be encountered. Analysis is then to be conducted in such an 
instance to find out into whether a solution to the equation problem tends towards one value 
or else towards the degree of accuracy following which iteration can be ended.

5 SUMMARY AND OUTLOOK
Establishing network-wide capacity constitutes a key developmental goal of strategic net-
work planning. It is possible by addressing the capacity of railway lines and railway nodes 
to effect the meaningful optimization by automated means of running paths and capacity 
consumption for entire networks.

To reach this goal for a net-wide optimization a macroscopic network can be described by a 
set of linear equations. With the aid of a solver the maximum number of trains in this network 
can be determined. Furthermore, a running-path search for freight trains through the network 
is possible by knowing the sources and the appropriate sinks of them.

Optimization provides data on possible train paths within the sub-network. Building upon 
these it is possible to evaluate train-path consumption, the loading of individual infrastructure 
elements and the most worthwhile running paths through the sub-network. There is scope for 
comparing differing infrastructure or operating-schedule scenarios, thus allowing pronounce-
ments to be made regarding current or future bottlenecks and their elimination or prevention.

The approach presented is capable of pointing up the direct impact that expansion, redesign 
or downsizing measures have on a railway network’s total output capacity. Depending on this 
fact a benefit/cost ratio could be used to measure the effects of synergy of the whole network. 
For example, if there is a local expansion on a line an improvement of capacity will be rec-
ognizable but there are circumstances, such as when an adjoining node limits the number of 
train moves, under which it will not benefit the network as a whole.
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TraIN TImeTable reScheDulINg geNeraTION 
baSeD ON VehIcle TyPe aND TraIN rOuTe 

cOmbINaTIONS

T. KaTOrI & T. IzumI
Nihon university, Japan.

abSTracT
Train rescheduling means a transient situation to correct a train diagram in a suspended state due to traf-
fic accidents or disasters. automatic (or half manual) rescheduling has been studied, and such previous 
research has shown promising results.

In this paper, we describe a train timetable rescheduling method. In Japanese urban areas, some 
private companies operate on each other’s tracks. If vehicle types have limitations due to ground facili-
ties or company rules, the vehicle has to be operated under these limitations even when running on a 
rescheduled timetable. even if the ground facilities of different companies have uniform conditions, 
local and rapid trains must be operated in a distinct manner.

Therefore, we suggest a rescheduling method. With this method, each vehicle type and its vehicle 
routes based on the track layout are registered, and rescheduling diagrams are composed with the route 
combinations.

Important conditions to decide the combinations are vehicle location at the operation resumption 
time and the introduction of same-type vehicles at an originally unscheduled timing. We compare the 
traffic effects for some combinations of the latter situation where originally unscheduled same-type ve-
hicles are introduced for rescheduling. The evaluation values are average headway time and its standard 
deviation at all stations on the timetable.

We apply our rescheduling method to a theoretical line and timetable modelled on existing urban 
lines in Japan where trains go and come back on double tracks, and indicate the efficacy of our resched-
uling method.
Keywords: route combinations, train rescheduling, vehicle type.

1 INTrODucTION
railway transport is generally considered safe and punctual, but sometimes the transport 
cannot operate on the scheduled timetable due to traffic accidents or disasters. Train resched-
uling means a transient situation to correct a suspended state. When a traffic accident sud-
denly happens, a rescheduling timetable has to be generated quickly, within 5 to 10 min. 
Train rescheduling means swapping the departure order and changing the turning or terminal 
station. here, a short delay of a few minutes which can be solved by a shorter turning time at 
the terminal station is not included.

In Japan, a rescheduling timetable used to be generated by expert operators, but the number 
of operators was decreased due to management streamlining, and now this work has to be 
processed automatically. computer processor performance improved and processors are able 
to solve realistic size problems [1, 2]. many railway companies use programmed traffic control 
systems, and the timetable data are kept and processed on such computer systems. Therefore, 
automatic rescheduling became fit for computers, because manual converting is not needed [3].

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
www.witconferences.com
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however, companies running on through other company facilities to accommodate passen-
gers face issues such as running area restrictions for different vehicle types. This limitation 
makes rescheduling difficult [4].

In this paper, we describe how to generate train rescheduling timetables considering vehi-
cle-type operation. The rescheduled timetable has to satisfy two limitations, namely certain 
track areas are bound to certain vehicle types, and trains cannot be positioned at the same 
location at the same time. To solve these limitations, the track layout is managed by divid-
ing the time interval system into data blocks. Train routes are registered based on the tracks 
between the start and terminal stations based on running time. The rescheduling timetable is 
composed with combinations of these routes.

This rescheduling procedure has four parameters: traffic accident happening time, 
communication time for all trains, resumption time and complete recovery time. We 
compare some rescheduled timetables based on variations of the above parameters. In 
this paper, we adopt only turning operation on double tracks as is usual in Japanese urban 
areas.

2 aSSumPTIONS aND DaTa TyPeS fOr geNeraTINg TraIN reScheDulINg

2.1 assumptions for generating train rescheduling

Train rescheduling timetables are generated under the following assumptions and modelling:

•	 Train operation unit time is 30 s. This means train locations are renewed every 30 s.

•	 minimum headway time between trains is 2 min.

•	 minimum dwell time is 5 min at turning operation and 30 s at the other middle stations.

•	 running time between stations is the same on the scheduled timetable as on the reschedul-
ing timetable. The train stops at the station only, does not stop between stations and does 
not operate at slow speed. In reality, trains may run at a slower speed than normal, but on 
the rescheduling plan, trains run on standard operation time only.

•	 all vehicles have the same driving performance. (On Japanese urban lines, most trains use 
the same vehicle type.)

•	 Trains are never partitioned or combined.

2.2 Data types and format

2.2.1 Track layout data
The track layout is divided by data blocks based on running time, and the blocks have ID 
numbers. In this study, the unit time is 30 s as indicated in Section 2.1. When the running 
time between stations is 2 min, this area is divided into four blocks. for crossover, 30 s 
are allotted, even if the train can run the distance in a shorter time. So, the track layout 
is expressed by blocks considering both time and distance. These block sections differ 
from real signalling sections, because this model is a theoretically simple model. If the 
unit time is shortened by 1 or 5 s, the sections can express a more detailed solution than 
signalling sections. 

figure 1 shows an example of a block division for a sample track layout and the data con-
cerning the block number and the location from the terminal.
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2.2.2 Train diagram data
Train diagram data express a row of track layout block numbers and train location versus 
time. each vehicle operates differently, and the vehicles continue to have location data after 
turning at the terminal station.

Table 1 shows a data form for a train schedule, and fig. 2 is a train diagram based on Table 1.

2.2.3 route data
route data are already combined in the scheduled operation. Therefore, these data are only 
needed for rescheduling.

Table 1: Data form for a train schedule.

Vehicle type Time (min)
Train No.\

0 0.5 1 1.5 2 2.5

1 0 1 3 5 7 9 9 …
2 1 16 14 12 10 10 8 …

1 2 61 59 58 56 54 54 …

2 3 63 63 63 65 67 67 …

figure 1: an example of a block division for track layout. (        : platform).
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figure 2: Sample of a train schedule diagram.



406 T. Katori & T. Izumi, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017)  

route data contain information about possible routes, required time and possible vehicles 
for a particular route between the start and terminal stations.

figure 3 shows some examples of route sets. blue arrows indicate routes from the upper 
left track, and the red ones from the middle right track. all possible routes are registered per 
vehicle type, between all turning tracks.

3 hOW TO geNeraTe a TraIN reScheDulINg TImeTable cONSIDerINg 
VehIcle TyPeS aND rOuTe cOmbINaTIONS

3.1 Parameters for rescheduling

The following four parameters have to be provided to generate a timetable:

•	 time and location of the traffic accident

•	 time needed to communicate the traffic accident to all trains

•	 resumption time

•	 complete recovery time.

figure 4 shows these parameters on the train diagram.
The time needed to communicate the traffic accident to all trains means the delay that is 
required till all other trains are informed. The train in the accident stops soon, but other trains 
continue to run on the scheduled timetable until they receive the accident information. all 
trains stop after this communication time.

figure 3: Some examples of route sets.
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resumption time can set different times for the accident area and different areas and con-
siders turning operation on the part of the line.

complete recovery time means the end of the rescheduling operation time. The 
rescheduling timetable is generated between the resumption and complete recovery time.

3.2 rescheduling timetable generation

3.2.1 Pre-processing
all trains stop at the accident time or the communication time. The stopping location is the 
nearest stopping station for each train.

Trains are operated by the rescheduling timetable after the resumption time.
first, new destination stations are redefined for all trains. as an experimental rule, the new 

destination is the original destination of the train, but if there are no tracks available when 
the train is to reach its original destination, the destination station changes to a closer station 
with a possibility to turn. If the new destination is closer than original one with a possibility to 
turn, trains cannot operate because the number of turning equipment is less than the number 
of trains. The decision of a new destination station is a very important condition, because this 
condition defines the rescheduling solution quality.

also, each train is not necessarily located at its start station on the scheduled timetable at 
the complete recovery time. Therefore, the origin station and starting time are defined for 
running trains at recovery time.

figure 5 shows pre-processed results for fig. 4. Train diagrams are added until the destina-
tion station after the resumption time and from the origin station before complete recovery time.

a rescheduling timetable is calculated between the new origin station at the starting time and 
the destination at the complete recovery time for each train. This time is called rescheduling time.

3.2.2 Vehicle type and operation
If each vehicle is not on the location of the original scheduling diagram at the complete 
recovery time, there is no problem if a vehicle of the same type operates at that location and 
direction. Therefore, same vehicle-type connection at the complete recovery time is also an 
important condition.
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figure 5: a result of pre-processing.
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In this paper, this is also set as a parameter, and the vehicle connection effect is compared.
figure 6 shows some connections for vehicle operation. figure 6(a) indicates the trains con-

necting with the original operation, and fig. 6(b) indicates a substitution between same-type 
vehicles.

3.2.3 route generation
all possible train routes between any turning station during rescheduling time are investi-
gated. for this procedure, route data in Section 2.2.3 are used, and all possible route combi-
nations are investigated recursively and saved. This investigation uses the start and terminal 
track numbers and required time. The total required time should be shorter than the resched-
uling one. This investigation can be considered a knapsack problem with a limitation, where 
the terminal track number g

i
 in route R

i
 must be the start track number s

i+1
 in next route R

i+1
.

If the rescheduling time is rtime, this relation gives the inequality

 
Σ <R rtimei . (1)

because the route data include the possible vehicle types for a specific route, only route 
combinations for possible areas are generated. routes are searched for all running trains.

figure 7 shows an example of some searched routes. Numbers 1–4 in the figure are routes 
on the diagram from t = 68 min, location number 15 to t = 150 min, same location number. 
Similar routes are searched for other trains.

3.2.4 rescheduling timetable generation
a rescheduling timetable is generated with all obtained route combinations for all trains. 
These combinations include the case of more than one train at the same time and on the same 
track. Such case is rejected as an impossible operation solution. for each train i and j, loca-
tion L in time t, if the following equation gives

 
=L Lit jt  (i ≠ j), (2)

then a backtrack procedure is adopted, and computation time decreases. This way, crossing 
hindrance is also avoided. When trains are not located on the same track, the route combina-
tions that do not maintain the minimum headway time are rejected. 
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figure 6: connection for vehicle type on operation.
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3.2.5 evaluation value
The quality of the generated rescheduling timetable is evaluated, and the best solution is 
adopted. The evaluation value is the total product at station i on average headway time ave

i
 and 

standard deviation s
i
 for the same operating direction. a shorter average headway time at any 

station results in a large number of trains operations, which is convenient for the passenger. 
additionally, a smaller standard deviation at the station means a uniform density operation. 
both the smaller elements are good, and the evaluation value is given in eqn (3).

 
( )= ΣE ave s*i i  (min2). (3)

The shorter the average headway time becomes, the higher the number of train, but distribution 
per an hour cannot be decided only by this. Therefore, standard deviation is used to uniformly 
distribute the train headway time and ensure even distribution of passenger numbers on the trains.

under the current combination of parameters, several rescheduling timetables are possible. 
however, the smallest evaluation value is adopted as the solution.

4 reSulTS aND DIScuSSION

4.1 model line for this study

The rescheduling procedure is applied to a line modelled on existing urban lines, and a 
rescheduling timetable is generated.

figure 8 shows the line modelled on existing lines, and Table 2 shows the conditions of the 
line under consideration.

On this model line, two vehicle types operate. One type can operate on the whole line, and 
the other can run between station numbers 0 and 5. This condition means, for example, that 
direct current is available between station numbers 0 and 5, but alternative current or diesel 
operation is used between station numbers 5 and 8.

figure 9 (= fig. 2) shows the scheduled diagram for the model line. blue and green vehicle 
types can run on the whole line, but the red and purple ones are limited and can only run until 
the middle turning station. Only local trains operate on this line. Trains running till station 5 
and trains running till station 8 operate alternatively every 15 min. a rescheduling timetable 
is generated for this line and diagram by changing the parameters.

figure 7: a route tree example (from terminal to terminal).

300
0

2

4

6

8

10

12

14

16

60 90 120

Time [min]

4 2

3

1

L
oc

at
io

n

150 180



410 T. Katori & T. Izumi, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017)  

4.2 results

On the scheduled timetable, a traffic accident happens 5 min after the train departure. commu-
nication time is set to take 5 min, resumption time is 40 min, and complete recovery operation 
time is set to vary. all parameter conditions and their evaluation values are shown in Table 3.

figures 10(a), 10(b) and 10(e) are similar to fig. 6(a), i.e. they connect to the original 
vehicle operation, and figs. 10(c), 10(d) and 10(f) are similar to fig. 6(b), i.e. they connect to 
same-type vehicles in different operations. In addition, figs. 10(e) and 10(f) indicate waiting 
solutions where the train waits until the cycle repeats. These solutions can possibly not be 
called rescheduling. for figs. 10(e) and 10(f), the resumption time is set at 30 min because 
setting it at 40 min resulted in the same solutions.

figure 10 shows a sample of the rescheduled diagram under these conditions.

Table 2: conditions of the line under consideration.

Number of stations 9 stations
running time (non-stop) 15 min

Total number of blocks 68

Number of routes 18

Total length 16.2 km

Station no. 0 1 2 3 4 5 6 7 8

figure 8: Theoretical line modelled on existing line (         : station).
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(a) Rescheduling without vehicle change.
(Recovery time = 150(min))

(b) Rescheduling without vehicle change.
(Recovery time = 178(min))

(c) Rescheduling without vehicle change.
(Recovery time = 150(min))

(d) Rescheduling without vehicle change.
(Recovery time = 95(min))

(e) Discontinuation without vehicle change
until the cycle is repeated.

(f) Discontinuation with vehicle 
change until the cycle is repeated.

figure 10: generated diagrams and conditions.

4.3 Discussion and considering

4.3.1 Discussion
figures 10(a) and 10(b) show rescheduling without changing vehicle operation. In the dia-
gram, any trains turn at station no. 3, which is generally called the ‘mountain cut’, and 
the diagrams give a tricky impression. figures 10(b) and 10(d) have the smallest evalua-
tion value based on optimum recovery time. The solution of fig. 10(d) is obtained by only 
shortening the turning time at the terminal stations. When comparing figs. 10(a) and 10(b) 
with figs. 10(c) and 10(d) in terms of flexible operation effect for the same vehicle type, 
figs. 10(c) and 10(d) have smaller evaluation values. for operation with change vehicle, 



412 T. Katori & T. Izumi, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017)  

the recovery time on Table 3(d) is shortened. free operation shortens the complete recovery 
time and improves the evaluation value.

figures 10(a)–(d) show the generated rescheduling diagrams; however, sometimes there 
are no solutions due to parameter combinations.

figure 11 shows the evaluation values versus recovery time. resumption time is set con-
stant at 40 min.

The blue line indicates that the operation is back to the originally scheduled diagram.
The red line indicates connections to other operations with the same vehicle type. It is gen-

erally said that a longer recovery time will result in a good rescheduling diagram. If the vehi-
cle operation remains the same as the original one (fig. 6(a)), then the longer recovery time 
leads to a smaller evaluation value. On the other hand, if the vehicle operation is changed 
while keeping the same vehicle type, then the evaluation value feature is hardly related to the 
recovery time and does not vary much either.

figure 11 shows that with a recovery time shorter than 175 min, the vehicle operation 
should be changed if a cyclic diagram is used on this model line. If the recovery time is 
shorter than the time, the operation should be changed.

Sometimes there are no solutions available for any recovery time, depending on the timetable 
cycle and the running time of one turning. The reason is that the recovery time is shorter than 
one turning time. In this procedure, waiting time is not distributed on turning time but used after 
resumption time only. accordingly, the generated rescheduling timetable is a tight one.

figures 10(e) and 10(f) indicate a solution that only consists of waiting using the repeating 
cycle timetable. especially fig. 10(f) results in an earlier recovery time, thanks to a flexible 
combination of same vehicle types. however, because both figs. 10(e) and 10(f) are made to 
wait after the possible resumption time, the evaluation values are not so favourable.

The computation time is about 20 s on a general personal computer, because the modelled 
line size and vehicle numbers are small.

4.3.2 The difference with the procedure by an expert operator
The proposed rescheduling procedure is similar for the way of thinking by an expert operator. 
In other words, the flow to make minor adjustments to decide the number of possible turn-
ings for a given vehicle in a given area till the complete recovery time and to avoid crossing 
hindrance is similar. however, because waiting time is not included in the turning time, only 
rigid solutions are obtained, and sometimes there are no solutions, depending on the way the 
complete recovery time is set. In addition, this procedure does not have typical rule-based 
knowledge. Therefore, solution-searching efficiency is not so high.

Table 3: Parameter conditions for train rescheduling.

method resumption 
time (min)

recovery time 
(min)

connection 
type

evaluation value 
(min2)

a rescheduling 40 150 No change 5,772
b rescheduling 40 178 No change 1,400
c rescheduling 40 150 change 2,258
d rescheduling 40 95 change 1,391
e Waiting 30 78 No change 4,100

f Waiting 30 48 change 2,120
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5 cONcluSION
We suggested how to generate an automatic rescheduling timetable when traffic accidents 
occur. We considered vehicle types in particular. Possible routes per vehicle type were regis-
tered in order to deal with different private companies running through on each other’s tracks. 
The rescheduling timetable is a combination of route combinations including information on 
vehicle types that can be used.

Important elements for the rescheduling procedure are train locations at the resumption 
time and how to deal with vehicle operation, i.e. changing or not changing the vehicle opera-
tion. both conditions can still be improved.

In future research, we will focus on automatic determination of vehicle connection and 
the addition of rapid train operation. In addition, shorter division unit time (track length) can 
lead to higher accuracy for complex timetables with a larger size. We will also evaluate the 
method for spider operation as is usual in europe.
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abSTracT
railway operation can be perceived as a complex system consisting of thousands of constituent ele-
ments, including demands for transportation and a variety of transportation resources, such as tracks, 
track blocks, stations, sidings, trains, crews, etc. Overall behaviour of a railway operation is character-
ized by unpredictable disruptive events such as changes in availability of resources due to failures, 
weather conditions or human errors. In addition transportation demands tend to change over time whilst 
changing transportation resources, such as tracks, is not always possible or practical. The key task of 
railway management is the allocation of transportation resources to transportation demands with a 
goal of achieving a complete match, ensuring a smooth operation. The difficulty of this task primarily 
depends on the variability of demand and reliability of resources, in particular, tracks, trains and hu-
man resources. The paper describes how to design complex adaptive railway schedulers, which allocate 
resources to demands in real time and ensure rapid rescheduling in reaction to unpredictable disruptive 
events.
Keywords: adaptability, complexity, railway schedules, real-time schedulers, self-organization.

1 INTrODucTION
This paper describes how concepts, principles and methods of complexity science have been 
used to revolutionize timetabling and scheduling of railways.

1.1 complexity science basics

complexity is a property of open systems consisting of a large number of diverse, partially 
autonomous components, called agents, engaged in interaction by exchanging information, 
without having central control. global behaviour of complex systems emerges from the inter-
action of agents and is unpredictable but not random; it follows discernible patterns.

There is a well-developed theory of complex systems [1–4], which provides rich variety 
of methods and tools for modelling and managing complexity [5], and documented experi-
ence in applying these methods and tools to variety of business and engineering problems, 
including real-time space logistics [6], real-time aircraft life cycle management [7], real-time 
supply chain management [8], real-time taxi scheduling [9], real-time car rental scheduling 
[10] and many others.

1.2 railway operation as a complex system

railway operation can be perceived as a complex system. It consists of thousands of interact-
ing, diverse constituent elements, including demands for transportation and transportation 
resources such as tracks, track blocks, stations, station crews, trains, train crews, resource 
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maintenance crews, maintenance plants and tools, energy supplies (normally, electricity or 
diesel), energy supply equipment, cargos, cargo loading equipment, passengers, passenger 
services (e.g. ticketing, inspection, safety and security) and passenger supplies (e.g. food, 
drinks, waste disposal equipment). Overall behaviour of a railway operation is unpredict-
able in detail. all railways experience, to a greater or lesser degree, unexpected delays and 
disruptions of service and occasional disasters due to unpredictable disruptive events such 
as changes in availability of resources due to resource failures, weather conditions or human 
errors. In addition transportation demands tend to change over time whilst changing transpor-
tation resources such as trucks is not always possible or practical.

The key task of railway management is the allocation of available transportation resources 
to transportation demands, aiming at achieving a complete match. The difficulty of this task 
primarily depends on the variability of demand and availability of resources, in particu-
lar, tracks, trains and human resources. as a rule, the variability is such that scheduling of 
resources must be done in real time.

2 The raIlWay ScheDulINg PrObleM
The railway-scheduling problem can be formulated as the allocation of trains to track blocks 
with the aim of ensuring movement of trains according to specified constraints and priorities, 
where a block is a section of a railway line, which can be occupied only by one train. Stand-
ard operational conditions include the following:

•	 Different trains travel with different speeds.

•	 Different trains have different priorities.

•	 a train can overtake another train at a station or, if necessary, use a free track block on 
the parallel line (even on a line normally reserved for trains travelling in the opposite 
direction).

•	 The capacity of a station to hold trains, which are being overtaken, is limited.

Train scheduling is subject to the occurrence of unpredictable disruptive events, including 
train failures, track failures, train delays and track repair delays.

Whenever a disruptive event occurs, the schedule must be changed to accommodate the 
disruption with the minimal consequences to trains that are not directly affected.

3 caSe STuDy 1
Our task was to improve scheduling of trains on Moscow–St Petersburg main line, which is 
one of the busiest railway lines in russia. The line has 700 km of tracks, 49 stations, 3,700 
track blocks and 48 sections, including 2 four-track sections, 14 three-track sections, 31 
double-track sections and 1 single-track section. The diversity of 810 trains is very high (pas-
senger slow, passenger suburban, passenger express, passenger direct super express, freight, 
service, etc.) with 50 different priorities. an exceptional traffic density in suburban areas of 
Moscow and St Petersburg was a particular problem. unpredictability of disruptions was 
very high: on average 100 unpredictable disruptive events are occurring during a single dis-
patcher shift.

a specific requirement was that the direct high-speed trains were not allowed to be late 
whatever the conditions. Track failures were frequent and repair works occasionally required 
up to 8 h of track closures. The official train timetable produced by railway headquarters was 
given to us as a reference and the starting point for real-time scheduling.
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4 caSe STuDy 2
The second task was to develop a system of real-time schedulers for a regional Siberian rail-
ways with 5,000 km of tracks, carrying 5 millions of passengers and transporting 70 million 
tonnes of freight per annum (Table 1).

Trains often operate in this region under extreme weather conditions. The second case 
study is significant because of the volume of railway traffic in russia. russia is second only 
to china in railway traffic density in the world and third in railway traffic volume after the 
uSa and china.

5 The SOluTION

5.1 brief overview

The proposed solution for both case studies was a network of cooperating real-time schedul-
ers. however, each network of schedulers required a considerable customization effort to 
accommodate specific client requirements.

The constituent schedulers of both networks are capable of entering the official train 
timetable as the initial state of the system, producing the schedule covering all constitu-
ent resources and then, most importantly, rapidly reacting to any unpredictable disruptive 
event, such as a failure or a delay, and rescheduling affected trains in real time ensuring a 
continuous strict correspondence between the schedule and the corresponding situation in 
the field.

The real-time scheduling of trains capable of rapidly eliminating consequences of unpre-
dictable disruptions is our key achievement and represents, to the best of our knowledge, an 
original contribution to railway operation.

Our real-time schedulers enable to split railway timetabling into two parts:

•	 Producing master timetable applying evolutionary, heuristic or optimization methods, 
which can be used as a guide by railway authorities and users [11–13].

•	 rapidly rescheduling master timetable whenever an unpredictable disruption occurs 
with the aim of eliminating consequences of disruptive events, as described in this 
paper.

Table 1: case study 2: train delay reasons

Delay
reasons

Passenger train   
delays p.a.

freight train 
Delays p.a.

locomotive & crew 432 15819

Passenger/freight carriages 155  6659

Track failures/bad conditions 174 10667

Signalling failures 174   672

Power supply failures  99   451

Wrong operational decisions 442   667
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5.2 Network architecture

The architecture of the event-driven, multi-agent, real-time scheduling network is illustrated 
in fig. 1.

The network consists of a number of real-time schedulers, which share the scheduling load 
and cooperate or compete with each other.

5.3 Scheduler architecture

each scheduler consists of three key components: a knowledge base, a virtual world of soft-
ware agents and the links between the virtual world and the real world.

knowledge base consists of ontology, containing conceptual knowledge and databases 
containing factual knowledge.

Ontology contained classes of objects such as train, station, sidetrack and block, linked 
by relations, such as ‘Train occupies block’, ‘Train travels to Station’, ‘Sidetrack belongs to 
Station’, etc. each object was described by appropriate attributes. 

Databases contain values defining instances of object classes.
Virtual world is the world of software agents. Typical agent types for the railway operation 

are train agent, station agent, sidetrack agent and block agent.
Scheduling is done by negotiation between demand agents and resource agents, where a 

typical demand agent is a train agent and a typical resource agent is a block agent. The basis 
for the negotiation is the premise that for a train to travel from a to b all blocks between 
these two points must be free from other trains at the time when the train is scheduled to reach 
them. When a train seeks a sidetrack at a station to wait to be overtaken by a higher priority 
train, resource agents involved in negotiation will be station agents and sidetrack agents. at 
any time there are over 40,000 agents simultaneously active.

Decisions on how to reschedule trains to eliminate consequences of disruptions are made 
by agent negotiations and conveyed to appropriate resources, as illustrated in fig. 2.

The schedule is constructed in several stages. 
The first stage is the production of a rough schedule for all trains based on the official 

timetable. The schedule is built for all trains in parallel, exposing points of conflicts between 
trains (more than one train on a block), if any.

figure 1: Scheduling of trains by a network of cooperating/competing schedulers.
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The second stage is concerned with the elimination of conflicts. Train agents and block 
agents negotiate which of the trains that are in conflict will enter the contested block first, 
respecting, whenever possible, specified train priorities. Whenever a train has to overtake 
another train, the affected station agents and sidetrack agents get involved in the negotiation.

The third stage irons out anomalies, such as excessive delays imposed on some of the low-
priority trains, aiming to produce a well-balanced schedule.

all negotiations are conducted with the aim of maximizing enterprise value, which is a com-
plex function that balances different, often conflicting, goals, i.e. respecting specified train pri-
orities, minimizing train delays, minimizing the use of blocks of the line reserved for trains trav-
elling in opposite direction, special train constrains, etc. In the third stage attempts to increase 
enterprise value are carried out until the process reaches the point of diminishing returns.

If the selected scheduling strategy does not lead to the satisfactory enterprise value, agents 
may autonomously decide to destroy the inadequate schedule and start the process from scratch, 
following alternative strategies (constructive destruction). The same may happen if the user of 
the system (a dispatcher) decides that the schedule produced by the agents is inadequate.

The scheduler receives inputs from and sends outputs to the railways information process-
ing system.

5.4 Salient features

The constituent schedulers have the following salient features:

•	 loading of the master timetable

•	 loading of the maintenance plans

•	 loading data from sensors on railway infrastructure and train positions

•	 real-time processing of train locations and track occupancy

•	 Taking into account more than 80 criteria when scheduling trains (train length, weight, 
running/accelerating/braking times, track layouts, security, etc.)

figure 2: real-time scheduler architecture.

Timetableee

Current State Event Next State

Real World of Railways

Current schedule Next schedule

Virtual World of intelligent agents

Ontology
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•	 reacting in real time to unpredictable disruptive events (track or train failures, delays) and 
rescheduling affected trains

•	 rapidly resolving unforeseeable conflicts (two trains demanding access to the same siding 
at the overlapping times) and rescheduling affected trains

•	 Visualization of output data to help dispatchers to make decisions

•	 creation of and storing a variety of reports

5.5 The key advantage of multi-agent technology

Multi-agent schedulers are capable of rapidly (a) detecting a disruptive event, (b) searching 
for trains that will be affected and (c) rescheduling affected trains in real time before the next 
disruption occurs.

This unique feature is possible because computational search is replaced with search by 
interaction (communication) between agents.

6 reSulTS
The early version of the adaptive multi-agent scheduling system has substantially reduced 
the time required to reschedule the affected trains after the occurrence of disruptive events 
(failures or delays) and improved the utilization of railway resources. The following are some 
of the improvements achieved within operational and security constraints.

•	 Delays of high-speed trains practically eliminated

•	 average train delays reduced to below 8%

•	 Trains regained time lost due to disruptive events one and a half times faster

•	 Productivity of dispatchers doubled

•	 losses due to delays reduced by 50%

•	 Speed of rescheduling to eliminate consequences of failures increased dramatically (800 
trains rescheduled within a minute)

•	 customer satisfaction increased 

•	 Opportunities opened for the increase of traffic density

7 cONcluSIONS
railway timetabling is a well-established art. however, recent developments in complexity 
science offer new superior methods for scheduling of trains in real time, which can increase 
profitability of railways and improve quality of service to railway clients. This paper describes 
how these new scheduling methods have been applied to two very different railway opera-
tions with a considerable success. To the best of authors’ knowledge the real-time schedulers 
developed by the authors’ teams are the first in the world actually working and delivering 
value to a railway authority under very difficult operating conditions.

The further work will include polishing agent negotiation and growing the network of 
competing/cooperating schedulers.
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abSTraCT
The aim of this article is to study how selected variables influence delays in train traffic. Data has 
been collected on train movements, timetables, weather and capacity utilization on a highly utilized 
single-track railway line in southern Sweden during 2014. based on this dataset, we have analysed 
how different factors affect delays in passenger traffic. We measure delays in a novel way, as deviations 
from the scheduled duration for each line section and station stop, not as deviations from a published 
or operational timetable, and this allows us to identify when and where the delays first occur. average 
delays were much larger at station stops. The most significant factor affecting delays was the scheduled 
duration time at station stops and the existence of margins on line sections. If trains arrive to a line 
section or station stop slightly delayed they speed up the activity, otherwise they are typically delayed. 
The influence of weather was less significant and somewhat contradictory: snow and cold temperatures 
increase delays on line sections but reduce them at station stops, while precipitation made no differ-
ence. Capacity utilization seems to have a negative correlation with delays, but we have too little vari-
ation in the levels to be confident. all studied variables, except for precipitation, have impacts that are 
statistically significant to a very high degree of confidence, using both t-tests and regression analysis. 
The results of this study have important practical implications for timetable construction; for instance 
we estimate that a reallocation of scheduled time at stations could reduce delays by as much as 80%.
Keywords: allowances, delays, margins, punctuality, railroad, railway, station stop, timetable, trains, 
travel time variation.

1 INTrODuCTION
Punctuality is a key performance indicator and important success factor for the railway sys-
tems, and a failure in this key factor affects the competitiveness of railway transports relative 
to other transport modes [1]. 

a number of factors can influence the precision of the railway traffic [2]. harris [3] found 
that distance covered and train length were statistically significant in determining punctuality. 

running time margins are generally added to the nominal running time when setting up a 
timetable, as described by goverde [4]. Nominal running times are based on a maximal speed 
profile in normal conditions. To make a timetable realistic, margins are added to allow for 
variations in rolling stock performance, individual driving patterns for drivers, variations in 
weather conditions and other factors that may influence the running time. 

running time margins are typically expressed as a percentage of the nominal running time. 
International guidelines for running time margins are given in [5]. according to Pachl [6], 
common running time margins in europe are in the range of 3% to 7% and 6% to 8% in North 
america. according to goverde [4], the Dutch railways use a margin of 7% of the nominal 
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running time. Palmqvist [7] found that the actual running time margins for a selected line in 
Sweden were about 10%. Punctuality, disturbances and the optimal distribution of supple-
ments are discussed at length in Vromans [8]. Kroon et al. [9] developed a measure to assess 
at which part of the line time supplements were added. Parbo et al. [10] discuss the use of 
percentiles of a sample of actual times instead of defining theoretical running times and then 
add a percentage as margin. 

Ceder and hassold [11] found that one of the main causes for delays in New Zealand was 
heavy passenger load, which increases dwell times. bender et al. [12] state that time required 
for passenger boarding and alighting at stations is a critical element of overall train service 
performance. harris et al. [13] studied delays at stations in the Oslo area. They claim that 
these delays are often small in nature, poorly recorded and not well understood. 

Weather conditions can influence the railway traffic. Xia et al. [14] estimate the effects of 
weather conditions on railway operator performance of passenger train services. They found 
that wind gust, snow, precipitation, temperature and leaves contributed to infrastructure dis-
ruptions. Wei et al. [15] studied the cascade dynamics of delay propagation during severe 
weather. ludvigsen and Klaboe [16] and uIC [17] present how weather conditions affect 
train operator and railway infrastructure performance. 

railway capacity is recognized as an important factor regarding train punctuality [18, 19].
a growing data volume and data availability has enabled researches to study delays and 

delay causes on a relatively detailed level. markovic et al. [20] proposed machine learning 
models for analysing the relation between train arrival delays and selected characteristics 
of the railway system. gorman [21] used econometric methods on uS freight rail data to 
predict congestion delays. Total train running time was predicted based on free running time 
predictors (horsepower per ton, track topography and slow orders) and congestion-related 
factors (meets, passes, overtakes, number of trains, total train hours, train spacing variability 
and train departure headway). Wallander and mäkitalo [22] used a data-mining approach for 
analysing rail transport delays with the aim of developing a more robust timetable structure 
and provide tools for rail network planning. 

This article has a similar objective as Wallander and mäkitalo [22] and shows an example 
of how this type of analysis could be carried out. We relate delays to deviations from the 
scheduled running times between stations and to scheduled station times in order to distin-
guish between not only the places of occurrence of the delay, but also the actual use of the 
infrastructure. 

 There are well-established models based on physics for calculating nominal train running 
times, and such calculations are implemented in timetabling support tools. Time at stations 
has traditionally been set more empirically or based on tradition. Our aim is to map devia-
tions from these scheduled reference times, for each section along a selected line, and to 
investigate influencing factors. by focusing on how long an activity should take and how long 
it actually took, this approach also facilitates discussions related to the most efficient use of 
the infrastructure. We perform the analyses for both line sections and station stops. 

The main aim of this article is consequently to contribute to the methods by which devia-
tions can be understood through this novel approach on defining deviations. The article fur-
thermore contributes to the much-needed knowledgebase on deviations and punctuality in 
the railway system in order to reach a robust system, yet keeping an efficient use of the infra-
structure. The analysis is based on data from a single railway track in Sweden and various 
variables possibly influencing the occurrence and size of the delays. 
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2 meThOD

2.1 Key terminology and calculations

Punctuality is measured as percentage of late trains [1], while delays are measured by a time 
unit, such as minutes. Punctuality and delays provide an overview of the performance of a 
railway system and can be summarized to easily communicated numbers, such as punctuality 
of all trains on a line for a period, average delay or aggregated delay hours. however, from an 
analytical point of view, a lot of information is hidden in such aggregation.

When analysing railway traffic, nuanced presentations with higher resolution are desired. 
rietveld et al. [23] measure unreliability as deviations from a timetable. Noland and Polak 
[24] discuss travel time variability using a distribution of arrival times, without referencing 
a timetable. Nicholson et al. [25] instead propose three measures for the term ‘resilience’. 

The analyses in this article are based on differences between the actual and scheduled 
durations of activities, be they movements along line sections or station stops. If a stop at a 
station is scheduled to take two minutes but actually takes three, we would call that a delay 
of one minute. In the rare case that the stop only took one minute instead of two, that would 
register as a negative delay of one minute (-1). This article thus differs from what is typically 
meant by ‘delay’ in that, beyond the scheduled duration and any margins in it, we are not 
concerned with the timetable per se. If a train is scheduled to arrive at a station at 12:00 and 
depart at 12:02, thus with a scheduled duration of two minutes, but it actually arrives at 12:01 
and departs at 12:03, with an actual duration of two minutes, we would not register that as a 
delay. Instead, we would have registered the delay, with relation to the arrival and departure 
times, where and when the delay first occurred. 

The article furthermore differs from what is typically meant by ‘travel time variability’ in 
that we use the timetable as the baseline for how long activities ‘should’ take, instead of the 
average duration as measured over some time span. If a stop at a station is scheduled to take 
two minutes, but actually takes three minutes, we would consider that a delay of one minute 
even if the average dwell time is three minutes. from the perspective of travel time variabil-
ity, however, there would be no deviation. 

In the article, we use the term ‘average delay’. What we mean is an average conditional 
on the value of an explanatory variable. We also discuss relative risk, which indicates how 
much a factor increases or decreases the average delay in relative terms. The relative risk of 
delays is calculated as the average delay conditional on some value of an explanatory value, 
divided by the average delay across all station stops or line sections, as the case may be. This 
makes it easier to discern the effect of factors where the values or differences are small in 
absolute terms. 

The analysis of this article also makes use of the delay contribution. here we multiply 
the average delay with the number of observations and compare this to the total amount of 
delays. This allows us to identify which levels lead to the most delays, overall.

To ease comparison between the differing lengths of line sections, between the speeds of 
trains, and so on, we have chosen to use ratios instead of absolute time units. Throughout we 
have chosen to use the scheduled duration as the denominator. If the scheduled duration is 
100 seconds and the total margin for that activity is 10 seconds, we would register that as an 
allowance of 0.10 or 10%. 
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for durations we normalize with the average duration for the respective activity. across our 
sample those averages are approximately 100 seconds for station stops and 197 seconds for 
line sections. a scheduled stop of two minutes is thus translated to a duration of 1.20 while 
a scheduled movement along a line section of two minutes would translate to 0.61. We have 
then rounded these ratios to one or two decimal points to limit the number of distinct values 
we work with and to ensure that there are enough observations in each bin for their average 
delays to be reasonably stable. 

2.2 Data

The railway line analysed in this study is 113 km long, electrified, single track, with dense 
and heterogeneous regional traffic. This makes it a fairly typical case in a Scandinavian con-
text. It is located in the far south of Sweden and goes almost straight to the east from helsing-
borg on the western coast to Kristianstad near the eastern shore, connecting the West Coast 
line and the Southern main line. 

The article is based on four main datasets: train movements on the railway line for the year 
of 2015, detailed timetables for these trains, weather observations from around the region and 
the calculated capacity utilization along the railway. These datasets have been linked together 
through a series of access databases, resulting in data for over 198,000 stops at 13 stations 
and 363,000 movements along 20 line sections. Details about the component datasets follow 
below.

The core of our data is that of registered train movements. We do not have data from every 
signal, but at certain points, typically where trains can meet. arrival and departure of the 
trains are logged for purposes of traffic control, punctuality measurement, etc. from these 
logs we can calculate the actual duration of the activity, whether it was a stop at a station or 
a movement between them. 

Timetables for trains in Sweden are created and stored in the tool TrainPlan. The geograph-
ical resolution is almost the same as above. We have received exports from this programme, 
in which we can see every planned activity and its allotted time. This covers both stops and 
movements. from this we extract the scheduled duration and any margins that may have been 
allotted. 

We have meteorological observations from measuring stations in connection to the studied 
railway line, over the variables – snow depth, precipitation and temperature. The two former 
variables are measured once per day, the latter every hour. Snow depth is presented as metres, 
with a precision of two decimal points. Temperature is in degrees Celsius, precipitation in 
millimetres. 

The infrastructure manager has adopted an interpretation of the uIC [18, 19] guidelines 
for how to calculate the capacity utilization on line sections and provided us with the results. 
however, this framework does not include a method to calculate the utilization of capacity 
at stations. In order to look at this, we define our own measure. first we calculated, for every 
day and hour, how many trains passed through the station. Then we took the maximum value 
and set it as the maximum capacity for every given station. finally, we compared the utiliza-
tion over every day and hour with the maximum for that station to get two ratios, one for the 
daily utilization and one for the peak utilization.

a summary of studied variables is found in Table 1. 
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Table 1: Description of studied variables.

Variable Description

earlier delay The train’s delay at the beginning of the ac-
tivity, as a fraction of the scheduled duration 
of the activity. early arrivals are counted as 
negative delays.

Scheduled duration The amount of time scheduled for an activity, 
be it line section or station  stop, before mar-
gins are applied. Normalized by the average 
scheduled  duration for the respective activity 
and presented as a fraction.

margins The amount of margins in the timetable 
for the current activity.  Normalized by the 
scheduled duration and presented as a per-
centage.

Temperature Degree Celsius, measured hourly.
Precipitation rain or snowfall [mm], measured daily.
Snow Depth of snow [m], measured daily.
Day of the week monday (1) through Sunday (7)
month of the year January (1) through December (12)
Capacity utilization Percentage of maximum theoretical capacity 

on line section or at station.  Calculated and 
analysed both for an entire day and for peak 
load.

2.3 analysis

In order to analyse the impact of these variables on delays we make use of three basic steps. 
The first is to determine if the studied variables had a statistically significant impact on the 

delays. We used Welch’s t-test to do this, which is a more general version of Student’s t-test, 
which permits the studied samples to have different sizes and variances. here the data is seg-
mented based on the value of the explanatory variable. for example, we look at temperatures 
below zero and temperatures that are above zero and find out whether the average delays for 
these samples are significantly different from each other. 

a second step is to perform linear regressions for delays at station stops and line sections 
respectively in order to give an overview of the trend of each studied variable. These are not 
intended to be the focus of the article or to provide good predictive models. This regression 
analysis assumes that, instead of there being two categories within each variable, there is a 
linear relationship between the studied variable and delays occurring. 

The third step of the analysis includes three different plots for each variable across line 
sections and station stops, each emphasizing different aspects of the data. each explanatory 
variable is plotted against the average delay, the relative risk and the delay contribution as 
defined in Section 2.1 for line sections and station stops respectively. These plots together 
give a more complete and nuanced picture than either the t-tests or the regressions, and visual 
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inspection can reveal if the studied variables vary along with delays in any recognizable pat-
tern or if there is no pattern at all. Due to limitation of space this article presents only two 
diagrams. The result is thus mainly presented in text.

3 reSulTS aND DISCuSSION

3.1 line sections and station stops

The presentation of the results begins with an overview over the average delays and prob-
abilities of being delayed on line sections and at station stops. as Table 2 shows, the average 
delay for a train on a line section is very close to zero, while significant delays are to be 
expected at the scheduled station stops. The values in Table 2 are normalized with regard to 
the scheduled duration. 

Table 2 also illustrates that for movements on line sections, the probability of being exactly 
on time is higher than at stations, and the probability of gaining time is higher than that of 
losing it. at stations almost half of all stops take longer than scheduled. The delays that do 
occur also tend to be larger at station stops than on line sections. 

3.2 T-test and regression analysis 

To test the significance of the studied variables we first use Welch’s t-test. The results of these 
are summarized in Table 3. most of the variables were found to have a highly significant 
impact on delays. 

We then perform regression analyses on the line section and station stop data respectively. both 
of these yield results similar to the t-test, and the key results are also summarized in Table 3. 

a number of coefficients differ in sign between the regression for line sections and station 
stops: the three weather variables increase delays on line sections while reducing them at 
stations, while month by month the delays decrease on line sections and increase at stations. 

3.3 about the explanatory variables

In the following section we discuss the results of visual analysis of more than 60 plots over 
the explanatory variables impacts on delays. This analysis allows us to see patterns that are 
not visible in Table 3. We do not have the space to show more than a couple of these diagrams 
but briefly discuss the others in text. 

3.3.1 Timetable factors
Visual analysis indicates that small earlier deviations from the timetable affect the occurrence 
delays on line sections. One possible interpretation is that if trains arrive a little before the 

Table 2: average delays and probabilities of delay.

Summary statistics Probability of finishing activity
average 

delay
Standard 
deviation

early On time Delayed Delayed by 
more than 

100%
line section 0.00 0.01 24% 58% 18% 0%
Station stop 0.44 1.21 19% 34% 47% 41%
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Table 3: results of t-tests and regression analysis

Input Welch’s  t-test regression

Variable Source Value aver-
age

St. 
Dev.

