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ABSTRACT
Today many railway lines are operated close to maximum capacity. A common question asked is: “How
is the quality of operation affected if one additional train/h is scheduled?” With the upcoming
deregulation of operation, the necessity to be able to answer this question accurately increases when
service operators that are denied train slots due to congestion demand a motivation.
The objective of this paper is to investigate how secondary delays on a congested double-track line
depend on several parameters such as:





Number of trains/h.
Timetable heterogeneity (speed difference).
Primary delay levels.
Inter-station distance.

Each combination of settings of the parameters is investigated to capture possible interaction effects.
The infrastructure model consists of a fictitious double-track line with overtaking stations at regular
intervals. A program that generates timetables and perturbation data according to specified input settings
is developed. The output of the program is data files that can be read directly by the well-known
simulation tool RailSys. This process makes it possible to simulate the hundreds of different timetables
that are the result when the parameters investigated are varied. The outcome of the simulations is
analysed to find the influence of the investigated parameters on the secondary delays.
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INTRODUCTION
Railway operation involves several complex systems, such as railway infrastructure, rolling stock,
timetable, human behaviour etc. All of these systems have to work flawlessly or the train operation will
be affected with delays as the result. Today many countries face an increasing demand for transport on
already heavily utilized railway systems. Higher capacity utilization gives an increased sensitivity to
delays. The capacity utilization depends on several factors: infrastructure, number of train per hour, speed
difference between train services, level of primary delays and acceptance of delays.

The total delay is the outcome of delays due to external factors (primary delays), delays due to interaction
between trains (secondary delays) and the use of allowances in the timetable that enables the trains to
catch up delays. In general, primary delays are not considered to depend on capacity utilisation but on
other factors such as weather conditions and maintenance of railway infrastructure and rolling stock. The
secondary delays on the other hand, are heavily dependent on the capacity utilisation, since the buffer
times between trains are crucial to avoid delay transfers between trains. For this reason it is more
convenient to analyse how the secondary delays, rather than the total delay, depend on load and
heterogeneity. The main objective of this paper is to analyse how secondary delays on a double-track line
depend on the load and heterogeneity of the timetable, but also the effect of primary delays and interstation distance. Beside the secondary delay, the allowances are also analysed in order to understand their
influence on the total delay.
The method employed to perform the analysis is based on micro simulation. One of the great advantages
of micro simulation, compared to e.g. macro simulation and analytical models, is that the models often
are so detailed that many of the states in the simulation model correspond to real values that can be
subjected to detailed analysis. Among the disadvantages of micro simulation is that, due to the high level
of detail, the procedure of setting up the simulation often is a very time consuming process. Also, the
simulation itself may take a long time compared to other methods. For this reason, it is most common to
only investigate a few scenarios, typically fewer than ten, to analyse the impact of changes in for example
the layout of the infrastructure, rolling stock, timetable or perturbations.
A more general analysis demands many scenarios to be investigated, and if several factors are to be
varied at the same time, the number of scenarios increases rapidly. If each scenario, i.e. simulation, has to
be set up and run individually, the number of factors and levels are severely limited, or the time to
implement the experiment will be intolerably long. In this paper a method is described that makes it
possible to vary several parameters in several levels giving rise to hundreds of scenarios. In order to
reduce the time needed to set up the simulations, a program has been developed that systematically varies
the investigated factors and creates the necessary input data to the simulations. Besides reducing the time
for setting up the simulations, the program also decreases the number of simulations needed by grouping
several scenarios in the same simulation.
RELATED RESEARCH
There are several different methods of analysing railway operation. The different methods can be divided
into analytical, combinatorial and simulation based, Mattson (2007). All approaches have their
advantages and disadvantages. Typically, the advantages of analytical and combinatorial methods are that
they do not necessarily require detailed information about for example the timetable. This makes them
suitable to long-term planning where a timetable may not exist and general results are needed. Among the
disadvantages are that perturbations often are modelled in a simplified manner, if they are modelled at all,
and that the effect of dispatching is not considered. Simulation on the other hand can model the
perturbations in detail, but is in general time consuming and requires detailed knowledge about timetable
and infrastructure.
Huisman (1999) developed a stochastic model for estimating the running time on double-track railway
lines with heterogeneous train traffic. The model describes secondary delays due to faster trains catching
up with slower ones. The train order can be either random, useful for long term planning, or defined by a
cyclic timetable. The primary delays used include both entry delays and running time extensions.