Value aver-
age

St. 
Dev.

p-
value

Coef-
ficient

p-
value

earlier delay 
of train

line 
section

>0 0.00 0.00 <=0 0.00 0.01 0.00 0.00 0.00

Station 
stop

0.14 1.11 0.78 1.22 0.00 −0.05 0.00

Scheduled 
duration

line 
section

>1 0.00 0.01 <=1 0.00 0.01 0.27 0.00 0.00

relative to 
average

Station 
stop

0.08 0.73 0.54 1.30 0.00 −0.22 0.00

margins in 
timetable

line 
section

>0 0.00 0.01 <=0 0.00 0.01 0.00 −0.01 0.00

Station 
stop

−0.43 0.92 0.44 1.21 0.00 0.00 0.00

Temperature 
line 
section

<0 0.00 0.01 >=0 0.00 0.01 0.00 0.00 0.00

Station 
stop

0.35 1.20 0.44 1.21 0.00 0.00 0.01

Precipitation line 
section

>0 0.00 0.01 0 0.00 0.01 0.05 0.00 0.00

Station 
stop

0.44 1.16 0.44 1.24 1.00 0.00 0.39

Snow depth line 
section 

>0 0.00 0.01 0 0.00 0.01 0.00 0.02 0.00

Station 
stop

0.29 1.14 0.45 1.21 0.00 −1.16 0.00

Day of week line 
section

6-7 0.00 0.01 1-5 0.00 0.01 0.00 0.00 0.00

Station 
stop

0.42 1.17 0.44 1.22 0.01 −0.01 0.00

month of 
year 

line 
section

0.00 0.00

Station 
stop

0.02 0.00

Capacity 
utilization

line 
section

0.01 0.00

calculated 
daily

Station 
stop

0.06 0.00

Capacity 
utilization

line 
section

−0.01 0.00

calculated at 
peak

Station 
stop

−0.03 0.10
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scheduled arrival time the drivers seem to slow down, and if they are a little bit late, they try 
to catch up as best they can. This effect disappears as the deviations become larger, both in 
positive and negative values. 

Station stops were shortest when trains arrived a few minutes after the scheduled arrival 
time. Trains that arrived either on time or early to the station were on average delayed at the 
stations so that they depart with a delay of around half a minute, regardless of how early they 
were. Trains that arrived more than a few minutes late were on average delayed even more 
at the station. 

On line sections margins have greater impact on delays than the scheduled duration. While 
longer line sections on average had slightly lower delays than shorter ones, the effect is not 
statistically significant, as we see in Table 3. most delays on line sections in our sample are 
caused when trains have no margins, although negative margins do occur and contribute to a 
small degree. The relationship is illustrated in fig. 1. The most effective level for delay reduc-
tion is around 10%, while the greatest delay reduction is achieved with margins around 80%. 
On line sections we find this to be the single most important variable for explaining delays.

margins are less well defined at station stops compared to margins on line sections. In the 
sample we study only a few hundred trains have clearly labelled margins, and those are on 
the order of hours per station stop, clearly intended for other purposes. Instead, the sched-
uled duration of the stop is more important and is manually set by the timetable constructor. 
figure 2 illustrates that the average delay is significant if the scheduled duration is lower 
than 160 seconds. The greatest reduction in delays occurs at a duration of 210 seconds, and 

figure 1: relative risk of delays at different margin levels on line sections.

figure 2: average delays at stations, scheduled duration.
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thereafter additional station time increases the average delays. This variable, scheduled time 
at station stops, explains more of the delays than any other, both at stations and in total. 

Knowing this, we might seek to reallocate the time at stations so as to reduce the delays. 
To do this we chose a strategy where the total scheduled duration across all stations stops is 
not allowed to increase, while trying to minimize the total delay time. as a result, we set 21% 
of the station stops to 210 seconds and the rest at 50 seconds. using the estimated effect on 
delays from fig. 2, we found that this reallocation could reduce delays by as much as 80% 
without increasing the scheduled travel times. 

3.3.2 Weather variables
None of the weather variables we study are found to have a large impact on delays; the coef-
ficients and differences in average delays are relatively small in Table 3, even if the impact is 
statistically significant for both snow and temperature. 

Visual inspection reveals that an increasing snow depth increases the delays on line sec-
tions and reduces delays at stations, while precipitation does not seem to have a significant 
effect on delays at all. Temperatures below zero contribute to raising the average delays on 
line sections, while milder temperatures pull the average towards trains arriving early. at sta-
tions we find quite the opposite: the risk of delays decreases around the freezing point, while 
more normal temperatures are associated with delays. 

3.3.3 Time: days of the week, months of the year
Visual inspection reveals a noticeable and statistically significant difference between the 
average delays across the seven days of the week, with delays being the smallest at the week-
end and largest on mondays. This is almost entirely explained by how many trains run each 
day, as the correlation between the daily averages and the number of trains running on the 
same days is over 92% on line sections and 70% at stations. 

The risk of being delayed also varies from month to month. On line sections we do not dis-
cern any pattern or seasonal effect, while at stations the risk increased slowly as the months 
went by. The risk was around 25% lower than average during the early part of the year and 
about as much higher towards the end. 

3.3.4 Capacity utilization
Capacity utilization is the factor that we are the least confident about, both for line sections 
and station stops, and especially using the peak measure. 

The railway line we study is not very long and only has three different levels of capacity 
utilization for line sections, calculated by the infrastructure manager. The regression analysis 
reported in Table 3 showed a small positive correlation, but our visual inspection instead 
shows a negative correlation between capacity utilization and delays. We hypothesize that 
this mismatch is due to a too small number of distinct capacity utilization levels in our sample 
and does not draw any strong conclusions about this variable. 

Capacity utilization is not defined and calculated in the same way for stations as for line 
sections, so we define and use a measure of our own, described in the method chapter. When 
we use the daily measure for stations, the risk is somewhat elevated when the capacity utili-
zation is 70%. using the peak measure, which we are less confident about methodologically, 
we instead see a reduction at the same level. again, we do not think any strong conclusions 
should be drawn from this. 
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4 CONCluSIONS
In this article we have used a novel approach of looking at where delays occur, a method 
which makes it easy to distinguish between delays occurring on line sections and those occur-
ring at station stops. by focusing on how long an activity should take and how long it actually 
took, this approach also facilitates discussions about efficient use of the infrastructure. 

The results indicate that variables influencing delays do so to different degrees, sometimes 
even with different signs, on line sections and at station stops. We also showed that, at least 
on this railway line, delays at station stops were by far the biggest problem. 

We found that the timetable was the most important factor for explaining delays. Trains 
with slight delays make better time on average, both on line sections and at station stops. 
Those that instead are early or with larger delays typically require more time, increasing 
delays. When margins of around 10% exist on line sections the risk of delays falls, while 
larger margins are less efficient. On station stops a duration of 210 seconds is optimal for 
reducing delays, and we propose that these should be mixed with stops of 50 seconds to 
obtain a good balance between minimizing delays and minimizing the expected travel time. 
We estimate that by reallocating existing station time in this manner, it is possible to reduce 
delays by as much as 80%. 

Weather had some contradictory impacts. On line sections delays increase as temperatures 
fall, or if there is snow. at stations the same conditions actually improve performance, and in 
our sample the effect at stations was more important. Precipitation had no significant impact 
on delays. The average delays are slightly smaller on weekends, especially on line sections, 
and this is mostly because there are fewer trains running then than during the week. The 
number of trains also explains part of the variation of delays between months when we look 
at stations, but not on line sections. We do not detect a clear pattern regarding capacity utiliza-
tion and its effect on delays. 

The results of this study have important practical implications for railway traffic planning. 
Some factors, such as weather, cannot be influenced, but their impact on traffic is still impor-
tant to know when establishing plans. Other factors, such as the distribution of margins, and 
length of station stops are factors that planners can influence. 

from a research perspective we have shown that it is both possible and useful to gather and 
analyse large volumes of data about train movements in this manner: analysing even small 
deviations from the timetable, identifying when and where the deviations occur, considering 
the differences between line sections and station stops, and combining several datasets and 
explanatory variables.

We shall continue our research expanding the network size, time period and number of 
variables studied, and increasing the depth of analysis. 
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ABSTRACT
In railway lines where trains are running densely, a small increase of a dwell time causes a delay and the 
delay tends to expand and propagate to many other trains. One idea to avoid such delays is to increase 
dwell times of trains in timetables. Increase of dwell times, however, may cause an expansion of head-
ways and we may have to decrease the frequency, which is never allowed in a congested railway line. 
In this article, we propose a procedure to get a timetable in which each train is given an enough amount 
of dwell time without reducing the frequency of trains. Our key idea is to find a train performance 
curve which minimizes the departure–arrival interval of trains and to make use of the generated time to 
increase the dwell times. In this process, we do not stick to an idea that travel times of trains have to be 
minimized. Following this procedure, we can increase the dwell times without reducing the frequency. 
We have applied our procedure to actual timetables and confirmed that our procedure works very well.
Keywords: headway, robustness, timetable, train performance curve.

1 INTRODUCTION
In Tokyo, the capital of Japan, a great number of people commute using railways. In order to 
fulfil the big demand for railways, trains are operated very densely. As a matter of fact, during 
morning rush hours, 25 to 30 trains are running per hour per direction on a double track in 
many railway lines in Tokyo. Trains typically consist of 8 to 10 cars, which are 160 m to 200 
m long. Nevertheless, congestion rates of trains are very high. It is not unusual to find trains 
during rush hours of which the congestion rates are more than 150%, which means more than 
2,000 passengers are on board.

One of the recent problems in the railway network of Tokyo area is that short delays very 
often happen during morning rush hours. Small, say several minutes, delays happen almost 
every weekday in the morning. 

The main cause of such delays is an excess of dwell times. If more passengers than 
expected get on and/or off, dwell times increase. It is often observed that a passenger’s bag 
or an umbrella is caught by doors of a train due to congestion inside the train. In such cases, 
the doors must be opened again and the dwell time increases. Another case is rescue of a sick 
passenger. If a passenger gets sick inside a train, he/she is rescued by an ambulance and the 
dwell time increases.

One of the characteristics of railway systems in Tokyo area is that so-called direct operation 
is widely realized. This is an operation which allows trains from suburban areas go directly 
into subway lines and vice versa. Passengers can arrive at downtown without transferring, 
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which is very convenient for them. On the other hand, the direct operation has a drawback 
that a delay tends to propagate to other railway lines. Thus, railway companies are keen to 
prevent such delays from happening and making every effort to make their timetable more 
robust [1–3].

In order to make timetables more robust, it is effective to increase dwell times in the time-
tables. But the problem is that because we are required to set up a certain number of trains 
to fulfil the demands, it is impossible to increase the dwell times any more, which we will 
discuss later.

In this article, we introduce a procedure to increase dwell times of trains for a given time-
table without decreasing the frequency of trains (we define ‘a frequency’ as the number of 
trains during rush hours in this article). If we can increase the dwell times, delays due to an 
increase of dwell times do not occur anymore and the timetable becomes more robust. Our 
key idea is to find a train performance curve which minimizes the arrival–departure interval 
of trains and to make use of the generated time to increase the dwell times. In this process, 
we do not stick to an idea that travel times of trains have to be minimized.

The process to seek for such a train performance curve is not so simple. One reason is that 
we have to find a practical performance curve. We have to be careful about the ride comfort 
and should avoid losses. It is not desirable if it is difficult to drive. Another reason is that we 
have to assure that the performance curve has to be applicable for all the trains, because it is 
not reasonable to specify different performance curves for each train. One more reason is that 
we have to consider an influence from the preceding train because trains are running densely. 
These mean that in the procedure, we have to consider the preceding train, the current train 
and the succeeding train all at the same time. To solve the problems, we introduce a proce-
dure which consists of iteration and feedback.

We have applied our procedure to an actual timetable and confirmed that our procedure 
successfully increases the dwell times of a given timetable.

2 MAkING A TIMETABLE

2.1 Constraints in making a timetable

To make a timetable means  fixing the arrival and departure times of trains at stations together 
with finding out whether trains pass or stop at stations and the track which the trains are going 
to use. In Tokyo Metro, arrival and departure times are specified with a unit of 5 seconds.

There exist three major constraints we have to take into account when we make a timetable.

1. Minimum running time
A minimum running time of a train means the minimum time required when a train runs 
from a station to the next station. It is common that we consider only one train and we 
do not care about an interaction between two trains. This is because what we want to 
get here is the minimum running time when a train runs without any interference from 
other trains.
Minimum running times are nowadays obtained by calculation using a computer software. 
The output of the software is a so-called train performance curve (hereafter, we may call it 
just ‘a performance curve’ if there is no ambiguity), which consists of the speed curve and 
the time curve. We show an example of a train performance curve from one station (Sta-
tion A) to the next station (Station B) in Fig. 1. The x-axis is the distance and the y-axis is 
the speed and the time. The blue line expresses the speed limit imposed by ATP. The speed 
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curve depicts the running speed of the train at each location together with how the train 
should be driven, namely, where the train should accelerate and where the train should 
decelerate. From the time curve, we can know how much time is needed for the train to run 
between the stations. The unit of time for the results of calculation is usually 1 second and 
is rounded to a time with a unit of 5 seconds in Tokyo Metro (and in other railway com-
panies in Japan). Hereafter, we call the rounded time a technically minimum running time 
and if there is no ambiguity we just call it a minimum running time.

2. Dwell times
We have to set the dwell time of trains at each station. We estimate or observe how many 
passengers get on/off at the station and fix an appropriate dwell time. Thus, the dwell 
times vary according to the time, the direction and the station. Dwell times during rush 
hours are set to be longer than those in less congested time. In Tokyo Metro, dwell times 
are typically from 30 seconds to 1 minute.

3. Minimum headway
When two trains consecutively use the same track at a station, we have to keep a certain 
time interval between these two trains (it is true that we also have to consider the time 
interval outside a station. But because the necessary interval outside stations is usually 
larger than that of inside a station, we focus on the necessary interval inside a station). In 
this article, we call the minimum time interval between two trains which consecutively 
run ‘a technically minimum headway’ or ‘a minimum headway’ if there is no ambiguity. 
More exactly speaking, the minimum headway in this article is defined as the minimum 
necessary time from the departure of a train to the arrival of the next train (Sometimes, a 
headway is thought to be an interval of trains in the timetable. But in this article, we use 
‘headway’ as the minimum interval as described above. We do not want to change the 
frequency of trains. This is the most important prerequisite of this article.).

The minimum headway is influenced by the signalling system (ATP) to a large extent. 
There are no wayside signals in Tokyo Metro and the allowable speed at that moment is 
shown in the cab of the train. The signal continuously changes as the situation such as 
the location of the preceding train changes.

Minimum headways are also calculated by computers nowadays. The computer soft-
ware calculates the minimum headways using the train performance curves and out-
puts a picture called a minimum headway chart as shown in Fig. 2. Unlike the train 

Figure 1: Train performance curve (example).
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performance curve, the x-axis is the time and the y-axis is the distance. The minimum 
headways are also rounded with a time unit of 5 seconds in Tokyo Metro.

We would like to explain how Tokyo Metro is dealing with the margins in running 
times when we make a timetable. We understand it is common to include some amount 
of margin in the running times of trains in timetables. Namely, in a timetable, the fol-
lowing formula holds:

Arrival time of a train at a station – departure time of a train at the prior station 
= technically minimum running time + margin.  (1)

In Tokyo Metro (and many other railway companies in Japan which operate trains in urban 
area), however, we do not give a margin explicitly. Instead, we impose rather strict conditions 
when we calculate the minimum running times (such as the voltage of the catenary, the diam-
eter of the wheels and so on) and we expect some margin is included in the minimum running 
time eventually. This is because in Tokyo Metro, distances between stations are rather short 
and the types of the trains are almost the same and it is not necessary to give different amount 
of margins to trains. Thus, it is more reasonable that a certain amount of margin is implicitly 
included in the minimum running times.

2.2 Conventional Process to make a timetable

When a railway line is newly constructed, we have to make a timetable from scratch. The 
basic process in this case is as follows: 

1. From the forecast of demands, we fix the necessary frequency of trains during the busi-
est hours.

2. We draw a train performance curve to get the minimum running times. 
3. We fix necessary dwell times for each station based on an estimation of the number of 

passengers. Dwell times may be different depending on times of the day, direction, etc.
4. We design the facilities including signalling systems so that we can realize the minimum 

running times and the frequency during the busiest hours.
5. We fix arrival and departure times of each train.

Figure 2: A minimum headway chart (example).
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When we want to revise an existing timetable, minimum headways and minimum running 
times become constraints. If necessary, we might change the facilities so that we can relax 
these constraints. But this is usually very difficult or almost impossible because the facilities 
such as signalling systems are already optimized and further improvement is not possible any 
more.

We have to note that this process is aiming at reducing the travel time and so much atten-
tion was not paid to increasing the dwell times.

2.3 Current issues concerning timetables

As we have discussed before, the major cause of short delays is an increase of dwell times. 
In order to prevent such delays, dwell times should be long enough in the timetable. But we 
cannot make the dwell time longer unless we decrease the frequency. This is because we 
have to consider the constraint of the minimum headway and if we increase dwell times, it 
becomes impossible to keep the frequency of trains. Figure 3 expresses the reason. In Fig. 3, 
(a) means the minimum headway and (b) is a buffer time. The dwell time could be increased 
by (b) (the buffer time), but if we make the dwell time longer than this, we have to change 
the arrival time of the next train due to the constraint of the minimum headway. This means 
the frequency decreases. Trains are very congested; so it is never allowed to reduce the fre-
quency. In addition, in the timetables of Tokyo Metro, dwell times are already prolonged 
almost to the limit and it is almost impossible to increase the dwell times any more. Hence, 
we need to introduce a brand new idea to increase the dwell times in the timetable.

3 INCREASING ROBUSTNESS OF TIMETABLES BY DELIBERATE  
OPERATION OF TRAINS TO SHORTEN HEADWAYS

3.1 Basic ideas

As discussed above, it is difficult or almost impossible to increase dwell times in the timeta-
bles. But it might be possible to increase dwell times if we can reduce minimum headways. If 
a minimum headway becomes smaller, we can increase the dwell time without reducing the 
frequency by making use of the generated time. Figure 4 explains the idea. If we can reduce 
the headway to (a′), we can increase the dwell time by (c) at the largest, which is calculated as

 (c) = (b) + ((a) – (a′)). (2)

Figure 3: Dwell time, headway and buffer time.
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In order to reduce minimum headways, we have to allow trains enter a station with a 
lower speed. Conventionally, we assume a train runs seeing a green signal (this is a kind 
of metaphor. As we have explained, in Tokyo Metro, there are no wayside signals) when 
we make a train performance curve. This is because we want to get the ‘minimum’ run-
ning time. We change this assumption so that we admit a train sees an aspect other than 
green. Thus, trains may run with a lower speed and the running time may increase, which 
might be regarded that the level of service is degraded. But we believe punctuality is more 
important and it is all right if we can increase robustness by slightly making the travel 
times longer.

3.2 Issues

In order to implement this idea, it is indispensable to establish a procedure to find a train 
performance curve which realizes the minimum interval. In establishing this procedure, there 
exist three issues to be settled. 

1. The train performance curve must be feasible from practical point of view.
This means that we have to consider the ride comfort for one thing. In addition, it is not 
preferable if it is difficult to drive. For example, a sudden change of driving mode is not 
desirable. We also should consider avoiding losses. For example, if there exists a speed 
limit ahead, the train should not accelerate and hit the brakes but should coast.

2. The same train performance curve has to be applicable to all the trains for the segment 
(in this article, we define a segment as a track between a station to the next station).
Trains are driven by drivers. We have to indicate them how to drive a train in advance. It 
is not reasonable to prepare different train performance curves for each train but we have 
to prepare only one train performance curve which all trains can follow. 

3. We have to consider the preceding train at the same time.
In a railway line where trains are operated densely, when a train is arriving at a station, 
the signal aspect for the train is influenced by the preceding train which is just departing 
from the station. Namely, we have to make the train performance curve considering the 
current train and the preceding train at the same time.

Although there exist a lot of papers concerning algorithms to make train performance curves, 
none of them deal with these three issues [4].

Figure 4: To increase dwell time by reducing headway.
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3.3 Procedure 

We show our procedure to get a timetable in which dwell times are made longer. The over-
all structure of the procedure is depicted in Fig. 5. The procedure is basically an iteration 
of making and confirming the train performance curves, in which a feedback to check the 
mutual influence is included. More exactly speaking, we try to find a performance curve for 
one segment and we iterate this process to the following segments. There exist a couple of 
problems inherent in this process. The first one is that the performance curve obtained in a 
segment is not applicable to the succeeding train in the same segment. The succeeding train 
cannot always run as specified by the performance curve obtained. The second problem is 
that it may reveal that a performance curve obtained for the next segment is not compatible 
with the performance curve obtained for the current segment. So, during the procedure, we 
occasionally confirm these compatibilities and if some incompatibility is found, we modify 
the performance curves so that we can assure the compatibility.

For simplicity, we show a procedure in which only three stations appear: Station A, Sta-
tion B and Station C (trains proceed from Station A to Station C) and we want to increase 
the dwell times at Station C. By iterating this procedure, however, we can deal with more 
complicated situation such as more stations are involved and dwell times of more than one 
station are increased. 

Step 1: Find a performance curve which makes the headway minimum for Segment B-C
 We first try to find a train performance curve from Station B to Station C (Segment B-C) 

which realizes the minimum headway when trains arrive at Station C. Such performance 
curve must exist between a performance curve for the minimum running time and a 
performance curve in which the train is almost compelled to stop before it arrives at 
Station C. We enumerate all train performance curves by fixing the preceding train and 
changing the departure time of a train at Station B by 1 second and choose one in which 

Figure 5: Overall structure of the procedure.
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the interval between the departure of the preceding train at Station C and the arrival of 
the train at Station C is the smallest.

Step2: Revise the performance curve obtained in Step 1
 The train performance curve generated in Step 1 is not always appropriate from practi-

cal point of view. So we modify it manually so that the performance curve is practically 
appropriate as discussed earlier. 

 We also confirm if the obtained performance curve can be applied by the succeeding 
train(s) as well. We simulate the movement of one train (the first train) and the succeed-
ing train simultaneously and confirm if the succeeding train can run following the same 
performance curve. If not, we modify the performance curve manually so that the trains 
can run following the same performance curve.

Step 3: Recalculate the minimum headway
 If we have modified the performance curve in Step 2, this means the modified perfor-

mance curve does not always realize the minimum headway. Hence, we calculate the 
interval between the train (the first train) and the succeeding train based on the modified 
performance curve. In this process, we confirm how closely the succeeding train can run 
considering the signals which are influenced by the first train. 

Step 4: Check compatibility of performance curves of A-B and B-C
 Now, we may have a new performance curve for Segment B-C. This means that trains 

may not be able to run in Segment A-B according to the current performance curve. 
This is because when a train is arriving at Station B, the preceding train is departing 
from Station B based on the modified performance curve and the signal aspects for the 
train are influenced by the preceding train. Thus, we have to check the compatibility of 
performance curve for Segment A-B and that for Segment B-C. In order to check the 
compatibility of the performance curves, we simulate two trains for these two segments 
simultaneously. 

Step 5: Choose the most appropriate performance curves
 Here, we may have the following four options.
 If the two performance curves are proved to be compatible in Step 4,
 (1)  we can just adopt the current performance curve for Segment A-B and the obtained 

performance curve for Segment B-C.
If the performance curves are proved to be incompatible,

 (2)  we modify the performance curve for Segment A-B (we do not change the current 
performance curve for Segment B-C), which we can obtain by applying a procedure 
similar to Steps 1–3 to Segment A-B.

 (3)  we modify the performance curve for Segment B-C (we do not change the current 
performance curve for Segment A-B). We can accomplish this by paying attention 
to the change of the signal aspects and by modifying the performance curve for Seg-
ment B-C so that it does not give an influence to the succeeding train in Segment 
A-B.

 (4)  we change the performance curves for Segment A-B and Segment B-C. This could 
be done as a combination of the two procedures described above.

Then, we choose one of these options which we believe is the most appropriate for the 
situation.
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4 NUMERICAL EXPERIMENTS
We have conducted numerical experiments using actual data. The data we used are ones of 
Hibiya line of Tokyo Metro. We intended to get a timetable in which dwell times at Ueno 
station (this is the busiest station in Hibiya line. Hereafter, we call the station ‘Station U’) 
are increased. The station prior to Ueno is Iriya (hereafter, ‘Station I’) and the station prior 
to Iriya is Minowa (hereafter, ‘Station M’). Station U corresponds to Station C, Station I cor-
responds to Station B and Station M corresponds to Station A, respectively, in the procedure 
we showed above.

 We show the results in Table 1. It was proved that we cannot realize option (1). Namely, if we 
change the performance curve for Segment B-C, trains cannot run according to the current perfor-
mance curve for Segment A-B. Hence, we have three options (2), (3) and (4) as shown in Table 1.

Now, we examine and compare these options from various kinds of viewpoints such as 
whether the riding comfort is considerably good, whether it is not difficult to drive, how 
much the travel time increases, how much we can increase the dwell times and so on. If we 
examine the above three options, the discussions are as follows:

•	 If we adopt option (2), we can increase the dwell time of Station U by 10 seconds. But 
we are concerned that drivers have to rather suddenly change the speed in Segment M-I 
because the signalling system indicates a low speed limit for a short time. 

•	 For option (3), it is preferable that the performance curve for Segment M-I is the same as 
the current one but the increase of the dwell time at Station U is the smallest. The increase 
of the travel time is the smallest.

•	 We can get the largest increase of the dwell time at Station U if we adopt option (4).

So one conclusion might be that if we do not care to introduce new performance curves, we 
should adopt option (4). But if we prefer not to change the performance curve for Segment 
M-I and if we do not like the running time increases so much, we should adopt option (3). 

Table 1: Results of the numerical experiments
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It is a great merit of our procedure that it can show several options and leaves a freedom of 
choice for the users to examine them from various kinds of viewpoints.

5 CONCLUSIONS
We have proposed a procedure to increase dwell times for a given timetable without reducing 
frequency. The key idea of the procedure is to find a train performance curve which realizes 
the minimum headway. In this process, we do not stick to an idea to make trains run as fast 
as possible but we rather decrease the running speed so that we can obtain a performance 
curve which makes the headway minimum. Thus, trains may enter with a lower speed but the 
headway becomes smaller. If the headway becomes smaller, we can consume the generated 
time to increase the dwell times.

Based on this idea, we have introduced a procedure with which we can know how we can 
increase the dwell times in a timetable. The procedure could show several alternatives. The 
outputs contain a performance curve and other figures such as how much we can increase the 
dwell times, how much the running times increase and so on, which are useful information 
for users. We have examined how the procedure works using actual data and confirmed that 
our procedure works very well.

Some of our future works are the following:

•	 Application of this idea to real-time environment. 
We have introduced a procedure to revise a timetable so that the train can have longer dwell 
times. It is useful to give an indication to a driver to run so that the train can arrive with a min-
imum headway when the dwell time of the preceding train has become longer and is delayed. 

•	 Apply this idea when renovation of the signalling systems is allowed.
In this article, we assumed that we do not change the signalling systems. But it is more 
effective if we can renovate the signalling system because signalling systems are very 
influential to headways.
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abSTracT
In strategic subway scheduling stage, the conflict sometimes comes from different requirements of the 
subway operator. This study aims to investigate the significant factors concerning strategic subway 
scheduling problem and to develop an automatic procedure of feasibility analysis in subway schedul-
ing. To this end, accurate simulation of train movement (via a simulator, named haMleT) is applied 
first by considering the line geography, train performances, actual speed restrictions, etc. The critical 
elements of subway scheduling and their correlations are then studied and a bound structure of the criti-
cal factors is established. The feasibility of primary plan requirements is analysed with the restrictions 
of the bound structure. Infeasible aspects and possible adjustments are shortly discussed. Finally, the 
subsequent applications including schedule generation and optimization according to various objectives 
are indicated as well.
Keywords: factor analysis, feasibility evaluation, periodic scheduling, subway, train scheduling. 

1 INTrODucTION
There are several distinctive features of subway schedule: 

•	 Subway schedules are remarkably periodic. and the period of a subway schedule is actu-
ally short, typically ranging from tens of minutes to several hours. Thus, for both a train 
and a station the daily schedule they follow consists of multiple periods. each period of the 
schedule for a train is called a cycle of the train.

•	 The service of subway is required to be highly frequent. In other words, the intervals be-
tween trains are quite short.

•	 Within a certain travel zone, the satisfaction of passengers does not critically rely on the 
punctualities of all trains in the timetable (except the first and last trains on schedule), but 
the average waiting time and total travel time. 

•	 Only a few stations are equipped with siding tracks (for trains in failure); i.e. it is difficult 
to prevent the impact of some local failure to propagate into a global scope. 

•	 Possible conflicts come from multi-objective requirements of the subway operator. 

There are a wide variety of elements involved in railway scheduling. as in other kinds of 
scheduling problems, over a time, periodic event scheduling problem (PeSP) has played a 
dominant role in railway scheduling problem by considering the basic aspects, including 
the arrival and departure times of trains at each station and the assignment of train routes 
based on the infrastructure resource. For example, as an early study to exploit the PeSP to 
model and construct railway timetables, Odijk [1] first built a visual graph to express the 
timetable structure where a vertex represents an event and an arc represents a constraint. 

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
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The scheduling problem is solved by searching a feasible and good timetable in this con-
straint graph. Similarly liebchen et al. [2] also modelled a periodic timetable optimization 
task as a PeSP. besides, it takes the amount of rolling stock required, average passenger 
changing time (connection time), average speed of lines, etc., into account. 

besides the reasonable travel times and waiting times, other interests have also been con-
cerned. In the scheduling and rescheduling model proposed by [3], the total final delay and 
the cost associated with delays are considered. Miyatake et al. [4] investigated the relation 
between running time and the energy consumption in the whole section inter-stations and 
further proposed an adjustment law to minimize the total energy consumption by optimizing 
all running times. In this study the dwell time at each station is unchanged. In contrast, in 
order to optimize the utilization of regenerated energy in train braking stage, yang et al. [5] 
proposed a cooperative scheduling approach, which allows the dwell times to vary. It par-
ticularly considers the successive trains and allows the regenerated energy from the braking 
train to be used by the accelerating train simultaneously. In the earlier model, the energy is 
the primary factor being taken into consideration. Still in their subsequent work, an extension 
version using two-objective model was proposed where the energy saving is maximized and 
the passenger waiting time is minimized [6]. 

To sum up, in subway train scheduling, the main concerns are arrival times, stop and wait-
ing time at each station, passenger travel times, delays and energy consumption, etc. how-
ever, the minimum train intervals, train turning time at terminals and required number of 
trains are not widely discussed. Instead, these elements are supposed to be a set of static and 
known parameters in most subway scheduling problems. Thus, this paper studies these ele-
ments first at a more fundamental layer, integrating the physical properties of line and the 
comprehensive behaviours of train. Then it aims to develop an automatic procedure of feasi-
bility analysis in subway scheduling based on the investigation of the key factors in periodic 
subway scheduling problem. Furthermore, some experience rules to solve the infeasibility 
are shortly discussed in a demonstrative instance.

2 crITIcal FacTOrS OF SubWay ScheDulINg

2.1 accurate simulation of train movement

First, basic technical factors for accurate simulation of train movement are analysed to study 
the actual information required in real world. 

a simulation tool named haMleT (herramienta avanzada Multidisciplinar para líneas 
eléctricas de Trenes) is applied to reconstruct the infrastructure and signalling system and 
simulate the train behaviours. as described in the previous work of haMleT [7], aspects of 
infrastructure, train, and electrical and signalling systems are all considered (Fig. 1). 

There are two classes of infrastructure data of line. The static configurations include posi-
tions of key point, lengths, slopes, curves, tunnels and bridges, civil speed restrictions, seg-
ment operational speed limitation, feasible route table, etc. and the dynamic information 
here refers to the track description, which mainly depends on the signalling system and train 
movement on the lines. 

Signalling and electrical systems represent the most important trackside support systems. 
They are integrally designed to satisfy the applications of train control system. 

Train data mainly depend on the train type (locomotive and car specifications, the com-
position of train, weight, length, rated number of passengers, electrical and mechanical 
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parameters, etc.). The traction and braking curves are important references in the accurate 
simulation of a train. It is noted, however, that each train is considered to be as a whole and 
its specific performances are represented in the actual speed profile and energy consumption 
profile. 

actually, the input of haMleT can be a route description for a single train as well as 
a draft plan of multi-trains according to the user requirements. When it is a route descrip-
tion for a particular train type, the haMleT outputs the simulation results of this type of 
train based on the given routes, such as the running time on each piece of section, actual 
speed curves, driving modes, energy estimations, etc. besides, actions such as changing 
driving mode or using the temperate speed limitations can still be added to a draft plan, 
and correspondingly it leads to a distinct set of results of the train. Multi-train simulation 
is based on each single train performance, required plan (input), and track description 
and the control levels. Its outcomes may indicate the feasibility or even potential con-
flicts of the draft plan. 

2.2 Varied requirements

In many cases the uniform interval I0 between given trains is required by the subway operator 
once the information of line facility, signalling system and train types are known. The total 
number of needed trains N is the variable to be determined.

On the contrary, in some other cases, the feasible interval I is questioned whilst the total 
number of available trains N0 (and the composition of each train) is provided as a precondition. 

besides, the average stop and waiting time at stations W0 and the average time for changing 
train direction at terminals C0 are usually given. Nonetheless, some of the waiting times W 
and direction turning around times C in actual scheduling can be determined in any situation.

2.3 Fundamental factors 

Other critical factors considered to analyse and optimize the operating plans are expressed 
as follows: 

•	 In case there is more than one type of trains, synthetic train speed index vp of train type i 
is defined. It is a relative value that is calculated by

 

=vp
V

Vi
i

0

, (1)

I: Draft plan

C1:
Infrastructure

C2:
Train data

C3:
Electrics

C4:
Signalling system

O: Space-time diagram,
speed-time profile, 
energy consumption, etc.HAMLET

Figure 1: System chart of haMleT.
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where V0 is the mean velocity of the referred train type and V
i
 is the average speed of train 

type i. as the trains for a line are known, vpi of each train type is determined. The index vpi  
values 1 if there is only a unique train type used in a line.

•	 Minimum operation times: waiting time at station Wmin , time to switch on the locomotive 
of the train Cmin, i.e. direction turning time for a train. 

•	 Minimum intervals Imin depend on the most restrictive conditions of key points, such as 
the limited speed and the additional operation time of a switch, etc. Thus, it should be a 
key point to obtain its minimum interval. as there usually are a set of key points on a line,
Imin is a vector. The finally adopted interval I of the general schedule is not smaller than 
the maximum value of Imin . 

•	 route decision r : r is the selected route set from the route table. If a route is selected, cor-
respondingly the running time set Br of all segments of the route (related to complement 
time and required interval and switch positions) is also referred.

2.4 Integral effect

There are some variables that can be only integers. a frequent one is the total number of 
trains planned to use in a particular line, i.e. N is an integer. 

as the periodic characteristic of subway schedule, the second cycle of the train that departs 
first has to be scheduled with the same interval I from the train that departs last; commonly 
an additional time has to be introduced to complement the difference between the schedule 
period and the single cycling time of train. This complement time tcomp is expressed by

 
= −t T tcyccomp , (2)

where tcyc is the total travel time of a particular train type to complete a cycle in a condition 
that the train path (a set of routes) and the basic time for waiting and for changing train direc-
tion are given. T is the schedule period.

 =T NI. (3)

The complement time sometimes can be a flexible buffer for slight delays. Nevertheless, it 
might also cause potential conflicts at terminals since in many cases the complement time is dis-
tributed to the train dwelling time or turning time at terminals and it increases the time to com-
plete the usage of the platforms for a train (the trains usually are not planned to enter the depot). 

3 FacTOr cOrrelaTIONS 
The critical factors can be further categorized into technical and decidable groups. as the 
train data are given, the minimum operation times Wmin and Cmin and the train speed index 
are determined. Taking the line data and signalling system into account, the interval restric-
tions Imin are technically definite, yet they are to be measured. by contrast, the waiting times, 
direction turning around times, intervals in service, total number of trains and even the train 
path are decidable, either by operator’s expectations or other objectives. Figure 2 shows the 
logical associations of these factors.

To determine the variables in the latter group, the correlations of factors are further stud-
ied by statistical analysis. correlation matrix of factors is shown in Table 1 where each row 
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implies how a decision variable depends on other factors and the bigger a correlation value 
indicates the more related that pair of factors. Some important correlations (bold values) are  
coincident with the common rules we obtain. First we note that between two order stops of 
train only the strictest key point is denoted by the index K. The frontal dwelling time (in the 
train movement direction) of key point K is denoted byCk orWk. Thus, some important cor-
relations showed in Table 1 can be partly explained as follows: 

•	 The minimum interval of a key point depends on the position and the type of train stop (to 
keep or to change the direction of train); besides, it is related to the average speed to travel 
through the key point. They are expressed, respectively, by

 
( ) = + +I k aW bvp ck imin , (4)

 
( ) = + +I k dC evp fk imin , (5)

where a b c d e f, ,  , ,  ,   are the parameters of a given system. 

•	 The final determined interval should not be smaller than the minimum allowed interval of 
any key point; that is,

 
{ }≥I Imax min . (6)

If the number of trains and the train performances are given, then 

 
≥I t N/cyc 0 , (7a)

or = +I t t N( ) /cyc comp 0 . (7b)

•	 In a contrary case the interval in service is known, and the number of trains satisfies 

 
= +N t t I( ) /cyc comp 0 . (8)

Figure 2: The principal associations of factors. 
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•	 When there are many types of trains to run on the line, the train type and its speed index 
are one of the influencing factors of the single cycling time of the train.

 
= +t h vp l cyc i . (9)

•	 route decision also has an effect on the train cycling time and the variable pair: the adopt-
ed number of trains N and interval I.

•	 last but not least, the complement time has to be distributed to the dwelling times and it 
satisfies eqns (10) and (11).

 ∑ ∑( ) ( )= − + −t W W C C     k kcomp 0 0 , (10)

 ∑( )( )< −t I I k  comp min , (11)

W0 and C0 are pre-defined andW W W, k0 min≥ ,C C C, k0 min≥ . 

4 PlaNNINg FeaSIbIlITy
The difficulty to estimate the feasibility of the user requirements lies on the correlative 
variation of the general restriction structure. In other words, all the restrictions are not 
constant. Fortunately, most factors can be related to the key factor, minimum interval 
vector Imin. To sum up, the procedure of feasibility evaluation may include the following 
steps: 

(s1) calculate Imin.
(s2) Obtain tcyc (on the basis of =W Wk 0 and =C Ck 0).

Table 1: correlation matrix of factors in statistical analysis.

Pos* Imin Ck. Wk Vi I0 N0 tcyc tcomp r. 

Pos 1.000 –0.387 –0.322 0.294 0.320 0.021 –0.028 –0.029 –0.004 –0.003

I
min

–0.387 1.000 0.401 –0.530 –0.670 0.213 –0.184 –0.043 –0.028 –0.079

C –0.322 0.401 1.000 –0.8 –0.049 –0.021 –0.072 –0.074

W 0.294 –0.530 –0.831 1.000 0.654 –0.006 0.014 0.019 0.006 0.038

V
i

0.320 –0.670 –0.499 0.654 1.000 0.052 –0.132 –0.209 –0.084 –0.139

I 0.021 0.213 0.033 –0.006 0.052 1.000 –0.890 –0.226 –0.127 –0.487

N –0.028 –0.184 –0.049 0.014 –0.132 –0.890 1.000 0.605 0.365 0.701

t
cyc

–0.029 –0.043 –0.021 0.019 –0.209 –0.226 0.605 1.000 0.325 0.779

t
comp

–0.004 –0.028 –0.072 0.006 –0.084 –0.127 0.365 0.325 1.000 0.092

r. –0.003 –0.079 –0.074 0.038 –0.139 –0.487 0.701 0.779 0.092 1.000
* Position of the key point on the line.
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(s3) Obtain the coefficients in eqns (4), (5) and (9).
(s4) check the feasibility by inequalities in eqns (6), (7a), (7b), (8) and (11).

 after step (s3), linear bounds of each desired variable may be visualized in a bound dia-
gram; e.g. Fig. 3 shows a bound diagram of acceptable interval of a line where the train 
performance and train path are definitive. 

Step (s4) deduces a conclusion by verifying all bounds of the variables. It results in a posi-
tive outcome when all requirements can be satisfied within the bounded domain. Otherwise, 
it identifies that the user requirements of plan are infeasible. The user may obtain inspired 
information to adjust the requirements.

Take the line given in Fig. 4 as an example. 21 key points of the line are taken into account 
in Imin investigation, among which 1, 3, 5 and 14 are the key points that can be related to the 
times to change train direction, i.e.Ck; others are related to the waiting timesWk. The avail-
able number of trains of certain type is known, =N 220 . It is queried whether it is feasible to 
schedule the trains at an interval of 100 s. 

When the average speeds of train types are not obviously different ( { }∈vp 1, 0.881i
in 

this example), some parameters appear as Table 2 shows. In detecting Imin the initial setting 

Figure 3: an instance of linear bounds of the interval (along a given train path).

Figure 4:  a subway line with 7 stations and trains can only change the direction and track at 
terminal stations; 3 train paths with corresponding key points and routes to be selected. 
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includes = = =W C vp30, 30, and  1i0 0 . Table 3 shows the results of feasibility estimation 
varying from train path decision. 

From the results we can conclude that the requirement of running trains at an interval of 
100 s in the given case is possible. It is infeasible only when there is no route set satisfying 
the requirement and restrictions. 

Table 2: Parameters of correlations and measured minimum intervals of partial key points.

a b c d e f h l,  , , , , , , I C_min 1. I C_min 3 I C_min 5 I C_min 14 { }I Wmax _min

1,0,45,1,–42,112,–866,2939 115 106 100 99 75

Table 3: Feasibility estimation by route set.

route set r 
  
tcyc I domain I N. ∑( )( )−I I k   min

 
Feasibility

1 1911 [115, Î]* 100 – – – No

2 1910 [106, Î] 100 – – – No

3 2053 [100, Î ] 100 21 47 401 yes

1&2** 1971 [75, +C 151 ] 100 20 + C321 1 yes

*Î is the maximum value of the acceptable interval, given by the user.
** 1&2 means successive trains alternately take the route set 1 and route set 2.

Figure 5: Distribution information of the intermediate variable Imin .
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besides further information of the minimum interval values we obtained by setting differ-
ent routes, train types or distributing different dwelling times are illustrated in Fig. 5, from 
which two experience rules are summed up. 

•	  #1: Only the key point whose ( )I kmin equals ( )Imax min  of certain route set directly affects 
the acceptable interval I of the route set; 

•	 #2: The acceptable interval I of a regular periodic schedule depends on Imin of the lower-
speed train type.

Thus, the user may decide whether to adjust the dwelling time related to this kind of key 
point in order to obtain an appropriate interval I. but certainly, other variables and restrictions 
may be re-analysed as well.

5 aPPlIcaTIONS
as shown in Fig. 6, further applications of feasibility evaluation include plan generation and 
optimization. actually, only when the general feasibility is verified, it comes to have practical 
significance to apply algorithms and methods to generate and optimize the plan.

To generate a feasible plan, we only have to follow two more steps after the feasibility 
evaluation steps (s1 to s4):

(s5) Determine the favourable route set r and corresponding tcomp.
(s6) Determine the feasible C and W by distributing tcomp.

here we consider the data of the train type(s) are pre-defined. 
To optimize the plan, objectives are to be clarified first. Some of the objectives concluded 

in Fig. 2 can only be achieved by combining with the train control (e.g. passenger comfort), 
and some can be approached by adding objective functions to the scheduling model. For 
example, functions (12) and (13) are, respectively, defined to minimize the total travel time 
and to maximize the robustness of the plan. 

 
B W kMinimise:               r ∑( )( )+  (12)

 
I I kMaximise:        min min( )( )−  (13)

Figure 6: Possible applications based on feasibility analysis.
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6 cONcluSIONS
actually, there are a number of factors to be concerned in practical subway scheduling pro-
cess. These factors are quite basic and detailed but sometimes difficult to obtain for their 
variability and correlations. In many subway scheduling models, detailed factors are not con-
sidered and constant parameters are commonly used to simplify the problem. In this research, 
we investigated the main factors which might be considered in periodic subway scheduling 
problem from a more fundamental level.

based on the correlation study of the critical factors, we established a set of internal restric-
tions among the factors, namely bound structure. Via this dynamic bound structure we real-
ized the feasibility evaluation of the original requirements proposed by the subway operator 
(the user). Subsequently, the subway schedule (plan) can be generated if the user require-
ments are practicable and further optimized according to particular objectives. Otherwise, 
infeasible aspects are analysed, and possible adjustments which might produce a feasible 
plan can be proposed according to the available resources of the system. 