Huisman demonstrates the model by applying it on a Dutch railway line to show how the number of
trains, heterogeneity, primary delay, train order and buffer times influence the delays. However, the
model is limited to analyse delays on line sections where trains are not allowed to overtake, hence delays
at stations due to overtaking and dispatching actions are not included.
Vromans (2006) defines two measures of heterogeneity and uses simulation to show their correlation to
the average delay. The two measures are SSHR (sum of shortest headway reciprocals) and SAHR (sum of
arrival headway reciprocals). The first measure looks at the headway both at the start and at the end of the
line section, and therefore takes into consideration both the heterogeneity in speed of the trains and the
spread of the trains over the hour. The second measure, SAHR, focus only at the headway at the end of
the line section under the assumption that the headway at the end is more important than at the start.
Several timetables with different heterogeneity are created and simulated using the simulation tool
SIMONE to show that both heterogeneity measures correlate positively to the average delay. In the
simulation both dwell time extensions and running time extensions are used. Overtakings are also
possible.
Rudolph (2003) looks into the effect of size and allocation of different types of timetable margins and
allowances. Higher allowances and margins increase timetable stability but also increase travel times and
reduce capacity. Allowances are defined as additional time added to the technical minimum running time
between the stations or time added to the stop time at the station. The allowance is meant to compensate
for small delays to avoid that the train gets late. The margin, or buffer time, is added to the minimum
headway between two trains with the purpose to avoid delay transfer between trains. Different strategies
for applying allowance and margins are investigated using the simulation tool RailSys.
Rudolph also categorizes delays by cause and effect. By cause, the delays are divided into primary and
secondary delays. The primary delays are created with no other trains involved and can be caused by
either internal or external reasons. Examples of internal reasons are technical failures, engineering work
and delays caused by railway personnel. External reasons are extended boarding and alighting times,
accidents and weather conditions. Secondary delays are caused by interaction with other trains and are
due to occupation conflicts, e.g. headway and crossing conflicts, or delay transfer between trains with a
scheduled connection. The effects of the delays are running time extensions, dwell time extensions and
additional stops.
Lindfeldt (2010) uses advanced experimental design, simulation and response surface metamodelling to
analyse how nine different parameters affect delay development of mixed traffic on a double-track
railway line. The investigated parameters are: distance between adjacent overtaking stations, train top
speed, train frequency, entry delays and running time extensions, for both high-speed services and freight
services independently. In order to reduce the number of necessary parameters, the delays are modelled
by negative exponential distributions. Also, Lindfeldt points out the difficulty of defining the timetable by
a few independent factors. Thanks to the experimental design using Latin hypercubes, only 66 design
points are needed to form the metamodels.
The simulations are performed in the simulation tool RailSys using the mean and standard deviation of
the delays as response variables. The results show that the speed and frequency factors as well as the
running time extension have great impact on delays. The entry delays and inter-station distance are found
to have less impact.

METHODOLOGY
The method used in this study is simulation based. The simulation model consists of several sub models
representing the railway infrastructure, train types, timetables and perturbations. All of these models need
to be defined in order to execute a simulation. The main aim of the simulation is to determine the
consequences of the interaction between the trains. In this work the railway simulation tool RailSys,
Radtke (2005), has been used to perform the simulations.
A flowchart showing an overview of the method can be seen in Figure 1. The first step is to build the
infrastructure models that are going to be used in the simulations. This is done the traditional way using
RailSys. When the infrastructure models are built, all required train types are defined, unless taken from
an earlier project. A timetable including several trains of each train type used is defined in RailSys. After
the timetable is saved, the developed program can use the timetable to extract running times between the
stations for all train types and other information about the infrastructure that is necessary to know when
generating new timetables and perturbations. Parameters used to characterize the new timetables and
perturbations are defined in an Excel sheet as input to the program.
As the timetables and the corresponding perturbations are created, the data is saved to xml-files that
RailSys can use when initializing the simulations. After the simulations are completed, the results are
exported to text files (csv format). The results consist of arrival and departure lateness at all stations for
all trains and all cycles. The lateness data together with the timetable and exact knowledge of applied
primary delays make it possible to estimate the secondary delays and how allowance is used to catch up
delays etc.
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Figure 1: Method overview.
Experimental design
All combinations of settings for all parameters are simulated. There are methods for reducing the number
of necessary simulations in the experiment, Barton (2004) and Sanchez (2007), but since the focus of this
work is to increase the number of simulations that is possible to perform, no effort was put into applying a
more complicated experimental design strategy.
Four factors are varied in the experiment: station distance, train starting order, load and primary
perturbation level. The full setup is shown in Table 1.

Table 1: Experiment setup.
Parameter: Inter-station distance
Train order
Load
Perturbation level
[km]
Train type: 1: high-speed, Headway, % of
Low, high
2: intercity, 3: freight
minimum
1
2
1
20
3
12
1.16
13
Low
23
1.38
30
112
113
1.71
122
123
2.23
High
40
132
133
3.22
223
233
3
14
6
2
No. of levels

Infrastructure
The distance between the overtaking stations is varied in three levels: 20, 30 and 40 km. The levels are set
to reflect reality on Swedish double track lines. The inter-station distance is constant in the model. Of
course, in reality this is not the case. It has been shown in Lindfeldt (2011) that the inter-station distance
on Swedish double track lines follows a Weibull-distribution. However, placing the stations at constant
inter-station distances is in this project a necessary simplification.
Train starting order
If the timetable consists of several different train types the starting order of the trains becomes an
important factor. In a timetable with more than just a few trains the number of ways the train types can
depart become extremely large. The problem can be tackled by either settling for a cyclic timetable with a
short cycle time, or generate timetables where the starting order is random. The second alternative
requires several timetables to be created in order to make the result stochastically independent. For this
reason the first option was easier to implement and therefore chosen in this experiment.
The timetables created are all unique combinations of starting orders that can be created by using three
train types and a length of each cycle of up to three trains. Due to cyclicity, the number of unique
combinations is only 14, shown in Table 2. The table shows the starting order as the trains depart the first
station. For all timetables, except the two consisting of three different train types (nr 10 and 11), the order
is kept the same, regardless of occurring overtakings, again due to cyclicity. Timetable 10 and 11 become
variants of each other as overtakings occur along the line and for this reason it may not be necessary to
simulate both timetables. However, both were kept in order to compare their results.

Table 2: Cyclic timetables, note that the figures show two cycles.
Red: high-speed trains, green: intercity trains, blue: freight trains.
Explanation: Timetable number (train order) [heterogeneity]

1 (1) [0]

2 (2) [0]

3 (3) [0]

4 (1 2) [19]

5 (1 3) [55]

6 (2 3) [36]

7 (1 1 2) [12]

8 (1 1 3) [37]

9 (1 2 2) [12]

10 (1 2 3) [37]

11 (1 3 2) [37] 12 (1 3 3) [37] 13 (2 2 3) [24] 14 (2 3 3) [24]

Load
The load is defined as a percentage of the minimum headway, see Table 1. For every timetable the
minimum possible headway has been found by repeatedly and systematically using the timetable
generating part of the developed program to find the shortest possible headway that still makes it possible
to construct a conflict free timetable. The minimum headway depends on speed differences between train
types, stopping patterns, inter-station distances and required buffer times.
As an example, for timetable four in Table 2, the minimum headway between the high-speed train and the
following intercity train is 200 s and for 350 s for the reversed order. At the highest load, timetable four is
constructed using the minimum headway. When the same timetable is constructed but with a lower load,
the minimum headways are multiplied by the factors in Table 1. The load factors in Table M_1 are set to
create a constant step in number of trains per hour.
Perturbation level
The level of the applied primary delays is varied in two steps, low and high. This includes all types of
primary delays used, i.e. entry delays, running time extensions and dwell time extensions. The levels of
the delay types are not changed individually. This means that when the perturbation level is set to high, it
is high for all delay types of primary delays. Hence it will not be possible to analyse the impact of the
different types of primary delays, only the effect of the overall level of primary delay applied.
Infrastructure model
The different infrastructure variants analysed have been built using RailSys. The infrastructure model is
the only parameter in this study that cannot be varied automatically in the developed method.
The models are simplified double-track lines with only one track since the traffic is only simulated in one
direction. This simplification is rational since traffic in different directions is generally independent of
each other. The stations are modelled as two-track overtaking stations with a track length of 1000 m. The
total length of the line is constant at 200 km, hence does the number of stations vary between the
infrastructure variants. All tracks are completely horizontal. The lengths of signal block sections are

1000 m and no overlaps are required for releasing train routes. The speed is 200 km/h on the main track
and 100 km/h on the sidetrack.
Timetable model
As mentioned before, the timetable is made up of three different types of trains: high-speed, intercity, and
freight trains. Some characteristics of the trains are listed in Table 3. The total number of stops is
independent of infrastructure variant and all trains stops at the first and last station.
Table 3: Train type characteristics.
Train type

High-speed

Intercity

Freight

Vehicle

X50

X60

RC4, 1000 ton

Top speed [km/h]

200

160

100

Average speed [km/h]

168

125

95

Total running time [min]

72

90

127

Number of stops

4

6

2

Priority (1:high, 3:low)

1

2

3

All scheduled stops are modelled in the same way for all train types. The scheduled dwell time is 120 s
and the minimum dwell time is 30 s. This has significance for the ability of catching up delays and when
dwell time extensions are applied. The minimum stop time means that the trains never can stop for a
shorter period of time than 30 s. However, if the train arrives late at the station and no dwell time
extension is applied, it is possible for it to perform a 30 s stop instead of the scheduled 120 s, hence
reducing its delay by 90 s. Of course, if the stop is due to that the train is to be overtaken by another with
higher priority, the scheduled dwell time can be higher than 120 s. However, the minimum dwell time is
always 30 s.
The difference between scheduled and minimum dwell time is an allowance used to compensate for
delays. In the same way allowances are applied between the stations by increasing the scheduled running
time. This allowance is meant to compensate for different driver behaviour and small delays occurring
between the stations. When trains are scheduled in Sweden an allowance of 3% of the running time is
meant to compensate for driver behaviour. Beside this allowance, extra time is added before big junctions
and when arrival times are rounded to whole minutes, Banverket (2000). To include all of this mentioned
above, a general running time allowance of 6% is added to the minimum technical running time, the same
as used by DB (Rudolph, 2003). The trains are allowed to use the entire allowance to catch up delays. It is
shown in Lindfeldt (2009) that it is appropriate that it should only be possible to use a part of the running
time allowance to catch up delays to achieve a realistic behaviour. However, those conclusions are based
on real timetables where large parts of the running time allowance tend to be located at discrete locations,
often big junctions. The extra allowance is meant to compensate for delays due to for example
unscheduled train movements, such as shunting. In the simulation these movements are not modelled,
therefore it can be necessary to limit the percentage of the allowance that can be used to catch up delays.
In this work, no real timetable is used, and therefore there is no need to limit the use of running time
allowance. This increases the transparency of the results.
To ensure robustness of the timetable, minimum buffer times between trains have to be maintained. For
trains heading in the same direction on a double track line, this means a minimum allowed headway time
at each signal the trains pass, Banverket (2000). The part of the program constructing the timetable has no

detailed information about the block sections, so these buffer times are applied at arrival and departure at
the stations instead. In the program these times are set to 180 and 140 s respectively and are also
necessary to ensure that the timetable is conflict free when imported to RailSys. Two examples of the
same timetable (number 11) for different loads are shown in Figure 2.