Feasibility analysis is an indispensable part of work in practical subway scheduling, and 
more complex situations (such as multi-train type, more shared conjunctions on different 
routes, etc.) are to be included in the research.
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AN OPTImIzATION APPrOAch TO rAIlWAy TrAck 
AllOcATION cONSIDerINg The TrAIN-SeT rOuTINgS

Bum hWAN PArk
Dept. of railroad management and logistics, korea National university of Transportation, korea

ABSTrAcT
This paper deals with an optimization approach to railway track allocation, which is one of the most 
important decision problems in the presence of multiple train operating companies (TOcs). In fact there 
has been deep discussion about how to boost the competition environment in korean railway since the 
functional reform in 2004, which at last resulted in introducing a new entrant to high-speed railway 
passenger transportation market. Finally, in August 2016, two operating companies will compete on the 
major routes in the korean high-speed railway network. The infra manager, kr Network, who is re-
sponsible for allocating the slots, has been developing their own allocation procedure which partly uses 
an optimization model for adjusting the times of requested train-paths. But one of the TOcs’ concerns 
with respect to the adjustment is that their train-set routing plan could be in disorder by the adjustment 
of the arrival/departure times. Assuming TOcs submit their routing plan as well as their desired train-
paths, we present an optimization model and algorithm for track allocation problem, considering the 
routing plan requested by TOcs. The model is developed on a time-space network, where a train-path 
can be described as the sequence of the arcs. Based on the network, we developed an column-generation 
approach to dynamically generate the promising train-paths for each requested one so as to maximize 
the total profit while preventing the routing plans from disrupting by means of setting up the arcs only 
among the two successive train-paths in the routing plan. Also we present the experimental results 
 applied to the korean high-speed railway network. 
Keywords : track allocation, column generation, train-set routing. 

1 INTrODucTION
After the functional reform of the korean railway to separate the train operating company 
(TOc) from the infrastructure manager in 2004, the korean railway has been trying to foster 
the competitive environment in the railway passenger transportation market. At last, the 
efforts resulted in introducing a new entrant to high-speed railway passenger transportation 
market. Finally, in August 2016, two TOcs, kOrAIl and Sr, will compete on the major 
routes in the korean high-speed railway network.

The infrastructure manager, the kr Network, has been developing its own procedure to 
allocate the tracks to the operating companies. The procedure is based on an optimization 
model to find the conflict-free timetable by adjusting arrival/departure times of each train 
submitted by the operating companies. But one of the operating companies’ biggest concerns 
with respect to the adjustment is that their train-set routing plan could be in disorder by the 
adjustment of the arrival/departure times. In fact, the operating companies try to convince the 
infra manager to respect the train-set routing plan. however, the consideration of the routing 
plans could make the adjustment procedure more difficult.

Our study deals with an optimization approach to railway track allocation, respecting the 
routing plans considered by the TOcs.

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
www.witconferences.com
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In fact, the track allocation problems, which is in essence a combination of timetabling 
problem and bidding procedure, have received attention in a few literature: see, for example, 
Borndörfer et al. [1], Nilsson [2], Brewer and Plott [3] and Parkes and ungar [4]. These 
works need a variant of timetabling problem which is called a winner determination problem 
in the context of auction mechanism.

The remainder of this paper is organized as follows. Section 2 explains our problem in 
detail, and the time-space network to mathematically formulate our problem. Section 3 pre-
sents an integer programme model by using path variables. And then we suggest a column-
generation approach to find promising paths in the time-space network to improve the master 
problem at each iteration. In Section 4, we show the experimental results applied to the 
korean high-speed railway network.

2 PrOBlem DeFINITION
each operating company submits their favourite schedule of trains together with the routing 
plan. The routing plan means the sequence of the trains covered by each train set, so we can 
assume each train has its previous and next connection trains. And the korean high-speed 
trains, so-called kTX, are being run with various halting patterns.

Our model can be easily explained on a time-space network where each node represents 
discretized time and each arc train movements. The approaches to use time-space network 
are found in other works [5–7].

In Fig. 1, each node on a horizontal line represents a discretized time while all the nodes 
together on any line belong to a single station. An arc between two nodes belonging to 
 different stations represents the travelling times between those two stations. Where nodes 
corresponding to an intermediate station are split, the arc between them represents the 
dwell time. each train can be expressed as a sequence of arcs. We assume each train has its 
own profit but the profit is decreased, depending on the deviation from the departure time at 
the original station and from requested dwell time at each stopping station.

And the trains are combined with each other by the train-set routing plan. For example, 
train 1 should be connected to train 2 and train 2 connected to train 4. If the departure time 
of train 1 would be delayed and there could not be enough turnaround time between the 
arrival time of train 1 and the departure time of train 2, the shift of departure time of train 1 
should not be admitted. In this case, we say there are two routings, each of which has two 
trains. In the next section, we suggest an optimization model to consider the  routing plan.

Figure 1: representing the trains in the time-space network.

A

B

C

D

Train 1 Train 3

Train 2

Train 4

Skip station B
Dwell at station B

Departure nodes (downward)
Or arrival nodes (upward)

Departure nodes (upward)
Or arrival nodes (downward)
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3 mODel AND AlgOrIThm

3.1 Optimization model

To develop our optimization model, the time-space network should be modified as follows. 
For the first train in a routing, we include an artificial source node, which is denoted as s

k
, 

to express the time windows of departure at the original station. The size of the window is 
assumed to be a priori given by the infra manager.

And for the last train in a routing, we include an artificial terminal node, which is denoted 
as t

k
 for the routing k, and the associated arcs to express an alternative routing as a path to the 

node. As a result, a path from s
k
 to t

k
 corresponds to an alternative routing, which should be 

optimally adjusted in the model.
Finally, the arcs representing the dwelling time are added within a certain acceptable 

 deviation. Figure 2 shows the time-space network representation of our model.
Operational constraints in the timetabling problem can be easily stated as set packing 

constraints [1], which means there is a restriction on the number of arcs in a set defining a 
conflict.

These constraints can be categorized as one of two types: those for guaranteeing the mini-
mum headway at departure and arrival, and those for restricting the number of trains stopping 
simultaneously at any station. In fact we ignored the constraints preventing the trains from 
overtaking each other because we consider the case of the homogeneous traffic; in other 
words, all trains considered have the same running times between two stations. Figure 3 
shows the way to express the operational constraints.

Based on the network representation as the above, we use the following notations to define 
our mathematical model.

Notation

•	 G = (V, A): the time-space network. The nodes are indexed by i and j, and the arcs are a.

•	 c
a
: the penalized profit of the arc a.

Figure 2: Track allocation considering train-set routing in the time-space network.
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•	 A = A
1 
∪ A

2 
∪ A

3 
∪ A

4 
∪ A

5
 where A

1
,
 
A

2
 . . . , and A

5
 is the set of arcs which represent the 

train movement between two stations, dwelling at a station, connection to the next train 
in the routing plan, the arcs from the artificial source nodes and the arcs to the artificial 
terminal nodes, respectively.

•	 K: the set of request routing, the elements of which are indexed by k.

•	 T
k
: the set of request trains belonging to the routing k, the elements of which are indexed 

by t.

•	 Pk(t): the profit of the train t belonging to the routing k.

•	 P
k
: the set of paths in G from S

k
 to t

k
 for the routing k, the elements of which are denoted 

by P.

•	 ck (P) = ∑a∈p
ca: the profit of the path P for the routing k. The path will be called routing 

path.

•	 C: the set of arcs that make conflicts. The set of C denoted by Ω.

•	 lc: the allowed number of arcs in the conflict set C. 

We assume for simplicity that penalties are assigned only to the delayed departure time of 
the first train belonging to a routing and the delayed dwelling time at stations. If we assign 
the penalties to the associated arcs, we can easily compute the penalized profit of a request 
train. For the train connected from the previous train in a routing like train 2 in Fig. 2, the 
penalties are assigned to the routing arcs which means ones connecting two adjacent trains 
belonging to the same routing with sufficient turnaround time. In conclusion, we can compute 
the penalized profit of the routing path P by ∑a∈p

ca.

In our study, we present a mathematical formulation based on path flow variables and a 
column-generation approach. The formulation, which is called master problem in the context 
of Dantzig-Wolfe decomposition [9], then becomes the following. If the path P is used for 
routing k, the decision variable f  k(P) equals to 1, and f  k(P) equals to 0 otherwise.

Master problem

             max ∑∑
∈∈ P Pk K k

 ck(P)f  k (P), (1)

            s.t. ∑ ≤ ∀ ∈
∈

f P k K( ) 1, ,
P P

k

k

 (2)

Figure 3: establishing the conflict-free conditions in the time-space network.
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   ∑∑ ≤ ∀ ∈Ω
φ∈ ∩ ≠∈ 

f P lc C( ) , ,
P P P Ck K

k

k

 (3)

       f  k (P) ∈ {0,1},  (4)

where ck (P) = ∑a∈p (∈pk)
ca.

The model maximizes the total penalized profit of all the routing paths according to eqn (1).  
By the eqn (2), the number of routing paths to be chosen is no greater than 1 for each routing. 
Finally, eqn (3) guarantees a conflict-free timetable.

3.2 column-generation approach

If f  k (P) ∈ {0,1} is replaced with f  k (P) ≥ 0 and the non-negative dual variables are denoted 
as π

k
, µ

C
 corresponding to eqn (2) and (3), respectively, the optimality condition of the relaxed 

master problem, which can be stated as dual feasibility condition, is as follows. For all P ∈ P
k
, 

∑= −
φ

−

∩ ≠

c P c P( ) ( )k k

C P C{ | }
∑∑∑µ µ π= − −
∈∈∈

l ca lC C C C
C a Ca Pa P

k

{ | } 

              
∑∑ µ π− −
∈∈

≤c l[ ]a C C
C a Ca P

k

{ | }

0.

 (5)
We can find new columns to potentially improve the master problem by finding new paths 

P ∈ P
k
 such that c−k(P) > 0. To find such a path, we impose a modified cost on the arcs in 

the associated network with the routing k. It is then sufficient to find a longest path in the 
network, which can be easily solved because the network is acyclic [8]. Figure 4 shows the 
overall algorithm.

First, the initial relaxed master problem is established using the request trains and routing 
paths submitted by the operating companies. And then the above optimality conditions in 
eqn. 5 are checked, and if there is at least a routing path violating the optimality conditions, 

Initial routing
paths

Relaxed master
problem

More routing
paths violating
dual feasiblity?

Branch-and-bound
with the generated

routing paths

NoCol > Criterion

NoCol = NoCol +1

Figure 4: column-generation heuristic.
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new columns are added until the number of added columns, which is denoted as NoCol in 
Fig. 4, is no greater than ‘criterion’. If no more routing paths are found or NoCol is greater 
than ‘criterion’, the algorithm goes in the branch-and-bound algorithm with the generated 
routing paths so far.

4 eXPerImeNTAl reSulTS
Figure 5 shows the korean high-speed railway network used in our experiments. It consists 
of 40 stations and the bold lines (including dashed lines) indicate the dedicated tracks for the 
high-speed trains. The dashed lines show the dedicated tracks used by a new operating com-
pany Sr. The incumbent operating company is running their high-speed trains (kTX) on the 
routes Seoul-mokpo, Seoul-yeosoo, Seoul-Jinjoo, Seoul-Busan and Seoul-Pohang. But the 
new entrant Sr is supposed to run their high-speed trains (SrT) on the routes Suseo-mokpo 
and Suseo-Busan.

For the experiments, we used the kOrAIl’s timetable in 2013 which consists of 200 trains 
a day. And to make the timetable of trains departing Suseo station, which means the new 
operating company’s timetable, kOrAIl’s timetable was copied and then shifted to some 
minutes keeping the running times between new stations in minds. Totally, we generated 392 
trains. And we assume that the driving time between two stations is fixed for both kTX and 
SrT. Therefore there is no need to include the conflict-sets preventing overtaking in Ω.

And we assume that there are 140 routings each of which contains one to six trains sub-
mitted by the companies. We simply generated 140 routings by keeping connecting trains if 
possible. So there are many routings with just one train. The following table (Table 1) shows 
the information about our routings.

Figure 5: The korean high-speed railway network.



458 Bum Hwan Park, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 

Table 1: routing information. 

# of trains in routing  1  2  3 4 5 6 

# of routings  52  13  19  30  19  2 
  
For the dwell times, tolerances [0,5] are imposed on the dwell time so that the network 

includes five additional dwelling arcs for each request dwelling arc. And for departure 
times of the first train belonging to a routing, we set the tolerance interval as [0,10] . As 
mentioned before, the profit is penalized, depending on the deviation from the request 
times. We set the penalty 1 for each minute delay. The profits of trains are all set to be a 
constant. Finally, the algorithm terminates if ‘criterion’ in Fig. 4 becomes no smaller than 
7,000. The algorithm was implemented using cPleX 12.5 on a Pc with an Intel core 3.20 
ghz cPu.

We implemented our model by two steps: the first step is to construct the time-space 
network and the set of conflict sets Ω given the list of trains and routing plans by the operating 
companies. In case of Fig. 5, it took about 19 min to construct the overall time-space network 
and Ω. The second step is to find an optimal routing paths by Fig. 4. Table 2 shows the 
performances of our algorithm in Fig. 4.

As shown in the table, it was assumed that two operating companies submitted 392 trains 
and 140 routings, and all the trains have the profit of 100.

First, we investigated the difference between the solutions of two cases d = 0 and d = 10.  
d = 0 means there is no room to adjust the request times of trains so that the number of chosen 
trains as well as routings are much less than the case of d = 10.

Table 3 shows how many trains or routings were adjusted and how much time was shifted. 
The first row indicates the total amount of shifted times that resulted in our algorithm and the 
second and third rows show the number of routings and trains with no more than the associ-
ated delay, respectively.

however, it takes a lot of time to find a solution even though the number of generated 
columns is restricted to 7,000. In fact, most of computation times was taken to find a good 
integer solution by branch-and-bound procedure even though the mIP gap was set to be 15% 
in cPleX.

Table 2: experimental results. 

Departure [0, d] # of routings: 
|k|  

# of trains:

∑ ∈
T| |k

k K

Total profit computation 
time (min.) 

given 140 392 39,200  n/a 

d = 0 101 259  25,543*   4 

d = 0 108 285  27,640*  31 

* terminated if mIP gap is within 15%. 

Table 3: Total delay.

Delay (min.)  = 0 ≤ 5 ≤ 10 ≤ 20 ≤ 60 

# of routings  33  63  82   94  108 

# of trains  124  234  261  285  285 
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5 cONcluDINg remArkS
We suggested a new optimization model and algorithm for the track allocation model to 
consider the train-set routing plan. The formulation was based on path-flow variable defined 
on the time-space network, and then a column-generation approach was presented. But the 
algorithm should be more elaborated since there still needs a lot of time to find an integer 
solution by branch-and-bound procedure.
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EValuaTION Of TraIN SchEDulE by  
uSINg INfOrmaTION ThEOry
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graduate School of Engineering, chiba university, Japan.

abSTracT
convenience is an important requirement of a scheduled transit system. The authors proposed a new 
method to evaluate a train schedule by using entropy of the information theory. by the aspect of 
 statistical mechanics, the randomness of a schedule is associated with the convenience of the schedule. 
however, the way of using entropy requires special conditions. In this paper, we show that we can relax 
the conditions by interpreting the entropy as information.

first, we explain the representation of a schedule by a tree structure. Introducing the tree structure, 
we recognize the more composite construction of schedules. The tree structure leads to the concept of 
conditional entropy. using the concept of conditional entropy, we can evaluate schedules of the states of 
different places or times. Secondly, we can understand what the information of the schedule is. We can 
grasp that the information is the benefit of knowing the schedule. The increase of the entropy corre-
sponds to the increase of the benefit. moreover, it becomes possible to express an unexpected disbenefit 
by the entropy with the loss of information. In other words, the benefit is a positive entropy and the 
disbenefit is negative entropy. finally, we show that we are able to deal with an influence of wasteful 
time in a schedule, such as an unnecessary waiting time and an extra duration by using the entropy. It is 
very important that we can evaluate negative effects, namely the discrepancy of supply and demand 
from the point of view of time.
Keywords: entropy, evaluate timetable, loss of information, tree structure.

1 INTrODucTION
The schedule of a transit system, such as a railway network, has a great influence on the 
convenience of the transit system. We sense the transit system is convenient in that a great 
number of trains run and the distribution of departures is even. In other words, we can get a 
train in a short time at anytime we come in a station. moro and Sugai [1] presented the method 
of evaluating schedules from the viewpoint of the number of trains and the  distribution of 
departures. This method uses Shannon’s entropy [2] of the information theory.  Nevertheless 
it assumes that each passenger chooses his/her train. It does not cope with a case that a 
 passenger cannot select any train.

In this paper, we introduce a method that deals with such cases, in which some passengers fail 
to select their trains, not only in cases in which passengers are able to select their trains. first, 
we show a way of expressing a schedule by a tree structure. Employing this structure we will 
be able to evaluate various states of schedules together by using entropy. Secondly, we explain 
what the information of the schedule is. by using the information of the schedule, we will be 
able to evaluate the adverse influence of the schedule according to its entropy. finally, we show 
that we are able to deal with the influence of wasteful time in a schedule, such as unnecessary 
waiting time and an extra duration by the entropy.

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
www.witconferences.com
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2 ENTrOPy aND INfOrmaTION Of ThE INfOrmaTION ThEOry
In the beginning, we will explain Shannon’s entropy and information of the information 
theory [2].

2.1 Definition

let X be a discrete random variable on a finite set � …X x x, , n1{ }= , with probability distribu-
tion function p x Pr X x:( ) ( )= = .

2.1.1 Information
We introduce information as a means to measure a rarity of an event. Information of the event 
�x X∈  with probability p(x) is defined as

    I x p x: log .( ) ( )= −  (1)
2.1.2 Shannon’s entropy
The entropy H(X) of X is defined as

   H X p x p x: log .
x X
∑( ) ( ) ( )= − ⋅
∈

 (2)

The convention 0 log 0 = 0 is adopted in the definition. The logarithm is usually taken to the 
base 2, in which case the entropy is measured in ‘bits’. This definition shows that we can 
calculate entropy only if we define the probability.

2.2 Implications of entropy

Shannon’s entropy of X corresponds to the expected value of the information of X.

3 ExPrESSION Of SchEDulE by ThE TrEE STrucTurE
In this section we introduce the expression of a departure schedule at a station by a tree 
structure.

3.1 Definition

let S be a schedule consisting of trains as

    �S tr tr tr, , , .n1 2{ }=  (3)

r

tr1

p1

tr2 trn−1 trn

pn

figure 1: Tree structure of a schedule.
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S leads a graph T N A,S S S{ }= . N
S
 is the set of trains and root node r. A

S
 is the set of arcs. 

for every a r tr,i i( )= ∈ A
S
 is a pair of nodes of N

S
 with probability p

i
. The tree structure of the 

schedule is represented in fig. 1. In addition, we call the node described at the upper parent 
and at the lower child.

3.2 Nested schedule

Now, we think about integrated plural schedules. consider the integrated schedules of the 
days of week for example. Suppose that the trains trk

i{ }  are scheduled in the ith day of the 
week d

i
. moreover, the pj

i( ) is the probability of train tr trj k
i{ }∈ ( )
 in the day d

i
. furthermore, 

we assume that 
iπ  is the ratio of ridership on the day d

i
 to the ridership of whole term. Namely, 

the set of trains trk
i{ }  nests under the day d

i
, and the set of days makes an intermediate class.

Specifically, we can say that D is a discrete random variable on the finite set � �D d d, , n1{ }=  
with probability distribution function Pr D di iπ ( )= = . besides, we can think of d

i
 as the set 

of the trains trk
i{ } . additionally, pj

i( ) is the conditional probability under d
i
, and what is more, 

if trj is not a member of d
i
, then p 0j

i =( ) .

figure 2 indicates a nested schedule. The intermediate class E contains two elements: 1η  and 

2η . The elements 1η  and 2η  are formed as follows:

   e e e e e, , , , .1 1 2 3 2 4 5η η{ } { }= =  (4)

The entropies of E, 1η  and 2η  are

     H E log ,i i

i 1,2
∑ π π( ) = − ⋅
{ }∈

 (5)

    H p plog ,j

j

j1
1

1,2,3

1∑η( ) = − ⋅( )

{ }

( )

∈

 (6)

    H p plog .j

j

j2
2

4,5

2∑η( ) = − ⋅( )

{ }

( )

∈
 (7)

Then the entropy of the entire system S becomes as follows:

    H S H E H .i

i

i

1,2
∑ π η( )( ) ( )= + ⋅
{ }∈

 (8)

r

η1

π1

η2

π2

e1

p1
(1)

e2

p2
(1)

e3

p3
(1)

e4

p4
(2)

e5

p5
(2)

figure 2: Nested schedule.
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4 INTErPrETaTION Of ThE INfOrmaTION Of a SchEDulE
We will discuss the relation between the convenience of a schedule and the information.

4.1 relation between convenience and information

moro and Sugai asserted that the entropy increases when the convenience of schedule 
increases [1]. That is, the entropy of the useful schedule is larger than that of the less-useful 
schedule. moreover, the entropy means the expected value of the information in information 
theory. from this viewpoint, one may say that the more convenient the schedule of transit 
system is, the more its information grows.

4.2 missing information

In a previous study [1], only the case in which all passengers can select their trains was 
explained. however, some passengers fail to catch a train occasionally, e.g. the passenger 
arrives at the station after the last train has departed.

We take it for granted that the fact that some passengers miss their trains reduces the 
benefit provided by the transportation system. In other words, when some passengers miss 
their trains, the entropy must decrease compared to the case when all passengers catch trains 
successfully. Therefore, we propose an interpretation that the event which is disbenefit has 
negative information, i.e. the system loses information by worthless events.

4.2.1 general definition
how shall we calculate the loss of information? We consider the schedule as in fig. 3. There 
are n trains planned in this schedule. The probability of train tri is pi. and a child node labelled 
failure exists. This node corresponds to the passengers who catch no train. Its probability is pf .  
When we suppose that the all-child nodes are useful choices, the entropy is as follows:

    ∑= − ⋅ + ⋅
=

H p I p I .F i i f
i

n

f
†

0

 (9)

The value Ii denotes information of an event with probability pi as

    = −I plog .i i  (10)

however, the information of failure is added in eqn (9), i.e. the disbenefit choice improves 
the convenience. hence, we define that we do not add the information of unusable choices 
when we calculate the entropy of a schedule; namely, we dismiss the information of worth-
less choices. for instance, the entropy of the schedule as in fig. 3 is as follows:

    H p I .F i i

i

n
*

1
∑= ⋅
=

 (11)

4.2.2 representation by nested tree
We will represent a schedule which is the same as fig. 2 by a nested tree structure as in fig. 4.

There is an intermediate class consisting of success and failure. The probability of success 
is π s and the probability of failure is π f . The conditional probability under success of the 
train tri is p̂i.
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4.2.3 Example of calculation
We will calculate the entropy as follows in Table 1. Probabilities of the event of success and 
failure are as follows: 

Table 1: Number of passengers: with failure.

tr
1

tr
2

tr
3

tr
4

tr
5

tr
6

tr
7

tr
8

Failure Total

Number of 
passengers

250 255 235 246 242 253 257 234 17 1,989

Subtotal of success 1,972

     π = 0.9915,s  (12)

     π = 0.0085.f  (13)

Then the conditional probability p̂i of tri under success and information Ii of tri calculated by 
p̂i are as in Table 2.

The entropy of success is

   H p Iˆ 2.9992.s i

i

i

1

8

∑= ⋅ =
=

 (14)

The entropy of the whole is obtained as

   

π π π= − ⋅ + ⋅
= + ⋅ =

H Hlog

0.0123 0.9915 2.9992 2.9860.
s s s s

 (15)

r

failure

pn pfp1

tr1 tr2 trn

figure 3: Tree structure with failure.

r

success
πs πf

tr1

p̂1

tr2 trn

p̂n

failure

figure 4: Nested tree structure with failure.
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Table 2: Probabilities and information: success.

Probability

p̂1 p̂2 p̂3 p̂4 p̂5 p̂6 p̂7 p̂8

0.1268 0.1293 0.1192 0.1247 0.1227 0.1283 0.1303 0.1187

Information

I
1

I
2

I
3

I
4

I
5

I
6

I
7

I
8

2.9797 2.9511 3.0689 3.0029 3.0266 2.9625 2.9398 3.0751

Probability × Information

∗p Iˆ1 1 ∗p Iˆ2 2 ∗p Iˆ3 3 ∗p Iˆ4 4 ∗p Iˆ5 5 ∗p Iˆ6 6 ∗p Iˆ7 7 ∗p Iˆ8 8

0.3777 0.3816 0.3657 0.3746 0.3714 0.3801 0.3831 0.3649

Including disbenefit phenomena reduces entropy.

5 EValuaTION Of WaSTEful TImE
Nobody expects to waste time. unexpected unuseful occurrences must reduce the entropy 
of a transit system. In this section, we explain the influence of wasteful time on the entropy.

5.1 assumption

Previous studies of the evaluation of a transit system by its entropy have focussed only on the 
case in which the capacity of each train is infinity. Now, we would like to focus on a case in 
which the limited capacity of a train creates unexpected wasted time.

We consider that all passengers arrive at the station according to uniform distribution. We 
suppose some trains are closely packed before their departure.

5.2 amount of waiting time

under the conditions as stated above, we can calculate the amount of waiting time as in fig. 5.  
We denote c is the capacity of the train. an empty train fills up with term l* > 0. This train 
leaves station with term l later after filling up. The total waiting time of each passenger before 
the train fills up becomes w* and after filling up becomes w. The value w is just equivalent 
to an idle time.

Now we can express w, w* and ∃β > 0 as follows:

    β= ⋅ = ⋅ ⋅w l c l c* ,  (16)

which denotes β= ⋅l l *. Similarly, there exists α > 0 such that

     α= ⋅ ⋅w l c* * .  (17)



466 K. Moro & Y. Sugai, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 

5.3 ratio of effective time

We define the effective time rate r as

    
=

+
r

w

w w
:

*

*
.
 (18)

If the train left before filling up, then we define =r : 1. for the following discussions, we con-
sider the condition to be limited to the prior condition.

Due to eqns (16) and (17), we can modify the effective time rate as follows:

   

α
α β

α
α β

=
⋅ ⋅

⋅ ⋅ + ⋅ ⋅
=

+
r

l c

l c l c

*

* *
.
 (19)

5.4 Information of train with unexpected wasted time

We can express the part of train tr
i
 in a tree structure of schedule with probability p

i
 as in fig. 6.  

The information of tr
i
 without useless time is

     = −I plog .i i  (20)

c

l∗ l

w∗ w

time

passengers

figure 5:  amount of waiting time.

pitri

valuable

ri

valueless

1 − ri

figure 6: Example: with wasteful time.



 K. Moro & Y. Sugai, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 467

We define that the information-reflected wasted time is calculated as

    = −I p: log ,i i
† †  (21)

which denotes = ⋅p r p:i i i
† . furthermore, we define the entropy-reflected wasted time as

    H p I: .i i

i

† † †∑= ⋅  (22)

5.5 Influence of wasted waiting time

We calculated entropy of schedules with some variations of wasted waiting time.

5.5.1 Preconditions
We assume some preconditions to calculate entropy.

•	 Three trains are planned. The capacity of each train is the same.

•	 all passengers arrive at the origin station for first 15 min.

•	 The number of passengers equals 3 times the capacity of a train.

•	 Distribution of passengers arriving at the origin station is uniform, i.e. α =
1

2
.

We will calculate the entropy about the schedules (a) to (f) as in fig. 7.

5.5.2 case (a): optimal schedule
The times of departure are {5, 10, 15} and the rates are {1, 1, 1}. all trains planned in (a) 
depart immediately when each train fills up. That is the optimal schedule.

The entropy is as follows:

    = − ⋅



 ⋅ = =H

1

3
log

1

3
3 log3 1.585.a( )  (23)

5.5.3 case (b)
The times of departure are {5, 10, 20} and the rates are { }1,1,

1

2
.

The entropy is as follows:

   = − ⋅



 ⋅ − ⋅



 ⋅ ⋅





= ⋅ =

H
1

3
log

1

3
2

1

3

1

3
log

1

3

1

3
8

9
log3 1.409.

b( )
 (24)

5.5.4 cases (c) to (f)
The entropies of case (c) to (f) are as follows:

   
= =
= =

H H

H H

1.371, 1.266,

1.141, 1.049.
c d

e f

( ) ( )

( ) ( )

 
(25)
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5.6 conclusions concerning the influence of wasted waiting time

comparing with the results of (a), (b), (c) and (d), the entropy diminishes as the waiting time 
increases. furthermore, comparing with the results of (d) and (e), when more passengers 
have to wait, the entropy decreases when the total waiting time equals each other. Thus we 
conclude that the proposed method is reasonable to evaluate the unexpected wasted time of 
a schedule.

5.7 Nested schedule with loss of information

We show a calculation example of a nested schedule with loss of information. We will con-
sider the root with transfer at a station. Three trains are planned on each section. all passen-
gers boarding tr

i
 of the predecessor section transfer to 

�
tri of the successor section as in fig. 8.

(a) l1 = l2 = l3 = 0 (b) l1 = l2 = 0, l3 = 5
0 10 20 30 40 50 60 min. 0 10 20 30 40 50 60 min.

(c) l1 = l2 = 0, l3 = 10
0 10 20 30 40 50 60 min.

(e) l1 = 0, l2 = 5, l2 = 10
0 10 20 30 40 50 60 min.

(f) l1 = 0, l2 = 10, l3 = 10
0 10 20 30 40 50 60 min.

(d) l1 = l2 = 0, l3 = 15
0 10 20 30 40 50 60 min.

tr1 tr2 tr3tr1

tr1

tr1 tr1 tr2 tr3tr2 tr3

tr2

tr2

tr3

tr3 tr1 tr2 tr3

figure 7: Timetables, for example.
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5.7.1 assumptions
We assume some conditions of the schedule.

•	 The minimum transfer time at the station is 1 min, i.e. l* = 1.

•	  The value α in eqn (17) is 
1

2
.

•	  The number of passengers on each train is equal, i.e. 
1

3iπ = .

5.7.2 Optimal transfer
We consider the schedule (a) in fig. 8 as the optimal connection. That is, all passengers 
retain at the station for only the minimum transfer time. The entropy is

   = − ⋅



 ⋅ = =H

1

3
log

1

3
3 log3 1.585.A( )  (26)

5.7.3 With wasted waiting time
See the schedule (b) in fig. 8. Suppose the transfer time from tr

2
 to tr

2
 has a valueless time 

that equals the minimum transfer time, i.e. l = l*. The value β in eqn (16) becomes 1 and the 

effective time rate r
2
 becomes 

1

3
.

We calculate the entropy of wasted time as

   H r r

r r r

r I r I

log( )

( log ) ( log )

( ) ( ),

w w w

w w w

w w r

2 2

2 2 2

2 2 w2

π π
π π π

π π

= − ⋅ ⋅ ⋅
= ⋅ − ⋅ + ⋅ − ⋅
= ⋅ ⋅ + ⋅ ⋅π

 

(27)

r

tr1 → t̃r1

π1

tr2 → t̃r2

π2

tr3 → t̃r3

π3

(A) No wasted time

r

tr1 → t̃r1

π1
tr2 → t̃r2

π2

valuable

r2

valueless

1 − r2

tr3 → t̃r3

π3

(B) With wasted time

figure 8:  Nested tree structure with wasteful time.
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which denotes = −r r: 1w 2. The entropy is

  
H H H

log3
2

3

1

3
log

1

3

1

3

2

3
log

2

3

log3
2

9
log3

2

9
log3 1

5

9
log3

2

9
1.103.

B A w( ) ( )

( )

= −

= − ⋅ ⋅ −

 − ⋅ ⋅ −




= − ⋅ − ⋅ −

= ⋅ + =

 

(28)

This result shows that we must not forget reduction in the entropy of the predecessor trains.

6 cONcluSIONS
In this paper, we propose the interpretation that the entropy of a schedule is a metric of the 
usefulness of the schedule. moreover, we can evaluate the disutility of schedule by using 
the proposed concept. In other words, we can express the benefit of a schedule as positive 
entropy and the disbenefit as negative entropy. In addition, the interpretation of a schedule 
as information raises the possibility that the techniques of the information theory are appli-
cable to the evaluation of schedules and timetable planning. for instance, we will be able to 
identify the disruption of a schedule with erasure rate in a channel in information theory. and 
this identification leads to the explanation that we can consider the recovery of a schedule as 
correcting errors of received message.
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INFLUENCE OF HIGH-SPEED TRAIN POWER 
CONSUMPTION ON A NOVEL GROUND FAULT 
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ABSTRACT
Nowadays, the most commonly used configuration to supply high-speed trains is 2 × 25 kV power 
supply system. The location of ground faults in 2 × 25 kV power supply systems is a difficult task, 
since the use of distance protection relays to localize ground faults positions doesn’t work properly as 
the relation between the distance and the impedance seen by the distance protection relays is not linear 
and therefore the location is not accurate enough. A new simple and economical method to identify the 
subsection between autotransformers (ATS) and the conductor (positive or negative) where the ground 
fault is happening, based on the comparison of the angle between the current and the voltage of the 
positive terminal in each autotransformer, was developed recently. Consequently, after the identification 
of the subsection and the conductor with the ground fault, only this subsection where the ground fault is 
present, will be quickly removed from service, with the minimum effect on rail traffic. The high-speed 
trains demand a power about 12–16 MW, hence a significant current flow through the conductors of 
the 2 × 25 kV power system. This paper presents a study about the influence of the current consumed 
by the high-speed trains on this novel ground fault identification method. The operation of the method 
is correct even with the high-speed train currents in the section with a ground fault. This fact has been 
validated through numerous computer simulations, obtaining excellent results.
Keywords: fault location, ground faults, protection, 2 × 25 kV, railways.

1 INTRODUCTION
At present, the usual method of providing high levels of power to feed high-speed trains is a 
traction system called 2 × 25 kV. This power supply system has a positive conductor (usu-
ally called catenary) at 25 kV AC voltage with a positive polarity with respect to ground, 
and a negative voltage conductor (usually called feeder) at 25 kV AC voltage with a nega-
tive polarity with respect to ground. The supply to the trains employs the catenary and the 
grounded rail.

In these power systems, the complete traction line is supplied by several traction sub-
stations (TS). Each TS supplies two sections. Moreover, in each section, there are several 
subsections at regular intervals which are delimited by stations with power ATS. At the end 
of each section another autotransformer station (SATS) is installed. In Fig. 1 a traction line 
section with three subsections is shown, as well as the theoretical current distribution.

In 2 × 25 kV power systems, the traction power demanded is delivered at 50 kV while it 
is used at 25 kV. This fact reduces the current needed to supply the power required by high-
speed trains [1]. In consequence, the length of the sections can be greater and the number of 
TS lower.

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
www.witconferences.com
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Another remarkable advantage of the 2 × 25 kV traction systems is the great reduction 
of electromagnetic interference on communication facilities and railway signalling circuits 
(signalling track circuits) as well as on nearby telecommunication lines [2, 3].

Railway traction systems have frequent external faults caused by accidental events. In the 
2 × 25 kV power systems most of them are caused by outdoor short circuits between the 
catenary or the feeder to ground [4, 5]. But in this system, the ratio between the impedance 
(Z) seen from the TS and the distance to the ground fault is non-linear because of the use of 
ATS. This ratio is as shown in Fig. 2 [6, 7]. That is why it is so complex to use efficiently in 
the 2 × 25 kV lines the protection system based on distance protection relays [8].

This complexity of the detection and location of ground faults in the 2 × 25 kV lines 
means that the identification of the subsection and the conductor where the ground fault has 
happened [6, 9] is the main task of the protection systems in order to disconnect immediately 
the conductor with the ground fault in the corresponding subsection [10]. So only trains 
running in the subsection with the ground fault, in the case where the fault is in the catenary, 
will be disconnected from the power supply. Serrano et al. [11] describe a new method for 
identifying the subsection and the conductor (catenary or feeder) in which there is a ground 
fault in an easy and economical way. As the identification is done immediately, the subsection 
and conductor can be disconnected while keeping the rest of the power system in service. 
Besides, to implement this method, a small investment is required.

Figure 1:  Simplified diagram of a 2 × 25 kV power system and currents distribution in a 
 section comprising three subsections. 

Figure 2:  Modulus of the fault impedance seen from the traction substation in function of the 
distance in 2 × 25 kV traction power systems. 
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This paper presents a study about the influence of the current consumed by the high-speed 
trains on this novel ground fault identification method. In Section 2 an overview of this 
identification method is presented. In Section 3 the influence of high-speed train power con-
sumption on this novel ground fault identification method is analysed. Finally, in Section 4 
conclusions are shown.

2 GROUND FAULT IDENTIFICATION METHOD FOR 2 × 25 KV  
RAILWAY POWER SUPPLY SYSTEMS

2.1 Description of the method

In normal operation of 2 × 25 kV traction power supply system, the phase angle between 
voltage and current in the autotransformer is close to 180º (Fig. 3), according to the theoreti-
cal current distribution previously shown in Fig. 1 [11].

When there is a ground fault on a line between the catenary and rail or between the 
feeder and rail in a 2 × 25 kV traction power system, there is a substantial increase in the 
current circulating through the windings of the ATS closest to the defect location. This 
current increase can be detected easily by measuring the currents in the windings of the 
ATS. Furthermore, when the fault happens, the angles between the currents and voltages 
shift by 90º in the ATS closest to the fault location. In the case of a ground fault between 
the catenary and rail, the phase angle between the voltage and current in these ATS will 
result in 90º while in the case of ground fault between the feeder and rail, these angle will 
be 270º.

Figure 4 shows an example of a ground fault between catenary and rail in section B. In this 
particular case, the angles between I

A1
 and V

C1
 and between I

A2
 and V

C2
, respectively, change 

their values from approximately 180º to 90º. Also, there is a great increase in the module of 
I

A1
 and I

A2
.

A1

A1

A2

A2

A3

A3

C3

C3

C2

C2

C1

C1

 Traction Substation

Figure 3:  2 × 25 kV power system currents (I
A
) and voltages (V

C
) distribution in normal 

operation.
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Another example can be seen in Fig. 5. It shows a ground fault between feeder and rail 
in section C. The current increase in this case will affect only currents I

A2
 and I

A3
 and there 

will be no remarkable change in current I
A1

. The angles between I
A2

 and V
C2

, and I
A3

 and V
C3

, 
respectively, will change, but not the angle between I

A1
 and V

C1
. These phase angle changes 

will be from 180º to 270º.

Figure 4:  2 × 25 kV power system currents (I
A
) and voltages (V

C
) distribution with a ground 

fault in the catenary in subsection B. 

Figure 5:  2 × 25 kV power system currents (I
A
) and voltages (V

C
) distribution with a ground 

fault in the feeder in subsection C. 
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Table 1: Angle variation between I
A
 and V

C
 as a function of the subsection with the ground fault. 

ATS1 ATS2 ATS3

Fault at catenary in subsection 1   90° 180° 180°

Fault at feeder in subsection 1 270° 180° 180°

Fault at catenary in subsection 2   90°   90° 180°

Fault at feeder in subsection 2 270° 270° 180°

Fault at catenary in subsection 3 180°   90°   90°

Fault at feeder in subsection 3 180° 270° 270°

The changes of the angle between the currents and voltages when there is a ground fault in 
the system represented in Fig. 3 are listed in Table 1.

In this way, measuring the I
A
 module and the phase angle between V

C
 and I

A
, it is possible 

to know the subsection and the conductor where the ground fault has happened.

2.2 Simulation model

In order to validate the new method [11] numerous computer simulations have been carried 
out using modified nodal circuit analysis method ran on MATLAB® software applied to the 
circuit shown in Fig. 6.

The experimental circuit is supplied from one end with two 25 kV AC sources with reverse 
polarity in each one. This circuit has three subsections A, B and C, each with a length of 10 km.

Self and mutual impedances values used in the simulations are listed in Table 2.

Table 2: Self and mutual impedances values of the railway conductors. 

Conductor Impedance[Ω/km] Conductor Impedance[Ω/km]

Catenary Z
C
 0.1197 + j0.6224 Catenary–feeder Z

CF
 0.0480 + j0.3401

Feeder  Z
F
 0.1114 + j0.7389 Catenary–rail Z

CR
 0.0491 + j0.3222

Rail Z
R
 0.0637 + j0.5209 Feeder–rail Z

FR
 0.0488 + j0.2988

Figure 6: Simulated 2 × 25 kV power supply system.
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Employing this circuit, different MATLAB® simulations were developed, performing short 
circuits between the catenary and rail, and between the feeder and rail. These short circuits 
were simulated at all the points along the three subsections A, B and C of the 30 km section. 
The phase angles between the currents I

A1
–I

A2
–I

A3
 and the voltages V

C1
–V

C2
–V

C3
 in the ATS 

ATS1, ATS2 and SATS, as a function of the distance from the TS where the fault has happened 
between the catenary and rail, are represented in Fig. 7. The axes used in Fig. 7 are scaled from 
0 to 30 km and from 0° to 360°. It can be observed that if the fault happens in subsection A 
along the first 10 km, the angle between the current I

A1
 and voltage V

C1
 in the ATS1 is about 

90°. However, such angles at ATS2 and SATS are 180°. Likewise, if the fault is in subsection 
B (between 10 and 20 km) the phase angles between the current I

A1
 and the voltage V

C1
, and 

between the current I
A2

 and the voltage V
C2

, will be about 90° at both ATS1 and ATS2, while at 
SATS this angle is close to 180°. It can also be seen that if the fault is in subsection C (between 
20 and 30 km), the angle is about 90° at ATS2 and SATS but 180° at ATS1.

In the case where the fault happens between the feeder and rail, the results obtained are simi-
lar when the fault takes place between the catenary and rail, except that now the angles between 
the currents I

A1
–I

A2
–I

A3
 and the voltages V

C1
–V

C2
–V

C3
 are 270° instead of 90°. Figure 8 shows 

how the variations of these phase angles as a function of the distance to the fault from the sub-
station follow the same pattern as in the case of a fault between the catenary and rail, but now 
with values close to 270°.

3 INFLUENCE OF HIGH-SPEED TRAIN POWER CONSUMPTION ON THIS NOVEL 
GROUND FAULT IDENTIFICATION METHOD

In order to study the influence of the train consumption in the operation of the new identifica-
tion method, a current source has been added to the circuit previously shown in Fig. 6. The 
current I considered is 616 A with a 0.95 power factor, which represents a high-speed train 
consumption during the acceleration process. In this case, the current source is placed in the 
midpoint of the subsection B in Fig. 9, but different train locations have been studied.

Figure 7: Phase angles between I
A
 and V

C
 at different ATS. Fault between catenary and rail. 
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New MATLAB® simulations were developed on this modified circuit, performing short 
circuits between the catenary and rail, and between the feeder and rail. These short circuits 
were simulated at all points along the three subsections A, B and C of the 30 km section, 
including the presence of one or two trains in the middle of A, B and C subsections. In this 
way, the phase angles between the currents I

A1
–I

A2
–I

A3
 and the voltages V

C1
–V

C2
–V

C3
 in the 

ATS ATS1, ATS2 and SATS, as a function of the distance from the traction substation, are 
obtained when a ground fault has happened.

Among all the simulations performed, several results are presented in this section as 
example.

The phase angles in case of short circuit between catenary and rail are shown in Fig. 10, 
including a train in the midpoint of subsection B.

Figure 8: Phase angles between I
A
 and V

C
 at different ATS. Fault between feeder and rail. 

Figure 9: Simulated 2 × 25 kV power supply system including a train. 
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In case of short-circuit between feeder and rail, the results are represented in Fig. 11. In this 
case the train is placed at the midpoint of the subsection A.

The results in case of two trains in the same section are shown in Figs 12 and 13.
In Fig. 12 the short circuits considered are catenary–rail, and the trains are placed in the 

subsections A and B, respectively.
In Fig. 13 the case corresponds to short circuits between feeder and rail with two trains in 

the subsections A and C.

Figure 10:  Phase angles between I
A
 and V

C
 at different ATS. Fault between catenary and rail. 

A train is simulated at the middle point of subsection B. 

Figure 11:  Phase angles between I
A
 and V

C
 at different ATS. Fault between feeder and rail.  

A train is simulated at the middle of subsection A. 
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4 CONCLUSIONS
The influence of the high-speed trains consumption has been studied in the operation of a 
novel ground fault location method.

For this purpose a computer simulation model has been developed. Numerous simulations 
have been performed including one and two trains in the same section doing short circuits in 
the catenary and feeder along the 30 km of the section.

Figure 12:  Phase angles between I
A
 and V

C
 at different ATS. Fault between catenary and rail. 

Two trains are placed at subsections A and B. 

Figure 13:  Phase angles between I
A
 and V

C
 at different ATS. Fault between feeder and rail. 

Two trains are placed at subsections A and C. 
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Although the power consumed by the high-speed trains slightly modify the theoretical 90° 
phase shift in case of ground fault, according to the results of all the simulations performed, 
the operation of the new ground fault identification method is correct, as long as the charac-
teristic angle setting (previously set to ± 30°) of the directional overcurrent protection relay 
is properly modified [11]. The new value of the setting depends on the electrical section to 
be protected.
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ABSTRACT
Electrification systems applied to railway systems have high complexity to achieve the optimum in 
several terms. These terms could be separated in energy supply and budget costs, such as direct and 
indirect costs, all of them derived from the implantation of the electrification system along the railway 
line. Starting from the experience in several projects carried out in CITEF (Railway Research Center in 
Technical University of Madrid), a new research way has grown up. The main goal has been an expert 
system, which is able to improve substantially the design process of power supply systems in railways, 
such as in AC as DC. Bearing in mind the specific constraints in terms of budget and electric standards, 
the expert system is able to determine a set of possible design scenarios. Each of them has the number, 
type and location for the main elements (catenary, substation, autotransformer, etc.). In this article a 
step forward is presented. This new step would apply a better way to choose between elements, hence 
taking into account the relationship between lifecycle versus element cost or losses avoided in the 
infrastructure. This has been applied to the main elements like traction substations, autotransformers, 
catenary and impact on maintenance and environmental zones. This new concept for evaluation has 
been integrated in the objective functions. These functions are the managers for the guidance of the 
optimization method, in this case genetic algorithm AMGA-II, in order to achieve the final Pareto Front. 
This Pareto Front contains the several possibilities which the designers must evaluate to accomplish 
their goals to power supply system.
Keywords: AMGA-II,  life-cycle costs (LCC), maintenance and environmental zones, optimization, 
power supply design (PSD).