Figure 2: Timetable type 11, 20 km infrastructure, for loads 7.2 and 5.2 trains/h
Perturbation model
The primary delays applied in the simulations are entry delays, running time extensions and dwell time
extensions. Both entry delays and running time extensions are modelled by empirical distributions and the
dwell time extensions follow an analytical lognormal distribution. All distributions have been taken from
an earlier project where empirical data from the Western Main Line in Sweden (a double track line from
Stockholm to Gothenburg) has been used to estimate the distributions, Nelldal (2008). The distributions
have in some cases been adjusted according to the new infrastructure they are being applied to. In some
cases they have also been altered in order to reduce the number of cycles needed to achieve stability.
The same delay distributions have been applied to all train types. In simulations of real train operation,
different train types are often allocated to different delay distributions due to different behaviour in real
life. This is especially true when comparing freight trains and passenger trains. In this work however, the
focus is on how certain parameters, such as load and heterogeneity, affect different types of trains.
Therefore, in order to keep the results comparable between train types, the same primary delays are
applied to all trains.
Entry delays
When the trains are created in the simulation model, they are assigned an entry delay according to a
stochastic distribution. The entry delay is meant to model delays due to processes outside the boundary of
the simulation model. In this work two empirical distributions for entry delays have been used. Both
distributions are based on the same type of service, but have been separated according to differences in
mean value and standard deviation. Figure 3 shows the two entry delay distributions used.

Figure 3: Entry delay distributions, low: mean 2, std 3 and
high: mean: 4, std 6.5.

Running time extensions
In the simulation model, running time extensions are applied between all stations (line sections). It is
reasonable to assume that the magnitude of the delays is proportionate to the length of the line sections.
The input distributions are based on empirical data from line sections with an average length of 34 km.
The distributions have been rescaled to fit the length of the line sections in the model (20, 30 and 40 km)
by adjusting the probability of receiving a delay. The scaling is done in such a way that the mean value of
the sum of all running time extensions applied along the whole line is the same, i.e. the mean of the
applied running time extensions are independent of infrastructure variant.
Table 4 shows some properties for the different distributions. The expected delay as a train passes the
whole line is the same for all of the distributions used in the simulation. The same is not true for the
standard deviation and is an effect of rescaling the distributions.
Table 4: Running time extensions.
No. of line-sections Length [km] Mean [s]
Original
Original truncated
Simulation 20 km low
Simulation 30 km low
Simulation 40 km low
Simulation 20 km high
Simulation 30 km high
Simulation 40 km high

10
7
5
10
7
5

34
34
20
30
40
20
30
40

84
8,4
5,1
7,3
10
9
13
18

Standard
Max [s]
deviation [s]
613
7320
29
164
23
164
28
164
32
164
30
164
35
164
41
164

Dwell time extensions
It was shown in Nelldal (2008) that a lognormal distributed dwell time extensions fits empirical data well.
The two distributions used in this project represent stops at smaller and larger stations, which affect the
dwell time Figure 4. Stops are modelled by a minimum dwell time and a scheduled dwell time. When a
dwell time extension is applied, the value given by the stochastic process is added to the minimum dwell
time to obtain the minimum time that the train has to stop. If the sum of the minimum dwell time and the
dwell time extension is larger than the scheduled dwell time, the train will get delayed (assuming that the
train arrives on time).
Figure 4 shows the probability density function as well as the cumulative probability function for the two
distributions. Also, the minimum and scheduled dwell time are indicated in the figure. The dwell time
extensions have only been applied at locations meant for passenger/goods exchange and not at stops only
due to overtakings.

Figure 4: Dwell time extensions.

Creating simulation ready timetables
The timetables created are going to be simulated and it is therefore crucial that they have very good
quality. Quality in this context means for example that the timetable has to be absolutely free of conflicts
and also be based on very accurate running times. Otherwise the results of the simulation will be affected
and the estimation of secondary delays and used allowance get wrong. It is also important that the follows
existing standards as far as possible in order to make the results comparable to data from real operation.
The running time between two overtaking stations in the model depends on train type, stopping pattern
and station train route used at the stations. In order to calculate all the necessary running times, trains are
scheduled in the same timetable that is used to get the information about the infrastructure. For every
infrastructure variant and train type, 16 trains are needed to cover all combinations created by the
stopping pattern and choice of station train route. Table 5 shows the data for one of the infrastructure
variants.
Table 5: Running times.
Station 1
MainStop
track
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Station 2
MainStop
track
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Running time (40 km)
X50

X60

RC4

12:44
13:43
13:33
14:32
13:17
13:43
14:07
14:32
13:21
14:18
13:44
14:43
13:53
14:18
14:18
14:43

15:55
16:21
16:24
16:50
16:08
16:21
16:37
16:50
16:16
16:42
16:35
17:01
16:29
16:42
16:47
17:01

25:27
27:00
26:16
27:49
25:27
27:00
26:16
27:49
25:27
27:00
26:16
27:49
25:27
27:00
26:16
27:49

The trains are entered into the timetable in order of priority, starting with first of the trains in the train
group with the highest priority. When a train has been successfully entered into the timetable, it can never
be changed, e.g. to solve a conflict. The priority is set for each type of train, Table 3, and in this work
priority is given to faster trains. The consequence is that faster trains will never have to slow down in
order to avoid conflicts with slower trains, which is not always the case in reality.
The part of the developed program creating the timetable is a recursive algorithm where each station is
represented by an instance of a function (here called station). The functionality of the function station is
described simplified in Figure 5.
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Figure 5: Scheduling algorithm.
Simulation input
Generating timetables and perturbations automatically reduces the time for setting up the simulation
significantly. However, it would still be impractical to run the hundreds of simulations that are required if
all scenarios have to be simulated individually. Therefore a few different methods of simulating several
scenarios in the same simulation were tried. The one that showed the best results was just to put several
timetables after each other in time. In RailSys it is possible to simulate timetables that are up to 26 days
long. Still, 26 days is not enough to fit in all timetables and therefore several simulations per
infrastructure variant are performed. Between the timetables a buffer time is added to allow the trains to
clear the system so that the timetables do not interfere with each other, Figure 6.

Figure 6: Simulation of several timetables.
Simulation
The delays applied to the trains are generated by a stochastic process. In order to make the results
converge and achieve a statistically stable result, the simulations have to be simulated several times,
cycles, with different random numbers. Since the most detailed evaluation is going to consider train
groups, rather than individual trains, the interesting number of replications is the number of trains in each
group times the number of cycles simulated. In this work each group consists of 35 trains, timetable
cycles, and the number of cycles simulated is 80.

When the timetables are simulated, there is a time at the start and end of the simulation when the entire
system is not filled with trains. These periods are called warm-up and cool-down periods. The trains
running within these periods will not be affected by other trains to the same extend because the system
contains fewer trains. Therefore five timetable cycles at the start and five at the end of each timetable will
not be included in the evaluation.
It may seem wasteful that 10 out of 35 trains are not used in the evaluation. Regarding total time needed
for the simulations, it is more efficient to increase the number of timetable cycles. This since the number
of cycles thrown away at the start and end of the timetable is constant. However, it also means that the
timetables become longer and given that the total length of the timetable in each simulation has a limit of
26 days, the number of simulations needed increases accordingly. Timetables made of 35 cycles which
are simulated 80 times are good compromise between total simulation time and number of simulations
needed.
Data post processing
After the simulations are finished, RailSys Evaluation Manager is used to export the results. The data
consists of arrival and departure lateness for all trains at all stations and all cycles. The data is then
imported and saved to the data structure generated by the program containing the timetables and
perturbations for analysis.
Allowances and secondary delays
As the allowances and applied primary delays are known in detail, good estimations of the use of
allowances and the generation of secondary delays can be made. As mentioned before, the available
allowances are 6% of the running time on the line sections, and at the stations it is the scheduled stop time
minus the minimum stop time.
Both the terms used allowance and secondary delay are not always easily defined. On the line sections
three different definitions for used allowance and two for secondary delays are considered.







Used allowance on line sections, type 1
The minimum of the train’s entry delay and available allowance on the line section.
Used allowance on line sections, type 2
The difference in entry delay and exit delay on the line section (only positive values accepted).
Used allowance on line sections, type 3
The maximum of type 1 and type 2

Secondary delay on line sections, type 1
As type 2, but also including the used allowance in line sections type 1
Secondary delay on line sections, type 2
The difference in exit delay and entry delay on the line section after compensating for applied
running time extension (only positive values accepted).

Figure 7 shows an example of how to interpret the two different definitions of secondary delays. A faster
train is catching up with a slower train on the line section, resulting in a secondary delay for the faster
train. The faster train is already late when entering the line section and had, if not made impossible by the
slower train, used its running time allowance to reduce the delay. If a comparison is made with what

would had happened if the slower train had not been in the way, the received secondary delay is as
indicated by 1 in the figure. The other alternative, when only the real increase in delay is considered a
secondary delay is indicated by 2 in the figure.
Station A

Obstructing train
Train with allowance
Train without allowance
Outcome train with allowance
Outcome train without allowance
Scheduled passing time

Station B
2
1

Time

Figure 7: Secondary delay on line sections.
The example in Figure 7 will also result in different usage of the running time allowance, depending on
the definition used. Type 1 will indicate that the entire allowance has been used, while type 2 will indicate
that no allowance has been used. When the secondary delay is calculated, it is necessary to make an
assumption that the running time allowance on a line section cannot be used to compensate for a running
time extension applied on the same line section. This is a good approximation since RailSys in the
simulation applies the running time extension just before it is time to set up a train route at the arrival
station, i.e. the train is close to the end of the line section and will not be able to use much of its running
time allowance. It is exactly for this reason that used running time allowance type 3 is calculated. In the
analysis, the used allowance on line sections type 3 and secondary delays on line sections are used.
Used allowance and secondary delays are also calculated at the stations. As defined here, the train is at
the station between the arrival time and the departure time. The times are measured at the track/platform
the train is using which means that delays due to conflicts while entering and exiting the station will be
associated to the line sections.
allowanceused  min(delayarrival  delaydwell , allowancedwell )
allowancedwell  dwelltimescheduled  dwelltimeminimum
delaysecondary  delaydeparture  allowanceused  delayarrival  delay dwell