1 INTRODUCTION
The electrical system that supplies energy to the railway traction is a very complex system, 
which must achieve several important keys. Any power supply design (PSD) must include 
concepts such as electrical validation according to the standards, power demanded by trains 
of the operation plan, avoiding zones with high impact on environmental and maintenance 
zones, considering areas to connect with the general electric grid and finally budget of the 
project. The choice of the components and position through the line is a task which has been 
planned as a research way in several studies and works.

In CITEF a methodology has been developed during recent years. This methodology helps 
to find optimal solutions for the complex system explained before. The work developed by 
Soler et al. [1] is applied to the DC power supply using an expert system that helps in the 
choice about the PSD related to the railway traction. This expert system works with Hamlet 
Simulator [2] developed in CITEF and integrating a multi-objective genetic algorithm NSGA-
II [3]. The optimization algorithm from an initial configuration is able to converge to an opti-
mum Pareto Front, which contains good proposals for the designer. The same research line 
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was applied to electrification systems in AC in [4]. The validation process has been improved 
with the integration of more electrical terms in the genetic algorithm. The integration of the 
methodology with other algorithms like AMGA-II [5] is another new step.

Definitely, this research and developing line has been an effort to accomplish a methodol-
ogy which was able to help properly the designers in their task of defining a complex system, 
adequate to electrical standards, adhering to a limited budget and positioning critical elements 
that avoid critical zones. But obviously this methodology can grow up in different ways and 
areas of the PSDs. In this article, the introduction of elements selection for the supply system 
taking into account the life-cycle costs (LCCs) and the energy losses versus element costs, 
and concepts attending to the environmental and maintenance influence, is presented.

In engineering projects the studies to install critical elements is very important to analyse 
the LCC. Hence if this study is focused on power supply systems in railways, in the article 
presented in Rondón [6], the authors were working in a manner to evaluate the LCC from 
studying the overload of the autotransformer they were analysing. Chester and Horvarth 
[7] discuss the problem to a high-speed system in California, where they are comparing 
with other means of transport and adding the calculated demand of ridership and the type 
of energy consumed. Finally they have integrated their conclusions to the related environ-
mental impact. Another interesting study is given by Abbes et al. [8], where the authors 
could combine a multi-objective optimization system, studies of LCC, embodied energy 
and calculus of probability of energy losses in order to supply correctly the energy at 
homes. The highlight is how the settings are interacting internally and what exactly they 
have taken into account to reach the calculus of the parameters. Another use of the multi-
objective algorithms in LCC joined with environmental impact is addressed by Cerri et al. 
[9], who worked with a theoretical model using the NSGA-II. In the same line but focusing 
on railway systems, Salim and Xiaoqiang [10] presented their work. Reading this method 
is interesting to know how the environmental costs are minimized in direct connection 
using the planned optimization model. The stops in stations and times of circulations are 
very important to achieve this goal.

Studying the possibilities to improve the LCC connected with other parameters belonging to 
railway systems is needed to obtain the way to weight these costs. In the document extracted 
from Baumgartner [11], a measure to weight properly is obtained. Performing this initial evalu-
ation some optimization works more linked with the power supply in railway systems are inte-
grated, such as the study of comparing energy losses among several systems [12]. Next research 
way highlighted has become a different combination topic of interest to apply. Chuang et al. [13] 
model the performance of the traction substations in a MRT (massive rail transit), and they are 
using an optimization algorithm (dynamic programming) and are taking into account the rider-
ship demand through the line, load flow, energy losses and computational time derived, finally 
finding a method to adapt the PSD to the needs and calculated costs. Furthermore, Hinow and 
Mevissen [14] have applied a genetic algorithm, trying to achieve an optimum schedule for the 
substation maintenance. This handles a new method to reduce significantly the LCC.

Throughout this article, the theoretical model of performance of the genetic algorithm 
integrated in our methodology has been modified. The goal is to include in the objective func-
tions the capacity to get a PSD, taking into account the LCC, joined with environmental and 
maintenance impact and finally, energy losses versus traction elements costs. The optimiza-
tion has been carried out with the multi-objective genetic algorithm AMGA-II, final results 
of which allow the designers to choose between a set of good possible designs in terms of 
electrical, budget, LCC, energy losses and low impact on environmental and maintenance.
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2 METHODOLOGY – INCLUDING LCC IN ENVIRONMENTAL–MAINTENANCE 
AND ENERGY LOSSES VERSUS INSTALLING ELEMENTS

This topic is divided into two main parts. The first presents a short introduction about the later 
works related to the methodology, defining the most important features and skills to under-
stand how it is working. Thereafter new introductions to include the LCC in some concepts 
that the methodology takes into account will be explained. It is important to mention that the 
new improvements have been carried out in DC systems.

2.1 Main concepts of the optimization of the PSD methodology

In this section the methodology carried out until now and published in papers that were men-
tioned previously is treated [1, 4]. 

2.1.1 Zonal discretization and weighting elements 
The discretization of the layout of the railway line is a very important concept because it 
handles the distances like a bidimensional space and permits the critical zones stay along the 
line. This reason is one of the highlights of the methodology. 

Initial step must be to associate the installation zones to the initial discretization. The criti-
cal point is related to the assurance to install a traction substation inside each installation 
zone. 

The second step has a relationship with other important concept in this methodology. In 
railway electrical dimensioning design is mandatory taking into account several impact fac-
tors, which must be critical in terms of evaluating budget and time in construction and main-
taining the project. In the recent years in CITEF, these critical factors have been linked with 
critical zones to study in this methodology:

•	 Environmentally protected zones

•	 Zones for maintenance of the railway infrastructure

•	 Zones related to the evaluation of difficulty of connection between general electric grid 
and traction substation

The ability of the system depends on the action of discretizing the map belonging to the 
initial route of the circulations of the trains. During this initial step, the length of the line is 
analysed. This length will be divided into zones in such a way that one traction substation 
will be able to be installed in each of this zone. In fact, this will be critical in the process of 
determining the positions of substations and if the participation of them is necessary in this 
zone or not.

Determining the cost or weight of each element and zone involved in each project is impor-
tant to know if these costs are real or weighted.

2.1.2 Electrical validation of PSDs

The most important and critical thing to do would be finding a way to test a PSD but not the 
entire operation plan. The final Pareto Front filled by the genetic algorithm must be composed 
by individuals with good fitness, even global optimum. But obviously, these individuals must 
be validated in terms of electrical criteria. The process must be run into a finite and efficient 
computational time. 
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Hence while searching about possibilities, one can realize the first approximation to the 
problem was working with a pair of ways during the simulation. The first way was to attain 
the calculation of the voltage drops on each cycle. Second alternative was the calculation 
of the power supply from the traction substations, again on each cycle of the simulation. 
But both have a critical problem. The final results are highly connected with the calculation 
about the power supply system. This means that each scenario will have its own final results 
for both, and obviously that avoids a permanent and homogeneous concept to compare and 
validate any power supply scenario.

The solution embarked in this methodology is linked with the idea of maximum power 
demanded peak. This allows a steady-state parameter for any PSD, so this is hardly con-
nected only with the mechanical part of the infrastructure. The initial simulation usually has 
the higher power demanded peaks at any snapshot belonging to this simulation. In cases of 
fail, simple or complete in any traction substation, is got the time when demanded power is 
higher, just affecting to traction substations, even to their rectifiers. 

2.1.3 Genetic algorithm AMGA-II
The final consequences of analysing the problem were the need to integrate a powerful 
optimization algorithm, which was able to work with a multi-objective problem, non-
analytical theory model and hardly non-linear model. The choice was AMGA-II. This 
genetic algorithm has a good computational time and is a raising evolution for a later 
algorithm, and of course a knowing process about its main configuration parameters has 
been necessary. These parameters must be met during each working process of the meth-
odology, which creates a conjunction between the other parts of it and the heuristical 
work proposed for AMGA-II. Finally a set of Pareto optimal individuals is got and there 
will be the goal of AMGA-II.

2.1.4 Objective functions and restrictions
The objectives are divided into installation costs and operation costs. The first one combines 
the environmental and general electric grid connection areas with basic elements; the opera-
tional costs include the maintenance costs with losses in energy. 

2.2 Integrating LCC versus direct and indirect costs and energy losses

The new approach to evaluate the PSD has been enhanced to adapt the LCC in maintenance, 
critical elements and interaction between energy losses. For this purpose, changes must be 
developed in the theoretical model represented by the objective functions in the evaluation of 
the genetic algorithm. In the following section innovations depending on both the objective 
functions are explained.

2.2.1 Including changes in installation objective function
To know the past objective function, the element costs and the impact on environmental 
and maintenance zones are important. New parameters and other calculation factors are also 
important in this task.

In an interesting paper referenced before (Chuang et al. [13]), the authors have included 
some equations in their model to add the influence of costs and inflation/interest rates 
[15] during life cycle. In this article, a first approximation taking this main idea has been 
developed.
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To add the impact of the LCCs of the catenary and traction substations, determined by the 
designer:

– Overhead contact line direct costs
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– Traction substation direct costs
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where

nohl and nss are the total numbers for overhead contact lines and traction substations, respec-
tively
budget is for the element, as catenary or traction substation LC is configured life cycle for 
the elements.
σ is expected inflation included in Fisher Equation.
τ is expected interests costs included in Fisher Equation.

Both equations are a powerful tool to adhere the life cycle of the elements in the calculation 
of the impact of these elements on the final budget of the PSD.

Once this first step was achieved, the application of the impact of the life cycle inside other 
important factors for the calculation of installation costs was the next step. In this work the 
focus on the impact on environmental costs during the years attending to the initial installa-
tion was established. After an initial knowledge of the system and a step forward including 
the planning to add a new measurement for the LCC in environmental zones, the final equa-
tion is presented:

 
= ×CostCE CostCE LCk k t ,

  (3)

where
LC

t
is configured life cycle for traction substation.

Life cycle configured for each traction substations affects directly the environmental costs 
during the total life of this electrical element.

2.2.2 Including changes in operation objective function
Following the idea described in the previous point, the main differences between the later 
objective functions integrated in the methodology are pointed out.

The reader could examine the papers related with this newly presented work and then real-
ize that in operation costs there are a clear distinction between maintenance impact costs and 
energy losses. The possibility to get more relevance to one of the calculations is integrated 
now by means of a probability value. 

The equations to operate the calculus of maintenance are very similar to installation costs 
introduced in the previous section. The difference is the concept of maintenance costs of ele-
ments. This is the preconfigured value the designer must include to match the overhead contact 
line and traction substation with the expected cost in maintenance for a single year. Furthermore 
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the equations are the same except changing budget
0
 to budget_m

0
. Another relevant matter is 

the incorporation of the impact of the life cycle on the calculation of the maintenance zone, 
which finally is similar to the environmental zone changes explained earlier. 

In energy losses calculation the impact of life cycle of the traction substation versus energy 
losses calculated in the simulation is included. That defines a new relationship between the 
losses calculated in one single cycle of time and an extrapolation of the life cycle of the trac-
tion substation:
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where
porc _ LC  is the total life cycle years calculated for the set of traction substations in the 

power supply system analysed.
So finally
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where
Factorm is the value in % assigned to maintenance in front of Factorl

that represents the 
% assigned to losses calculated. 

The rest of the variables are explained in the papers referenced later.

3 OUTCOMES
Applying a genetic algorithm to a complex, non-linear and non-analytic model is important 
in the set of tests. This set must validate the methodology in terms of searching an optimum 
of budget and is electrically convenient for the railway infrastructure. Here is shown a spe-
cific test using our methodology. This test is based on a real railway project, and its main 
characteristics are as follows:

– Geometry and elevation view: Double track along the whole route and 13 stations. Speed 
restrictions have also been taken into account (Fig. 1).

– Rolling stock: A train with 6 cars, maximum speed 80 km/h, maximum service accelera-
tion 1 m/s2 , maximum service deceleration 0.9 m/s2.

– Signalling: The planned signalling system for this line was CBTC.
– Electrical scenario: The line is direct current at 1,500 V. Two types of overhead line systems 

have been chosen. Seven traction substations are considered to install on initial design. 

Figure 1: Elevation of the line.
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– Trains with a 90s of headway. Stopping times in stations are 15–20 seconds, depending on 
the station stop. In case of any rectifier fail, the operation will be degraded as well.

Finally, the main characteristics of the machine used for this optimization process are 
i5-2400 3,1 GHz 4Gb RAM.

Once the project has been configured in the methodology, and the main parameters belong-
ing to the genetic algorithm, the next is to test the system. Several tests have been launched 
with differences in some parameters of configuration (Table 1). Next figures are the Pareto 
Front belonging to the three main tests.

Figure 2 shows the three more representative tests. The results brought by the tests are very 
interesting in the way to get the key to understand the performance of new skills. Obviously 
the tests have similar specific data. These similarities have given the opportunity to get clear 

Figure 2: Pareto Front in three different cases.
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the differences when the new parameters are changed. The AMGA-II has been parameterized 
with 120 final evaluations and 25 desired solutions. Mutation probability is 0.2 and crossing 
probability 0.7. The threshold for removing traction substation is 0.28.

Focusing on the three final Pareto Fronts, two very clear behaviours were found. On the 
one hand, independently the configuration AMGA-II tries to locate two different final designs. 
There is a better side in terms of installation and another part is better in operation terms. 
The reason is related to the relative location of traction substation 5. In any case, the tests are 
useful to remove this traction substation and that allows considerable saving of money in global 
budget. On the other hand, obviously, the algorithm takes into account the energy losses and 
maintenance costs and awards the possibility to keep the substation 5. Due to that the energy 
losses are less, even with a relative low life cycle. This part belongs to the best part of indi-
viduals bearing in mind the installation costs. Moreover, the factors of maintenance and energy 
losses integrated in operation objective function (explained in Section 2) have their influence 
in the final results. For these tests, the values have been 0.7 for Factorl , and naturally, 0.3 for 
Factorm . Hence the energy losses gain more relevance inside the operation costs. 

One of the choices represented in final Pareto Fronts has been collected to analyse the 
electric restrictions, such as correct power supply to the demand of trains and avoiding criti-
cal voltages. The final example is on the Pareto Front of case 2. It is examining a proposed 
scenario for the best fitness in terms of installation costs, that is, in net costs of elements 
involved in this PSD and analysing the impact on environmental zones and LCC for these 
elements. The main characteristic is the choice of the second type of catenary for the railway 
line and the removing of the sixth traction substation. The reallocation of the rest of substa-
tion is another highlight. 

Observing Figs. 3 and 4, it is interesting to conclude that even in the worst situations, when 
substation 7 or 5 falls, the power system is able to avoid the limits of the normative in mini-
mum voltages in catenary and maximum voltages in return earth rail. Despite the voltage rise 
till 152 Vcc in situations like permanent regime, 360 s and 3600 s, the voltage is under limits. 

Table 1: Configuration of main parameters related to calculation of LCC.

Test 1 (cost/LC/CM) Test 2 (cost/LC/CM) Test 3 (cost/LC/CM)

Substation 1 1E5/5/40 1E5/45/4 1E5/45/4
Substation 2 4E5/15/6 4E5/45/6 4E5/45/6
Substation 3 1E5/10/5 1E5/40/5 1E5/40/5
Substation 4 4E5/20/30 4E5/50/3 4E5/50/3
Substation 5 7E5/80/3 2E4/50/5 2E6/20/25
Substation 6 4E5/20/20 2.4E4/50/25 2.4E6/20/2
Substation 7 4E5/10/5 4E5/40/5 4E5/40/5
Maintenance 1 2000 2000 2000
Maintenance 2 500 500 500
Maintenance 3 20 3000 3000
Maintenance 4 200 3200 3200
Environmental 1 2000 2000 2000
Environmental 2 200 200 200
Environmental 3 20 320 320
Environmental 4 200 3200 3200
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Focusing on the allocation and therefore the subrogation to LCC and environmental costs is 
important to say that the methodology helps the optimization to remove the substation in worst 
zone, in terms of environmental costs. On the other hand if it sticks out the difference between 
LCC in substation 4 till 7, it is important to note that the methodology has tried to remove 
substation 5 or 6, discarding from the beginning the others, due to the life cycle, 40 versus 20. 

4 CONCLUSIONS
The satisfactory results obtained during the optimization process in the past using our meth-
odology have not been a barrier to try to go a step forward. In this article an improvement that 
introduces the concepts of LCC joined with energy losses, main elements (traction substation 
and overhead contact line) and maintenance and environmental zones has been presented. 
Once the modifications have affected directly the objective functions, on the core of the 
genetic algorithm, then the need is to test deeply the new skills. In this article one of the tests 
has been detailed and the effectiveness of the optimization methodology in terms of propos-
ing a set of final best choices has been described. This set has considered budget conditions 
and electrical restrictions, and it is proved that now we are able to work towards PSD in terms 

Figure 3: Minimum voltages in catenary in cases (a) degraded in ss 5 and (b) degraded in ss 7.

Figure 4:  Maximum return voltages between rail and earth in cases (a) degraded in ss 5 and 
(b) degraded in ss 7.
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of LCC linked with direct and indirect costs, taking into account the energy losses during the 
life cycle of elements, and depending on the relevance in this matter, we are able to define a 
better solution as well. Next ways of research must be directed to enhance this technique and 
to include some studies of energy regeneration during optimization process.
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abSTracT
energy efficiency in railway operation has been a topic of high interest for years. lowering energy 
costs can make railway operation not only more sustainable, but also more competitive towards other 
modalities. energy efficiency can be reached in two ways: system efficiency and operational efficiency. 
Innovation can be found in combining the right system measures with the right operational measures. 
Introducing the right system measures can even lead to energy efficiency independent of operational 
strategies, such as coasting and regenerative braking.

rail infra providers struggle with the question which innovations – system, operational or both – 
will bring them closer to their targets. To determine which measures will contribute best, the authors 
developed a new universal method based on energy efficiency at three levels: individual rolling stock 
performance, rolling stock performance in networks and operational strategies.

The authors used this three-level method to study the energy efficiency effect of a system change 
from the current 1,500 V

Dc
 to a 3 kV

Dc
 traction power supply system, including operational strategies. 

The results of the study revealed that in the Netherlands this system change will result in a return on 
investment (rOI) within 15 years and a reduction of energy consumption ranging up to 20%.
Keywords: energy efficiency, return on investment, simulation study, social cost–benefit analysis, system 
changeover.

1 INTrODucTION
energy efficiency in railways has been a major topic in the past years. Due to the high invest-
ment costs in infrastructure and rolling stock, operational strategies are in favour for appli-
cation. however, will this kind of strategies still work when system changeover is applied? 

In the Netherlands, the current traction voltage is 1,500  V
Dc

. In the past a changeover 
towards a 25 kV

ac
 system was considered in order to be able to meet the future increasing 

traction power demand. however, the idea of a changeover from 1,500 V
Dc

 towards a 25 kV
ac

 
system was put aside because of high costs and difficulty in changing a Dc system into an 
ac system.

The introduction of increased train frequencies leads to high investments in the existing 
1,500 V

Dc
 network. With that, a question arises if a changeover to a 3 kV

Dc
 network could be 

an alternative: are the benefits – lower energy losses and higher performance – feasible and 
will it deliver enough return on investment (rOI)?

To increase energy efficiency in train operation Dutch railways has introduced opera-
tional strategies like coasting to make train drivers aware of energy efficient ways of driving. 
The efficiency of such operational strategies depends strongly on individual train driver’s 

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
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behaviour and the fit into the timetable. Will these strategies still work after a changeover 
from 1,500 V

Dc
 towards 3 kV

Dc
?

This article deals with the energy efficiency part of the changeover and the relation 
between system voltage and operational strategies. To determine which measures – which 
voltage in combination with which operational strategies – will contribute best to energy 
efficiency, the authors developed a new universal method based on energy efficiency at 
three levels:

1. Individual rolling stock performance. The performance of rolling stock on energy con-
sumption and energy recuperation is defined, thereby determining its maximum perfor-
mance.

2. rolling stock performance in networks. Insight is given in the performance of rolling 
stock in networks by studying its interactions with those networks. The difference be-
tween the competence of individual rolling stock and the performance of rolling stock in 
a network defines the energy opportunity gap.

3. Operational strategies. Different operational models in combination with different sys-
tem topologies are studied to determine which minimizes the energy opportunity gap 
the most.

In the next sections these three levels will be discussed in relation to the possible changeo-
ver from 1,500 V

Dc
 towards 3 kV

Dc
.

2 INDIVIDual rOllINg STOck PerfOrmaNce
This section deals with the first step of increasing energy efficiency for individual rolling 
stock: the possible contribution of rolling stock to regenerative braking energy, and the rela-
tionship between available power and system voltage. as individual rolling stock is part of 
a network and operational strategies, the type of rolling stock and service performed deter-
mine the influence on the energy consumption and regeneration: freight trains and intercity 
services operate in more or less continuous power consumption mode. Stop services, on the 
contrary, are accelerating or decelerating most of the time and therefore are of great interest 
in increasing energy efficiency by reusing the regenerative braking energy. 

2.1 regenerative braking

In order to determine the contribution of rolling stock to its own regenerative braking pos-
sibilities, a few boundaries of these possibilities must be clarified. Individual rolling stock 
represents a total mechanical braking power P

m
 which is equal to

 η η
= ⋅ = ⋅ ⋅ = ⋅ =P F v m a v U I

P1
m

ED
max

,max  (1)

The electrodynamic braking power (P
m
) is limited at a certain velocity by a certain electrical 

power P
ED,max

. The relation between the mechanical and electrical braking power is deter-
mined by the efficiency η.

So, to optimize electrodynamic regenerative braking, deceleration should be adapted to the 
ability of the train system to transform mechanical braking force into electrical power. as the 
mass of the train is to be considered constant during braking, only the deceleration (a) and 
velocity (v) are left to maximize the electric regenerative braking energy.
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This may lead to the first conclusion that braking with a constant deceleration leads to 
adding up mechanical braking to electrodynamical braking at high speed and to undera-
chievement of electrodynamical braking at lower speed. as an example of this mechanism, 
a combination of Sprinter light Train (SlT) of Dutch railways is presented: 2,805 kW of 
maximum mechanical braking power at 40 km/h. To utilize the entire electrodynamic braking 
force during braking, the deceleration must be speed dependent (optimized). Speed-depend-
ent and fixed decelerations, having the same braking time, are shown in fig. 1.

The difference in braking energy – from 160 to 0 km/h – between fixed (0.345 m/s2) and 
optimized deceleration for this train set is in favour of optimized deceleration: 65  kWh 
(100%) versus 83 kWh (128%). based on the measurements by Dutch railways the SlT 
stopping services are modelled with a constant braking deceleration of 0.5 m/s2 [1], leading 
to 50 kWh (100%) versus 83 kWh (166%). 

Introducing a constant deceleration of 0.5 m/s2 for this rolling stock will lead to utilization of 
60% of the available electrodynamic braking energy. for intercity services – based on Dutch 
railway measurements of VIrm rolling stock [2] – the deceleration is modelled with 0.35 m/s2, 
which leads to an utilization of 87% of the available electrodynamic braking energy.

based on this first step in the first level of energy efficiency it can be concluded that the 
characteristic of the individual train, together with the way a parameter of deceleration is 
used, in the real world as well as in simulation tools, determines the regenerative braking 
energy available to the network.

2.2 System voltage

In the Netherlands, the system voltage of the conventional rail system is 1,500 V
Dc

. all trains 
in the network have to comply with the current limitation of 4,000 a according to eN50388. 
This means that train performance is decreased when a train initially wants to draw more 
current than 4,000 a. In fact, the maximum power of the VIrm and SlT rolling stock is only 
available above 1,900 V

Dc
. In fig. 2 this voltage dependency of the tractive effort is presented 

for a combination of 10 coaches SlT.

figure 1:  Individual rolling stock, constant deceleration (a) versus optimized deceleration 
(a_eD_max, dashed lines) for electrodynamic braking.
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This formation of SlT rolling stock runs without power limitation in a 3 kV
Dc 

system. 
When operated under 1,500 V

Dc
,
 
however, its performance is limited by the train voltage in 

the network. This performance limit leads to an extended power draw from the network when 
accelerating. The difference in mechanical power available between 1,200 V and 3 kV is 
1,157 kW versus 4,462 kW. at velocities above 110 km/h this difference will increase further.

based on this second step in the first level of energy efficiency it can be concluded that the 
tractive effort characteristic of the individual train is voltage dependent and must be consid-
ered when comparing different power supply systems.

3 rOllINg STOck PerfOrmaNce IN NeTWOrkS
This section deals with the performance of rolling stock in a network by studying its interactions 
with that same network. The difference between the performance of individual rolling stock and 
rolling stock in a network defines the energy opportunity gap, which is network dependable. 
The main question in this section is, what is responsible for the energy opportunity gap?

although the capability of the network depends on many parameters, only three of them are 
regarded to be responsible for the efficiency of the network. first, the operational voltage of the 
network and the voltage-current limitation of the regenerative braking power. both accommo-
date the reach of the braking energy in the network. Second, the network configuration consist-
ing of paralleling points, single or more tracks in parallel and the overall cross section of the 
catenary and return system. These characteristics of the network determine the efficiency of the 
reach of the braking energy in the network. finally, the operation of the network, which can be 
clarified by an example. If two trains arrive at the same time at the same station, the regenerative 
power of these trains must be transported elsewhere in the network. If the first train leaves and 
is able to consume the regenerative power from the second train the regenerative power is used 
within a small circuit, avoiding high losses. So, operation of the network in combination with 
the network topology can influence the energy consumption of the network. This third param-
eter introduces the question whether it is possible to uncouple the operation of the network and 
the ability to increase energy efficiency. The benefit of this uncoupling would be the ‘freedom’ 
for train drivers to implement the driver’s strategy best fit for the occasion. 

To illustrate the train–network interaction described above, several case studies (based on 
simulations) are described. In order to validate the simulation model, the results of these case 
studies are compared with measurement data. The mean deviation turned out to be 4%, which 

figure 2: Tractive effort – speed characteristics depending on train voltage.
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is very small. The maximum deviation of 14% was found on parts of the network that include 
freight services. for freight services there is a lack of information about the use of diesel or 
electrical traction. The model uses only electrical freight trains.

3.1 baSIc aSSumPTIONS
To obtain a fair comparison between two systems – 1,500 V

Dc
 and 3 kV

Dc
 – other parameters 

than the system voltage ought to be equal or known unequal. for both systems regenerative 
braking will be applied. 

Section 2 already made clear that train performance depends on the power supply system 
applied. The train characteristics are not adapted to be equal for both power supply systems 
but their qualities are used in the simulation: trains are operated with a margin of 5% to 
comply with the timetable. This 5% extra time is uniformly applied to all modes – accelera-
tion, driving, deceleration – of the train between two stations. When a train is delayed, the 
margin is dropped up to the station where the delay is absent. The recuperation voltage at 
1,500 V

Dc
 is limited for the current rolling stock: br189, 1,900 V

Dc
, VIrm, 1,925 V

Dc
 and 

SlT, 1,950 V
Dc

. according to eN50163 the maximum recuperation voltage for a 1,500 V
Dc

 
system is 1,950 V

Dc
. The recuperation voltage for a 3 kV

Dc
 system is 3,900 V

Dc
. This voltage 

is applied to the 3 kV train characteristics. The substation impedance at 3 kV
Dc

 is four times 
higher than that at 1,500 V

Dc
 for a comparable substation. all substations in the existing 

1,500 V
Dc

 network are used as substations in the 3 kV
Dc

 network.

3.2 caSe STuDIeS
The simulation model used in the case studies is based on part of the network in the Nether-
lands: the connection between utrecht and Den bosch including all lines connecting to Den 
bosch. This model represents the complete network [3].

The energy delivered by the substations is related to the 1,500 V
Dc

 system without recu-
peration: 1,500 V

Dc
 recuperation 85%, 3 kV

Dc
 recuperation 95% and 3 kV

Dc
 recuperation 

75% (see fig. 3). The difference in recuperation energy between 1,500 V
Dc

 and 3 kV
Dc

 can 
be explained by two factors: a reduced recuperation voltage for VIrm and br189, and a 
reduced susceptibility for recuperative energy by the 1,500 V

Dc
 system. The first factor plays 

a minimal role, because the VIrm and br189 represent intercity and freight services and 
therefore represent a minority in recuperation energy in the network. The stop service (SlT) 
on the contrary has no diverting limitation. The susceptibility for recuperation energy is dem-
onstrated in fig. 4 for both power supply systems. 

figure 4 demonstrates the limited ability of the 1,500 V
Dc

 system to deliver the demanded 
power and to receive the regenerative power. It also illustrates the ability of the 3 kV

Dc
 system 

not only to deliver a higher power demand, but also to receive the complete recuperation 
power. measurements of Dutch railways confirm that up to 50% of the regenerative power 
of intercity services between utrecht and Den bosch could not be fed back into the network.

a further increase of the regenerative power is thus only feasible in the 3 kV
Dc

 network. 
To investigate if an increase of density of rolling stock will increase the susceptibility of 
the 1,500 V

Dc
 for regenerative energy a high frequency timetable between utrecht and Den 

bosch was introduced (PhS 8/8), using the same infrastructure as the 2013 timetable [4]. In 
fig. 5 the result of the simulation study is presented in comparison with the 2013 timetable.

The efficiency of the 1,500 V
Dc

 system is between 88% (PhS 8/8) and 89% (timetable 
2013) compared with 94% (PhS 8/8) and 95% (timetable 2013) for the 3 kV

Dc
 system. The 

increased number of trains has not led to an increase in recuperation energy in the 1,500 V
Dc

 
system (relative).
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figure 4: Train results 1,500 V
Dc

 (8:00–9:00) 3 kV
Dc

 (9:00–10:00). Timetable 2013.

figure 3: energy consumption of 1 h of the complete network. Timetable 2013.

besides the utrecht–Den bosch network, three regional lines (heuvellandlijn, betuwelijn 
and Valleilijn) were studied [4]. Is the advantage of the 3 kV

Dc
 over the 1,500 V

Dc
 network 

on the conventional lines also valid on regional lines? One of this regional lines, the betu-
welijn – mostly a single-track layout – is crossing the conventional line utrecht–Den bosch 
at geldermalsen. figure 6 demonstrates the result of individual regenerative power of rolling 
stock, which leads again to the conclusion that a 1,500 V

Dc
 network is not very susceptible 

to regenerative energy.
although the timetable on a single-track layout is blocking the possibility to regenerate 

energy close by, the 3 kV
Dc

 system is able to provide the regenerative energy towards the line 
utrecht–Den bosch: 17% less energy supplied by the substations on the betuwelijn com-
pared with the 1,500 V

Dc
 variant.
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The Valleilijn is a regional line of 18 km single-track line length without own substations, 
connecting two conventional lines. The absence of substations enables regenerative braking 
for both power supply systems, although the difference between the power supply systems on 
regenerative braking is still present: the regenerative power under 1,500 V

Dc
 is limited. The 

tractive effort performance under 1,500 V
Dc

 is also limited on major parts of the Valleilijn. 
for that reason both power supply systems perform with the same energy efficiency. The 
result of the regional line in the complete network is demonstrated in fig. 7. because of the 
small amount of energy on the regional line compared to the complete network, the overall 
result is equal to conventional lines.

The heuvellandlijn is a double-track regional line of 22 km with substations, connecting 
two conventional lines. The power supply systems do not limit the performance – tractive and 
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figure 5:  Simulation results of the energy consumption of 1 h of the complete network. 
Timetable 2013 and increased frequency (PhS 8/8).

figure 6: Train performance, above 1,500 V
Dc

, beneath 3 kV
Dc

.
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regenerative – on this regional line. figure 7 shows that both power supply systems perform 
with the same energy efficiency.

The main conclusion of this section is that a 1,500 V
Dc

 power supply system negatively 
influences the performance of rolling stock. The network decreases the tractive effort as well 
as the regenerative energy and therefore creates an energy opportunity gap. Increase of the 
frequency in the timetable only strengthens these effects. Increasing the regenerative energy – 
which is possible according to Section 2 – does not increase the energy efficiency because the 
1,500 V

Dc
 network is already overloaded by the regenerative energy supplied by the trains. 

 The 3 kV
Dc

 network, on the other hand, offers complete susceptibility for not only tractive 
effort but also regenerative energy and therefore avoids an energy opportunity gap. further-
more, increasing regenerative energy as mentioned in Section 2 will lead to a higher energy 
efficiency.

4 OPeraTIONal STraTegIeS
The results of Sections 2 and 3 give rise to the question whether operational strategies 
should differ for the two power supply systems. In a 1,500 V

Dc
 system operational strate-

gies aimed at increasing the regenerative energy will not lead to a higher energy efficiency 
of the system. In a 3 kV

Dc
 system, however, there is still room for an increase of regen-

erative energy. Operational strategies to increase this energy will lead to a higher energy 
efficiency of the system.

The previous two sections also revealed that the energy opportunity gap is not only net-
work dependable but also dependent on the use of the individual rolling stock. In order to 
get a clear view of their effect on the energy efficiency of the two power supply systems, 
several parameters (coasting, a wide variety of decelerations, speed restriction and catenary 
coupling) were studied. In fig. 8 comparisons are made between coasting, recuperation and 
the combination of coasting and recuperation. 

In the current situation in the Netherlands, coasting is an attractive strategy to increase 
energy efficiency. (In 2013 about 50% of the rolling stock was capable to regenerate power 
back to the network.) The result of coasting is equal to having all trains equipped with regen-
erative braking facilities. The combination of coasting and regenerative braking increases 

figure 7:  Simulation results of the energy consumption of 1 h of the regional networks. 
Timetable 2013.
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the efficiency furthermore. The coasting strategy of Dutch railways is – based on the status 
of the rolling stock – a conscious choice in reducing energy consumption in railways. The 
outcome of Sections 2 and 3 demonstrates that obtaining higher levels of regenerative energy 
in a 1,500 V

Dc
 system will not lead to an increase in energy efficiency of the system. The 

combination of coasting above 100 km/h and regenerative braking below 100 km/h is a well-
working strategy for a 1,500 V

Dc
 system.

Despite the success of this strategy in a 1,500 V
Dc

 system, a 3 kV
Dc

 system needs another 
strategy to maximize the increase of energy efficiency. The 3 kV

Dc
 system is able to couple 

high performance – substantial higher power per train compared with 1,500 V
Dc

, and reduced 
travelling time – with high efficiency (due to its high susceptibility for regenerative energy). 

Introducing the 3 kV
Dc

 system in the Netherlands will disconnect energy efficiency from 
the operational strategies (regenerative braking or coasting combined with regenerative brak-
ing). This conclusion is based on the 60% regenerative energy of Section 2. If this regenera-
tive energy can be increased, regenerative braking will be preferable to coasting. 

5 SOcIal cOST–beNefIT aNalySIS
This method has been used for an indication of the social cost–benefit analysis of the intro-
duction of a 3 kV

Dc
 traction power supply system in the Netherlands [5]. fifty percent of the 

benefit consists of energy efficiency. The cost of the system changeover is calculated at 400 
million euros for infrastructure and a couple of 100 million euros for rolling stock [6]. based 
on the energy efficiency calculations, the rOI period is 15 years [2].

6 cONcluSION
This article described a three-level method to obtain energy efficiency in railways. The appli-
cation of this method on the possible system changeover in the Netherlands shows that a 
system changeover should also lead to a ‘changeover’ in operational strategy: energy effi-
ciency based on coasting in a 1,500 V

Dc
 system has to be replaced by regenerative braking 

in a 3  kV
Dc

 system. To improve the efficiency furthermore the way of braking has to be 
improved by introducing optimized deceleration for regenerative braking. for stop services 
in the Netherlands an improvement of 40% of the total regenerative energy is feasible. So, 
operational strategy has to be tuned to the traction power supply system. a changeover from 

figure 8: Simulation results of the energy consumption of 1 h of operational strategies.
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1,500 V
Dc

 to 3 kV
Dc

 – based on the outcome of conservative energy efficiency calculations – 
will give rOI within 15 years.

using the method discussed in this article, railway companies can easily determine the 
most efficient way to increase energy efficiency in their network and perform a well-founded 
social cost–benefit analysis.
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aBSTracT
We consider energy-efficient scheduling of freight trains on a line with single-track sections, as is the 
case on many freight railways routes in North america. We determine the train speed that minimizes 
the energy consumption, taking into account the departure and arrival times and exploiting the waiting 
times. The proposed energy consumption model takes into account the ground topography, the speed, 
the number of axles the axle load and the type of locomotives. Some experiments are conducted in order 
to estimate the energy gain when adapting the train speed, using canada Pacific railway (cPr) data.
Keywords: freight trains, optimization modeling

1 INTrODucTION
Freight train, for its high energy efficiency and safety advantage compared to other land and 
air transportation options, plays a very important role in transportation in North america. In 
america, the annual cost for train industry is up to 9 billion uSD [1]. This article studies the 
fuel consumption within the context of freight train schedule.

In order to deal with the fuel consumption, there are few main approaches, among them 
simulation is the more popular. Bai et al. [2] take into account the tractive power required 
and also the energy loss due to braking. Then by using simulation, they investigate several 
driving profiles, i.e. the way that trains should be driven (accelerating, coating, braking, etc.) 
so that the energy consumption is reduced. however, the simulation is done only in a limited 
environment of about 30 km long from hefei and chang’anji, china, and it is not clear how 
the train profiles behave in larger instances. Similarly in chang and Morlok [3], the authors, 
using simulation, evaluate energy consumption with respect to different train driving profiles. 
The factors being considered are the tractive power, the tangents and the curves. In another 
vein, howlett et al. [4] use control theory to derive the optimal switching points and conse-
quently optimal driving strategies for freight trains. however, the article, as well as others 
taking the simulation approach, do not take into account the scheduling of the trains. This can 
be addressed with the optimization approach. ghoseiri et al. [5] apply a simple formula to 
calculate the friction and deduce from it a formula for the fuel rate consumed by a train. The 
authors utilize the Pareto frontier method and formulate a non-linear programming model to 
deal with basic constraints such as headway (i.e. safety) constraints and deadlock constraints. 
however, these constraints are modelled using many binary variables which render the solu-
tion of the problem difficult and consequently, the size of data instances that can be solved is  
small, only a few trains and stations.

Our article addresses the problem of building train schedule in single-track railway while 
minimizing the fuel consumption. The article is organized as follows. First, we discuss fac-
tors that contribute to the train fuel consumption estimation and then a fuel consumption 
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formula; taking into account the train weight, train speed is derived. Next, a mathematical 
model is built, which aims to minimize the fuel consumption using the formula derived from 
the first step and satisfies the operational constraint. We then describe our two-phase method 
to solve the problem together with some numerical results.

2 eSTIMaTINg Fuel cONSuMPTION

2.1 assumptions

In this project, we assume that the amount of fuel required to produce a unit of force is the 
same, regardless of the speeds of trains [5]. Therefore, we study the fuel assumption by 
studying the resistance of the trains.

The resistance of the train is composed of three components: train rolling resistance, grade 
resistance and curve resistance. Out of the three, train rolling resistance is the most impor-
tant. The grade and curve resistances are both dependent only on the weight of the trains. 
For simplification, in this project we ignore the grade and the curve resistance as they do not 
depend on speed and we cannot control these two resistances by varying the speed. In the 
remaining part of this article, we discuss only train rolling resistance and subsequently the 
fuel consumption resulting from the rolling resistance.

2.2 Train rolling resistance

Train rolling resistance was studied by Davis in the 1920s and is still used today, e.g. in 
refs [3, 5–7]. It takes the following form:

 
= + +R A BV CVTrain rolling resistance ,2  (1)

where R is train rolling resistance, A component independent of train speed, B component 
dependent on speed, C drag coefficient based on the shape of the front of the train and other 
features affecting air turbulence and V the train speed.

The fuel consumption estimation based on the rolling resistance can be derived as follows. 
let P denote the horsepower produced by the locomotives of a given train. at constant speed, 
the fuel consumption per hour depends linearly on the horse power, according to [6]

 
= +F a bP gal hr/  (2)

let TE denote the tractive effort. We also have

 
= = +P TE V F a bTE V. and . .  (3)

assuming the horsepower TE is approximately equal to the train resistance 
= = + +TE R A BV CV( )2 . after some algebraic transformations and scaling, the fuel con-

sumption takes the following form:

 
= ′ + + +



E

a

V
A BV CV d gal( )2  (4)
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3 TraIN ScheDulINg aND Fuel cONSuMPTION OPTIMIzaTION MODel

3.1 generalities

although the energy consumption is very important in train operations, other aspect should 
be taken into account in order to maintain the quality of service. One of the other require-
ments is that train schedule should be reasonable with respect to the travelling time; i.e. the 
trains should not take too much time to travel from their origin to their final destination. The 
trains must, on the other hand, satisfy the operational constraints, e.g. safety constraints, no 
deadlock constraints [8]. These concerns are to some extent independent of the fuel con-
sumption. Therefore, we propose a heuristic in which the optimization model is performed 
in two steps as follows.

The first step is to build a train schedule using the algorithm described in [8] which mini-
mizes the average travelling time. The input of the optimization model includes the train 
departure times (which are planned by the train company), the speed limits (which implicitly 
take into account the network features such as grade, curvature, etc.), the number of siding 
tracks, etc. The schedule produced by the model will specify the arrival and departure of each 
train at each station while satisfying the operational constraints as specified in [8]. In other 
words, this first step builds an initial feasible schedule that minimizes the average travelling 
time.

In the second step, a more detailed schedule is built based on the schedule obtained from the 
first step. In the detailed schedule, the arrival and the departure times of the trains at each sta-
tion are kept the same as the ones from the first step but the speed of each train in each part of 
its initiatory is determined by the mathematical model so that the fuel consumption of trains is 
minimized. The fuel consumption to be minimized is calculated using eqns (1) and (4).

The advantage of this approach is that we can reuse the mathematical model in [8] which 
leads to a scalable train scheduling algorithm. This model is also quite flexible and we can 
easily incorporate many types of operational constraints. another important advantage is that 
in the first step, we work with all the trains, ensuring they have to satisfy all the operational 
constraints whereas in the second step, we work with each train individually and also each 
segment, finding a detailed schedule that minimizes its fuel consumption. This helps increas-
ing significantly the scalability when solving the model.

as an output of the optimization model, we get the average speed in the segments, connect-
ing two successive sidings/stations p and p'. In order to compute the energy consumption in 
that segment [p, p' ], we may need to divide [p, p' ] into sub-segments, on which the speed is 
constant. We next discuss how to do it on a base case that is depicted in Fig. 1. generalization 
to more sub-segments is straightforward.

3.2 Outline of energy consumption optimization in a segment

let I be the set of indices indicating the sub-segments. let vi  be the speed of train t on i� , 
and vopt  the optimized average speed of the train between p and p', as output by the optimi-
zation model.

 ∑ ′ + + +




∈

a

v
A Bv Cvmin

i
i i

i I

i
2 �  (5)



504 T.H. Le & B. Jaumard, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 

 
∑ = − ∈′

∈
v

a d i Isubject to : ,i

i
t
p

i I

t
p�

 (6)

 
∈ ∈v i Ii �

 
. (7)

In terms of solving techniques, the model above is in a separable form with respect to 
variables vi , i.e. the objective and the left-hand side of the constraints are in the form 

of ∑
∈

f v( )i

i I

i . Therefore, we can linearize the terms in the objective and the constraints, 

namely = ′ + + +






E
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v
A Bv Cvi

i
i i i

2 �  and �
v
i

i
. Moreover, they are all convex and we are 

minimizing the objective; therefore when we linearize using λ-method, the resulting lin-
earization leads to a linear programming problem.

3.3 Time domain formulation

The formulation above with respect to speed has one disadvantage, that is the constraint (6) is 
non-linear and we need to linearize it. however, while linearizing a constraint, we could face 
infeasibility unless we linearize vi  with a sufficiently small granularity. Then, however, the 
number of variables in the resulted linearization problem might become too large. One way 
to avoid this issue is, instead of modelling the problem using velocity variables vi , we can 
use time index variables to reformulate the problem.

let ti  be the time it takes to travel li  then =
�

v ti
i

i
 and the model can be written as 

follows:

 
∑ ′ + + +





∈

a
t A B

t
C

t
min

i
i

i

i

i

i
i

i I

2

2�
� �

�  (8)

 
∑ = −′

∈

t a dsubject to : i t
p

t
p

i I

 (9)

 ∈ ∈�t i I .i  (10)

Figure 1: The case of two grade distributions in one segment.
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It is easy to verify that the function = ′ + + +
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� �  is still convex and separa-

ble in ti . Therefore, if we are to apply linearization using λ-method, the resulting formula-
tion is still a linear programming problem.

let ti  be linearized by the set of ki points τ τ τ, , ,i i i
k1 2 i… with associated λ variables 

, ,…,i i i
k1 2 iλ λ λ . Besides, let τ i

1 and τ i
ki be equal to lower bound and upper bound of ti , respec-

tively. We then have the following linear programming problem:
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 λ ≥ ∈ ∈i I j J0 , .i
j  (15)

3.4 Safety constraint

assuming that, from the schedule produced from the first phase, in segment [ ]′p p, , train ′m  
depart after m but the time m' spend [ ]′p p,  overlaps with that of m. In other words, there is a 
time that both m and m' are on segment [ ]′p p, . We need to make sure that m and m' maintain 
the safety distance in all point i.

In general, in any given segment [ ]′p p,  there might be k trains m m m, ,,, k1 2  in which m' 
overlaps with m2 and m2 overlaps with m3  and so on. If this is the case, we need to maintain 
the safety distance between mi and +mi 1 in segment [ ]′p p, . Our experiments with the data 
show that k usually takes the value of 2.

let the set of sub-segments ends of [ ]′p p,  be indexed by point i. Since train m cannot 
stop in the middle of a segment, departure and arrival times at each point i inside the seg-
ment are equal; i.e. we only need to be concerned with the departure time at each point i. 
Denote by di

m  the departure time at point i  of train m. let M be the set of trains that overlaps 
m m m, , k1 2 …  at segment [ ]′p p, ; i.e. train mj  overlaps train +mj 1 . We then have the fol-
lowing model:

 ∑∑ ′ + + +
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Observe that the safety distance is then ensured by constraint (19).

3.5 Taking advantage of the waiting time in the second phase

In the area where there are only single tracks, when two trains meet, one of them has to slow 
down and wait on the siding for the other train to pass. The train schedule built from the first 
phase specifies where trains meet and how much time trains have to wait. Figure 2 shows an 
example of a train meeting. Train 1 goes from station c to D to e and Train 2 in the opposite 
direction from station e to D to c. They meet at D at 08:12 and Train 1 has to take the siding 
and wait from 08:10 to 08:15.

as described above, the second phase will find a refined schedule for the trains so that the 
overall fuel consumption is minimized. For a train that waits at a siding such as Train 1 in 
the example, the wait time can be exploited to reduce speed and therefore fuel consumption 
as follows. In the original schedule obtained from phase 1, Train 1 passes the station c at 
08:05 , arrives at D at 08:10 and waits there until 08:15 then departs from D and arrives at 
e at 08:22. Train 2 passes e at 08:07, D at 08:12 and c at 08:17. We adjust the timeline of 
Train 1 such that the Train 1 passes c at 08:05 (same as the original schedule) and arrives at 
D at 08:12 (the time Train 2 passes D). Train 1 then departs from D at 08:12 and arrives at e 
at 08:22. The adjusted timeline of Train 1 is depicted in dash line in Fig. 2. The timeline of 
Train 2 is kept the same.

Figure 2: adjust timeline of a waiting train.
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as can be seen, the adjustment above does not affect the feasibility of the schedule; there-
fore, in the second phase, the scheduling constraints will still be satisfied. consequently, no 
binary variable is needed and the model in the second phase is a continuous linear problem 
and is highly scalable.

3.6 combining successive segments

In addition to the improvement discussed in Section 3.5, it turns out that the schedule of the 
train can be adjusted so that the resistance and therefore fuel consumption can be further 
reduced. The schedule output in the first phase is optimized with respect to the travel time. 
Travelling times, i.e. the speed, may vary quite significantly from one segment to the next. 
So, if the optimization process is performed over several consecutive segments, then speed 
differences can be smoothed out and the overall saving could be larger than the combined 
savings on each individual segment. In that case, since the travelling time of each segment 
may be adjusted, the minimum travel time constraint in each segment should be added to the 
model so that the schedule is still feasible.

In principle, the more segments are combined, the more smoothness of the speeds between 
segments and therefore the more fuel consumption saving can be obtained. however, in order 
to maintain feasibility of the schedule, successive segments are combined, for any given train, 
until only it meets another train on opposite direction. For example, consider Train 2 in Fig. 
3, travelling from station F going through e then meeting Train 1 at D and continuing its trip 
through c then B and a (not shown in Fig. 3). The successive segments that will be included 
into the set are F-e and e-D but not D-c. If segment D-c was included then the arrival and 
departure times of Train 2 at D would be modified and consequently Train 2 and Train 1 
might no longer meet at D but inside either segment e-D or D-c and the schedule’s feasibil-
ity no longer holds. The departure time of Train 2 at the first station of the segment set (F in 
this case) and the arrival time at the last one (D) will be fixed to those obtained from phase 1 
(07:55 and 08:12 in Fig. 3). The departure and arrival at other stations are flexible, assuming 
the minimum travelling time constraint is satisfied.

Figure 3: combining consecutive segments of one train.
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let S be the set of segments, i
s
 be the sub-segment index of segment s, tsmis  be the time 

train m spends at sub-segment i
s
 of segment s then the objective is modified as follows:
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The following constraints must be satisfied in addition to the constraints (17)–(19):

 
t d d min travel s S m M_ , ,smi m

s
m
s

ss
= − ≥ ∈ ∈  (22)

 

t a d m M ,smi m
s

s S

m
s

s

last first∑ = − ∈
∈

 (23)

 
d t s S i I, , .m

s
smis

∈ ∈ ∈R  (24)

4 NuMerIcal exPerIMeNTS
as an initial step, we focus on the division calgary to Field of the railway network of cana-
dian Pacific railway. This part of the network consists essentially of single tracks with about 
42 stations. We evaluate the energy consumption saving in 5 instances with a number of trains 
varying from 10 to 18.

Table 1 shows the result of our experiments when we fixed the departure times as planned. 
The first and second columns correspond to the number of trains and their average travel-
ling time obtained from phase 1 of the model. The third column is the fuel consumption 
obtained from the first phase without any optimization. This quantity is the sum of the con-
sumption in each segment. To estimate each segment’s consumption we assume the speed 
is constant and equal to the average speed in that segment, which can be deduced from 
the arrival and departure times obtained from the first phase. The fourth and fifth columns 
describe the fuel consumption and the percentage of the saving when we optimize the fuel 
consumption with the inclusion of waiting times. Similarly, the last two columns show the 
fuel consumption and the percentage of the saving in case we combine consecutive seg-
ments and include the waiting times. as can be seen from the last two columns of Table 1, 
the proposed approach shows significant saving of 14% to 16%. Including waiting time in 
the optimization contributes the most to the reduction of energy consumption or about two-
thirds of this reduction; the remaining one-third of the saving comes from the combination 
of several segments.

Table 2 compares the two scenarios. In the first one, we fix the departure times of the trains 
as planned and in the second one, we allow the departure times to vary between 30 minutes 
before and 30 minutes after the planned departure time. Since the second scenario has more 
flexibility, it can reduce the average travelling time between 8 and 43 minutes depending on 
the number of trains. however, as the travelling time reduces, the fuel consumption tends to 
increase, as the last two columns of Table 2 show. also, as can be seen in columns 6 and 9 
of Table 2, the savings in case of fixed departure time are usually higher and vary much less 
than those in case of flexible departures.



 T.H. Le & B. Jaumard, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 509

Table 1: Fuel consumption – fixed departure times.

Train average  
travelling time

Without  
optimization

Fuel consumption (in gal)  
With optimization

Include wait 
times

Saving combine seg-
ments

Saving

10 10:18 25587.9 22982.5 10.18% 21909.1 14.38%
12 10:19 30055.7 26983.3 10.22% 25483.2 15.21%
14 10:28 34188.8 30523.8 10.72% 29140.5 14.77%
16 10:28 38572.3 34485.4 10.6% 32363.7 16.1%
18 11:02 41977.7 37501.7 10.66% 34960.8 16.72%

Table 2: Fuel consumption – fixed vs flexible in departure time.

Train average  
trav. time

Fuel consumption (in gal)

Fixed Flexible Diff. Fle & 
Fix

Fix Fle W/o opt. With opt. Saving W/o opt. With opt. Saving (in gal) %

10 10:18  9:32 25587.9 21909.1 14.4% 26522.4 23792.2 10.29% 1883.1 8.6
12 10:19 10:11 30055.7 25483.2 15.2% 30408.8 26739.2 12.07%   1256 4.9
14 10:28 10:08 34188.8 29140.5 14.8% 34656.8 29067.8 16.13%   -72.7 -0.2
16 10:28 10:13 38572.3 32363.7 16.1% 38743.9 33877.8 12.56% 1514.1 4.7
18 11:02 10:19 41977.7 34960.8 16.7% 42324.8 36296.8 14.24% 1336 3.8

5 cONcluSION
In this article, we develop a two-phase approach to address the problem of scheduling 
trains, satisfying different operational constraints while minimizing their fuel consump-
tion. In the first phase, the train schedule is built with the objective of minimizing the travel 
time. In the second phase, the obtained schedule is optimized with respect to the fuel con-
sumption. Some improvements are proposed so that the consumption is further minimized. 
experiments are performed on reasonable size of real-life dataset of 42 stations and up to 
18 trains with the savings between 10% and 16% depending on the instances. The results 
show that our method is scalable, and hence, could be used as a tool to evaluate different 
train scheduling scenarios.
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abSTraCT
Stray current corrosion in direct current (dc) transit systems occurs because of the mechanism of current 
transfer between metals and a conductive electrolyte such as concrete, soil and water. Stray current 
reactions can be considered as a special case in that the anode (point of current discharge) may be at 
a considerable distance from the cathode (point of current pickup). The risk of stray current corrosion 
arising from the operation of dc-powered transit system is difficult to eliminate completely. However, 
suitable design of dc traction power systems and structures carrying the railways can significantly 
 reduce the risk of corrosion both to the transit system structures and third-party structures.

Stray currents can cause safety risks, thus making the design of stray current mitigation, testing and 
maintenance an important element of the holistic design for a dc transit system. based on the results 
of the literature research, interviews with over two dozen dc rail transit systems, and testing of dc rail 
tracks, this paper presents and analyses various mitigation methods currently in use in the industry 
to control stray current corrosion. recommendations for the testing (monitoring) and maintenance 
procedures to keep the stray current leakage and the related corrosion in control are then presented.
Keywords: corrosion, direct current transit system, leakage current, rail potential, rail-to-earth 
potential, stray current, stray current corrosion, stray current testing, substation spacing, testing and 
maintenance of dc operating transit system.

1 INTrODuCTION
Stray current corrosion has been a cause of concern for dc rail transit agencies, electrolysis 
committees, utility owners and providers all across the globe. Over the years various stray 
current control and collection methods have been adopted by different transit agencies with 
varying results. The mitigation methods usually depend on various factors including but 
not limited to geographical location of the transit system, physical environment (weather), 
soil investigations, economic considerations and other elements. These methods are seldom 
defined in the transit agency design criteria especially when it is an older agency. In general 
most of the transit agencies in europe and often outside of europe follow the bS eN 
50162:2004 [1] & bS eN 50122-2:2010 [2] – bSI (british Standards Institution) standards.

In the uS an aSTM designation g 165 –99 (aSTM [3]), which was issued in 1999 as a 
standard practice for determining rail-to-earth resistance, is also used by the transit agencies 
to carry out the rail-to-earth testing. besides the above-mentioned standards there are no 
other national standards or guidelines for stray current leakage and corrosion control that 
can be used by the transit agencies in the uS (National research Council [4]). In the absence 
of any defined standards or guidelines the transit agencies occasionally end up choosing 
from a vast array of mitigation methods. These mitigation methods are adopted based on 
the knowledge of previously completed projects instead of the agency choosing them based 
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on applicability and understanding of project-specific factors, surveys, studies and systems 
design carried out for that specific transit system.

Thus to understand the stray current design process, used by various transit agencies, an 
initial desk study of numerous dc-powered transit systems was performed. This was used to 
collect pertinent information on design criteria, performance specifications, constructability 
issues and physical environment as it relates to stray current mitigation decisions. based on the 
findings of the literature review a mix of 30 transit agencies (including uS and international 
agencies) were contacted. a questionnaire was emailed to these transit agencies to gather 
information on their existing stray current mitigation and collection procedures, methods of 
testing and measurement, criteria for acceptable levels including rail-to-earth potential, and 
agency-specific existing and/or previous issues.

This paper highlights the most common mitigation, testing and maintenance methods 
narrowed down during the study that have been successfully adopted by these agencies in 
effectively controlling the stray current corrosion.

2 STray CurreNT COrrOSION
The operating current for the electric traction power supply flows through the overhead 
catenary system or the third rail to the vehicle and returns to the substation through the return 
circuit. The return circuit includes numerous conductors that help complete the path of the 
return current to the substation. running rails are typically the most widely used conductors 
for the return of electric current. Since perfect insulation does not exist and that rail has a 
finite resistance, the return current leaks into the earth and finds its way to the substation via 
the path of least resistance. This current that leaks into the earth by taking the path of least 
resistance is called stray current and the resulting corrosion is called stray current corrosion.

In dc-powered rail transit systems the stray current will follow any path of least resistance 
(rather than the rail), if not designed properly, to return to the substation. This can cause 
significant corrosion to the metallic structures along the rail transit system where the current 
leaves the conductor and potentially to third-party buried infrastructure. Hence measures 
need to be taken to contain stray current at the source by providing suitable insulation and/or 
isolation of the rail to prevent the current flow into the earth.

Some transit systems use the fourth rail system for the return of current which is typically an 
insulated conductor fourth rail, electrically isolated from the running rails and the surrounding 
soil. This fourth rail collects the current and returns it to the substation. However, fourth rails 
are not often used due to limited transit system construction budgets.

3 MITIgaTION aND CONTrOL MeTHODS
early project surveys (including the stray current specific line items), commonly referred 
to as baseline surveys, are an integral part of the initial design of stray current corrosion 
mitigation. baseline surveys consist of the following important elements (Moody [5]):

•	 utility location information and coordination – this includes collecting/measuring voltage 
potential on existing utility structures.

•	 Soil corrosion characteristics – this includes existing ground testing.

•	 atmospheric corrosion characteristic – this includes weather variations.

a baseline survey plays a vital role in the design and mitigation of stray current in dc-powered 
transit system which helps develop a planned approach with foreseeable milestones from 
inception to the operation stage of the transit system (Memon [6]).
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Depending on the findings of the baseline survey and traction power design during the 
design of the dc-powered rail transit system, steps must be taken to incorporate stray current 
controls. These steps should start with controlling the stray current at the source which is 
commonly referred to as ‘control at source’. This should then subsequently be followed by 
mitigation of the stray current, the collection of the stray current leakage and then finally the 
ongoing planned maintenance and testing of the tracks.

Contingent on the type of track this ‘control at source’ is accomplished by frequently 
spaced substations, cross-bonding, rail resistivity, use of insulated track fasteners, rail boots, 
and improved coatings, maintaining a continuous electrical path, and isolating the rail in the 
yards (Fromme & Memon [7]).

3.1 Track type

embedded track design requires a more complex level of electrical isolation as compared 
to ballasted track and thus demands a more aggressive approach to control the stray cur-
rent leakage. The following are some of the key elements specific to embedded track 
design that must be evaluated at an early design level to avoid potential stray current 
leakage issues:

•	 Drainage at and around the tracks 

•	 rail boot construction (joints in particular) 

•	 grade crossings 

•	 Insulating fasteners 

•	 Special construction like bathtub isolation 

•	 Collection mats

3.2 Substation spacing

This technique reduces the feeding distances and the amount of current to be returned to any 
one point, resulting in the reduction of track voltage drop, thereby reducing the amount of 
current which will stray away from the rails. Technology papers by the bureau of Standards 
on leakage of currents from electric railways, issued in 1916, by Stratton, M’Collum and 
Logan (Stratton et al. [8]), explain the importance of reducing the feeding distance to 
minimize the stray current leakage for both grounded and ungrounded systems with the use 
of mathematical expressions.

Considering the marked effect on the reduction of the stray currents and overall poten-
tials due to the reduction in the feeding distance, average feeding distances between the 
substations have been reduced to two to three miles on a typical dc-operated light rail 
system (Fig. 1).

Figure 1: Substation spacing.
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3.3 rail resistivity and cross-bonding 

rail resistivity is mostly based on the type of rail used and its cross section and weight. 
Different size and type of rail are provided by different manufacturers. based on the design 
loads, design life, cost and other track requirements the transit agency decides which vendor 
and rail section to select.

The use of heavy rail sections and suitably bonded rail joints were one of the earliest imple-
mented mitigation methods for the control of stray current. The evolution of rail sections and 
steel along with other metal compositions has continued throughout the years and across the 
globe. With time rail sections have been improved in cross section, length and the method of 
joining the two sections of rail. Increasing the cross-sectional area or size of the rail is achieved 
by using standard size rails ranging from 90 to 120 pounds (115 re tee is the commonly used 
rail with a longitudinal resistance of around 40–80 mΩ/km) (Cotton & Charalambous [9]).

Welded joints are used to provide conductivity equal to or greater than the continuous rail. 
These joints are less subject to failure compared to other forms of rail joints. Welding of rail 
lengths is thus used as the standard form of construction, especially in the embedded rails. 
This has not only proven instrumental in the reduction of stray current but also improved the 
performance of rail.

Cross-bonding between single-track and parallel-track rails is installed to ensure rail 
connectivity and to equalize the current flow between the rails, thus reducing voltage drop 
(rail potential). a frequent cross-bonding of tracks at an average of 500 to 1,000 feet is 
recommended.

3.4 resistance to earth and rail isolation

resistance of the ground immediately in contact with the rail depends primarily on the type 
of ground material that is in contact with the rail. Measures are taken to insulate the track 
from the earth to reduce the stray current process, thus reducing the corrosion of the base of 
the rails and other grounded steel structures for the sections of the rail that were embedded 
in the ground in urban areas.

as the current return path to the adjacent substation increases, the rail potential increases 
and similarly does the stray current. The track type along the track and in the immediate 
vicinity of the substation plays an important role in keeping the stray currents under control. 
It is a general understanding in the industry that the ballast section will have a high rail-to-
earth resistance and thereby a reduced stray current as compared to embedded track.

Tracks are regularly maintained to keep the vegetation out of the tracks, retaining the track 
clean, dry, and dirt- and salt-free to help preserve the resistivity of the rail-to-earth high by 
keeping them insulated from earth. Well-drained broken stone ballast or gravel ballast is 
used in non-embedded sections for its much higher resistance to stray current as compared 
to concrete, whereas for embedded tracks, the rail is typically isolated from the ground by a 
sealing compound or rail boot (Fig. 2).

3.5 Isolation of rail in yards

Stray current is reduced by isolating the track in the yards and storage areas by detaching it 
from the sections of the main track (Szeliga [11]). To protect the staff from electrical shock 
in the yards and shops the running rails are directly grounded and earthed back to the nearest 
substation via insulated cables. This results in excess leakage of stray current since the only 
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way back for the current to the substation is through the ground which contributes to the 
current leakage. Therefore, yard tracks are isolated from the main track and are provided with 
a dedicated substation.

3.6 ungrounded or floating system

a floating system has no deliberate connection to earth and the stray currents are restricted 
by high rail-to-earth resistance using rail boot, rail coating and rail fasteners. However, 
this could potentially result in increased running rail voltage, as compared to the grounded 
system, causing safety concerns for the general public and transit agency staff. Though these 
safety concerns present a downside to the system, this system is preferred over the other 
systems because surveys conducted have shown that the floating system with ungrounded 
substations provides the best earthing system and keeps the potential within limits. Safety 
concerns are addressed with the use of overvoltage protection equipment and platform 
insulation procedures.

Figure 2: rail boot (Memon & Fromme [10]) and sealing compound replacing rail boot.
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3.7 Drainage and insulating fasteners

Maintaining proper drainage around the rail boot and the tracks is vital. Proper drainage 
measurements must be taken during construction with careful design of water flow at low 
elevations and other critical locations. In newer constructions it is recommended to provide a 
rubber boot flangeway to isolate the rail contact. Similarly, the use of insulating rail fasteners 
is also important. This is especially vital where the use of insulated clip-type fasteners for rail 
to tie connection and continuous welded sections are common.

3.8 Collection mats

For embedded tracks operating in city streets, stray current corrosion is a major concern to the 
track owners and utility and other infrastructure owners in the vicinity of the transit system. 
Stray current collection systems are sometimes necessary to control the current leakage 
on these systems. The goal of insulating the rail is to control the current at the source and 
minimize the stray current leakage. Thus the need for a collection mat can be eradicated if 
the level of stray current being produced by the transit system is controlled by rail insulation. 
research shows that there will be a certain amount of stray current leakage in spite of these 
control measures. This leakage usually happens after a few years of track life or even earlier 
if the tracks are not maintained and tested routinely (based on the survey results).

Collection mats are used to intercept and retain stray current on embedded track sections 
which are laid on concrete slabs with steel reinforcement such as those in tunnels and viaduct. 
a stray current collection mat in these instances provides a low-resistance path to intercept 
and retain the stray current leaving the rails. These collection mats are continuously bonded 
together along their length to provide the stray current with a low-resistance path (Fig. 3) 
(Tzeng & Lee [12]).

Figure 3: reinforcement steel and collection mat for embedded track.
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4 STray CurreNT TeSTINg aND MaINTeNaNCe
Mitigation methods installed to control stray current corrosion require periodic testing and 
maintenance to ascertain their safe performance and effectiveness. Therefore, it is important to 
conduct regular inspection and testing of the tracks including the inspection and testing of any 
mitigation techniques installed by the transit system to ascertain that the stray current leakage 
is within limits and the mitigation measures are operational as designed (Memon [6]).

The transit agencies interviewed, in general, agreed on the need and importance of a 
well-thought-out testing and maintenance plan tailor-fitted to their geographical and system 
necessities.

4.1 Coordination and communication

The development of a coordinated effort to sustain effective stray current control requires edu-
cation, communication and cooperation of all stakeholders and concerned parties. Communi-
cation is the foundation of the effort to achieve and maintain effective stray current control. 
Thus it is essential that regular exchange of information be maintained between the interested 
parties to develop an overall sustainability of effective and efficient stray current control.

based on the results of the transit agency survey it was observed that the stray current issues 
were significantly less onerous in those transit systems which had corrosion committees 
located in reasonable geographic proximity. This shows that coordination and communication 
with the corrosion engineers and utility owners are the key elements in keeping the corrosion-
related problems under control.

4.2 Stray current testing

It is good transit industry practice to perform track-to-earth and utility-to-earth resistance 
testing prior to any revenue service operation to document the reference point characteristics 
and stray current activity of the system. These track-to-earth resistance values are used by 
the transit agencies and corrosion design consultants to achieve the control at source and 
thereby design and maintain the stray current mitigation and collection techniques. based on 
the findings of the survey, following are some of the most commonly performed tests by the 
transit agencies (Memon & Fromme [10]):

•	 Track-to-earth resistance survey – measures the resistance and helps in locating and 
isolating the track work discontinuities. 

•	 Track slab current measurement – provides an insight into the magnitude and direction of 
possible current leakage from the rails.

•	 Structure (utility pipe)-to-soil potential measurement – helps identify whether the structure 
is influenced by stray current and the direction of the current flow.

•	 audio frequency testing – helps in pinpointing the local low-resistance areas and is used 
in conjunction.

5 STray CurreNT MaINTeNaNCe
The key fundamental maintenance essentials to be carried out on the system must include 
the following:

•	 Visual inspection – this is the first level of defence in identifying stray current leakage 
areas and providing mitigation for them. 
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•	 rail isolation from conductive elements – this can be spotted during visual inspections 
and/or the testing of the system. 

•	 Maintaining clean and dry tracks – it is imperative to control vegetation and design the 
tracks such that they drain properly and the water does not stand close to the rail boot and 
the tracks. 

•	 Testing regime – working out a regular testing schedule to perform testing of the tracks in 
coordination with the corrosion consultant.

6 CONCLuSION
Of the many transit agencies interviewed (with testing being done at some of these) most of 
the ballasted section results showed that stray current leakage is under control and track-to-
earth resistance values are within the limiting values based on the agency’s criteria. However, 
unlike ballasted sections, most of the embedded sections showed higher track-to-earth 
resistance values along at least one segment of the track. Some of these track sections were 
using a concrete flangeway which holds earth and debris that in return provides a path for the 
stray current. This along with the fact that the concrete repairs with time had spilled over the 
rail boot at many locations, which resulted in the creation of a contact with the rail thereby 
annulling the purpose of the rail boot isolation.

Drainage of storm water seems to be another common issue with several transit agencies. 
These drainage correction measurements must be taken into account during initial construction 
with careful design of water flow at low elevations and other critical locations. In newer 
constructions it is recommended to provide a rubber boot flangeway to isolate the rail contact 
with the earth.

another issue observed was the inconsistency of the testing methods and frequency of 
testing. Testing methods should be adapted based on the age of the transit system, location 
of the tracks, type of the track bed, the type of structure under investigation and the source 
of leakage.

Lastly, it would be easier to implement most of the above-mentioned isolation, mitigation 
and collection options on a newer transit system with proper foresight and planning. However, 
not all the options and recommendations discussed here will apply to older systems or systems 
that are currently going through extension of their existing systems. In such instances it will 
be the responsibility of the design engineer/consultant in consensus with the transit agency/
owner to design the system that will keep the stray current corrosion to a minimum. The key 
to achieve a leakage-free transit system is to follow the logical sequence of the design process 
and then maintain a stringent maintenance and testing regime.
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abSTraCT
To find out the relationship between the track structure parameters and rail corrugation type and put 
forward a reasonable maintenance threshold for the amplitude of rail corrugation, surveys on rail cor-
rugation by rail static and dynamic tests were carried out on Shanghai Metro recently. based on the in 
situ data, the wavelength and amplitude of rail corrugation were calculated and analysed by different 
categories according to their service conditions. Investigation data and its analysis show that different 
track structure parameters, such as ballast, fastener, curve radius, etc., can affect the amplitude and 
wavelength in pretty different ways. In order to know the development trend in rail corrugation, sta-
tistical significance on the distribution of amplitude and dynamic data is calculated, the distribution of 
amplitude at certain wavelengths is figured out, and accordingly a reasonable threshold of the amplitude 
maintenance is put forward.
Keywords: in situ tests, maintenance threshold, rail corrugation, subway, track structure.

1 INTrODuCTION
rail corrugation is a normal phenomenon in the world but appears now to be substantially 
understood, and lots of researches have been done on its cause and treatments. rail corruga-
tion is quasi-sinusoidal irregularity where the wavelength is less than 1 m [1]. grinding corru-
gated rail reduced the power spectrum of railhead roughness by about 2 orders of magnitude 
of wave numbers up to about 25 cycles m−1 and by about 1 order of magnitude of higher wave 
numbers [2]. according to  Sato et al. [3], for five out of corrugation’s six categories, not only 
characteristics but also causes and even its treatments are identified. according to their opin-
ion for the sixth category (roaring rail-type corrugation), a wavelength-fixing mechanism yet 
had to be pursued. Torstensson [4] monitored rail roughness in a curve with radius 120 m in 
the Stockholm Metro and pointed out that roughness growth rate increased with the number 
of days after grinding until the measurement that was taken 300 days after grinding. besides, 
corrugation does not consistently show uniformly increased magnitudes in the same sections 
of the curve as before grinding. Wang X. [5] did continue tests on corrugation’s development 
of two different base plates, figuring out that the wavelengths of stiffness 90  MN/m and 
60 MN/m are 80–100 mm and 160–185 mm, respectively. Cao [6] analysed the corrugation’s 
characteristics of Shanghai Metro 1 and found out there existed huge differences between the 
two transition curves.

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
www.witconferences.com



 Wanyi Liu et al., Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 521

rail corrugations can increase vibrations and noises and multiple the costs for mainte-
nance. In order to find out the characteristics of corrugation with different track structures 
and put forward a reasonable criterion for amplitude controlling, some surveys are carried 
out. based on experimental data, characteristics of corrugation with various structures are 
analysed and amplitude thresholds which can be applied on maintenance are offered.

2 SOurCe aND Pre-PrOCeSSINg
In this paper, data of sections with severe corrugation and their track structures and line 
conditions are recorded. rail surface irregularities are measured with rMf 2.3e, which can 
identify wavelength of 10 to 300 mm. This research covered 6 lines and 8 sections and some 
of them are measured continuously. line conditions are shown in Table 1.

In dynamic in situ tests, stress and acceleration are measured for a train with different 
speeds. Measuring spots are shown in fig. 1.

The measured rail corrugation data may contain some interference and some pre-processed 
works need to be done before performing a detailed analysis, which includes the following: 

(a)  Categorizing data based on working conditions: one working condition means these sec-
tions share the same track structure and similar curve radius.

(b)  eliminating trend term: due to error in the measure instrument and the influence of envi-
ronment, rail irregularity shows trends of upward or downward movement. raw data need 
to be fitted with least square method.

Table 1: line conditions.

line 1, 2, 3, 8, 9, 11

ballast Monolithic track bed, normal bearing block, ballast, 
long sleeper buried, floating slab

fastener Vanguard, DTIII-2, WJ-2a, elastic rod-II, absorber, 
lOrD

Curve radius (m) 350, 400–450, 500, 700, 800, 1200

Lateral force

Vertical force

Lateral displacement

Vertical displacement

Inner
rail

Outer
rail

600 600 600 600 600

A

figure 1: In situ tests.
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(c)  Deleting effects of rail joints: identifying where these rail joints are and then deleting data 
of a certain range.

(d) Deleting abnormal data.
Data after pre-processing can be used to analyse corrugation’s distribution and relationship 

with different working conditions.

3 relaTIONShIP beTWeeN COrrugaTION aND TraCK STruCTureS

3.1 relationship between corrugation and ballasts

as shown in fig. 2(a), amplitude of corrugation where monolithic track bed is utilized is 
smaller than that where floating slab is used as ballast. and in fig. 2(b) when elastic-II and 
curve with radius 400–450 m is applied, amplitude of long sleeper buried is smaller than 
normal bearing block and ballast. In other conditions amplitude of monolithic track bed is 
smaller than long sleeper buried. In short, when we consider corrugation mainly, no matter 
which kind of fasteners and radius is used, monolithic track bed’s amplitude is relatively 
short while ballast’s is long

figure 3(a) and (b) shows influences of ballast on wavelength when using DTIII-2 or elas-
tic-II as fastener. When fastener is DTIII-2, wavelength of floating is shorter than that of 
monolithic track bed. When fastener is elastic-II, wavelength of long sleeper buried is the 
shortest and the wavelength of ballast is pretty long. In brief, the wavelength of floating slab 
is relatively short and the wavelength of ballast or normal bearing block is pretty long.

figure 2: amplitudes with different ballasts where certain fasteners are applied.
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3.2 relationship between corrugation and fasteners

figure 4 shows what will happen to different fasteners’ amplitude when we use (a) floating 
slab and (b) monolithic track bed as ballast. When ballast and curve radius are the same, the 
amplitude of vanguard or absorber is smaller than the amplitude of DTIII-2.

What fig. 5 shows is the wavelength of different fasteners when we use (a) floating slab 
and (b) monolithic track bed. We can easily find that wavelength of vanguard is the longest 
and that of absorber is the shortest.

3.3 relationship between corrugation and curve radius

actually, curve radius influences amplitude in different ways under different working condi-
tions. figure 6 shows that amplitude reaches its minimum where the curve radius is about 
400–450 m when (a) monolithic track bed and DTIII-2 or (b) absorber is applied.
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figure 7 points out that wavelength decreases with decreased curve radius. actually, wave-
length shares the same rule when other kinds of ballast are applied.

4 COrrugaTION CONTrOllINg aND MaINTeNaNCe

4.1 Distribution of amplitude

Statistical analysis was conducted on the corrugation of Shanghai Metro 8 and 11, contribu-
tions of which are shown in figs. 8 and 9 and Table 2.

according to figs. 8 and 9 and Table 2, contribution of amplitude of different wavelengths 
is standard normal distribution. If we set triple standards as the threshold, most of the portion 
is below 3%, which is pretty reasonable for the operation.
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figure 7: Wavelengths with different radius where monolithic track bed is applied.

Table 2: Contributions of amplitude of different wavelengths.

Main wavelength 

(mm)

0–100 100–200 200–250 250–300

Inner rail
Outer 

rail
Inner rail

Outer 

rail
Inner rail Outer rail Inner rail Outer rail

average (mm)  0.01  0.01  0.01  0.01  0.00  0.00  0.01  0.01
Triple standard 

(mm)
 0.42  0.43  0.44  0.50  0.31  0.34  0.36  0.37

range of amplitude 

(mm)
Portion of amplitude (%)

<–0.4  0.31  0.44  0.5 1  0.04 0.09 0.34 0.15

(–0.4, –0.3)  1.19  1.05  1.8  3.05  0.67 1.23 0.99 1.21

(–0.3, 0.3) 96.08 96.44 94.86 92.81 98.92 97.57 96.58 96.88

(0.3, 0.4)  1.66  1.65  2.28  2.56 0.3 0.63 1.38 1.41

>0.4  0.76  0.42  0.57  0.58  0.08 0.48 0.72 0.36
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figure 10: Waveform graph of inner/outer rail before/after grinding.

figure 11: Vertical forces of inner/outer rail before/after grinding.
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4.2 Distribution of dynamic data

The effect of rail grinding is considered in this research (fig. 10). figure 11 shows the wave-
form graph of inner/outer rails before/after grinding on a curve at section Xujiahui to Shang-
hai Natatorium of Shanghai Metro 11. This curve lies at about XK35 + 494 – XK35 + 620, 
when monolithic track bed and absorber fasteners, with radius of 350 m, are used. figure 
11 demonstrates vertical forces before/after grinding in about 7 s after the train passed the 
measured point (fig. 12).

figure 12:  Distribution of amplitude of inner/outer rail before/after grinding.
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as shown in fig. 11, vertical forces decreased after grinding. In Table 3, the numbers 
of points amplitude of which is bigger than 0.3 mm or smaller than –0.3 mm decreased, 
while the number of points amplitude of which is in the range of –0.3  to 0.3 mm increased. 
although there is no proof to show that that decreasing of amplitude is the only cause of 
decreased vertical forces, we can draw the conclusion that decreased amplitude is helpful for 
decreasing vertical force.

4.3 New threshold for corrugation amplitude

according to in situ data, after grinding, amplitudes that are smaller than –0.3 mm or bigger 
than 0.3 mm disappeared a lot, which is pretty similar to the triple standard in the contri-
butions of amplitude of different wavelengths. existed threshold is pretty severe and may 
increase maintenance work. here we suggest using the conservative values of triple standard 
as shown in Table 4, which haven’t been verified by applying them on maintenance now.

Table 3: amplitude contribution before/after grinding.

before grinding after grinding

Inner rail Outer rail Inner rail Outer rail

average (mm) –0.001 0.006 0.005 0.002 
Triple standard 
(mm)

 0.314 0.468 0.371 0.482 

Number of points amplitude

<–0.4 mm  0  0  1  0

(–0.4, –0.3) mm  0  3  0  2

(–0.3, –0.2) mm  3  4  2  2

(–0.2, –0.1) mm  7  9  5 15

(–0.1, 0) mm 22 16 28 12

(0, 0.1) mm 17 10 19 13

(0.1, 0.2) mm 12 16 15  8

(0.2, 0.3) mm  1  6  1  6

(0.3, 0.4) mm  0  2  0  1
>0.4 mm  0  0  1  1

Table 4: Suggested values for amplitude threshold of different wavelengths.

Main wavelength (mm) 0–100 100–200 200–250 250–300
Triple standard (mm)   0.43   0.46   0.32   0.36
Suggested value (mm) ±0.4 ±0.4 ±0.3 ±0.3
Overrun portion (%)   1.07   1.07   1.09   3.43
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5 CONCluSIONS
by analysing rail corrugation data and dynamic in situ test data and plotting the contribution 
of them, we arrived at the following conclusions:

1. ballast/fastener/curve radius can affect the amplitude and wavelength of corrugation. 
When preventing corrugation is the primary purpose, our suggestion is using monolithic 
track bed and floating slab as the ballast and vanguard as the fastener, and the curve ra-
dius can be about 400–450 m.

2. The distribution of amplitude at certain wavelengths is approximately normal standard 
distribution. using triple standard as the threshold for corrugation amplitude is reasonable.
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ABSTRACT
The article describes the preliminary results and conclusions of experimental monitoring of the thermal 
regime of railway track structure performed on the experimental stands (railway track models in 1:1). 
The purpose of this study was to optimize the structural thickness of the protective layer in the subgrade 
structure. The first part of the study describes the experimental stand design and methodology for moni-
toring the heat and humidity variations in the railway track structure. The following parts describe the 
results of verification of the thermal characteristics of the material incorporated into the model of the 
railway track and of its subgrade. 
Keywords: climatic factors, experimental monitoring of thermal regime, railway track, subgrade 
 dimensioning.

1 INTRODUCTION
The quality and safety of railway tracks are clearly dependent not only on the technical 
level and state of train sets but also on the state and quality of the railway superstructure and 
substructure. They compose one technical–physical unit, affecting the required operational 
capability and railway track safety. Due to this, the Department of Railway Engineering and 
Track Management (DRETM) of the University of Žilina has been paying long-term atten-
tion to the problem of railway substructure reliability under the influence of various factors, 
with specific focus on climatic factors [1, 2]. The course of winter periods, particularly over 
the past 20–30 years, shows different trends than in the past. As a result, there is a necessity to 
update the input design parameters of subgrade structure dimensioning, or possibly to amend 
the dimensioning methodology stated in [3] as it reflects the research results from the 1960s. 

In the Slovak Republic, as well as in neighbouring countries, the weather characteristics of 
the winter period considerably influence the dimensions of the subgrade structure. Because 
of this, it is necessary to identify and include the influence of changing climatic conditions 
on the railway substructure into the design methodology of subgrade structure dimensioning 
for non-traffic loads (influence of climatic factors). Concerning foreign research, in the past, 
this problem was analysed in Germany, Norway, Japan and Canada. At present, the most 
commonly used research output is from UIC ORE research, which is carried out under the 
auspices of Trondheim University. This research took into account the climatic conditions 
of the 1960s and the 1970s. The importance of studying the problem of the thermal regime 
of railway track structure (subgrade) can be underlined by the fact that new construction 

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
www.witconferences.com
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materials and structural elements are applied within the rail track modernisation, and as it 
was stressed before, the climatic conditions for present and future railway track operation 
have been changed.

2 EXPERIMENTAL MONITORING OF THERMAL REGIME AND  
CHANGES IN HUMIDITY OF THE RAILWAY TRACK STRUCTURE 

The problem of monitoring the thermal regime of railway track structure has been solved at 
the DRETM, Faculty of Civil Engineering of the University of Žilina (FCE, ŽU - UNIZA) for 
at least two decades. At present, the research also focuses on verification of thermal conduc-
tivity coefficients, λ, and variations in humidity of various materials applied in the subgrade 
structure and on monitoring the influence of winter period courses (the number of frost peri-
ods and size of the frost index) and the average annual temperature on the depth of subgrade 
freezing. This study is carried out using experimental stands of railway track models and 
software support for mathematical modelling of the thermal regime and variations in humid-
ity of railway track structure. The following section of the article will briefly describe the 
experimental basis that DRETM uses for monitoring the thermal regime and variations in 
humidity at the experimental stands with railway track models.

2.1 Experimental stand DRETM I

The experimental measurements at the railway track model in the scale 1:1 were started as 
early as in 2003. The structure of the railway track model, the so-called experimental stand 
DRETM I (see Fig. 1), was built as a track section run on terrain level. The railway super-
structure consists of rail skeleton and ballast bed (BB) fraction 31.5/63 mm of total thickness 
500 mm. The railway substructure composes the subgrade with in-built MACRIT GTV/50 
geocomposite, where the protective layer of subgrade surface is formed by 450 mm thick 
layer of crushed aggregate fraction 0/31.5 mm and its soil material is sandy clay. The thick-
ness of the protective layer was dimensioned in compliance with the then in force regulation 
[4], where the design value of air frost index for Žilina was I

F
 = 550°C.day. To monitor the 

temperatures in the individual structural layers of this experimental stand, we installed 11 
resistance thermometers, Pt100, whose arrangement can be observed in Fig. 1. An important 
piece of input data in the process of monitoring the effects of non-traffic loads is the air tem-
perature that is being measured 2.00 m above the level of the surrounding terrain and serves 
as a determination of the frost index value, I

F  
.

We are aware of the fact that snow decreases the effects of frost on a subgrade and acts 
as an insulation layer. To monitor its effects, we removed the snow cover completely during  
winter  or, conversely, the snow cover of maximum height approx. 0.12 m, which takes into 
account the real operational conditions, is kept.

At this experimental stand during each winter period, the following characteristics were 
monitored and determined: 

•	 mean daily temperature, θ
s
,

•	 minimal temperature in the individual structural layers of the stand, θ
min

,

•	 depth of structural freezing in the given period, D
F
,

•	 air frost index, I
F
,

•	 mean daily surface temperature, θ
ss
,

•	 frost index at the track bed surface, I
FS  

.
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This experimental stand, besides being used for monitoring the development and course of 
the subgrade thermal regime during individual winter periods, also served for monitoring the 
variations in deformation resistance. This was facilitated by a steel frame with a mobile beam 
and set for measuring the static and dynamic modulus of deformation.

The courses of 12 winter periods were recorded from 2003 to 2015. Their monitored char-
acteristics are stated in Table 1. The winter period, the above-mentioned parameters were 
stated for, is limited by the first and last frost period (θ

s
 ≤ –0.1°C), while the frost period must 

last for at least 4 days.

Figure 1: Experimental stand DRETM I.
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Table 1 clearly shows that the coldest winter period in the last 12 years was the winter 
period of 2005/2006, when the air frost index reached the value I

F
 = –388°C.day, although 

the subgrade freezing depth in this winter period was not the lowest, as it reached the value 
D

F
 = 0.82 m (freezing of subgrade surface did not occur).
From the point of view of subgrade freezing, the winter of 2011/2012 can be considered 

the most unfavourable winter period, when the depth of structural freezing reached the value 
0.98 m for a maximum frost index of, I

F
, only –238°C.day. This winter period is the only 

one when the zero isotherm penetrated into the subgrade below the subgrade surface level, 
which is located at the depth of 0.95 m below the BB surface. The higher value of the depth 
of subgrade freezing at the lower frost index compared to the winter period 2005/2006 is a 
consequence of snow removal from the BB surface during the entire winter period. 

The most favourable winter period, not only from the point of view of subgrade freezing 
but also due to the reached air frost index I

F
, was the winter period of 2006/2007, when the 

subgrade freezing depth reached the value of only 0.33 m and the maximum air frost index 
–16°C.day, which means that there was no freezing of the entire BB structural thickness.

For individual dimensioning of subgrade structure (the thickness of protective layer of 
subgrade surface), the repeatability of winter periods is important. If the winter period of 
2003/2004 is compared to the winter period of 2012/2013, or the winter period of 2009/2010 
to the winter period of 2010/2011, it can be ascertained that the differences in frost indices 
(on the BB surface, I

FS
) and depths of subgrade freezing, D

F
, are only minimal. Table 1 also 

Table 1:  Overview of monitored climatic quantities at the experimental stand DRETM I  
[5, 6].

Winter 
period

Temperature, 
θ

s,max

(°C)

Temperature,
θ

s,min

(°C)

Frost 
index,

I
F

(°C.day)

Surface
frost

index,
I

FS

(°C.day)

Depth of 
freezing, 

D
F

(m)

I
F

for
D

F,max

(°C.day)

2003/2004a 13.19 –12.31 –168 – 58 0.46 – 29

2004/2005  7.97 –13.37 –228 –143 0.70 –165

2005/2006a  5.71 –16.68 –388 –248 0.82 –334

2006/2007 13.02 – 5.26 – 16 – 14 0.33 – 9

2007/2008  8.55 – 8.15 – 96 – 91 0.48 – 20

2008/2009 11.13 –11.78 –150 –130 0.58 –145

2009/2010 10.40 –13.27 –204 –149 0.60 –145

2010/2011  5.67 –12.27 –215 –145 0.61 –215

2011/2012  4.93 –15.20 –238 –207 0.98 –184

2012/2013a 10.68 –11.45 –162 – 54 0.44 –107

2013/2014 11.21 –10.50 – 27 – 33 0.46 – 23

2014/2015 9.14 – 8.95 – 40 – 20 0.34 – 15

aParameter values acquired for snow cover of maximum thickness approx. 0.12 m.
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clearly shows that the air frost index, I
F
, is not the only parameter affecting the depth of sub-

grade freezing, D
F
. The depth of subgrade freezing, D

F
, is, besides the occurrence of snow 

cover on the rail track surface, also influenced by the average annual air temperature, θ
m
 (the 

amount of heat accumulated in the subgrade), and – certainly – by the humidity of subgrade 
materials before the first frost period. 