Figure 8 shows two examples of trains arriving at a station for a planned stop. The first train arrives on
time and even though it receives a dwell time extension, it can depart on time due to that the dwell time
allowance is enough to absorb the applied dwell time extension. The second train is late and receives a
dwell time extension, but is still ready to depart on time. However, it leaves the station with a delay, and
it is therefore concluded that is has received a secondary delay. In the two cases the used dwell allowance
is equal to the dwell time extension and the sum of the dwell time extension and arrival delay,
respectively.
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Figure 8: Secondary delay at stations.
Heterogeneity
The heterogeneity measures are not based on the simulation results, but are only dependent on the
scheduled timetable. Two measures proposed in Vromans (2006), sum of shortest headway reciprocals
(SSHR) and sum of arrival headway reciprocals (SAHR) together with two other measures based on the
difference in running time are calculated.
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SSHR reacts to both difference in speed between trains and the spread of the departures/arrivals over
time. The SAHR considers only the headways at arrival under the assumption that for secondary delays,
headway at arrival is more important than at departure. The measures are calculated for one cycle in the
timetable and for each line section. As defined here, they are neither independent of the number of
trains/cycle, nor of the load (trains/h).
Also the mean of the difference in scheduled running time (MDSR) and the mean of the difference in free
running time (MDFR) are based on calculations on one timetable cycle. The difference between them is
that the first uses the total running time from the scheduled timetable, which means that extra stops for
overtakings are also included. In the second case, running times from the train types in the timetable are
used without extra stops, as if they were scheduled alone on the track. The difference between the
measures is that the first is dependent on the load, while second is not.
In the results both heterogeneity and load are used as explanatory variables and it is therefore desirable
that they are independent. Because of this, only the MDFR is used in the results presented in this study.
The heterogeneity of the different types of timetables is shown in Table 2.
RESULTS
The objective of the paper is to show how the use of allowances and the created secondary delays
correlate to parameters used to set up the experiment, i.e. load, heterogeneity, primary delay level and
inter-station distance. The results are presented both as examples from specific timetables and as figures

showing contour plots of curves fitted to data from a larger part of the experiment to show more general
tendencies. Also, the conclusions are reached by analysing the figures rather than performing a
formalized correlation analysis.
The left diagram in Figure 9 shows the exit delay as a function of load and timetable number (compare
Table 2). The maximum load differs a lot between the timetable types because of the heterogeneity. As
the increments in load are defined as the minimum possible headway multiplied by a percentage, the step
size in number of trains per hour is greater for timetables with a high maximum capacity. Also, despite
the greater step size, the high capacity timetables are not simulated for as low loads as the timetables with
low maximum capacity. This is important to have in mind when the surfaces are fitted to the data.
The first three timetables represent the completely homogenous timetables consisting of only one type of
train, hence the high maximum capacity. Timetable number two shows slightly lower exit delays than the
other two for high loads. This is explained by the fact that it consists of intercity trains with more stops
than both of the others consisting of high-speed trains and freight trains. Each stop is an opportunity to
recover from delays, given that the applied dwell time extensions are not too significant.
Timetable four, seven and nine all show low sensitivity increasing load. These timetables are the ones
consisting of only high-speed trains and intercity trains. One reason for this is that that both train types
have scheduled stops at the same stations, the timetable is cyclic and that the stations only have two
tracks. Therefore the capacity at the stations limits the maximum number of trains possible to schedule,
rather than only the difference in speed. For the opposite reason, timetables with freight trains show a
high increase in exit delay for the highest loads, timetable five, six, twelve. Of course, the limited
acceleration and retardation of the freight trains may also explain the higher sensitivity.

Figure 9: Left: Exit delay for 20 km infrastructure and perturbation level high.
Right: Allowances and delays for timetable type 10, 20 km infrastructure and perturbation level high.
The diagram to the right in Figure 9 shows more detailed information about the results from the
simulations of timetable type 10, the first of the two with all three train types. The diagram shows two
bars for each simulated load, indicated on the x-axis. All bar segments are mean values per train when
running the entire line. The blue bars show the exit delay of the trains and how much of the allowances
have been used to reduce the delays. The other bars indicate the delays that the trains have suffered from,
both primary and secondary. Both bars sum up to the same total time, which is a confirmation that the
definitions of used allowance and secondary delays are consistent.

Other interesting observations that also can be made by looking at Figure 9:
1. The applied primary delays are more or less constant for all loads which confirms that enough
number of cycles are simulated to achieve stability in the primary delays.
2. The secondary delays at stations increase as the load increases while the secondary delays at line
sections remain rather constant for the lower loads but increase significantly for the two timetables
with the highest load.
3. With increased load, it is foremost the use of allowance at stations that goes up while used running
time allowance remains the same.
4. Even though the secondary delays goes up with increasing load, the exit delay remains the same
until the last two load levels, thanks to the increased use of allowance at stations.
5. The system saturates somewhere around 6 trains/h, where both secondary line delays and exit
delays starts to increase. The system is unstable with higher exit delay than entry delay. Also, the
secondary line delay grows significantly when the number of trains goes from 6.3 to 7.3. The
secondary delays are bigger than the primary delays.
Allowances
The running time allowance and the allowance at stations can be seen in Figure 10. The figures are based
on the same timetable type as before, number 10, and the allowances for the three different train types can
be seen in different colours. Also, the part of the allowance used is indicated in the same but lighter
colour. With increasing load, it is almost only the freight trains that get an increase in the amount of
allowance scheduled in the timetable. This is a direct effect of that that the freight trains have the lowest
priority when the timetable is created, as it is the slowest train type in the timetable, and that they
therefore are forced to stop at stations to be overtaken. This can be seen clearly in the figure showing the
allowance at stations, but also as increased running time allowance due to longer running times induced
by the more frequent stops. The use of running time allowance goes up only marginally for the faster
trains with increasing load and remains approximately stable for the freight trains. At the stations
however, it is possible for the freight trains to significantly increase the use of allowance. For high-speed
and intercity trains most of the available allowance is already used at low loads due to that all stops the
trains make are stops with passenger exchange where dwell time extensions are applied.