2.2 Experimental stand DRETM II

In order to consider the results from the Experimental stand DRETM I and the efforts to load 
the subgrade structure by the maximum effects of frost, an experimental stand DRETM II 
was designed and constructed in 2012. The concept and design of the experimental stand was 
based on the long-term experience gained from the experimental measurements of the sub-
grade thermal regime at the experimental stand DRETM I. As at the time of construction of 
the experimental stand DRETM II the software for mathematical modelling of the subgrade 
thermal regime was available, besides higher number of thermal sensors, humidity sensors 
were also embedded to acquire one of the input parameters for mathematical modelling of the 
thermal regime using SoilVision software (see [7]).

The experimental stand DRETM II represents the railway track model run on the embank-
ment in the scale 1:1 – Figs. 2 and 3. The superstructure of this model consists of the track 
skeleton and BB fraction 31.5/63 mm of overall thickness 500 mm. From the structural point 
of view, this experimental stand is divided into two structural parts. The first part (half) of 
the experimental stand (measuring profile 1) is the entire earthwork at the height of approxi-
mately 1.00 m built of crushed aggregate fraction 0/63 mm (reclaimed rail ballast) and its 
subgrade is formed by clay with an addition of river gravel (identified by the geotechnical 
investigation). The second part (half) of the experimental stand (measuring profile 2) consists 
of a protective (subbase) layer of crushed aggregate fraction 0/31.5 mm at the thickness of 
450 mm, placed on the subgrade surface. The earthwork, 550 mm high, is built of crushed 
aggregate, a fraction 0/63 mm and foundation soil also of clay with an addition of river 
gravel. The thickness of the protective layer was equal to the experimental stand DRETM 
I dimensioned in accordance with the regulation [4], to enable the comparison of structures 

Figure 2:  In the foreground: snow-covered experimental stand DRETM II on the Žilina uni-
versity campus.
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from the point of view of thermal regime and the position of zero isotherm. The slope treat-
ment was finished with topsoil application at the thickness of 0.10 m and the slopes were 
grassed over. 

To monitor the thermal regime in the experimental stand DRETM II, 100 resistive tem-
perature sensors, type Pt1000 (measuring range from –50°C to +400°C), were embedded. 
The temperature sensors were placed in each measuring profile on eight horizontal levels, in 
a mutual distance of 150 mm (the distance of the last two levels is 200 mm) and in five rows, 
while some thermal sensors were also placed on the surface of both embankment slopes, or 
below the level of the original terrain.

Besides the thermal sensors, the experimental stand also featured protective insulated pipes 
for humidity sensors of the type PICO-T3P (Fig. 3), enabling non-destructive humidity meas-
urement in the range from –15°C to +50°C with a precision of ±2% [8]. To prevent damage to 
the probe tube in contact with sharp material, we placed the probe tube into a special protec-
tive pipe TECANAT at a diameter of 40 mm. The placement of the TECANAT pipes of humid-
ity sensors is similar to the thermal sensors, thus in five rows, while the thermometers were 
placed outside the pipes. The structure of the experimental stand included 11 protective pipes 
(5 in each measuring profile and 1 pipe placed in the foot of the embankment to measure the 

Figure 3: Cross sections of the experimental stand DRETM II.
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humidity of the embankment subbase). The arrangement and position of individual thermal 
and humidity sensors in the experimental stand DRETM II is shown in Fig. 3.

In the vicinity of the experimental stand the sensor Comet T3419 was installed, which 
served for acquiring the data about the air temperature and humidity in the height of 2.00 m 
above the terrain. The air temperatures can be recorded in the range of –30°C to +105°C with 
a precision of ±0.4°C and the air humidity in the range of 0–100%, with a precision of ±2.5%.

As experimental stand DRETM II serves the same purpose as the previous structure (exper-
imental stand DRETM I), identical parameters, stated in paper, are monitored. In the case of 
this experimental stand, there was also added the parameter of inbuilt material humidity. This 
parameter, which substantially influences the thermal regime of the rail track structure and 
also the depth of subgrade freezing, is necessary for mathematical modelling of the subgrade 
thermal regime using the SoilVision software (closely characterized in [7]).

The experimental measurements of the thermal regime and variations in humidity in the 
rail track structure model and its subgrade at the experimental stand DRETM II have been 
carried out since 2013. That is why only two winter periods have been evaluated, winter of 
2013/2014 and winter of 2014/2015. The required thermal characteristics of these two winter 
periods are determined in the same way, as with the experimental stand DRETM I. Tables 2 
and 3 show the measurement results that were acquired in the case of no snow cover on the 
surface of the experimental stand during all the winter periods.

Equally as with the experimental stand DRETM I, the winter period, the above-mentioned 
parameters were stated for, is limited by the first and last frost period (T

s
 ≤ –0.1°C), while the 

frost period must last for at least four days and the winter period can consist of several frost 
periods. Their monitored characteristics are stated in Table 1.

Table 2:  Parameters acquired by evaluating of the monitored quantities at the experimental 
stand DRETM II – 1st measuring profile without the protective layer.

Winter 
period

Temperature, 
θ

s,max 
(°C)

Temperature, 
θ

s,min

(°C)

Frost 
index,

I
F

(°C.day)

Surface 
frost, 

index I
FS

(°C.day)

Depth of 
freezing, 

D
F

(m)

I
F
 for D

F,max

(°C.day)

2013/2014 10.45 –11.70 –38 –22 0.43 –32

2014/2015 8.50 –10.80 –77 –32 0.42 –75

Table 3:  Parameters acquired by evaluating of the monitored quantities at the experimental 
stand DRETM II – 2nd measuring profile with a protective layer.

Winter period Temperature, 
θ

s,max 
(°C)

Temperature, 
θ

s,min 
(°C)

Frost 
index, I

F 

(°C.day)

Surface 
frost 
index, I

FS 

(°C.day)

Depth of 
freezing, 
D

F 
(m)

I
F
 for 

D
F,max 

(°C.day)

2013/2014 10.45 –11.70 –38 –22 0.42 –32

2014/2015 8.50 –10.80 –77 –32 0.41 –75
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As manifested in Tables 2 and 3, the so far acquired measurement results at the experimen-
tal stand DRETM II from two latest winter periods confirm that not only the air frost index, 
I

F
, influences the depth of subgrade freezing, D

F
, but it is also influenced by the course and 

intensity of the frost period, the air frost index was based on reaching approximately the 
same depth of subgrade freezing, D

F
, for double value of air frost index I

F
. The comparison 

of individual set parameters for both monitored and evaluated winter periods is given in Figs. 
4 and 5 show the course of daily mean air temperatures (at the ballast bed surface) and sub-
sequently the frost indexes, I

F
, (of the ballast bed surface I

FS
) for winter periods of 2013/2014 

and 2014/2015 are determined. Figures 7 and 8 show the course and the position of the zero 
isotherm in the subgrade for both winter periods.

Figure 4: The stated value of the air frost index I
F
 – winter 2013/2014.

Figure 5: The stated value of the air frost index, I
F
 – winter 2014/2015.
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Also the results of experimental measurements of two evaluated winter periods at the 
experimental stand DRETM II provide the same conclusions, as mentioned in relation to the 
DRETM I, that the depth of subgrade freezing is not only influenced by the frost index, I

F
, 

but also by other factors, stated in the final section of the article.

Figure 6: The stated value of the surface frost index, I
FS

 – winter 2014/2015.

Figure 7: The stated value of the depth of subgrade freezing – winter period of 2013/2014.
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3 PRELIMINARY RESULTS FROM THE EXPERIMENTAL MONITORING OF 
THERMAL REGIME OF RAILWAY TRACK STRUCTURE

The experimental measurements as well as the mathematical modelling of the thermal regime 
of the rail track (subgrade) confirmed that the air frost index is not the only parameter that 
influences the depth of rail track freezing. In the design methodology of the determination of 
structural thickness of the protective layer, it is also necessary to consider other characteris-
tics, namely:

•	 length and number of frost periods,

•	 course of a dominant frost period during the winter,

•	 occurrence and thickness of snow cover,

•	 temperature of individual structural layers of railway track and its subbase in the beginning 
of the winter period, i.e. before the first frost period,

•	 humidity of materials of individual structural layers of the railway track, or the subbase in 
the case of a railway track run on an embankment, in the beginning of the winter period,

•	 average annual air temperature.

The measurement of the humidity of materials in the individual structural layers of rail 
track (subgrade) was justified and it is necessary to consider the determined range of actual 
measured humidity in the dimensioning methodology of subgrade structure for non-traffic 
load.
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Figure 8: The stated value of the depth of subgrade freezing – winter period of 2014/2015.
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ABSTRACT
A computational model to solve for the dynamic interaction of a high-speed train and railway structure 
including derailment during an earthquake is given. An efficient mechanical model to express contact–
impact behaviours between wheel and rail before derailment, between wheel and the track structure af-
ter derailment, and between the car body and railway structure during and after derailment is presented. 
The motion of the train with nonlinear springs and dampers is modelled in multibody dynamics. The 
railway structure is modelled with various finite elements. The combined dynamic response of the train 
and railway structure during an earthquake is obtained by solving the nonlinear equations of motions 
of the train and railway structure in the modal coordinates subjected to the interaction between the train 
and railway structure. Numerical examples of a high-speed train running on the railway structure after 
derailment during an earthquake are demonstrated.
Keywords: contact, derailment, dynamic interaction, FEM, multibody dynamics, post derailment, 
railway structure, train.

1 INTRODUCTION
When a high-speed train runs on the railway structure during an earthquake, there is a radical 
dynamic interaction between the train and railway structure. The huge impact force between 
the wheel and rail may cause lifting of the wheel, derailment and post-derailment behaviours 
such as the contact of wheel on the track structure, and also the contact of the car body of the 
train on the railway structure. It is very important to solve the dynamic interaction between 
the train and the railway structure including derailment and post-derailment behaviours to 
build an earthquake-safe railway system.

Regarding the wheel–rail contact, Pombo et al. [1] presented a generic contact detection 
formulation that allows the lead and lag flange contact in the rail direction. Ju [2] studied the 
method to express the vertical stiffness between the wheel and rail as a power function of 
changing contact force and developed a nonlinear moving wheel element to solve the contact 
problem of a moving train. Montenegro et al. [3] presented an algorithm to express the non-
linear vehicle–structure interaction by constraint equations and to solve them by Lagrange 
multipliers based on the Newton method due to the nonlinearity.

Regarding the derailment behaviour in the dynamic interaction between the train and the 
railway structure during an earthquake, Xiao et al. [4] studied the derailment criteria based on 
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 Engineering Design and Operation (COMPRAIL)
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the derailment coefficient that is defined as the ratio of the lateral force to the vertical force 
of wheel to predict the derailment and evaluate the vehicle running safety for the various 
operation speeds of the train and earthquake motions. Sumami et al. [5] studied the way to 
solve the impact behaviour between the derailed wheel and sleeper based on a wheel–sleeper 
impact model and investigated the derailed vehicle motion.

However, very little work related to the computational method to solve the dynaimic 
interaction including derailment and post-derailment behaviours during an earthquake has 
been reported so far.

In this article, a computational model to solve for the dynamic interaction of a high-speed 
train and railway structure including derailment and post–derailment during an earthquake is 
given. An efficient mechanical model to express contact–impact behaviours between wheel 
and rail before derailment, between wheel and railway structure after derailment and between 
the car body of the train and railway structure during and after derailment is presented.

The motion of the train with nonlinear springs and dampers is modelled in multibody 
dynamics. The railway structure is modelled with various finite elements. The modal reduc-
tion is applied to equations of motion of the train and railway structure. The combined 
dynamic response of the train and railway structure during an earthquake is obtained by solv-
ing nonlinear equations of motions of the train and railway structure in the modal coordinates 
subjected to the interaction between wheel and rail before derailment and between the train 
and railway structure during and after derailment.

Numerical examples of a high-speed train running at high speed on the railway structure 
after derailment during an earthquake are demonstrated.

2 MECHANICAL MODEL OF A HIGH-SPEED TRAIN AND RAILWAY STRUCTURE

2.1 Mechanical model of a Shinkansen train

A Shinkansen train (high-speed train in Japan) is modelled in multibody dynamics with rigid 
components of car body, truck and wheel-set connected by nonlinear springs and dampers as 
shown in Fig. 1. Assuming that the train runs at a constant speed, the equation of 3D motion 
of the train with n cars connected is derived with 31n degrees of freedom and written in a 
familiar matrix form as [6]

 + + =M X D X K X F( ) ( )V V V V V V V�� �  (1)

where X  and FVare displacement and load vectors of the train, MV is the mass matrix, and 
DV(X

.
V) and KV(XV) are the damping and internal force vectors that are nonlinear depending on 

the velocity and displacement vectors of the train and railway structure.

Figure 1: Mechanical model of a Shinkansen train.
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2.2 Mechanical model of a railway structure

A railway structure is modelled with various finite elements such as truss, beam, shell, solid, 
mass and damper elements, and also nonlinear spring element that is to model simply a 
concrete structure with an elastic–plastic behaviour appeared under cyclic loads during an 
earthquake [6]. The whole equation of motion of a railway structure is written in the same 
matrix form as the train as

 + + =M X D X K X F( ) ( )b b b b b b b�� �  (2)

where Xb and Fb are displacement and load vectors of the railway structure, Mb is the mass 
matrix, and Db  (X

.
b) and Kb  (Xb) are the damping and internal force vectors that are nonlin-

ear depending on the velocity and displacement vectors of the train and railway structure, 
respectively.

3 INTERACTION BETWEEN WHEEL AND TRACK STRUCTURE

3.1 Contact between wheel and rail before derailment

Assuming that the yawing and rolling of the wheel-set are relatively small for the contact 
behaviour between wheel and rail before derailment, two-dimensional geometries of the 
cross-sections of wheel and rail are considered, and the contact–impact behaviour in the 
normal direction on the contact surface between wheel and rail is modelled simply in two 
modes of the contact in the vertical and transverse directions and also in the combination as 
shown in Fig. 2 [6].

Of the vertical mode of the contact, the contact displacement between wheel and rail in the 
vertical direction, δZ , is expressed here as a function of displacements of rail, z

R
, and wheel, 

z
w
, in the vertical direction,

 
the relative displacement on the contact surface between wheel 

and rail in the transverse direction, d
y
, and also rail irregularity in the vertical direction, εz , 

as follows [6,7]:

 δ δ ε= z z d( , , , )Z Z R W y z  (3)

The contact displacement, δ , in the normal direction on the contact surface between wheel 
and rail is obtained from the contact angle at the contact position. The contact force on the 
contact surface between wheel and rail in the normal direction, H, is expressed as a function 
of δ  and d

y
 as follows:

Figure 2:  Contact modes between wheel and rail. (a) Vertical direction. (b) Transverse  
direction.
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 δ=H H d( , )y  (4)

Of the transverse mode of the contact between wheel and rail, the contact displacement in the 
transverse direction, δy , is also expressed as a function of d

y
, δZ , and the rail irregularity in 

the transverse direction, εy , as

 
δ δ δ ε= d( , , )y y y Z y  (5)

The contact force is obtained in the same manner as the contact mode in the vertical direction 
described above.

Regarding the tangential and longitudinal directions on the contact surface between wheel 
and rail, constitutive equations to describe the relationship between creep forces and slipping 
rates of wheel are given [8]. The creep force in the tangential direction, Q

c
, and yaw moment, 

T
c
, due to the creep force in the longitudinal direction on the contact surface between wheel 

and rail are described mathematically here as functions of slipping rates of wheel in the longi-
tudinal and tangential directions, S

x
 and S

t
, and also of the spin rate around the normal vector 

on the contact surface, S
n
, as [9]

 =Q Q S S S( , , )c c x t n  (6)

 =T T S( )c c x  (7)

3.2 Derailment criterion

When the relative displacement between wheel and rail in the transverse direction, d
y
, exceeds 

derailment criteria, u
F
, in the field side and, u

G
, in the gauge side, as shown in Fig. 3, derail-

ments in the field and gauge sides are initiated, respectively. After the derailment of the wheel 
from rail during an earthquake, the wheel touches down on the track structure and the post-
derailment behaviour of the wheel on the track structure starts.

Figure 3:  Derailment criterion of left wheel. (a) Field-side derailment. (b) Gauge-side  
derailment.
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3.3  Contact-impact between wheel and track surface after derailment in the vertical 
direction

When a wheel touches down on the track surface after derailment (Fig. 4), the impact force 
of the wheel on the track structure on the contact surface, Q

TZ
, is given here as a function of 

the relative displacement between wheel and the track structure in the vertical direction, δ
TZ

, 
depending on material properties of the contact between wheel and the track structure as

 δ=Q Q ( )TZ TZ TZ  (8)

4 INTERACTION BETWEEN THE CAR BODY AND RAILWAY STRUCTURE

4.1 Contact censor point C between the car body and railway structure

In the pre- and post-derailments during a strong earthquake, the car body of the train may 
contact and impact on the railway structure. An efficient contact model to express the contact-
impact behaviour between the car body and railway structure is given where a number, n, of 
contact censor points C

i
 (i = 1, n) are given on the surface of the car body to detect the contact 

between the car body and railway structure effectively as shown in Fig. 5. When a censor 
point C contacts on the railway structure, the contact force is created between the car body 
and railway structure. Censor points C

i 
(i = 1, n) needed are given depending on contact areas 

on the car body to express contact forces descretized (Fig. 5).

Figure 4: Vertical relative displacement between wheel and track structure, δ
TZ

.

Figure 5:  Contact between censor points C
i
 (i = 1, n) on the car body and contact surface Γ 

on the railway structure.
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4.2 Definition of a contact surface Γ on the railway structure

A railway structure is modelled with various finite elements such as shell and solid elements. 
To make the contact calculation between the car body and railway structure effective, a 
contact surface Γ, that is a possible surface for censor points C

i
 (i = 1, n) to contact on the 

railway structure, is defined on the finite element mesh of railway structure by using two lines 
of L1 and L2 in the rail direction as shown in a dark colour in Fig. 5. Lines L1 and L2 are the 
lower and upper bounds of the contact surface for the censor points to contact on the railway 
structure. The contact point C on the car body can contact on the railway structure only if the 
point is within the surface Γ. The displacement of the surface, Γ, is approximated from nodal 
displacements of finite elements in the surface, Γ.

4.3  Contact displacement, δ
C
, and force, F

C  
, between the car body and railway structure at 

censor point C

Local coordinates p, q, r on the contact surface Γ on the railway structure are defined as shown 
in Fig. 5, where, p is the rail direction, q is the vertical direction and r is the normal direction 
on the surface Γ. The contact displacement between the car body and railway structure, δ

C
, 

at the point C in the normal direction is expressed as a function of displacements of the car 
body, u

C
, and the contact surface, uΓ, in the normal direction at the point C as

 δ δ ε= Γ Γu u( , , )C C c  (9)

where, εΓ  is the irregularity in the normal direction on the contact surface Γ of railway 
structure. The contact force, F

C
, is obtained here as a nonlinear function of contact 

displacement, δ
C
, between the car body and railway structure at C as

 δ=F F ( )C C C  (10)

The relationship of the contact displacement and contact force between the car body and 
railway structure at point C is obtained from experiments or the finite element static contact 
analysis between the car body and railway structure. The contact force, F

C
, is applied to the 

car body of the train at the point C and to the railway structure at the contact point on the 
contact surface Γ.

5 NUMERICAL EXAMPLES
The combined dynamic response of the train and railway structure during an earthquake is 
obtained by solving nonlinear equations of motions of the train and railway structure in eqns. 
(1) and (2) subjected to the interaction between wheel and rail before derailment, between 
wheel and the track structure after derailment and between the car body and railway structure 
during and after derailment as discussed in Sections 3 and 4. However, a modal reduction 
to displacement vectors of the train and railway structure is applied to solve the combined 
response of a large-scale railway system during an earthquake effectively [6]. Equations of 
motions of the train and railway structure are solved in modal coordinates for each time incre-
ment. However, since the equations are strongly nonlinear, iterative calculations are made 
during each time increment until they converge within a small tolerance specified.

The contact model between the train and railway structure presented here has been 
implemented in the simulation program DIASTARS [6] for dynamic interaction analysis of 
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a Shinkansen train and railway structure including derailment and post-derailment during an 
earthquake.

5.1  Simulation of a Shinkansen car running on the railway structure with side walls 
attached during an earthquake

The simulation of a Shinkansen car running at a speed of 300 km/h on the railway structure 
with side walls attached during a sinusoidal seismic wave with the frequency of 1 Hz, the 
maximum amplitude of 3.8 m/s2 and wave number of 5 given from the base in the transverse 
direction has been conducted (Fig. 6). Figure 7 shows the distance between the car body and 
side walls of the railway structure. The railway structure is assumed to be stiff and the side 
walls are modelled with stiff shell elements. The seismic wave of 1 Hz is a severe frequency 
for the car as it is close to the resonance frequency of the rolling motion of the car body, 
truck and wheel-set which leads to derailment easily. Four censor points C

i
 (i = 1,4) at four 

corners of the car body are given at the height of the centre of gravity of the car body. The 

Figure 7:  Contact between censor point C
i
 (i = 1,4) on the car body and contact surface Γ on 

the railway structure.

Figure 6: Contact displacement at C
3
.
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Figure 9: Vertical displacement of right wheel.

contact force-displacement relationship per a half length of the car body given at points C
i
 

(i = 1,4) was obtained from experiments when the car body contacted on the rigid wall [10]. 
Figure 8 shows the vertical displacement response of the right wheel at the 1st wheel-set. It 
is shown that the wheel runs onto the rail due to the impact between the wheel and rail in 
the transverse and vertical directions, lifts off, derails and touches down on the track at the 
time around t = 3.66 (s). Figure 9 shows the relative displacement response between the right 
wheel and rail in the transverse direction,

 
d

y
, at the 1st wheel-set. When d

y
 exceeds u

F 
(7 cm 

in this case; shown in Fig. 3(a)), the derailment to field side is initiated. Figure 10 shows the 

Figure 8: Car body and walls of railway structure.

Figure 10: Relative displacement between right wheel and rail in the transverse direction.
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contact displacement, δ
C
, at C

3
. When δ

C
 is positive, it shows that there is a contact between 

the car body and the wall at the time around t = 4.6. Figure 11 shows the contact force at C
3
. 

The maximum contact force between the car body at C
3
 and the side wall of railway structure 

is shown to be about 16.9 tonf for a half-length of the car body.

5.2  Simulation of a Shinkansen car running on the railway structure with irregular side wall 
attached in the transverse direction during an earthquake

The simulation of a Shinkansen car running at a speed of 300 km/h on the railway structure 
with an irregular side wall attached during a sinusoidal seismic wave with the frequency of 
1 Hz, the maximum amplitude of 3.8 m/s2 and wave number of 5 given from the base in the 
transverse direction has been conducted. The railway structure is also assumed to be stiff and 
side walls of the railway structure are modelled with rigid shell elements. An irregularity is 
given on the right side wall in the transverse direction in the slope of 1/200 in the rail direc-
tion as shown in Fig. 12. It is expected that the body contacts and impacts on the side wall 
during the earthquake. Four censor points Ci (i = 1,4) at four corners of the car body are also 
given at the height of the centre of gravity of the car body as in the previous example (Fig. 6). 
The contact force-displacement relationship per a half length of the car body given between 
the points C

i
 (i = 1,4) and the rigid wall is same as in the previous example. Figure 13 shows 

the vertical displacement response of the left wheel at the 1st wheel-set. It is shown that the 
wheel derails and touches down on the track at the time around t = 3.66. Figure 14 shows the 
relative displacement response between the left wheel and rail in the transverse direction,

 
d

y
, 

at the 1st wheel-set. When d
y
 exceeds u

G 
(–7 cm in this case; shown in Fig. 3(b)), the derail-

ment to the gauge side is initiated. Figure 15 shows the contact displacement, δ
C
, at C

1
. It is 

shown that the car body contacts on the right side wall at C
3
 at the time around t = 4.8 and 

on the left side wall at C
1
 at the time around t = 6.1. Figure 16 shows the contact force at C

1
. 

The maximum contact force between the car body at C
1
 and the left side wall is shown to be 

about 13.1 tonf.

Figure 11: Contact force at C
3.
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Figure 12:  Car body and walls where an irregularity with the slope of 1/200 is given in the 
transverse direction on the right side wall.

Figure 13: Vertical displacement of left wheel.

Figure 14: Relative displacement between left wheel and rail in the transverse direction.
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6 CONCLUSIONS
A computational method to solve for the dynamic interaction of a high-speed train and rail-
way structure including derailment and post-derailment during an earthquake was given. An 
efficient mechanical model to express contact-impact behaviours between wheel and rail 
before derailment and between wheel and the track structure after derailment was given to 
solve the interaction during an earthquake effectively. A contact model to express contact-
impact behaviour between the car body and railway structure during and after derailment was 
presented, where the contact stiffness was described as a nonlinear function of the relative 
displacement.

The motion of the train with nonlinear springs and dampers was modelled in multibody 
dynamics. The railway structure was modelled with various finite elements. A modal reduc-
tion was applied to equations of motions of the train and railway structure to solve them 
effectively. Based on the contact model presented here, the simulation program has been 
developed to solve the dynamic interaction of a Shinkansen high-speed train and rail-
way structure including derailment and post-derailment behaviours during an earthquake. 

Figure15: Contact displacement at C
1
.

Figure 16: Contact force at C
1
.
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Simulations of a Shinkansen car on the railway structure including radical dynamic behav-
iours of derailment and post derailment and also contact-impact of the car body on the side 
wall of railway structure during an earthquake were demonstrated.

The computational method developed here will be effective to design an earthquake-safe 
railway system since experiments of derailment and post-derailment of a high-speed train on 
the railway structure during an earthquake are not available.
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ABSTRACT
Collapses due to underground cavities have been drastically increasing in urban areas of South Korea. 
This article establishes a statistical model to assess the risk potential of railroads with respect to under-
ground cavities. The authors first identified the risk factors of the event based on case studies where the 
collapses of underground cavities took place. The database was then established, taking into account the 
risk factors, to come up with a statistical model that estimates the risk level. In this study, the maximum 
likelihood estimation (MLE) method was employed to estimate the parameters in a statistical model. 
Thorough the statistical analysis, the probability of underground cavity occurrences was found to be 
expressed in terms of the depth of alluvial layer, groundwater level, water and sewage utilities, and their 
age. Consequently, an attempt was made to generate a preliminary hazard map for a specific railway 
route by employing the statistical model.
Keywords: database, maximum likelihood estimation, railroad statistical model, underground cavities.

1 INTRODUCTION
The numbers of occurrences of underground cavities have been dramatically increased in 
South Korea, particularly in metropolitan areas. The sudden nature of this phenomenon 
can be very detrimental for the various types of infrastructures and for the residences. 
It should be noted that the sinkhole is different from underground cavities, dealt with in 
this article. Several researches have reported that sinkhole hazard is common in limestone 
karst, associated with subcircular surface depression or collapse structure formed by the 
collapse of small subterranean karst cavities [1, 2]. Therefore it is deemed more likely a 
natural phenomenon. 

An extensive effort has been made to identify the causes of underground cavities by the 
Seoul metropolitan government in conjunction with engineers in academic and industry 
fields [3]. The findings of this research can be summarized as follows:

I. Since 2010, around 600 events per year have mainly taken place in pavements, sidewalks 
and vicinities of underground construction areas.

II. Around 40% of events occurred during summer season, which has frequent heavy rainfalls.

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
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III. The causes of the events have been categorized as:

 – Damage of water and sewage utilities, which allows surrounding soil loss through 
the holes made as illustrated in Fig. 1; 

 – Inappropriate backfill compaction during excavation activities that include open-cut 
construction and installation of underground utilities; 

 – Sudden drop of groundwater table due to pumping activities.
In this article, the author focused on conducting risk assessments of railroads that are being 

operated throughout metropolitan areas with respect to underground cavities in spite of such 
events rarely occurring in railroads of South Korea. In order to conduct the risk assessment, 
the following works have been performed consequently:

I. Identify the critical factors based on numerical analysis
II. Establish database of critical factors 
III. Develop a statistical model to assess the risk of underground cavity
IV. Apply the model for a preliminary risk assessment

2 NUMERICAL ANALYSIS
Numerical analysis was employed to identify the critical factors associated with the develop-
ment of underground cavities. Since this study focuses on railroad structure, the following 
numerical model was tested. With respect to loading condition, 50 kPa of distributed load was 
applied at the surface of layer #1 (Figs. 2 and 3).

Table 1 presents the material properties that were used for this analysis. Finite element 
modelling was utilized along with Mohr Coulomb’s failure theory, which is widely adopted 
for analysing granular or soil material behaviour. 

Figure 1: Illustration of the development of underground cavity.
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Figure 2: Railroad modelling structure along with underground cavity.

Figure 3:  Histogram of each dataset: (a) groundwater table depth (m), (b) depth of alluvial 
layer (m), (c) age of water pipelines, (d) cover depth of water pipelines.

With a given of a 3 metre diameter of underground cavity located along the central line at 
a depth of 1.5 metre from the top of layer #3, vertical settlement at the top of layer #1 was 
evaluated along with variation of N-value, which represents the bearing capacity of layer, 
depth of alluvial layer and groundwater level. The results revealed that vertical settlement 
tends to increase as the N-value decreases, depth of alluvial layer increases and groundwater 
level lowers.
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3 ESTABLISHMENT OF DATABASE
Based on previous research findings and numerical analysis results, the authors made an attempt 
to establish database in order to develop a statistical model that assesses the risk of under-
ground cavity around railroads. First of all, all of the locations where the event took place were 
identified, and geotechnical and underground utility information at the vicinity of the site was 
extracted using existing database systems. Here are examples of database analysed as follows.

4 DEVELOP A STATISTICAL MODEL
The purpose of developing a statistical model is to generate a hazard map that shows the level 
of risks, taking into account various critical factors identified. Several researches have estab-
lished sinkhole hazard models incorporating various data interpretation techniques [1, 4, 5]. 
The sinkhole hazard models, suggested from previous studies, highly depend on the degree 
of event occurrences. However, as stated earlier, since there have not been such cases where 
the underground cavities have been detected at the vicinity of railroads, a rational statistical 
model that can assess the risk of the event using only the critical factors needs to be devel-
oped for the generation of a hazard map.

4.1 Application of maximum likelihood estimation

There are two general methods of parameter estimation: least-squares estimation (LSE) and 
maximum likelihood estimation (MLE) [6]. While LSE has been widely applied to numerous 
statistical approaches such as linear regression, sum of squares error and root mean squared 
deviation, MLE is regarded as a standard method to parameter estimation and inference in 
statistics [6]. MLE is feasible to have many optimal properties in estimation compared to 
LSE. Due to the uncertainty of dependent variable, MLE seems to be more appropriate to 
apply in this study. Using a logistic regression model incorporating MLE, the following eqn 
(1) can now be written as follows: 
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In this equation, p is the level of risk, Y is an indicator (when underground cavity occurs, Y=1, 
otherwise, Y=0), X is an average of each dataset (which is regarded as an individual critical 
factor), m is number of dataset, and b

0
 and b

i
 are MLE coefficients.

Table 1: Geometric and material properties used.

Property Layer #1 Layer #2 Layer #3 Layer #4 Layer #5
Elastic modu-
lus (MPa)

80 60 20 300 2000

Poisson’s ratio 0.3 0.3 0.32 0.29 0.28
Unit weight 
(kN/m3)

18 18 18 20 23

Cohesion 
(kPa)

15 15 1 50 150

Internal fric-
tion angle (°)

25 25 28 33 35

Thickness (m) 1.5 3.5 5.0 10.0 10.0
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For the development of an MLE-based statistical model, six variables were first consid-
ered: groundwater table depth, alluvial layer depth, age of sewage, cover depth of sewage, 
age of water pipelines and the cover depth of water pipelines. The statistical model account-
ing for all the variables was found to be ineffective due to multi-collinearity among independ-
ent variables. After the completion of statistical tests, as presented in Table 2, the following 
model is tentatively suggested in this study. 

 
=

+ − −
+ + − −

p
x x x

x x x

exp(8.430 1.536 0.280 7.134

1 exp(8.430 1.536 0.280 7.134
1 2 3

1 2 3

,  (2)

where x
1
 is alluvial layer depth, x

2
 is the cover depth of sewage and x

3
 is the cover depth of 

water pipelines.

4.2 Preliminary risk assessment

A preliminary risk assessment was conducted using a statistical model proposed. The authors 
selected a railroad that travels 11.9 km as denoted by five arrows, representing the location 
of station. There are five stations, so four segments were evaluated using obtained database 
along with the statistical model. For the evaluation, the database was used along the railroad 
which covers 100 metres with respect to the centre of the route. Figure 4 shows the results of 

Table 2: Results of statistical test.

Variable b S.E. Walls D.O.F P-value Exp (b)
Alluvial 
layer depth

1.536 0.734 4.379 1 0.036 4.644

Cover depth 
of sewage

–0.280 0.131 4.592 1 0.032 0.756

Cover depth 
of water 
pipelines

–7.134 2.762 6.671 1 0.010 0.001

Intercept 8.430 3.663 5.295 1 0.021 4581.263

Figure 4: Results of preliminary risk assessment.
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the preliminary risk assessment. Further efforts are being conducted to upgrade the statistical 
model, such as incorporating artificial neural network to improve its efficiency.

5 CONCLUSION
This study aimed to develop a statistical model to generate a hazard map with respect to 
underground cavities along the railroads in metropolitan areas of South Korea. Employing 
a numerical model was successfully conducted to evaluate the impact of critical factors on 
vertical settlements of the railroad structures. Extensive efforts are going on to establish a 
database of critical factors that entails geological properties and underground utility informa-
tion at the vicinity of actual underground cavities that have taken place. Based on analysing 
database, a tentative statistical model incorporating the MLE method was applied to a pre-
liminary risk assessment on a selected railroad segment. As a result, four different risk levels 
were identified by taking into account critical factors. Further efforts are being conducted to 
improve the statistical model by employing artificial neural network technique. In addition, 
field experimental programmes have been planned to verify the hazard map. 
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ABSTRAcT
All large railway networks use a mixture of outdated, modern and emerging signalling and train 
operation principles. There is a need to develop novel modelling and verification mechanisms to support 
mixed traffic scenarios, including, for example, mixing different types of signalling and driving. In our 
previous work we introduced the unified Train Driving Policy (uTDP) formal modelling language for 
uniformly capturing diverse signalling principles and mixing, in a demonstratively safe manner, at the 
node and/or network-level novel and legacy signalling principles. This paper describes our work on 
making uTDP practical and useful for the engineers.
Keywords: advanced railway control systems, simulation, formal methods, automatic train operation 
(ATO), Unified Train Driving Policy. 

1 INTRODucTION

1.1 Background and literature review

The transport sector has been seriously affected by the economical progress in many 
countries (Abril et al. [1]). The traffic congestion and high negative environmental impact 
in the metropolitan cities are the key reasons behind the global initiative to improve railway 
and make it more competitive. A number of research projects (e.g. [2, 3]) were launched to 
investigate the current problems of the railway industry and look into possible solutions.

One of the eu-funded railway projects [2] identifies the effective management and 
optimization of railway networks as a grand challenge for the future of railway. There is a 
number of issues making it difficult to address. first of all, there is a correlation between 
capacity and service reliability. for example, for the heavily congested metropolitan city’s 
rail networks, which are run close to the maximum capacity, ensuring service reliability 
becomes critical. Paper [1] shows a clear correlation between capacity and service reliability, 
where adding extra trains exponentially increases average delays in the network. furthermore, 
ensuring the efficient use of energy in the railway network is crucial too. for example, 
gonzález-gil et al. [4] show this for maintaining urban rail as a solution for transport 
problems.

Significant network improvements can be achieved by upgrading the current railway 
infrastructure. The european Rail Traffic management System (eRTmS) is a leading 
initiative to overcome critical railway problems. A modern train control system and 
continuous radio-based communication are the two key components of the new management 
systems. Optimization  of capacity will be achieved by using systems capabilities to reduce 
the block lengths, or even by switching in yet to be implemented a moving block signalling. 

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
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further improvements in capacity, energy and stability can be achieved by fitting trains with 
the Automatic Train Operation (ATO) system, which allows optimization of train speed 
profiles. even though these modifications would dramatically optimize railway network use 
of resources the deployment of adjustments can take a long time and be very costly.

In the short term, a more cost-effective solution is to increase the capacity of the existing 
railway by utilizing computer-based simulation techniques [1]. The railway companies use 
proprietary, or externally developed, simulation suites like OpenTrack [5] and RailSyS [6] in 
a timetable and infrastructure optimization. A visual and user-friendly aspects of simulation 
platforms offer an intuitive method to analyse railway network without requiring a tedious 
simulator configuration process.

As discussed by Stankaitis et al. [7] any type of improvement of railway systems has to 
meet the paramount requirement of safety. Railway certification standards require applying 
semi-formal or formal methods for description of the system and even correctness validation. 
The industry has been successfully applying formal techniques for reasoning about safety 
for some time now with many developed systems currently in operation. Perhaps the best 
example was the use of the B-method Abrial [8] in major railway projects including a 
Paris metro line and a more complex New york canarsie line (essame et al. [9]). However, 
simulation techniques are still extensively used by the railway industry to ensure that safety 
standards are preserved within system. And even though simulation tools are progressively 
becoming more powerful the main drawback of this technique is a small state-space coverage. 
In contrary to the simulation approach formal safety verification of railway networks is a 
complicated process, which requires expertise in the mathematical modelling; however, it 
provides techniques to guarantee safety for a complete system state-space.

A significant effort has been put by academic research projects like Safecap [10] into hiding 
mathematical complexity to make it easier for railway engineers to use formal methods. The 
Safecap project was started with an objective to develop techniques for overcoming railway 
capacity problems without weakening safety constraints. The key outcome of the first stage 
of the project was a Safecap tooling environment, which allowed railway engineers not only 
to design and analyse railway junctions/stations, but also to formally and automatically verify 
their safety.

A major challenge of optimizing the use of railway network resources like capacity and 
energy without undermining safety constraints or minimizing service reliability for large-
scale industrial projects requires state-of-the-art techniques and tools. The user-friendly 
railway simulation platforms currently used by the industry are typically rigid. Advanced 
functionality and expressiveness of simulation suites are sacrificed for its simplicity. Railway 
academic community has successfully analysed and applied a variety of analytical, iterative 
methods and even genetic algorithms to optimize railway networks. However, our analysis 
of a number of academic research projects shows a lack of adequate and multi-purpose 
simulation tooling for the railway domain. A large number of projects (e.g. [11, 12]) have 
used popular and powerful suites like OpenTrack or RealSyS to design or evaluate novel 
algorithms or optimization methods. yet in many instances researchers had to conduct a 
manual experiment reconfiguration of the tools to test the newly developed methods. Some 
other projects developed single-purpose railway simulators for their experiments.

There has been few attempts to create a more expressive and flexible simulators. for 
example, grube et al. [13] developed a dynamic event-driven railway simulator for metro 
systems. The developed railway simulator enabled users adjusting a number of parameters 
in order to model complex metro systems. furthermore, using a widely applied software 
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package, matlab users were able to experiment and design novel control and optimization 
algorithms. Paolucci and Pesenti [14] attempted to exploit object-oriented paradigm and 
design a discrete-event simulator for underground railway systems. The ability to define a 
network of relationships between physical and decisional objects allowed users to design 
a whole system. The base of a code and simulation code were automatically generated by 
the simulation suite. However, the research group was yet to make the tool more usable by 
implementing a functionality to modify system objects and processes.

The application programming interface (API) enables some tools, like Open-Track, to be 
connected to other third-party tools to add extensions, implementing, analysing or developing 
train control systems or dispatch algorithms. But configuring the software may sometimes 
be tricky, or tools can be simply incompatible. In the next section we present the Safecap 
project approach to allowing optimization of railway networks by developing an expressive 
simulator.

1.2 modelling advanced railway systems

The Safecap team at Newcastle university has been working on railway modelling and formal 
verification for nearly six years. One of the topics we have been looking at recently is the 
definition, simulation and validation of novel, hybrid or simply exotic signalling principles. 
In our previous work Iliasov et al. [15] introduced the unified Train Driving Policy (uTDP) 
(fig. 1), a generic approach that can capture both existing and novel signalling as well as 
scenarios involving a mixture of signalling solutions and transient arrangements like virtual 
trains and platoons. The primary subject of this formal language is the definition of laws 
of train movement that result in a safe railway operation, achieving optimum capacity. The 
reasoning about capacity at the same level as safety means that one is able to formulate 
a range of QoS criteria such as average train speed, minimum speed at a given location, 
maximum separation between trains and so on.

In uTDP, all stateful parts of railway are known as actors. A train and a point (a track 
switching device) are two possible examples of an actor. New actor types may be defined 
in a model (i.e. a station controller) and all actors are permitted to interact with each other 

figure 1: The uTDP approach with highlighted executional side.
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through some shared state. An actor lifecycle is split into three stages: continuous evolution 
(e.g. a train moving in accordance with the laws of physics), mutation (a step-change due 
to a logical trigger) and hibernation (inability to evolve or mutate). An evolution of a train 
is described by a continuous or piece-wise continuous function of the effective longitudinal 
force. It defines a smooth progression from one position to another and accounts for such 
effects as air drag, gradient, rolling resistance, variable tractive effort and others. A mutation 
is a change of law governing an actor evolution; it may be dictated, for instance, by signalling 
logic or speed regime. An actor goes into hibernation when it is unable to evolve (a train 
waiting for a proceed signal).

At the core of uTDP is a formal notation used to express both static and dynamic properties 
of railway. The static part is based on a formal domain-specific language and captures railway 
topology, route boundaries and track-side equipment. The dynamic part describes train 
properties and the way trains move over the track.

In fig. 2, a railway schema example and an excerpt of its signalling in uTDP are given. 
The layout is a simple junction with a fixed block signalling. In fixed block signalling, a 
simple programme (called a control table) helps a driver to maintain safe speed. The pro-
gramme observes the infrastructure state (points and train detection circuits) and interacts 
with a driver via track-side signals that communicate commands to a driver via colour-coded 
messages. If a driver obeys the commands then, assuming the control table is correct, it may 
be shown that a train is never within a dangerous proximity to another train. uTDP is not spe-
cific to fixed block signalling; one may express various forms of the moving block principle.

In this paper, we focus on executional semantics of uTDP shown in fig. 1, which is exactly 
the simulation of railway operation. In our research, we propose to develop a new simulator 
on making uTDP practical and useful for the engineers.

figure 2:  In the layout, the valid paths through the junction are A_c, B_c, c_A and c_B; 
signals SR, SQ and ST define routes B_SR, SR_c, . . .; AA, BB, . . . are the train 
detection circuits that report the presence or absence of a train; point P is located 
on train detection circuit BB; finally, R, Q and T are the labels of train detection 
circuits boundaries.
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2 SImulATOR PROgRAmmINg AND ImPlemeNTATION
The traditional approach to railway simulation consists in time or distance slicing where 
within small time or distance extents train movement laws are fairly straightforward and 
determined only by the boundary conditions. A more advanced version could use an adaptive 
step size to maintain a degree of modelling fidelity.

Still such technique has a number of drawbacks. One must take care that errors do not 
accumulate over time (since in machine arithmetic 3 * x is not necessarily the same as x + x + x, 
especially for small values of x ) and important but short-lived phenomena are accounted for (e.g. 
a delay in train occupation confirmation). According to the Shannons theorem, the time delta of a 
time-slicing simulator must be at least two times smaller than the extent of the shortest event and 
this means time delta of around 0.01 second.

The original Safecap simulator [16] took a different approach of event-based simulation 
where the temporal extent of a simulation step is determined by the amount of interference 
between various entities of a simulated railway: trains, signals, points and virtual entities 
such as route reservation logic. Such a technique does not have fidelity limitations and has 
a far greater potential performance than a naive time-slicing simulator. It also is far better 
compartmentalized in actor-like entities that dictate operational rules. for instance, the 
determination of the most restrictive target of train is done by collating and processing a list 
of actors affecting train speed. Actors may be added and removed, giving a compositional 
approach to train behaviour modelling.

Also the original simulator is flexible and extensible; the changes still have to be implemented 
at the level of source code of the simulator. To test some speculative scenarios it was deemed 
necessary to have an even more general approach to simulation without disrupting the code 
base of the existing simulator.

Traditionally, driver behaviour is simulated by driving a train to some percentage of its 
overall acceleration with braking capability that is always within the safety conditions of 
signalling and interlocking. for out-of-the-box scenarios, signalling rules stand in the way; 
so to enable the freedom of experimentation we decided to scale back the new simulator to 
the very bare bones and to use a more basic, though more expressive, time-slicing approach.

let us consider what a train is. A train driver has but one essential form of control over train: 
acceleration and braking (assuming both are never together). from a high-level perspective, it 
is a function of many variables including the capability, position and speed of the controlled 
and nearby trains, infrastructure state, weather, staff rotation and so on. for any such set of 
variables this function yields just one number: the effective acceleration (a negative value 
representing braking). Somewhat simplistically we could try to summarize the statement 
as a set of simultaneous equations defining train acceleration control TC and infrastructure 
control IC (the time domain t is implied, T is a set of all train states, C is infrastructure state, 
a subscript is a train name and superscript is a discrete time step): 

    a TC T C
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The starting point of every simulation scenario is then just a layout made of tracks, 
points and, optionally, detection circuits, with some trains appearing on the boundary nodes 
according to some pattern. Such a starting point is clearly unsafe: there is nothing preventing 
train collision or other safety violations. However, the driver behaviour may be specified to 
an unlimited level of detail and a variety of actors (trains, points, signals or some new kind 
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of actors) are free to share information and exchange messages. The goal is to programme a 
driver who would, at least for a variety of simulation scenarios, move a train safely across a 
layout. The driver’s logic is defined simply as a function of the form

double acceleration(World world) { 
. . . 
}

The function computes acceleration or braking in the context of the current world, a shared 
data structure describing both current and other trains position, acceleration as well as the 
state of other actors, i.e. points. A simple yet unsafe driving function is 

double acceleration(World world) { 
return 0.5; 

}

It prescribes a constant acceleration of 0.5 m/s2 and disregards any obstacles or hazards. A 
more realistic one would have to assess the situation on the train horizon, in particular state 
of the points, trains occupying same paths or appearing from converging paths, as well as to 
comply to scheduled stops and fixed speed limits. The conceptual difference is that a safety 
envelope is taken  away. The logical entity of a driver is responsible both moving a train 
forward (liveness) and ensuring absence of collisions and derailments (safety).

A train is but one kind of actor. There are predefined actors for a signal, point and train 
detection circuit. generic actors may be defined to cater for and structure new kinds of 
signalling logic. One example is an actor commanding route reservation and point locking on 
the basis of a timetable. for a system to function as a whole, all the constituent actors need 
to coordinate with each other. This is achieved either through accessing shared state directly 
or via message passing.

3 meTHODOlOgy eVAluATION
In this section, we present an application example we used to assess a time-slicing simulator. 
The primary objective was to design a novel train control mechanism and evaluate its 
performance with respect to the original simulator with a route-based signalling using a 
simple bridge layout shown in fig. 3.

3.1 experiment description

To demonstrate the control system’s adaptability to various service patterns as part of the 
new simulator suite we designed a scenario generator. The tool in a non-deterministic order 
and frequency would construct a train actor, which would appear on boundaries of the layout. 
The generated train actor would randomly inherit several parameters including a train class, 
which describes train physical properties and a route.

figure 3: A bridge layout used to evaluate train control algorithm.
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In order to demonstrate the flexibility of the designed control system several scenarios 
were simulated. We evaluated the application example by performing identical train 
service patterns in the original simulator, which used a route-based signalling, and in the 
newly developed train control system. The performance was compared using the capacity 
measurement together with the analysis of train speed profiles.

In the following sections we provide a more detailed description of the control algorithm, 
capacity results and tool evaluation.

3.2 Train control algorithm

To design a more dynamic and optimal train control mechanism one cannot rely on physical 
signals any longer. Such signalling system would require a precise and continuous knowledge 
of the railway network status including the rolling stock and infrastructure parameters. In our 
design a control system has a full autonomy to manage both trains and the infrastructure. A 
similar way of thinking is used in eRTmS level 3, where a centralized unit called Radio-Block 
centre receives a continuous information about the network and issues a movement authority.

To understand our algorithm let us reconsider eqn (1). The first technical obstacle is that any 
meaningful approximation of TC yields non-linear differential equations while infrastructure 
control by its nature is decidedly discrete. The historical perspective on the problem is to 
replace the computation of train acceleration with a simpler task of the determination of a 
safe upper boundary 

    a
i
 ≤ SA

i
(T,C j, . . .). (2)

This style of thinking is used, for instance, in eRTmS level 3 to maintain train acceleration 
within some sensible braking curve. computing such SA while maintaining confidence in 
its safety properties is quite challenging and a meaningful discretization requires a high 
fidelity proximity or position sensing. When such means are unavailable one has to rely on a 
cruder technique where the control variables are discretized in temporal or spacial domain. 
Direct acceleration control then becomes too finely grained a tool for the task and bounds are 
normally given in terms of train velocity 

    v
i
k+1 ≤ SV

i
(T k,C j, . . .). (3)

The safe velocity bound used in our control system was based on a moving block 
signalling principle. A control system would continuously compute speed, V

i
, to maintain 

a safe distance between trains and avoid train derailment over unset point or unsafe curve 
speed. further system’s performance optimization can be achieved by integrating a dynamic 
speed adjustment function. A typical example is over-speeding trains, which usually results 
in situation, where train is required to stop and wait before crossing the point. As our system 
is able to access any information about the network, train speed can be adjusted with respect 
to other trains more dynamically.

The second essential part of the control algorithm is the train scheduling sub-system. 
Scheduling algorithm is mainly responsible for solving the use of shared resources (e.g. 
points) issue. A variety of aspects can be considered in the scheduling function. for example, 
a simple yet widely used approach in queuing algorithms in various domains is a first in, 
first out method.
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The bridge is a topologically limited layout with a heavily used single line. In order to 
obtain a better performance one would like to schedule trains, so the fastest trains would 
have a priority over sections XB, BR1 and Xc in figure 3. So, we considered a physical 
distance aspect and used it to improve the system. Since we constructed an experiment with 
randomly appearing trains on the boundaries no pre-computation of optimal schedule is 
done. Nonetheless, the scheduling system attempts to optimize the performance, though; if 
we were to plot scheduling algorithm output, one would notice oscillations for a short period 
before steady-state is reached.

3.3 capacity and speed assessment

To evaluate the design of the developed train control system we compared its capacity 
performance against the fixed block signalling system. The definition of railway network 
capacity is a highly debatable subject. In our experiment, a used capacity metric described in 
[1] was applied. Often, a used capacity measurement results in a slightly lower value from the 
practical capacity; however, it does not require a rigorous computation.

In order to clearly show our systems advantage we needed to demonstrate performance 
improvements for a large number of scenarios. Therefore, we the tool generated multiple 
service patterns and applied them to both systems. The experiment results are shown in  
fig. 4, where in an individual experiment used capacity number is plotted against the capacity 
for both signalling systems. The performance of the novel train control system is represented 
by red points, whereas the fixed block system by blue.

Results clearly demonstrate that a developed control system, which was based on a moving 
block signalling principle, outperforms a traditional fixed block system. Noticeably, there are 
some improvement deviations; for example experiment 2 has a relatively lower improvement 
coefficient. Throughout the study we noticed that greatest improvements are seen when a 
large number of trains run on a frequent service.

furthermore, we wanted to investigate the effect of dynamic speed adjustment functionality 
we integrated in the speed calculation function. Previously, we discussed an over-speeding 
train scenario, where a train is required to stop and allow another train to pass. This was 
captured in one of the simulation runs with a fixed block route-based signalling system; the 
speed profile is shown in fig. 5 (red plot). The identical scenario simulated in the system 
with the newly developed control system produced a blue speed profile. The latter train was 

figure 4: A capacity evaluation of two train control systems.
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running at lower velocity before crossing the point and was able to enter a new section from 
a running state, and thus, reduce a route completion time.

One of the ongoing work packages in the Safecap project investigates the energy aspect 
of the railway. In the future, we plan to integrate energy consumption plug-in, which could 
analyse speed profiles like the one shown in fig. 5, and provide essential information for railway 
engineer.

All these measurements were produced using a new simulator, which is now integrated into 
the Safecap platform. The platform, also has a replay functionality, which can be used to further 
investigate the model. A further use analysis of the simulator is given in the following section.

3.4 Simulation tool evaluation

A lack of adequate railway simulation tools restrains our progress for improving development 
of railway networks. In our research, we designed a vigorous simulation tool in attempt to 
make uTDP approach for modelling complex railway networks practical.

We demonstrated capabilities of the new simulation suite by designing a novel train control 
system. However, to fairly assess the simulation platform the effort factor required to develop 
a new control system has to be considered. To simplify the development phase, tool provides 
a number of functions for computing a variety of railway network parameters, which can be 
easily called in the development framework. moreover, a user-friendly graphical interface 
can provide user with important information about the capacity or speed profiles, as well as 
can visually replay a scenario. Although, the simplicity aspect of simulation tool utilized in 
many commercials tools like OpenTrack and RailSyS is reduced, as, the present use of the 
simulator requires some basic programming knowledge.

4 cONcluSIONS
An expressive time-slicing simulator was developed in an effort to make the formal approach 
[15] for modelling novel signalling systems feasible. A simple application example of the 
simulation suite was demonstrated by developing an exotic train control system, performance 
of which was compared to the fixed block signalling system. As authors pointed out, the 
simulation platform is suitable for a variety of railway development and optimization purposes. 

figure 5: A speed profile comparison of control systems.
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However, the current implementation of the simulation tool requires a basic programming 
knowledge. In order not to undermine expressiveness of the tool, yet make it more usable 
for railway engineers, two future work directions were identified. A signalling library with 
existing and novel train control mechanism will be developed to allow engineers to design 
more complex railway networks with heterogeneous signalling. The second direction is to 
link uTDP modelling language and object-oriented programming language currently used by 
the simulation platform. finally, in the future we intend to focus on safety verification aspect 
of the approach. However, in order to be able to verify advanced train control systems formal 
semantics have to be revisited.
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ABSTRACT
In recent times, the transportation industry has generated a number of developments involving new 
technology in signalling. Important developments have involved the production of light by means of 
light-emitting diode (LED). Unfortunately, the maximum light output, dominant wavelength, reliabil-
ity and the lifetime of LEDs are all closely related to the junction temperature. Accordingly, LED 
performance largely depends on the ambient temperature of its operating environment. Consequently, 
adequate heat-sinking is required to maintain a long lifetime and compliance. Today again, designing an 
LED railway signal that is able to meet compliance over wide range of temperatures is problematic. In 
particular, for yellow aspects compliance is difficult to achieve at extreme ambient temperature because 
the shift in the colour of yellow LEDs over the specified temperature range can be greater than the mag-
nitude of colour specification. Use of phase change materials (PCMs) can provide practical solution of 
these problems. PCMs can store and release thermal energy during the process of melting and freezing 
(changing from one phase to another). When such a material freezes, it releases large amounts of energy 
in the form of latent heat of fusion or energy of crystallization. Conversely, when the material is melted, 
an equal amount of energy is absorbed from the environment as it changes from solid to liquid. This 
paper presents studies that enable the design of railway signals to meet, in a rigorous way, colorimetric 
compliances on a large range of temperature change. Furthermore, the proposed system is applicable, 
in a simple way and without operational changes, to the existing systems. It is sufficient to insert inside 
of the signals a suitable amount of a specific PCM.
Keywords: light-emitting diode (LED),  phase change materials (PCM), railway signals.

1 INTRODUCTION
Light-emitting diodes (LEDs) are one of the fastest growing technologies in the lighting 
industry today. LEDs are solid-state semiconductor devices that directly convert electrical 
energy into light. Power, energy efficiency, maintenance savings, impact resistance and 
durability make LEDs suitable for safety signals for railway, road traffic and other applications 
in stationary transportation [1].

However, thermal management is still one of the major issues to be improved for 
implementing LEDs into lighting fixtures. In general, any electrical components generate 
heat whilst running; if these components are housed in a confined space, the internal 
temperature of enclosure can rise well above the ambient temperature, resulting degraded 
performance or burnout for the system. This is exacerbated if the enclosure is exposed to 
solar radiation. In fact, the reliability of electronic components is strongly influenced by 
the operating temperature. For the United States Air Force, more than 55% of failures in 
electronics are caused by high temperature [2]. Therefore, a good thermal management 
system is required to maintain specifications and have a long lifetime. Furthermore, when 
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the LEDs are used as light source in the railway signals, the optical proprieties of these have 
to maintain rigorous colour-intensity specifications on ample temperature range (typically 
−25 to +70°C). Again, one drawback with using LEDs in stationary transportation signal 
is that optical proprieties of LEDs degrade with increasing temperature. In other words, the 
intensity and the colorimetric coordinates of LED radiation depend on junction temperature 
[3]. In a typical railway signal, the heat generated inside the junction is dissipated into the 
ambient; changing the ambient temperature modifies the junction temperature and hence 
the characteristics of emitted light. The ambient temperature affects both the intensity 
and the colour of the radiation emitted by the LED systems; the intensity of the radiation 
decreases with higher ambient temperature and dominant wavelength increases. Therefore, 
in designing a signal system that makes use of LEDs, a good thermal management system 
is required to maintain a long lifetime and compliance. Hence, designing a LED railway 
signal that is able to meet compliance over wide range of temperatures is very problematic. 
In particular for yellow aspects, compliance is difficult to achieve at extreme ambient 
temperature because the shift in the colour of yellow LEDs over a specified temperature 
range can be greater than the magnitude of colour specification. Without a mechanism to 
compensate this phenomenon, unacceptable situations can occur on stationary transportation 
signals carried out with LEDs, especially when these signals are installed in climates where 
solar radiation can produce high temperatures inside their signal enclosure. To solve this 
problem, a number of conventional temperature compensation circuits have been designed 
which use sensors and opportune feedback techniques [4–9]. All of these systems work 
well. Unfortunately, they increase the complexity of the system. Consequently, with the 
same reliability and safety, we have higher production costs. The problem of incomplete 
conformity of the signals within a wide temperature range is very important. For this reason, 
the most important companies producing LED (e.g. NICHIA Corporation) have designed 
and manufactured LEDs for application in stationary transportation signals. These LEDs 
are devices made by combining blue LEDs and special phosphors. Consequently, it is 
possible to obtain LEDs with stable photometric characteristics [10]. However, while on 
one hand blue LED chips can have high reliability, on the other hand several reports have 
demonstrated that the phosphors can severely degrade during device lifetime. Mainly this 
is due to the high temperature levels reached in the proximity of the LED chips during 
operation [11–13]. For all these reasons, in this paper we propose a passive cooling that 
is able to accumulate energy during the day and release it during the night. In this way, 
we can minimize thermal excursions. In other words, we can eliminate the temperature 
peaks and get smaller thermal oscillation. The temperature fluctuations within a railway 
signal can be attenuated with adding thermal mass. Thermal mass acts as a passive energy 
store to attenuate temperature fluctuations inside signals [14]. In particular, adding phase 
change material (PCM) to thermal mass increases the effective heat capacity during the 
phase transition. This can anchor the temperature of the mass in a narrow band around the 
melting point of the PCM, reducing the temperature swings of the LEDs used in the signal. 
This paper presents the use of PCMs for thermal management solutions of railway signals. 
With use of the phase transition materials it is possible to design railway signals that are 
able to meet, in a rigorous way, colorimetric compliances on a large range of temperature. 
Furthermore, the proposed approach is applicable, in a simple way and without changes, on 
the signals in the existing systems. Simply insert a suitable quantity of specific PCM inside 
the railway light housings. The amount and the melting point of the PCM must be chosen in 
function of the environmental temperature variation.
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2 OVERVIEW OF PCM
PCMs are materials which undergo a change in physical phase when a sufficient amount of 
heat is supplied. An example is transition from solid into liquid (melting). During the time 
when the material actively melts, additional heat, applied to material, does not change the 
temperature of the same. This phenomenon continues until the entirety of material melts. A 
typical temperature profile of a PCM is shown in Fig. 1. Like it shows, if heat is added to a 
solid PCM below its melt temperature or a liquid PCM above its melt temperature, the energy 
is stored as sensible heat and increases the temperature of solid or liquid. When phase change 
occurs PCMs operate by storing energy at a constant temperature, like transition from solid to 
liquid as illustrated in the centre of Fig. 1. In particular, in this phase transition, heat added to 
the material does not rise the temperature, and indeed it drives the phase change of material 
to a higher energy phase. In fact, liquid phase has a kinetic energy of the motion of atoms that 
is not present in the solid, so its energy is higher than that. In particular, the energy difference 
between the liquid and solid state defines latent heat – heat used for phase transition. Of 
course, when the solid is fully transformed into liquid, adding energy reverts to going into 
sensible heat and raising the temperature of the liquid [15].

Therefore, as liquid freezes and returns to a solid, it releases energy (heat) to the surrounding 
environment, which is stored in the kinetic energy of the motion of atoms. When a PCM 
freezes, it releases a large amount of energy in the form of latent heat at a relatively constant 
temperature. Conversely, when such material melts, it absorbs a large amount of heat from 
the environment. The property of storing and releasing thermal energy during the process of 
melting and freezing (transition from one phase to another) makes PCMs the ideal products 
for thermal management solutions. Like physical mass, PCMs offer the potential to reduce 
fluctuations in temperature and shift cooling loads to off-peak periods. However, in contrast 
to physical mass, whose energy storage capability is restricted by sensible heat, the ability of 
a PCM to store energy is characterized by its latent heat of fusion. So if latent heat of fusion 
increases, the material’s capacity to store heat also increases. PCMs can be used for a variety 
of everyday applications that require temperature control. To meet better the various types 

Figure 1:  Temperature profile of a PCM. In the region where latent heat is effective, the 
temperature keeps either constant or in a narrow range. The phase of the material 
turns from one to another and both phases appear in the medium.
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of uses, like all materials that change phase at specific temperatures, PCMs are engineered 
to change phase at a temperature appropriate for their use and to store an unusual amount of 
thermal energy. PCMs are able to store 5–14 times more thermal energy per unit volume than 
conventional thermal storage materials. Figure 2 depicts schematically how PCM works. As a 
cycle, when temperature rises PCM melts and absorbs heat, and when temperature decreases 
PCM solidifies and provides a warming effect.

Heat is absorbed and released almost isothermally so that PCM reduces thermal peak 
loads. In fact, Fig. 3 shows the objective of PCM. As can be seen, PCM limits excessive 
temperatures by storing the excess heat during the day and releasing it during the night. This 
mode mimics the effect of thermal mass.

The use of PCMs has been proposed as a passive cooling technique of electronic systems 
[17–21]. Every electrical component generates heat during operation; if these components 
are housed in a confined space, the internal temperature of the housing can rise well above 

Figure 2: Description of how a PCM works.
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Figure 3: Objective of PCM; PCM limits excessive temperature variations.
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the ambient temperature, resulting degradation of the performance. This is exacerbated if 
the housing is exposed to the sun. So, in many case, use of PCMs is a better alternative than 
classic cooling techniques. In fact, PCM heat sinks have been recognized, by the NASA, as 
an important tool in optimizing thermal control systems for space exploration vehicles and 
habitats that must deal with widely varying thermal loads and environments. Naturally, it is 
difficult to get a PCM ideal for a particular application. Certain amount of trade-off between 
different properties is therefore essential. Selection of a suitable PCM, determination of its 
quantity requirements based on heat-balance calculations, packaging of PCM, design of heat 
exchanging and heat distribution surfaces are other important steps in developing an effective 
PCM-based device or product [22].

3 SIGNAL CHARACTERIZATION: THERMAL EFFECT
In general, a railway signal is consisted of a housing inside which the actual signal is inserted. 
The thermal performance of signal system depends on a large number of factors. A block 
diagram that shows various factors affecting the heat balance of a signal system is presented 
in Fig. 4. The influence of these factors on performance of a signal system can be studied 
using an appropriate heat transfer model.

In our study, for the total heat rate (enthalpy flow rate at constant pressure), we have 
considered [23, 24]

    

∂
∂

= ⋅ ⋅ +C
T

t
A K T Q ,internal

      
 (1)

where

K = global heat transfer coefficient associated to a transfer area A 

∑= ⋅C m c
j

j pj, with m
i
 element mass and c

pi
 the corresponding specific heat (the subscript 

      ‘ j’ represents the signal system elements).

Q
internal

 = heat produced by the signal during its normal condition

ΔT = average temperature jump between the system and the surroundings.

Figure 4: Heat exchange processes between a signal system and the external environment.
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If the surface is exposed (as it is normally done for signals positioned along the railway line), 
we can consider ΔT = T

so 
− T

i
, where T

i
 is the signal housings temperature and T

so
 is the sol-air 

temperature, calculated using the expression

    
T T

S

h

R

hso o
T

o o

Δα ε= + −
 

, (2)

where
T

o
 =  daily average value of hourly ambient temperature
α =  absorbance of the surface for solar radiation
S

T
 =  daily average value of hourly solar radiation incident on the surface

h
o
 =  outside heat transfer coefficient

ε =  emissivity of the signal housings surface
ΔR =   difference between the long wavelength radiation incident on the housings surface 

from the sky and the surroundings, and the radiation emitted by a black body at 
ambient temperature.

Determining all parameters of interest is extremely difficult. For this reason, after a first 
estimate, the model was calibrated by experimental measurements. Therefore, in the signal 
system some temperature sensors were positioned. Furthermore, temperature, wind direction 
and speed, and solar radiation were measured outside the housing. Figure 5 shows experimental 
set-up used. With this experimental apparatus we measured the temperature variations inside 
the signal vs the variability of environmental conditions. These measurements have allowed 
us to fully characterize our heat rate model. Figure 6 shows an example of the measurements 
used to calibrate the model.

Figure 5: Experimental apparatus used to calibrate the total heat rate model.
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Obtaining a realistic model for signal system, we can use this to predict the temperature trend 
in the case when a suitable amount of PCM is inserted inside the housing. In this case, the 
model becomes

         

∂
∂

= ⋅ ⋅ +C
T

t
A K T Q ,internal

 (3)

which is valid for temperatures below the melting temperature of the PCM:

   
A K T T Q0 melting PCM i internal( )= ⋅ ⋅ − +− ,

 (4)

in other cases, with the restriction that the PC is not completely melted.

Δ

Figure 6: Example of measures made to calibrate the model.

Figure 7:  Numerical simulation showing the thermal behaviour of signal system with and 
without PCM. Looking at the figure is easy to see that the PCM reduces the 
temperature variation to which the signal is subjected.
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Therefore, we have hypothesized to place inside the housing 6 kg (about 8 dm3) of  
PCMRT-50 Rubitherm® GmbH (latent heat 168 kJ/kg and melting point 48°C). We also considered 
that the signal is subjected to a sol-air temperature variation between 25 and 40°C. Finally, 
we made the assumption that every day, and at night, the PCM solidifies completely. Figure 7  
shows the numerical simulation obtained with our model.

Figure 7 shows that the use of PCMs reduces the temperature range to which the signal 
is subjected. Reduced thermal excursions, in particular the high temperature, improve the 
performance of the LEDs and increase the reliability of the system. Obviously, the type and 
characteristics of the used PCM depend on the thermal characteristics of the signal and the 
average environmental conditions present in the installation area.

4 CONCLUSIONS
The objective of this paper has been to investigate the feasibility of using PCMs for application 
in thermal control of railway signals. In particular, we have shown that the use of the PCM 
can reduce the temperature fluctuations to which a rail signal is subjected. In particular, for 
yellow aspects compliance is difficult to achieve at extreme ambient temperature because the 
shift in the colour of yellow LEDs over the specified temperature range can be greater than 
the magnitude of colour specification. Use of PCMs can provide practical solution of these 
problems. In this paper, we introduced an innovative technical to allow the use of PCMs for 
thermal management solutions of railway signals. With the use of PCMs can be designed 
railway signals to maintain rigorous colour-intensity specifications on ample temperature 
range. Furthermore, since the use of the PCM decreases the likelihood that the equipment 
works at relatively high temperatures, the reliability and the lifetime of the signals increases. 
On the other hand, although the use of PCM has been proposed to improve the performance 
of railway signals, the same methodology can be used to improve reliability and decrease the 
probability of becoming out of order, for all those electronic systems subject to considerable 
temperature fluctuations. In fact PCM-based electronic cooling devices in aerospace and 
defence application are being used successfully by government agencies like NASA or 
defence industry. Unfortunately, these systems are unavailable off the shelf commercially and 
design information is a closely guarded trade secret. Anyway, successful systems with thermal 
management obtained by means of PCMs depend on thermal reliability and stability of PCM 
used. Many international companies like BASF, Climator, Cristopia, EPS Ltd., Mitsubishi 
Chemical Corporation, Rubitherm GmbH, TEAP, Witco., etc., are marketing PCMs, but it is 
still important to study PCMs for industrial applications and develop and test new materials.
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ABSTRACT
The railway industry has taken a great effort and is currently focused on exploitation of global naviga-
tion satellite system (GNSS) for the European train control system (ETCS). It has been assessed that 
replacement of track balises, used for safe train location determination, with virtual balises (VBs) de-
tected by means of GNSS will significantly reduce the track-side infrastructure and operational costs. 
However, this innovated ETCS can be put into operations only in the case when detection of VBs by 
means of GNSS will achieve the same safety integrity level (SIL 4) and availability as it is required for 
physical balise groups (BGs).

This paper describes a novel travelling virtual balise (TVB) concept, which was proposed to meet the 
demanding ETCS safety requirements for GNSS using the existing European Geostationary Navigation 
Overlay Service (EGNOS) safety-of-life (SoL) service. The TVB concept profits from the basic feature 
of GNSS – i.e. the ability of abundant train position determination in GNSS service volume, which can-
not be realized by current track balise groups (BGs) with a spacing of hundreds of metres or more. The 
frequent GNSS train positions are utilized for (1) fast diagnostics of on-board location determination 
system (LDS), (2) introduction of reactive fail-safety into LDS and (3) derivation and justification of 
the ETCS safety requirements for EGNOS.

The TVB concept brings one significant advantage to ETCS in contrast to the static VBs – i.e. the 
safety requirement for LDS doesn’t depend longer on the distance between successive VBs. It means 
that the existing spacing between physical BGs (up to 2.5 km) can be also preserved in case of TVBs. It 
can significantly improve the availability of LDS. Further it was found that a less demanding tolerable 
hazard rate (THR) requirement for GNSS of about 1e-7/1 h or more still enables to meet the ETCS THR 
requirement for VB determination, i.e. THR

VB
 of 0.67e-9/1 h. Thus the ETCS TVB concept opens the 

door for efficient use of the EGNOS SoL service, originally developed for aviation.
Keywords: EGNOS, ETCS, Galileo, GPS, high-safety integrity, LDS, railway signalling, reactive fail-
safety, safety-related systems, SIL 4.

1 MOTIVATION
Safe train position, velocity and time (PVT), among other basic quantities, are required 
for railway signalling. Nowadays all these quantities can be effectively provided by global 
navigation satellite system (GNSS). The very idea of the exploitation of global positioning 
system (GPS) satellites for signalling and train control is not new. The first experiments and 
field tests focused on train position determination using GPS and differential GPS (DGPS) 
were mainly performed in the United States and Europe more than 25 years ago. At that time 
the United States started work on the positive train control (PTC) system, which is based on 
GPS, and Europe chose the European train control system (ETCS), where track balises and 
on-board balise transmission module (BTM) were used for safe train position determination. 
Both PTC and ETCS have been successfully implemented on thousands of kilometres of 
tracks.

This paper is part of the proceedings of the 15th International Conference on Railway 
 Engineering Design and Operation (COMPRAIL)
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Besides Europe, ETCS has also become successful in Asia – mainly in China, Turkey, 
Taiwan and South Korea. However, additional installations of ETCS with ‘classical’ track 
balises on heavy haul and other lines may not be in some countries efficient (Australia, 
Russia, China, etc.) – mainly due to high investment and maintenance cost of ETCS balises. 
The European Commission was aware of this potential ETCS limitation and therefore gradu-
ally initiated several R&D projects oriented on the use of GNSS for signalling and ETCS in 
the 1990s.

There are two important dates regarding the use of GNSS for ETCS. Firstly, on 8 May 
1998, a mixed train position determination solution by means of ETCS track balises and 
virtual GPS balises was described by Sterner [1]. Secondly, on 2 March 2011, the Euro-
pean Geostationary Navigation Overlay Service (EGNOS) based on GPS with its safety-
of-life (SoL) service was officially declared available for safety operations in aviation. 
EGNOS belongs to the family of wide-area satellite-based augmentation systems (SBAS), 
which is similar to the following: US WAAS (RTCA DO-229 [2]), Japanese MSAT/QZSS 
and Russian SDCM. In spite of the fact that SBAS was originally developed and certified 
for safety operations in aviation, it also represents a strategic infrastructure for safety-
related systems in land transport, including rail (Pullen et al. [3], Neri et al. [4]). It should 
also be mentioned that the European railway community also had a lot of expectations 
from nascent Galileo and its SoL service in the first decade of the new century. But finally 
the stand-alone Galileo SoL service was cancelled and it was decided to include Galileo 
in the multi-constellation and multi-frequency EGNOS V3, which should be operational 
around 2022.

Safe exploitation of aeronautical GNSS SoL service in railway signalling primarily means 
that the SoL service must be employed according to CENELEC standards (EN 50126 [5], 
EN 50128 [6], EN 50129 [7]). Excepting this, the GNSS SoL service must also be utilized 
effectively according to a realistic and generally acceptable strategy. The strategy says that 
GNSS should only replace the train location determination function, which is currently per-
formed by means of track ETCS BGs and on-board BTM, a balise reader. Other ETCS sub-
systems, such as safe odometry (SIL 4), should remain untouched. And finally, there is a 
strong will in Europe to preferably employ the current well-working single-constellation 
EGNOS V2 (based on GPS) for ETCS and not to wait until 2022 for EGNOS V3. It is often 
said that ‘what is sufficient for airplanes from viewpoint of safety, it must be also applicable 
for trains’. Later on Galileo or other constellations (GLONASS, BeiDou) could be used for 
availability of safety integrity improvement. In order to be able to think upon the EGNOS V2 
exploitation for ETCS, it is necessary to make evidence first that EGNOS V2 is able to meet 
safety requirements for virtual balise (VB) detection. Due to this reason the travelling virtual 
balise (TVB) concept was proposed. It is demonstrated in this paper that the existing EGNOS 
SoL service, originally developed for safety operations in aviation, is using the TVB concept 
to meet the ETCS THR requirements for VB detection.

Differences in train position determination by means of physical BGs and VBs are outlined 
in Section 2. Section 3 briefly describes the allocation of ETCS tolerable hazard rate require-
ment to the VB and thus also for the entire LDS based on GNSS. Basic fail-safe principles 
applicable in railway safety-related systems compliant with SIL 3 and SIL 4 and their relation 
to the mono/multi-constellation LDS solutions are described in Section 4. Finally, the appli-
cability of existing EGNOS V2 for the ETCS LDS with the reactive fail-safety architecture is 
justified by means of the so-called TVB and rapid LDS diagnosis in Section 5. The rapid and 
independent GNSS diagnosis undoubtedly represents the key to the LDS solution.
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2 PHYSICAL AND VIRTUAL BALISES FOR TRAIN POSITION REPORTING
In order to demonstrate the positive impact of the GNSS diagnosis on the ETCS safety integ-
rity, a train position determination function within the ETCS using classical track BGs and 
VBs is outlined first.

The classical ETCS track BG, also called information point (IP), which shall be compli-
ant with SIL 4 and λ

IP
 of 1e-9/1 h (SUBSET-088 [8]), determines together with the on-board 

BTM the absolute position of a train. The ETCS odometry (SIL 4) provides the instant speed 
of a train and the relative distance from the last relevant balise group (LRBG) including its 
confidence interval (CI). The train position, velocity and other data are reported via GSM-R 
to the track-side Radio Block Centre (RBC). One of the important odometry functions is 
called linking of balises via relative distance measurement. It is in fact an independent diag-
nosis of balises and on-board unit (ONB) because it enables detection of a deleted (missing) 
balise, incorrectly inserted balise or ONB fault.

In case of the VB concept the absolute position of a train is determined using the LDS 
based on GNSS. The instant position of the train is compared with the position of VBs whose 
coordinates are stored in the on-board European vital computer (EVC) and in RBC. If the 
actual GNSS train position together with the relevant CI match with a VB stored in the data-
base, then the VB is considered as the last relevant virtual balise (LRVB) (see Fig. 1). The 
odometry together with the track database perform two following functions: (1) diagnosis of 
the consecutive VBs by linking with its direct positive impact on the desirable reduction of 
the safety integrity requirement for the GNSS LDS – i.e. GNSS THR increasing, and also 2) 
provision of the relative train position from the LRVB for ordinary train position reporting 
to the RBC. The relative train position is also provided when a VB is missed due to temporal 
GNSS signal-in-space (SIS) service outages or SIS shadowing in a harsh railway environ-
ment. The above described VB concept copies in fact the ETCS train position determination 
function using track BGs.

Now it should be said how ETCS can profit from GNSS. Let’s compare for this purpose the 
diagnosis of train position determination in case of ETCS with track balises and diagnosis in 
the ETCS VB concept.

The ETCS ONB is able to perform fault diagnosis of physical BGs and also its own diag-
nosis only in locations of BGs. It is possible, thanks to BG linking, because position of next 
BG with respect to the LRBG position is known to the ONB and the correct BG detection can 

Figure 1: Exploitation of EGNOS SoL service within ETCS VB concept.
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be validated using the so-called expectation window (ExW). The ExW includes all potential 
uncertainties due to odometry and BG position errors. As it is depicted in Fig. 1, GNSS LDS 
is able to perform its fault diagnosis also in the vicinity of VBs or on the whole track sec-
tion between VBs, depending on SIS visibility. It is important for LDS initialization (system 
start-up) in staff responsible (SR) mode or during entry into an ETCS area from an unfitted 
area. At this moment it is considered that the position of a train on parallel tracks can be 
determined using existing track elements such as track circuits, axle counters or balises. But 
in the future the safe parallel track discrimination function will also be performed by GNSS 
(Neri et al. [9]).

Abundant GNSS train positions outside the VB vicinity are not in fact needed under normal 
operation (after LDS initialization) for the train position reporting to RBC because it is pro-
vided by means of the relative distance measurement from the LRVB. However it is evident 
that these abundant GNSS positions together with the odometry data can be effectively used 
for the GNSS diagnosis and it can finally lead to reduction of safety requirements for the LDS 
based on GNSS.

3 SAFETY REQUIREMENTS FOR VIRTUAL BALISE AND LDS
The ETCS THR requirements for VB and GNSS LDS were derived by means of the ETCS 
core THR allocation in SUBSET-088 [8] and SUBSET-091 [10]. The target ETCS core THR 
of 2e-9/1 h/train is equally allocated to ETCS ONB (1e-9/1 h) and all ETCS track-side equip-
ment. Then THR related to balise transmission hazard THR

BTX
 of 0.67e-9/1 h was deter-

mined. THR
BTX 

was further sub-allocated to different track IP failure modes, such as balise 
deletion (THR

BTX Deletion
 < 3.3e-10/1 h), balise insertion (THR

BTX Insertion
 < 3.3e-10/1 h) and 

balise corruption (THR
BTX Corruption

 < 1e-11/1 h). Since GNSS position is determined on board 
of a train, then only two following failure modes for VB were analysed: VB deletion and VB 
insertion (Filip and Rispoli [11], Filip [12]). These two VB failure modes can be described 
as follows:

•	 VB Deletion – means an event, when a VB (i.e. virtual IP) was not detected by means of 
on-board GNSS LDS. It can happen due to (1) excessive latent LDS error (wrong position) 
or (2) absence of train position in the GNSS LDS output. In both cases no VB is detected 
within the ExW provided by the odometry. 

•	 VB Insertion – means an event when a wrong VB is determined due to wrong GNSS LDS 
position.

Since both VB failure modes are caused by a wrong GNSS LDS position (i.e. incorrect or 
no position), and diagnosis for both failure modes is provided by rapid and independent 
 diagnosis in GNSS service volume, then the total THR

BTX
 of 0.67e-9/1 h was taken as THR 

for VB, i.e. THR
VB

 = 0.67e-9/1 h. THR
VB

 determines in fact THR for the entire GNSS-based 
LDS, i.e. THR

GNSS LDS
, consisting of GNSS, odometry, etc. Tolerable hazard rate for single 

GNSS, i.e. THR
GNSS

 (THR
SBAS

), will be then derived for a given LDS architecture and for 
the most demanding LDS operational mode within ETCS. If we omit temporally speed 
 restriction (TSR) mode, then the most demanding operational mode from viewpoint of safety 
for baseline ETCS is start of mission. It is because linking (diagnosis) of BGs cannot be used 
during this mode. Therefore start of mission will be used for derivation of THR

GNSS 
–  provided 

that safe parallel track discrimination can be solved using classical means, by  two-tier GNSS 
augmentation (Neri et al. [9]), or by EGNOS V3 after 2022.
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4 SINGLE- VERSUS MULTI-CONSTELLATION EGNOS FOR LDS
Railway safety-related systems to be compliant with SIL 3 or SIL 4 must ensure that they 
will remain safe in the event of any kind of single random HW fault. This principle is known 
as fail-safety and can be achieved by means of the following techniques: inherent fail-safety, 
composite fail-safety or reactive fail-safety (EN 50129 [7] and Lovric and Gülker [13]). It is 
evident that implementation of these techniques determines not only the level of LDS safety 
achieved, but also how efficiently GNSS will be used within the LDS.

The inherent fail-safety technique allows a safety-related function to be performed by a 
single channel, provided that all the credible failure modes of the channel are not hazardous. 
It would be very difficult or impossible to make such evidence in case of complex SBAS and 
therefore inherent fail-safety is not further considered for the SBAS (EGNOS)-based LDS.

The composite fail-safety technique allows a safety-related function to be performed by at 
least two independent channels. Hazardous fault in one channel shall be detected and negated 
sufficiently quickly to meet the required THR. The fault is detected by the comparison of the 
output values of these two or more channels, or also by means of an additional independ-
ent diagnosis. This technique has been already employed in case of the dual-constellation 
EGNOS-R interface (see Fig. 2) (Filip [12], Filip and Rispoli [14]). The EGNOS-R was 
mainly proposed with the intention to meet THR of 1e-8/1 h (SIL 4) for SIS and simplify 
the required safety case and certification according to railway CENELEC safety standards. It 
was found that introduction of EGNOS-R also enables to reduce the EGNOS CI magnitude 
in the position domain.

Finally, the reactive fail-safety technique allows a safety-related function to be performed 
by a single channel, provided its safe operation is assured by fast detection and negation of 
any dangerous fault. The existing single-constellation EGNOS V2 itself can be considered 
as a system with reactive fail-safety, because the safety function is performed by the GPS, 
and its correctness is checked by the EGNOS infrastructure (see Fig. 3(a)). Nevertheless, the 
stand-alone EGNOS V2 is not yet able to meet the ETCS SIL 4 requirement for train position 
determination. It is because the position determination function must also meet the required 

Figure 2: LDS based on dual-constellation EGNOS V3 and composite fail-safety.
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integrity level in case of local effects, such as multipath, EMI, spoofing, etc., against which 
SBAS does not protect. That’s why the SBAS fault diagnosis must be completed with an 
additional independent fault diagnosis realized, e.g. using the safe ETCS odometry (SIL 4), 
3-dimensional track database (SIL 4) and other relevant techniques.

 Markov model of the LDS based on single-constellation EGNOS and reactive fail-safety is 
depicted in Fig. 3(b). The following four system states are defined for the model:

•	 P
0 
–  Fully functional LDS state: both SBAS and independent SBAS diagnosis work well 

according to the specifications;

•	 P
1 
– Safe faulty LDS state: SBAS is faulty and rapid diagnosis is functional;

•	 P
2 
– Fail-safe state of the LDS: SBAS fault was detected and negated;

•	 P
3 
–  Hazardous LDS state: independent diagnosis of SBAS is faulty. Note: Although SBAS 

is functioning properly according to the specifications, the LDS is in a dangerous state.

The corresponding time-dependent LDS state probability P
1
(t) can be derived from the model 

as follows:

            P t
HR e e

HR
( )

[ ]

+ HR
,

HR HR t t

1
SBAS

-( + ) -

SBAS Diag

SBAS Diag

µ
= −

−
−

µ⋅ ⋅

  

(1)

where HR
SBAS 

– hazard rate of SBAS per 1 h, HR
Diag

 – hazard rate of SBAS independent diag-
nosis, µ – rate of diagnosis and fault negation. P

1
(t) is the safe faulty state probability in case 

of SBAS fault. Since (HR
SBAS 

+ HR
Diag

) is much smaller than µ, eqn (1) can be simplified as 
follows:

   
P t

HR
HR T( )

[1 0]
,D1

SBAS
SBASµ

≈ −
⋅ −

−
= ⋅

 

(2)

where T
D
 is time to fault detection and negation, which is also sometimes called safe down 

time (SDT) (see (EN 50129 [7])). It is evident from eqn (2) that P
1
(t) depends on T

D
 (i.e. on 

1/µ) and is no longer dependent on the time t. The corresponding LDS hazard rate during 1 h 

Figure 3:  LDS based on single-constellation EGNOS V2 with reactive fail-safety: (a) High-
level architecture. (b) Markov model.
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long mission can be expressed as HR
GNSS LDS 

= HR
SBAS

× T
D
 × 1 h–1. This relation will be further 

used for derivation of the ETCS THR requirement for SBAS/EGNOS in Section 5.
The conclusion: while composite fail-safety was mainly used for EGNOS safety integ-

rity improvement to meet ETCS safety requirements for the LDS, reactive fail-safety imple-
mented in the LDS is on the contrary indented for reduction of ETCS safety requirements for 
EGNOS. The reactive LDS solution exploiting the existing aviation EGNOS V2 SoL service 
is described below.

5 FROM STATIC TO TRAVELLING VIRTUAL BALISE
The baseline ETCS requires both track balises and ONB for safe train position determi-
nation. On the other hand GNSS estimates the position on board of a train. Let us assume 
that l

ONB
 is the rate of occurrence of ONB being unable to detect a correctly working 

ETCS IP. If linking of IPs is active, then the duration of ONB failure corresponds to the 
time interval T

L
 between two successive IPs marked as linked. Further if the average 

speed of a train is v and the linking distance D
L
, then the probability of ONB failure 

causing the IP deletion is

           
λ λ ( )× ×P T D v= = / .f L L, ONB ONB ONB  (3)

There is no safety requirement in respect of not being able to detect an IP when IP linking 
is active (see (SUBSET-088 [8])). As lately as two expected consecutive IPs announced by 
linking are not detected by ONB in the ExW, measured from the LRBG, the on-board vital 
computer shall consider the linking command of the second IP as a command to apply the 
service brake. Then the hazardous failure rate of ONB corresponding to the deletion of any 
IP met during one-hour-long mission is

                  
λ × × × −HR T =   (2 ) 1h .LONB ONB

1
 (4)

It should be mentioned here that balise insertion due to a wrong train position could have 
much more serious consequences; it could e.g. happen when system is initiated. In order to 
check the ONB functionality even before the detection of a regular and properly working BG 
by the ONB, an additional hypothetical ‘testing’ BG can be placed on the track ahead of the 
regular BG in the direction of movement from the LRBG (see Fig. 4). A much shorter ONB 
failure duration T

D
 is achieved in this case. Equation (3) can be then modified as

               
P T= ,f D, ONB ONBλ ×  (5)

Figure 4: Diagnosis of ETCS on-board unit using ‘testing’ balise group.
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and the corresponding ONB hazardous failure rate per mission (1 h) is

               HR T= 1 h .DONB ONB
1λ × × −  (6)

Hazardous ONB failure rate related to IP deletion according to eqn (4) can be thus reduced 
with respect to HR in eqn (6) significantly. However it is evident that installation of the addi-
tional physical ‘testing’ BGs on a track would be very inefficient. Nevertheless, this reactive 
fail-safety principle can be easily implemented in case of the GNSS LDS. The ‘testing’ BG 
is simply replaced by the so-called TVB, as it is depicted in Fig. 5.

The TVB is equivalent to LRBG or LRVB from viewpoint of safety integrity because it 
is a validated GNSS train position using the independent diagnosis. The TVB arises from 
the LRVB as the validated subsequent GNSS train position generated just after the LRVB is 
detected and further travels to the next VB location in a given direction of movement. The 
TVB can also originate on a track section between two VBs during LDS initialization.

The detection function of the presence of an IP by ETCS on-board unit is a critical function 
and this function is the most critical when IPs are employed in such scenarios where linking 
is not used. It is e.g. during ONB initialization in SR mode or during entry into an ETCS area 
from an unfitted area when wrong IP can be inserted or IP can be deleted (missed). The ETCS 
THR requirement for GNSS must be derived using these scenarios considering that VB inser-
tion could cause a more dangerous situation than VB deletion.

It is evident that the travelling VB can be utilized for the LDS diagnosis related to next VB 
deletion or insertion in the same manner as the hypothetical static ‘testing’ BG is used for 
the ONB diagnosis in Fig. 4. The ETCS THR requirement for GNSS, i.e. THR

GNSS 
, can be 

determined for the LDS start-up from the THR requirement for VB deletion or insertion per 
mission, i.e. THR

GNSS VB
 of 0.67e-9 h–1 (see Sections 3 and 4), as follows:

             T0.67e-9 h = THR * * hD
1

GNSS
1− −

, (7)

where T
D 

is the duration of GNSS hazardous failure defined as the time interval between 
the two consecutive linked TVBs or linked TVB and next VB. Let’s assume e.g. HR 

GNSS 

of 1e-7/h which corresponds to the SBAS integrity risk (IR) requirement for the aviation 

Figure 5:  Travelling virtual balise introduced for justification of ETCS LDS architecture 
with reactive fail-safety.
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non-precision approach (NPA or en route). Then according to eqn (7) the acceptable hazard 
duration T

D
 due to VB deletion/insertion is

T = 0.67e-9/ 1e-7 * 1 h = 6.7e-3 h = 24.12 s.D

It should be noted that the allowed horizontal alert limit (HAL) is quite large in this case, i.e. 
0.3 nmi (556 m). HR of on-board GNSS receiver subsystem is neglected in this estimation.