Figure 10: Allowances for timetable type 10, 20 km infrastructure, perturbation level high.
So far, the results have only been analysed for one timetable type, infrastructure variant and level of
perturbation at a time. The main explanatory parameters of interest are load and timetable heterogeneity.

In order to explain how these two parameters affect allowances and secondary delays, contour plots of
three dimensional surfaces are used. The surfaces are fitted to x-, y- and z-values of the timetables, where
x is the load, y is the heterogeneity of the timetable and z is the allowance or secondary delay. The surface
is fitted to the data by estimating the constants in the equation below. The constants are calculated by
solving the over determined system in a least square sense.

z ( x, y)  ax  by  cxy  d
Figure 11 shows the scheduled and used allowance for the infrastructure variants with 20 and 40 km interstation distance. Important to know is that for the most heterogeneous timetables, the maximum load is
quite low, especially for the 40 km infrastructure. This restricts the area where the fit of the surface is
valid, and therefore the contours are only shown within the area of measurements. Several conclusions
can be drawn by looking at the figures:
1. Both the scheduled allowance and the used allowance show positive dependence of both load and
heterogeneity. For the scheduled allowance, this is explained by the fact that with greater load and
higher speed differences, more stops for overtakings have to be scheduled. For the used
allowance, it seems natural that it follows the available allowance.
2. The results for the infrastructure variants are shown in different colors. For heterogeneous
timetables at low load a small difference in scheduled allowance can be seen. At the same level of
scheduled allowance, it is possible to run more trains on the infrastructure with 20 km inter-station
distance than on the one with 40 km. This is easily explained by the fact that the overtakings
should in general take longer time when the inter-station distance is greater, due to the longer
running times. However, the difference in scheduled allowance does not reflect in how much of it
is used.
3. The percentage of the scheduled allowance used is smaller for heterogeneous timetables than for
homogeneous. One reason for this is that no dwell time extensions are applied at stops made only
for overtakings, hence no allowance will be used to compensate for the applied primary delay. The
proportion of stops made for overtakings is higher for heterogeneous timetables. Also, very long
stops are not very efficient since many trains are not that late.

Figure 11: Scheduled and used allowance, perturbation level high.
Figure 12 shows used allowance for the 20 km infrastructure and for both low and high level of primary
delay. Note that the heights, z-values, of the contours are not equal in the figure. It is apparent from that

the level of primary delay has a major impact on how much of the allowance that is used, especially for
homogeneous timetables. Homogenous timetables use a large percentage of the allowance already at a
low level of primary delays, and therefore it is difficult to use much more, even at a high level of primary
delay.

Figure 12: 20 km infrastructure.
Secondary delay
Crucial for secondary delays on double-tracks are how unscheduled overtakings are performed.
Unscheduled overtakings are performed when trains with higher priority catch up with trains with lower
priority. When deciding if a overtaking is necessary, the dispatching algorithm in RailSys calculates the
expected additional delay at the next station, given that no dispatching decision is made. If this additional
delay is higher than a specified limit, the algorithm decides to perform an overtaking and let the high
priority train pass. If the time limit is set low, trains with higher priority will receive less secondary delays
on the line sections and low priority trains will get higher secondary delays at stations. The opposite is
valid if the limit is set to a high value. Care should be taken not to set the limit to high, or overtakings will
not occur at all. The upper limit depends on the inter-station distances and speed differences of the trains.
In this work the standard setting of 120 s has been used and considered to work well.
In figure 13 the secondary delays on the line sections and at the stations are shown for the three train
types in timetable type 10. It is obvious from the figures that the high-speed trains and the intercity trains
suffer from secondary delays on the line sections, while the freight trains get more delays at stations. For
low loads, the increase in delay is mostly originating from freight trains being overtaken at stations. At
very high loads the secondary delays at stations for freight trains do not increase so much because they
already have scheduled stops at most of the stations. On the line sections the increase in delay is at first
quite small, but increases significantly at the very highest load, especially for the faster trains. This is
probably partly due to the fact that the capacity at the stations limits the possibility to perform
overtakings. Also, it may seem surprising that freight trains suffer from more delays on the line sections
than the faster trains for low loads. This is explained by that the freight trains get longer running times
than scheduled on line sections before and after an unscheduled stop due to retardation and acceleration.

Figure 13: Secondary delays for timetable type 10, 20 km infrastructure, perturbation level high.
Figure 14 shows the result of the same type of fit that was done for the allowances. The figure to the left
shows results for two infrastructure variants and the one to the right for both levels of primary delay. The
first conclusion that can be made is that the secondary delays are higher for heterogeneous timetables than
for homogenous, given the same load. Also, the secondary delay grows faster with increasing load for
heterogeneous timetables.
Comparing the results from the two infrastructure variants shows a surprisingly small effect of change in
inter-station distance. A more detailed study of the results for the individual train types revealed that the
high-speed trains gain from shorter inter-stations distances. The difference for intercity and freight trains
were small. One reason why longer inter-station distances may not increase the secondary delays is that
the timetable has more allowance. Another explanation is that the intercity trains have scheduled stops at
all stations on the 40 km infrastructure, and hence will never be overtaken at a station where they would
not stop anyway, which reduces the secondary delays. However, a shorter inter-station distance means a
higher maximum capacity and more flexibility when planning the timetable.
The primary delay level has a significant effect on the generated secondary delay. The figure shows that
the closer the timetable is to maximum capacity, the more sensitive is it to primary delays. It is also
evident that homogeneous timetables are more sensitive to primary delays than heterogeneous close to
maximum capacity.