The SIS IR of 2e-7/150 s for precision approach (PA) including LPV-200 operations is 
required in the vertical direction. Excepting this the SIS IR of 1e-9/150 s in the horizontal/
lateral (one-dimensional) direction shall also be met for the aviation PA operations. It seems 
that the integrity (i.e. guarantee) of accuracy in the horizontal plane or in the track direction 
would be sufficient for signalling in case of the reactive LDS architecture. Nevertheless, 
three-dimensional (3-D) track map appears as an effective means for the independent diagno-
sis of SBAS, and therefore the IR of 2e-7/150 was conservatively selected for signalling. The 
SBAS SIS hazard rate approximately corresponds to 4.8e-6/1 h. Then the allowed duration of 
SBAS failure can be estimated as

T = 0.67e-9/ 4.8e-6 * 1 h = 1.36e-4 h = 0.50 sD

The HAL of 40 m and VAL (vertical AL) of 35 m are required for LPV-200 operations, 
where the pilot’s decision height is 200 feet (60 m) above the runway. The actual WAAS/
EGNOS accuracies (95%) in horizontal/lateral and vertical directions are typically better 
than 1.1 m and 1.5 m, respectively. The real SBAS performance in terms of SIS integrity is 
better than it is required by aviation. Let’s consider the real EGNOS IR for of 6e-8/150 s for 
LPV I operations. Then the corresponding EGNOS SIS hazard rate is 1.44e-6/1 h and the 
acceptable duration of failure T

D
 of 1.44 s can be estimated according to eqn (7). If SBAS 

receiver with an output rate of 10 Hz will be used, then all the above calculated values of 
T

D
 are realistic – however under the condition that all SBAS failure modes will be properly 

detected and negated.
In spite of the fact that the TVB is not a priori defined by means of its geographic coor-

dinates, it can efficiently substitute a number of static VBs with known positions and small 
spacing between them, which might be otherwise introduced for reduction safety require-
ments for GNSS, but might be also hardly detectable.

6 CONCLUSION
The travelling virtual balise was introduced into the ETCS VB concept with the intention to 
justify the exploitation of the existing aviation EGNOS V2 SoL service for the train LDS to 
be compliant with SIL 4 at a system level. The TVB concept fully supports the harmoniza-
tion of the aviation and railway safety requirements for efficient use of the single EGNOS 
V2 SoL service for both aviation safety-critical systems and railway safety-related systems. 
Further the TVB ensures the continuity in the ETCS balise concept evolution oriented from 
the baseline ETCS platform with physical track balises to more efficient virtual ones stored 
in the ONB and track-side RBC.

The term ‘TVB’ has been proposed to reflect the analogy between the ETCS static ‘testing’ 
track BG and ‘testing’ VB intended for rapid fault diagnosis of the entire ETCS LDS. The 
adjective ‘travelling’ means that geographic coordinates of the TVB are not a priori assump-
tion. The TVB propagates on the track section between two subsequent VBs, which can have 
the same spacing as the track BGs. The abundant GNSS train positions together with the 
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odometry data and combined with other diagnostic methods, e.g. pseudo-range validation 
using a 3-D track database, are used for fast TVB validation for the required safety integrity.

 The TVB is a validated train GNSS position that meets the THR requirement for VB dele-
tion or insertion, i.e. THR

VB
 of 0.67e-9/1 h. The diagnosis of both LDS ONB and GNSS SIS 

mainly relies on TVB/VB linking. The TVB concept is fully consistent with reactive fail-
safety where the main channel itself, i.e. GNSS, may not meet the safety requirements, but 
the diagnostic channel must detect all possible dangerous failures so quickly that the overall 
safety target is met. The TVB brings the following additional benefits:

•	 TVB enables to preserve or even enlarge the VB spacing with respect to the maximum 
 allowed ETCS BG spacing (2,500 m) without any impact on the entire LDS safety; 

•	 Temporal TVB unavailability doesn’t influence safety of train position determination 
 because the safe ETCS odometry (SIL 4) is used for train position reporting in respect to 
the LRVB when it is required;

•	 Additional GNSS constellations such as Galileo, GLONASS or BeiDou can be used for 
LDS availability of integrity improvement; 

•	 TVB efficiently substitutes a number of static VBs with small VB spacing;

•	 Introduction of the TVB doesn’t influence the ETCS safety concept and the backward 
compatibility with the baseline ETCS is preserved.

ACKNOWLEDGEMENT
This work was supported from the European H2020 research and innovation programme 
within the RHINOS project (2016–2017).

REFERENCES
 [1] Sterner, B.J., On the method of combining GPS and ETCS for localization purposes. 

The European Railway Research Institute (ERRI), 6pp., Draft of 8th May 1998.
 [2] RTCA DO-229D – Minimum operational performance standards for GPS WAAS 

Airborne Equipment. RTCA Inc.: Washington DC, 2006.
 [3] Pullen, S., Walter, T. & Enge, P., Integrity for non-aviation users. GPS World, pp. 28–36, 

July 2011.
 [4] Neri, A., Sabina, S., Rispoli, F. & Mascia, U., GNSS and odometry fusion for high 

integrity and high availability train control systems. ION GNSS+ 2015, Tampa, 11  
pp., 14–18 September 2015.

 [5] CSN EN 50126 Railway Applications: The Specification and Demonstration of 
Dependability Reliability, Availability, Maintainability and Safety (RAMS). CENELEC 
European Standard, 2002.

 [6] CSN EN 50128 Railway Applications: Communications, Signalling And Processing 
Systems – Software for Railway Control and Protection Systems. CENELEC European 
Standard, 2003.

 [7] CSN EN 50129 Railway Applications: Safety related electronic systems for signalling. 
CENELEC European Standard, 2003.

 [8] ETCS/ERTMS – Class 1, ETCS Application Levels 1 & 2 – Safety Analysis, Part 3 – 
THR Apportionment. SUBSET-088 Part 3, ISSUE: 2.3.0, 91pp., 2 April 2008.

 [9] Neri, A., Capua, R., Salvatori, P. & Palma, V., ERsat EAV High Integrity Two-tiers 
Augmentation Systems, manuscript, 2016. 



588 A. Filip, Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 

[10] ETCS/ERTMS Safety Requirements for the Technical Interoperability of ETCS in Levels 
1 & 2. SUBSET-091, ISSUE: 3.3.0, 51pp., 8 May 2014.

[11] Filip, A. & Rispoli, F., Safety concept of GNSS based train location determination 
system SIL 4 compliant for ERTMS/ETCS. Proceedings of ENC GNSS 2014, 
Rotterdam, 15pp., 15–17 April 2014.

[12] Filip, A., Multi-constellation railway SBAS interface: A common platform for advanced 
signalling compliant with SIL 4 world-wide. Proceedings of the International Heavy 
Haul Association 2015 Conference (IHHA), Perth, Australia, 10pp., 21–24 June 2015.

[13] Lovric, T. & Gülker, J., Singe channel ATP architectures, a new trend in Europe? 
Proceedings of the World Congress on Railway Research (WCRR) 2001. Köln, 9pp.,  
25–29 November 2001. http://www.uic.org/cdrom/2001/wcrr2001/pdf/sessions/3_5/ 
040.pdf

[14] Filip, A. & Rispoli, F., SIL 4 Compliant train location determination system based on 
dual-constellation EGNOS-R for ERTMS/ETCS. Proceedings of the International 
Symposium on Certification of GNSS System (CERGAL 2014), Dresden, Germany,  
pp. 109–114, 8–9 July 2014.



 R. Di Mauro et al., Int. J. Transp. Dev. Integr., Vol. 1, No. 3 (2017) 589–600 

© 2017 WIT Press, www.witpress.com
ISSN: 2058-8305 (paper format), ISSN: 2058-8313 (online), http://www.witpress.com/journals
DOI: 10.2495/TDI-V1-N3-589-600

AN ANALYTICAL METHODOLOGY FOR  
EXTENDING PASSENGER COUNTS  

IN A METRO SYSTEM

R. DI MAURO, M. BOTTE & L. D’ACIERNO
Department of Civil, Architectural and Environmental Engineering, Federico II University of Naples, Italy

ABSTRACT
The planning of a rail system requires the definition of travel demand in terms of passenger (or freight) 
flows for sizing physical and technological elements (such as number of trains, signalling system type, 
length and width of platforms). Moreover, once a system has been set up and functional elements have 
been acquired, system management in terms of services and related timetables requires knowledge of 
travel demand flows. Much has been written about the methods and techniques for estimating travel 
demand by means of analytical models (calibrated by surveys), statistical processing of survey data and/
or correcting model results by using properly collected traffic counts. However, whatever the adopted 
approach, it is necessary to proceed with survey campaigns to acquire experimental data. Obviously, the 
greater the number of detected data (and related acquisition costs and times), the greater the accuracy of 
travel demand estimations. Hence, in real cases, a fair compromise between survey costs and estimation 
accuracy has to be struck.

In this context, we propose an analytical methodology for identifying space–time relations between 
passenger counts to reduce the amount of data to be surveyed without affecting estimation accuracy. 
In particular, our proposal is based on defining analytical functions to provide boarding and alighting 
flows depending on the station (space component) and the time period (time component) in question. 
Finally, in order to show the feasibility of the proposed methodology and related improvements with 
respect to traditional approaches, we applied our proposal to the case of a real metro line in Naples 
(Italy) by comparing different levels of detail in passenger surveys.
Keywords: OD matrix estimation, public transport management, traffic count accuracy, travel demand 
estimation.

1 INTRODUCTION
The promotion of public transport may be viewed as one of many useful strategies to 
reduce negative externalities on road networks (see, for instance, European Commission 
[1]). Indeed, although numerous policies have been applied to improve road system condi-
tions in terms of safety (as shown by Dell’Acqua and Russo [2] and Dell’Acqua et al. [3]) 
or analysis of driver behaviour (as proposed by Bifulco et al. [4] and Pariota et al. [5]), the 
most successful strategies are based on the variation in user modal choices which allows 
sharp reductions in accidents, energy consumption, traffic congestion and air and noise 
pollution. In this context, adoption of interventions aimed at increasing the attractiveness 
of public transport (see Ca-scet-ta et al. [6, 7]) or reducing mass-transit operator costs and 
passenger disutilities (D’Acierno et al. [8], Gallo et al. [9] and D’Acierno et al. [10]) may 
represent a useful way for achieving the intended purposes.

However, whatever the adopted approach, it is necessary to estimate travel demand in 
terms of potential or expected passengers (or freights) with related features (i.e. starting and 
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arrival stations, adopted time slot, trip duration, etc.). Indeed, such information is useful 
both for planning and management phases of transportation systems. This has generated an 
extensive literature on the estimation and forecasting methodologies of travel demand, which 
is summarized below.

In general, estimation of current and future demand can be performed by (Cascetta [11]) 
direct estimations, disaggregated estimations and aggregated estimations. The first approach, 
indicated in the literature (see, for instance, Smith [12], Brog & Ampt [13] and Ortuzar 
& Willumsen [14]) as direct estimation, can be adopted to determine only ‘present’ travel 
demand. It is based on the application of sampling theory in the case of mobility choices. 
The main limits of this methodology consist in the huge number of information to be col-
lected and the inability to predict future developments due to transportation network or socio-
economic variations.

The second approach, known as disaggregated estimation (see, for instance, Domencich & 
McFadden [15], Horowitz [16], Manski & McFadden [17] and Ben-Akiva & Lerman [18]), 
consists in specifying (i.e. providing the functional form and related variables), calibrating 
(i.e. determining numerical values of model parameters) and validating (i.e. verifying the 
ability of the model to reproduce original data) a model by means of proper data. These data 
express disaggregate information related to a sample of individuals, where the size and the 
sample characteristics generally differ from those used in the first approach. This methodol-
ogy allows mobility choices to be simulated in current conditions (based on the ability to 
reproduce sampling data) and in the case of future conditions (based on the ability to simulate 
user reactions to transportation network or socio-economic variations). The above disaggre-
gated approach is referred to in the literature as the revealed preference approach (Cascetta 
[11]) since it is based on the use of data related to real behaviour of travellers. Recently (see, 
for instance, Ben-Akiva & Morikawa [19] and Ortuzar [20]), the stated preference approach 
has been developed, based on the statements of travellers about their appropriately described 
and designed preferences in hypothetical scenarios. With the use of this second approach the 
prediction abilities of the calibrated demand models can be improved.

Finally, the last approach (see, for instance, Lo & Chan [21], Cascetta  et al. [22] and 
Lu  et al. [23]), known as aggregated estimation, is based on modifying demand model 
results after correcting them by means of traffic counts (i.e. vehicular or passenger flows). 
The aim of this approach is to identify an origin-destination (OD) matrix which is closest 
to its estimation by model and, once it is assigned to the network, generates flows closest 
to the counting data.

The brief analysis of methods for estimating travel demand shows that it is always neces-
sary to conduct survey campaigns to acquire experimental data. In particular, the greater the 
number of surveyed or detected data (and related acquisition costs and times), the greater 
the accuracy of travel demand estimations. Hence, in real cases, a fair compromise between 
survey costs and estimation accuracy should be achieved.

In this context, our proposal is to provide an analytical procedure for identifying some 
space–time functions in order to reduce the number of data to collect without significantly 
affecting estimation accuracy. In the particular case of a metro system, we aim to identify 
analytical relations which express boarding and alighting flows of passengers depending on 
the station (space component) and the time period considered (time component).

The article is organized as follows: Section 2 provides general features of the proposed 
approach; Section 3 applies the methodology in the case of a real metro line; finally, conclu-
sions and research prospects are summarized in Section 4.
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2 DEFINITION OF SPACE–TIME RELATIONS
The proposed methodology is based on the assumption that the spatial correlation (i.e. the 
correlation among different stations) and temporal correlation (i.e. the correlation among dif-
ferent time periods) of passenger flows is generally not null. The reason lies in the framework 
of travel demand and its temporal distribution.

In the literature, the definition of functions for determining travel demand can be 
addressed through two main approaches (Cascetta [11]): descriptive and behavioural. The 
former (see, for instance, Oi & Shuldiner [24] and Wilson [25]) provides relations among 
variables without any assumption on users’ behaviour; the latter (see, for instance, Ortuzar 
& Willumsen [14], Domencich & McFadden [15] and Ben-Akiva & Lerman [18]) is based 
on explicit assumptions of users’ choice behaviours. Our proposal is based on adopting the 
first approach.

In particular, in order to investigate whether it is possible to identify one or more space–
time functions to calculate passenger flows with a descriptive approach, we propose the fol-
lowing five-step procedure:

•	 design and execute a survey campaign in order to acquire a sufficient amount of data for 
applying the following statistical analyses;

•	 define a partial set of data, obtained by hiding (i.e. assuming not detected) some data with 
a predetermined sampling rate;

•	 perform a mono-dimensional statistical analysis on the partial data set in order to identify 
the optimal functional form;

•	 perform a multi-dimensional statistical analysis on the partial set of data, in order to spec-
ify, calibrate and validate one or more space–time functions;

•	 validate the methodology by comparing the simulation of the metro system by using data 
of the whole set (assumed as ‘absolute truth’) and those in the case of data obtained by 
space–time functions identified.

The first step consists in analysing the main features of the context such as the number and 
location of stations, the layout in terms of platforms and accesses of any station, operat-
ing hours and timetables, and rolling stock characteristics. This information allows a proper 
survey plan to be designed, indicating ‘when’ and ‘where’ passenger flows must be counted. 
Obviously, this phase includes the execution of surveys, whose appropriately noted results 
can be shown as in Fig. 1.

Since the aim of the procedure is to provide a tool for reducing the amount of data to be sur-
veyed, the second phase consists in determining a partial data set to be analysed. In particular, 
we simulate the adoption of a prefixed sampling rate during surveys, for instance 50%, by 

Figure 1: Surveyed data (i.e. real surveyed data).
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hiding some detected data. In this way, we apply the proposed methodology in the case of a 
limited subset of surveyed data (see Fig. 2).

With the information collected and properly processed, the first kind of statistical analysis 
can then be implemented, that is the mono-dimensional approach. It consists in checking the 
class of functions which best describes the simulated survey data. This procedure is indicated 
as mono-dimensional because the analysed functions are defined in an R2 space, where the 
abscissa is the sequence of stations or the time periods and the ordinate is the surveyed flow 
(as shown in Fig. 3).

Hence, for each class of functions, it is necessary to analyse (n
st
 × 2) × n

tp
 set of data, 

where n
st
 is the number of the stations (multiplier 2 is required to consider outgoing and 

return trips separately) and n
tp
 is the number of time periods considered. Since there are two 

flow types (i.e. boarding and alighting flows) to be considered, assuming n
fc
 as the number of 

function classes to be analysed, the second phase requires the calibration and the validation 
of n

f
 mono-dimensional functions, where

 ( )= ⋅ ⋅ ⋅ ⋅n n n n2 2f fc st tp. (1)

Obviously, for each class of function, suitable validation tests have to be performed.
Having defined the best class of mono-dimensional functions, the fourth phase consists in 

providing the specification, calibration and validation of four surfaces, where the independ-
ent parameters are the stations and the time periods, while the surface expresses the value of 
passenger flows. The number of functions to be defined, which is equal to four, is related to 
the fact that we have to consider two kinds of passenger flows (boarding and alighting flows) 
and two kinds of trips (outgoing and return trips). Obviously, also in this case the calibration 
set consists in the simulated (i.e. partial) surveyed data, shown in Fig. 2.

Figure 2: Partial set of surveyed data (i.e. simulated surveyed data).

Figure 3: Organization of data for mono-dimensional analyses.
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The last phase consists in comparing application results obtained by using the whole set of 
the survey data and those using the data of calibrated functions properly combined with the 
data of calibration subsets. Three different combinations of sets may be obtained for compar-
ison: only the calibration subset (Fig. 2), the calibration subset extended by replacing missing 
data with function data (Fig. 4) and only function data for all values (Fig. 5).

3 APPLICATION OF THE PROPOSED METHODOLOGY
In order to show the feasibility of the proposed methodology, we applied it in the case of 
Metro Line 1 in Naples (Italy) which is about 18 km long and consists of 18 stations (further 
details can be found in Botte et al. [26]) from the suburbs (Piscinola) to city centre (Gari-
baldi).

Survey activities were implemented in July 2015 to collect data related to daily flows on an 
average working day in summer. It is worth noting that investigations were organized to detect 
flows for each single access (gate, stair, elevator, etc.) which were subsequently grouped 
according to platforms and travel directions. Finally, data were organized by considering 
three time periods and 18 stations; therefore we obtained four matrices of dimensions 3 × 18, 
whose framework is shown in Fig. 1.

3.1 Calibration of analytical functions

As described in the previous section, the calibration phase was divided into two sub-phases: 
a mono-dimensional phase and a multi-dimensional phase. Obviously, it was first necessary 
to define the simulated surveyed rate which was assumed equal to 50%.

The first analysis consisted in dividing each of the four survey matrices into 54 (i.e. 3 ×× 18) 
vectors and testing the goodness of fit (i.e. the discrepancy between surveyed data and function 
data). The following classes of functions were tested: linear, quadratic, cubic, fourth-degree 
polynomial, fifth-degree polynomial, power, logarithmic and exponential functions. However, 
due to the scarcity of data along the matrix columns (i.e. there were at most two data), linear 
functions were adopted only in row analyses.

Figure 4: Subset extension by means of function data.

Figure 5: Function data for all values.
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The goodness of fit of each class of function was estimated by means of the coefficient of 
determination ℜ2 , calculated as follows:

 ∑ ∑φ φ φ( ) ( )ℜ = −








 −









fi

i
i

i

2 2 2

,
  (2)

with

 
∑φ φ= ni

i ,
 (3)

where ϕ
i
 is the i-th simulated survey data (i.e. known value of Fig. 3), n is the number of 

simulated survey data ϕ
i
,ϕ is the mean of data ϕ

i
 and f

i
 is the i-th value assumed by the 

calibrated function.
The class which provided the best R2 values were polynomial functions. Hence, we imple-

mented the multi-dimensional phase by adopting this category of functions, obtaining the 
following formulations:
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with
 k ∈{AG; BG; AP; BP}, (6)

where x represents the time period; y represents the sequence of stations (y = 1 in the case of 
Piscinola and y = 18 in the case of Garibaldi); AG represents alighting flows (A) in the case 
of the outgoing trip (i.e. Garibaldi direction); BG represents boarding flows (B) in the case 
of the outgoing trip (i.e. Garibaldi direction); AP represents alighting flows (A) in the case of 
the return trip (i.e. Piscinola direction); BP represents boarding flows (B) in the case of the 
return trip (i.e. Piscinola direction).

It is worth noting that eqn. (4) is defined in the case of k ∈{AG; AP; BP}, while eqn. (5) is 
defined only in the case of k = BG. Therefore, values f

i
 are calculated by means of eqn. (4) or 

eqn. (5) according to the values assumed by parameter k.
However, we adopted as global statistical tests: ℜ2  (formulated as eqn. (2)); adjusted ℜ2  

(indicated as ℜ2) and F-test (indicated as F), formulated as follows:

 ( ) ( )ℜ = ℜ − −ℜ ⋅ − −p n p1 12 2 2 , (7)

 ( )( )( )= ℜ ⋅ − − −ℜ ⋅F n p p1 12 2

, (8)

where p expresses the number of function parameters, which is equal to 5 in the case of func-
tion (4) and equal to 15 in the case of function (5). Moreover, we also performed the t-student 
(indicated as t) test of coefficients, calculated as

 ( )=t a aVari
k

i
k

 or ( )=t b bVari
k

i
k

, (9)
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where Var(), or equivalently Var(ai
k), is the i-th element of the main diagonal of variance–

covariance matrix S, obtained as

 ε ( )Σ = − ∂ ∂ ∂




−

a ai
k

j
k2

1

 or ε ( )Σ = − ∂ ∂ ∂




−

b bi
k

j
k2

1

, (10)

with

 ∑ε φ( )= −fi i

i

2

. (11)

Table 1 reports the results of the global statistical tests; Tables 2–5 describe the results of 
statistical tests of coefficients.

Table 1: Global statistical tests.

Function type 
(k)

ℜ2 ℜ2 F-test

F value Threshold

Confidence 
level 
(%)

AG 0.764 0.701 12.273 8.018 99.90
BG 0.829 0.572 3.220 3.190 94.00
AP 0.621 0.521 6.218 5.967 99.50
BP 0.514 0.386 4.023 4.016 97.00

Table 2: Coefficient statistical tests of coefficients: AG condition.

Parameter ak
1

ak2 ak3 ak4 ak5

Value 0.0624 0.0184 –0.5150 –0.0272 0.7285
t-Value 489.62 588.89 706.461 398.376 588.973
Threshold 5.077 5.077 5.077 5.077 5.077
Confidence 
level (%) 99.99 99.99 99.99 99.99 99.99

Table 3: Coefficient statistical tests: AP condition.

Parameter ak1 ak2 ak3 ak4 ak5

Value –0.0552 0.0096 0.0677 –0.0585 0.7942
t-Value 375.497 184.120 69.562 525.132 468.483
Threshold 5.077 5.077 5.077 5.077 5.077
Confidence 
level (%) 99.99 99.99 99.99 99.99 99.99
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3.2 Validation of the proposed procedure

In order to validate the proposed procedure, the daily travel demand, estimated by authors 
for the previous studies (see D’Acierno et al. [27] and Ercolani et al. [28]) in the case of an 
average working day in winter, was adapted in the case of new surveyed data by adopting 
an aggregated estimation approach. Details on the a priori travel demand estimation and 
related improvement by means of surveyed data can be found in Botte et al. [29].

The travel demand estimated by means of the whole set and assumed as ‘absolute truth’ 
was compared with OD matrices obtained by adopting three different counting sets: the par-
tial survey set (Fig. 2), the set obtained by replacing missing data with function outputs (Fig. 
4) and the set obtained by using only function outputs (Fig. 5). The comparisons were imple-
mented by identifying the optimal intervention strategies in the case of metro system fail-
ures. Details on the considered breakdown and related intervention strategies can be found 
in D’Acierno et al. [10].

Table 5: Coefficient statistical tests: BP condition.

Parameter ak1 ak2 ak3 ak4 ak5

Value –0.0400 –0.0006 0.1864 –0.0142 0.1726

t-Value 332.221 14.512 234.541 165.639 124.745

Threshold 5.077 5.077 5.077 5.077 5.077

Confidence level (%) 99.99 99.99 99.99 99.99 99.99

Table 4: Coefficient statistical tests: BG condition.

Parameter bk1 bk2 bk3 bk4 bk5

Value 136.82 –71.15 3.82 1.05 0.16

t-Value 2.381·106 908.94 367.44 2.892·106 1.845·108

Threshold 6.412 6.412 6.412 6.412 6.412

Confidence level (%) 99.99 99.99 99.99 99.99 99.99

Parameter bk6 bk7 bk8 bk9 bk10

Value –557.32 362.08 –48.62 –8.59 129.16

t-Value 7,285.76 958.53 1,220.60 5,718.63 3,016.26

Threshold 6.412 6.412 6.412 6.412 6.412

Confidence level (%) 99.99 99.99 99.99 99.99 99.99

Parameter bk11 bk12 bk13 bk14 bk15

Value –201.01 172.87 380.50 –970.94 2,035.15

t-Value 342.91 3,513.05 465.52 1.040 ·108 1.063 ·105

Threshold 6.412 6.412 6.412 6.412 6.412

Confidence level (%) 99.99 99.99 99.99 99.99 99.99
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Table 6: Objective function values for each different calibration set.

Inter-
vention 
strategy

Complete  
survey data

Partial  
survey set

Replaced  
missing data

Function data

0 € 231,034.54 € 253,518.18 € 208,026.81 € 168,733.07 
1 € 245,446.51 € 268,782.33 € 243,390.79 € 229,185.58
2 € 245,446.51 € 268,782.33 € 243,390.79 € 229,185.58
3 € 244,296.97 € 267,618.70 € 241,918.38 € 228,309.20
4 € 245,378.78 € 268,671.10 € 243,344.24 € 229,131.18
5 € 245,378.78 € 268,671.10 € 243,344.24 € 229,131.18
6 € 244,362.09 € 267,724.45 € 241,952.16 € 228,324.68
7 € 243,316.37 € 268,612.45 € 243,414.95 € 229,163.03
8 € 245,107.97 € 268,431.45 € 242,980.34 € 228,863.49
9 € 245,031.45 € 268,338.34 € 242,614.05 € 228,665.49
10 € 244,295.08 € 267,631.59 € 241,938.04 € 228,309.45
11 € 226,969.63 € 248,628.12 € 203,790.44 € 165,513.24
12 € 226,969.63 € 248,628.12 € 203,790.44 € 165,513.24
13 € 225,819.36 € 247,460.93 € 202,974.86 € 164,773.21
14 € 226,901.90 € 248,516.89 € 203,685.02 € 165,427.05
15 € 226,901.90 € 248,516.89 € 203,685.02 € 165,427.02
16 € 225,885.21 € 247,570.24 € 203,024.01 € 164,822.67
17 € 226,839.49 € 248,458.24 € 203,741.70 € 165,473.23
18 € 226,631.09 € 248,277.24 € 203,599.50 € 165,342.21
19 € 226,554.57 € 248,184.13 € 203,490.71 € 165,242.52
20 € 225,818.20 € 247,477.38 € 202,967.43 € 164,769.11

Table 7: Objective function accuracy for each different calibration set.

Intervention  
strategy

Partial  
surveyed set (%)

Replaced missing  
data (%)

Function  
data (%)

0 9.73 9.96 26.97
1 9.51 0.84 6.63
2 9.51 0.84 6.63
3 9.55 0.97 6.54
4 9.49 0.83 6.62
5 9.49 0.83 6.62
6 9.56 0.99 6.56
7 10.40 0.04 5.82
8 9.52 0.87 6.63
9 9.51 0.99 6.68
10 9.55 0.96 6.54
11 9.54 10.21 27.08
12 9.54 10.21 27.08
13 9.58 10.12 27.03
14 9.53 10.23 27.09

(Continued)
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Table 6 provides the objective function calculation for each different calibration set (the value 
in dark gray identifies the first best solution, light gray shows the second and third best strate-
gies). Table 7 shows variation in the objective function with respect to the ‘absolute truth’.

4 CONCLUSIONS AND RESEARCH PROSPECTS
By following the proposed methodology the amount of data to be collected can be reduced 
without significantly compromising estimation accuracy. The space–time functions allow 
missing data to be replaced, providing an accuracy reduction of less than 6%.

In terms of future research, we propose to apply the proposed methodology in other con-
texts both for different time periods (for instance by collecting winter data) and different 
networks. A further research aim would be to verify the performance of different spatial 
reference systems such as curvilinear abscissa or polar coordinates.
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The ImPacT Of PlaTfOrm ScreeN  
DOOrS ON raIl caPacITy

O. lINDfelDT
Sweco aB, Stockholm, Sweden.

aBSTracT
a new railway line for commuter trains through central Stockholm, the ‘city line’, is under construc-
tion and will open in 2017. The line will have two new underground stations and these will be equipped 
with platform screen doors in order to enhance air quality and prevent suicides. Several stations along 
the line will have only two platform tracks and this will limit capacity.

Neither trains nor platform doors will be fully automatized and thus the drivers will have to stop the 
trains in exact position to match the platform doors. consequently, adding extended times for opening 
and closing doors will prolong the dwell time by approximately 12 s/stop.

an extensive capacity evaluation has been carried out as a railSys simulation in order to find out 
whether a capacity of 24 trains/hour/ direction can be reached. The core part of the study was to prepare 
dwell time distributions for all stations along the line. These distributions include several terms, namely 
additional braking time due to a more careful and precise braking, time to correct stopping position 
(stochastic), door opening time, passenger exchange time (stochastic), door closing time, door obstruc-
tion time (stochastic) and driver’s reaction time before departure.

The simulation results indicate that the extended dwell times caused by the platform screen doors 
limit capacity to 22 trains/hour in one direction and 24 trains/hour in the other direction. This difference 
comes from the fact that the station with the longest dwell times is located adjacent to a station with four 
platform tracks where trains can recover delays. Thus, the delay level differs significantly between the 
two traffic directions. This delay difference influences the useful capacity in such a way that the most 
punctual direction has a higher capacity.
Keywords: dwell time, platform screen doors, railway capacity, simulation.

1 INTrODucTION
a new railway line through central Stockholm, called ‘city line’, is under construction and 
will open in 2017. The line will be used as a commuter line. as a result the commuter traffic 
through central Stockholm will be completely separated from the regional and long-distance 
traffic. The traffic on the city line will be completely homogenous. 

The line has two new underground stations, which are considered to be very attractive and 
frequently used by commuters in the future. These stations will be equipped with platform 
screen doors in order to enhance air quality and prevent suicides.

The Stockholm commuter network is X-shaped and consists of two branches to the north 
and two branches to the south (fig.1). The city line will be a common, connecting link in the 
middle of the network. The overreaching goal is to operate all four branches with a regular 
timetable with five minutes between trains, which gives 24 trains/hour/direction through the 
city line.

however, since the train operation is not to be automatized, all trains will still be driven by 
human drivers. moreover, the platform screen doors cannot be fully adjusted to the commuter 
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train vehicles, since the city line ought to be used also as redundancy for other train categories. 
This implies that the screen doors will prolong the dwell time and affect capacity negatively.

In order to find out whether the capacity of 24 trains/hour/direction can be reached, an 
extensive capacity evaluation has been carried out as a railSys simulation.

a crucial part of the work was to prepare distributions for the future dwell times at the sta-
tions. To do this, a special model for the dwell times was developed. Important parts of the model 
were extended braking time due to careful and precise stopping, door opening times, passenger 
alighting and boarding times, door closing times, extra dwell time caused by door obstructions, 
and driver’s reaction time before departure. Several of these parts are stochastic and probability 
methods were applied in order to combine several stochastic contributions to the overall dwell 
time distributions derived. These distributions were used as input in the simulation.

Simulations were performed for different levels of traffic load, i.e. number of trains per 
hour. results were compiled for mean delay and punctuality and from these a level of useful 
capacity could be found for each traffic direction.

This paper describes the procedure used to compile the dwell time distributions, the suc-
cessive simulation as well as the final analysis, results and capacity recommendations.

figure 1: Stockholm’s commuter train network.
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2 lImITaTIONS
The study is a detailed simulation study of the mid-section of the commuter system in Stock-
holm. It is delimited in the following three important ways:

•	 geographically

•	 through delay modelling 

•	 in time.

It is suitable to delimit the analysis to the section between the junctions where the two lines 
merge north and south of Stockholm. In order to make the simulation of the merging flows 
in the junctions realistic, the studied area also included the first station beyond each junction.

The simulated system is shown schematically in fig. 2. Northbound trains are initiated 
in Älvsjö, whereas southbound trains are initiated in Sundbyberg and Solna. This makes it 
possible to model the critical merging procedures north of Älvsjö and south of Sundbyberg/
Solna. The rest of the network is modelled indirectly through the use of distributions for the 
initial delays in Sundbyberg, Solna and Älvsjö, as will be discussed later in this paper.

Disturbances will also cause delays to trains within the simulated area. These can be divided 
into two categories: dwell time extensions and run-time extensions between scheduled stops. 
The former are in focus in this study, whereas the latter are not taken into account. This means 
that the effect of infrastructure, vehicle malfunctions, etc., is not further analysed and modelled.

The system will be fully utilized twice a day: during the morning peak period and during the 
afternoon peak period. for this reason only a time period of three hours, between 06:00 a.m. 
and 09:00 a.m., is evaluated in the simulation. This peak period is preceded and followed by 
a period with off-peak traffic in order to warm up the simulation model. Only trains operated 
during the peak traffic period are evaluated.

figure 2 shows that the line has four stations between the junctions. Three of these stations 
have only two platform tracks, whereas the Stockholm city station has four tracks. Due to 
this configuration, the two-track stations will limit capacity and the dwell time in these sta-
tions will be critical for overall line capacity.

Platform screen doors will be installed in two underground stations: Stockholm city and 
Stockholm Odenplan. These doors require the trains to stop in a specific position in order to 
get a match between the train doors and the doors on the platform. Three alternative proce-
dures for door closing and departure procedure are considered.

1.  Platform screen doors are closed separately by the conductor. 
2. Platform screen doors are closed automatically when train doors are closing. The con-

ductor monitors the closing procedure while standing on the platform.
3.  It is similar to alternative 2, but the conductor monitors the closing procedure while 

standing in his cabin on board of the train.

figure 2: The analysed line section.
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The three closing procedures are different in the sense that the total time – from initiation 
of the door closing procedure until clearance to drive is announced to the driver by the con-
ductor – is estimated to be 16, 17 and 15 s, respectively.

3 TraffIc, TImeTaBleS aND INITIal DelayS
a micro-simulation analysis of railway traffic requires a timetable to be designed and simu-
lated (see lindfeldt [1] and Sipilä [2]). four alternative timetables, representing different 
capacity utilization levels, have been designed and simulated in order to find out how the 
 platform screen doors impact the overall line capacity. Since traffic is completely  homogenous 
it is easy to spread the trains evenly over the hour. The analysed timetables contained 20, 22, 
24 and 26 trains/hour/direction. These traffic loads correspond to a time separation of 180, 
164, 150 and 138 s between adjacent trains, respectively.

a fifth timetable, with only 2 trains/hour/direction, was evaluated as a reference. at this 
low-traffic density the knock-on delays are negligible, due to the large time separation, 
which means that the results will only contain primary delays and the robustness will be 
maximal.

all timetables were constructed so that every second train arrives from each of the two 
connecting branches in each junction.

Two important types of delay were modelled: initial delays and dwell time extensions. 
These are important inputs to the simulation model and have to be derived and compiled 
carefully (see Pachl [3] and yuan and hansen [4]).

Initial delays were assigned to the trains in Älvsjö, Sundbyberg and Solna through distri-
butions that were compiled from historical delay data (Swedish Transport administration 
[5]). altogether four different distributions were compiled from the data for approximately 
200 days of operation (fig. 3).

These delays reflect the impact of the surrounding area, and they result in stochastic con-
flict situations that consume capacity in the city line. The cost, in the form of added delay, 
will determine the useful capacity, i.e. the number of trains that can be scheduled through 
the line.

figure 3: Initial delay distribution. This example is for trains from Älvsjö, bound for Solna.
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4 DWell TIme mODellINg
The dwell times are core inputs in the analysis, since they are directly affecting the capacity. 
a strong correlation is expected between capacity and the existence of platform screen doors, 
since these doors will affect dwell times and hereby also capacity.

each station and traffic direction will have an individual distribution for the dwell time and 
it is essential to estimate these correctly to get reliable results from the simulation analysis 
(yuan and hansen [4]). The modelled area has four stations where delay distributions are 
needed as input in the simulation model:

•	 Årstaberg and Stockholms Södra 

 These are existing stations that will not (initially) be equipped with platform screen doors. 
The number of passengers using these stations is not expected to increase significantly 
compared to the current situation.

•	 Stockholm city and Stockholm Odenplan 

 These are newly constructed underground stations and the number of passengers is ex-
pected to increase, compared to the corresponding existing stations. Platform screen doors 
will be installed in these stations.

Dwell time distributions for the two existing stations, Årstaberg and Stockholms Södra, are 
rather easy to obtain through field time measurements. Such measurements were carried out 
on the platforms, analysed and compiled to one distribution, since the differences between 
the two stations and the two directions were small.

figure 4 shows the distribution. The standard deviation is rather low and a scheduled dwell 
time of 45 s would be enough to cover most train stops without increase in delay. The mean 
dwell time is 38 s.

finding the corresponding dwell time distributions for the two stations that will be equipped 
with platform screen doors is not this straightforward. These stations are non-existing and the 
size of the passenger flows is unknown. These flows affect the time for passenger exchange, 

figure 4: Dwell time distribution for Årstaberg and Stockholms Södra.
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i.e. alighting and boarding. moreover, the platform screen doors will affect the dwell time in 
several ways.

a first assumption, which might have to be corrected in a later study, is to make use of 
measured time distributions for alighting/boarding at existing stations. assuming non-
affected times for passenger exchange would imply that the city line will not increase the 
number of passengers. This assumption might hold as long as the increased passenger num-
bers are compensated with additional trains, i.e. as long as the number of alighting/boarding 
passengers per train is approximately the same as in the existing system.

a special model was set up in order to include the effect of the platform screen doors on 
the dwell time distributions (see fig. 5). The model contains the following seven terms, cor-
related to the arrival, dwell or departure of a train:

•	 additional braking time 

•	 time to correct stopping position (reverse the train a few metres)

•	 door opening time

•	 passenger exchange time

•	 door closing time

•	 door obstruction time

•	 driver’s reaction time.

The platform screen doors impose the drivers to brake more carefully in order to stop the 
train within a stopping zone of approximately 0.5 m. This braking phase will take place on 
the platform track circuit, which means that the additional time consumed by the more carful 
braking will increase occupation time of the block section that is critical for capacity. This 
factor is assumed to be a constant that is equal to 4 s/arriving train.

from time to time, drivers will miss the stopping zone and have to reverse the train a couple 
of metres. Such a reverse procedure has been measured to take about 14 s. The occurrence of 
this situation is estimated to be 1/30. The stochastic feature of this factor is marked as dashed 
in the figure.

Door opening time has been measured to be 6.5 s. This time includes a short delay, com-
pared to a situation without any platform screen doors.

The passenger exchange time depends only on the number of alighting and boarding pas-
sengers and their distribution on the train doors. as discussed earlier, these time distributions 

figure 5: factors causing dwell times in stations with platform screen doors.
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have been assumed to be the same as in existing stations. Thus, Stockholm city is considered 
to correspond to the current Stockholm central station and Stockholm Odenplan is consid-
ered to correspond to Årstaberg/Stockholms Södra.

The door closing procedure will follow one of the three alternatives. The time for these 
procedures has been measured to be 16, 17 and 15 s, respectively, as discussed earlier.

from time to time a train departure is delayed due to passengers who obstruct the doors. 
Interviewed train conductors estimate that obstructions occur as often as in 60% of the stops 
at Stockholm central during rush hours.

Two types of obstructions occur: short and long, depending on whether the obstruction is 
short enough to let the doors close successively automatically or the conductor has to repeat 
the closing procedure for the obstructed door. measured values of dwell time extension due 
to obstruction and conductors’ estimates of frequencies are shown in Table 1.

The last factor, driver’s reaction time, is measured to be 4 s and corresponds to the time for the 
conductor to give ‘clear to drive’ announcement and the driver to react on this clearance message.

four of the terms are assumed to be constants, whereas the other three are known to be sto-
chastic with a high degree of variance: time to correct stopping position, passenger exchange 
time and door obstruction time. The monte carlo approach was used in order to convolute 
these three distributions to one total dwell time distribution for each of the two stations: 
Stockholm city and Stockholm Odenplan. The four constants were added to these distribu-
tions, resulting in the total distributions as shown in figs. 6 and 7.

figure 6: Dwell time distribution for Stockholm city.

Table 1: Data for door obstructions.

Dwell time extension (s)
estimated frequency

Stockholm Odenplan Stockholm city

Short obstruction 5 17% 50%

long obstruction 18 2% 10%
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The mean dwell time in Stockholm city is 78 s and in Stockholm Odenplan 50 s. This 
fact gives some very interesting results: the dwell time in Stockholm Odenplan is about 
12 s longer than that in Årstaberg and Stockholms Södra, although the time for passenger 
exchange is the same. This is the expected capacity cost for the platform screen doors. Since 
Stockholm Odenplan is a two-track station, it is reasonable to believe that this station will 
become the bottleneck of the line.

On the other hand, Stockholm city proves to be a station where trains will recover delays, 
since the scheduled dwell time, 180 s, is well above even the longest dwells in the distribution.

5 SImulaTION reSulTS
a detailed infrastructure model for the system Älvsjö–Sundbyberg/Solna was built up in 
railSys (radtke [6]) and timetables for the five levels of capacity utilization were con-
structed. each timetable included four traffic patterns, corresponding to the four branches in 
the network.

The four distributions for initial delays were assigned in Älvsjö for northbound traffic (two 
patterns) and in Sundbyberg and Solna for southbound traffic. Distributions for dwell times 
were assigned as follows:

•	 Årstaberg and Stockholms Södra: distribution for total dwell time compiled directly from 
measurements in Årstaberg station (see fig. 4).

•	 Stockholm city and Stockholm Odenplan: distribution derived from monte carlo simula-
tion (see figs. 6 and 7).

These distributions for dwell time were adjusted in three levels to reflect the effect of the 
three alternative door closing procedures in Stockholm city and Stockholm Odenplan that 
were to be evaluated.

figures 8 and 9 show the simulation results as mean departure delay for all stations. The 
mean arrival delays at Stockholm city are also included in the figures, since the scheduled 

figure 7: Dwell time distribution for Stockholm Odenplan.
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dwell time in this station contains time supplements for delay recovery. mean delays for the 
existing system are also shown for comparison.

Northbound traffic shows the expected effects of the traffic separation that is the main aim 
of the city line. The commuter trains can pass through Stockholm without interaction with 
regional and long-distance trains. This is shown in significantly lower delays. The useful 
capacity in this direction would be at least 24 trains/hour, given that all assumptions hold. 
Stockholm Odenplan is a bottleneck, which is reflected in increase of delay, whereas the long-
scheduled dwell time in Stockholm city gives a good recovery effect. It is a  considerable 
advantage for northbound traffic that the recovery is located just before the most capacity-
restrictive passage of Stockholm Odenplan.

Southbound traffic shows less useful capacity, if mean delay is to be decreased compared 
to the current system with mixed traffic. This is due to the fact that the bottleneck station, 
Stockholm Odenplan, is located before the station where trains recover delays.

figure 8:  Simulation results for northbound traffic. The diagram indicates mean departure 
delays during rush hours for all stations. for Stockholm city both mean arrival and 
departure delays are presented.

figure 9:  Simulation results for southbound traffic. The diagram indicates mean departure 
delays during rush hours. for Stockholm city both mean arrival and departure 
delays are presented.
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The variance in arrival delay in Stockholm Odenplan is rather high and it results in train 
queues and delay propagation. The useful capacity for southbound traffic is therefore only 
22 trains/hour, if mean arrival delay in Stockholm city is not allowed to exceed the current 
arrival delay in Stockholm central station.

The differences between alternative door closing procedures are relatively small, about 
five s/train as a maximum. The capacity utilization has generally a greater impact on mean 
delays.

6 cONcluSIONS
This paper explores how simulation can be used to determine useful capacity for a commuter line 
and how the effect of platform screen doors on capacity can be estimated through simulation.

Since the platform screen doors extend dwell times, the effect on capacity can be modelled 
through adjustments of the dwell time distribution in stations equipped with platform screen 
doors. The compilation and derivation of these distributions constitute a core activity in this 
simulation study, whereas the simulation itself follows ordinary standards.

The study indicates that the platform screen doors reduce the useful capacity, since they 
extend the dwell time by 12 s (mean value). The main goal, to operate 24 trains/hour/ direction 
on the city line, is difficult to achieve, especially in the southbound direction where the 
 bottleneck station is located right before the four-track station where scheduled dwell time 
can be extended in order to allow trains to recover delays.

The useful capacity might be even lower, since no failure rates for neither the screen doors 
nor other parts of the infrastructure or vehicles have been taken into account in the simulation 
studies. a straight comparison to empirical delay data from the current system is therefore 
not easily performed.
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