Figure 14: Left: Perturbation level low. Right: Infrastructure variant 20 km.

Total additional running time
From a socioeconomic perspective the total additional travel time is of interest. Often different costs are
assigned to scheduled running time and delays, where the uncertainties of the delays result in a higher
cost per time unit. The result of scheduling more trains on a railway line is not only an increased
sensitivity to delays, but also longer scheduled travel times. In Figure 15 the total cost of increasing load
is represented by the sum of additional scheduled running time and the exit delay. The exit delay is not
only represented by the mean value, but also the standard deviation. This is reasonable since the spread of
the delay distribution is a measure of predictability and should therefore also have a price. As the load on
a railway line increases, so will the total additional running time until a point is reached were it is not
acceptable any more. This is one way of defining the maximum capacity.
Figure 15 shows the prolonged scheduled running time and exit delay for two types of timetables. The
first is for a completely homogenous timetable consisting of only intercity trains, the second a more
heterogeneous, but still rather homogenous, timetable with one high-speed train and two intercity trains.
For the first timetable the total additional running time is almost only made of the mean and standard
deviation of the exit delays. Only at the top three loads is there a small extension of the scheduled running
time. At higher loads, the trains are too close to each other to permit two consecutive trains to use the
main track at stations where they have a scheduled stop. Due to this, some trains receive a longer running
time because they have to use the side track, which permits a lower speed than the main track.

Figure 15: Infrastructure variant 20 km, perturbation level high. Left: Timetable type 2.
Right: Timetable type 9.
Several interesting things can be observed in the second figure with the timetable with both high-speed
and intercity trains. Even though the timetable is rather homogeneous, the scheduled running time is
extended considerably for the slower intercity trains due to overtakings. The high-speed trains do not
receive any additional scheduled running time because of their high priority when the timetable is
scheduled. In reality, sometimes faster trains may have to accept longer running times in congested
situations. At the lowest load no overtakings are required and the total additional running time is only
made of delays. At 5.1 trains/h, one of the intercity trains is overtaken by a high-speed train. However, no
overtaking is required for the other intercity train. At the next two load levels both intercity trains are
overtaken once. The difference in additional running time between the intercity trains at 6.7 trains/h is
due to that one of the trains is overtaken by a high-speed train that performs a scheduled stop during the
overtaking. At 9.9 trains one of the intercity trains is overtaken twice and at the final load level both

intercity trains are overtaken twice. At both 5.1 and 9.9 trains/h it is clear that the exit delay of the
intercity train with an additional overtaking has significantly lower mean and standard deviation. This is
explained by the extra allowance that an overtaking signifies and gives a hint of the relationship between
allowance and exit delay. Also, the fact that the extra overtaking is located at the end of the train run,
makes the effect on the exit delay even more evident. The exit delays for the high-speed trains stay
relatively constant but show a tendency to increase at the highest loads.
The results as a function of timetable heterogeneity and load is shown by the contour plot in Figure 16.
The contours showing the extension of the scheduled running time is the same as in Figure 11 showing
the scheduled allowance. If only the extension of the scheduled running time is considered, i.e. only the
timetable, the capacity is given by the black contours and depends on how much additional running time
is considered acceptable. If also the exit delays are taken into account, the capacity decreases and is given
by the blue (dashed) and red lines (dotted). Note that the loss of capacity due to delays is highly
dependent on the level of primary delays.
It is clear from the figure that for homogeneous timetables most of the total additional running time
consists of delays while for heterogeneous timetables the most of the total additional running time is due
to extended scheduled running time. Another conclusion that can be drawn by looking at the figure is that,
for a given heterogeneity, the exit delay grows with increasing load, despite that the scheduled allowance
also increases. The increased sensitivity due to increased load, i.e. decreased buffer times between trains,
outweighs the effect of additional scheduled allowances.

Figure 16: Infrastructure variant 20 km. Left: Perturbation level low. Right: Perturbation level high.
VALIDITY OF THE MODEL
Both the infrastructure models and the timetables analysed are fictitious. Therefore there are no good data
to use for validation for the specific cases simulated. Many of the components making up the simulation
models have been validated in earlier projects. The simulation tool RailSys is well known and has been
used to simulate Swedish railway operation for many years and a great effort has been put into calibrating
it to the Swedish conditions, Lindfeldt (2009). Also the delay distributions used to generate perturbed
timetables have been developed and validated in several earlier projects where validation against real data
has been possible, Nelldal (2008). The timetables created by the scheduling algorithm are validated by
RailSys with respect to being conflict-free and not having unfeasible running times when imported into
the program.

However, a rough validation of the model can be done by comparing the exit delays from the simulations
with real data of arriving and departing trains at a few stations along two of the Swedish double track
lines, the Western Main Line and the South Main Line. The data is based on two months of operation and
on all passing trains. Also, before calculating the mean and standard deviation, the observations were
separated with regard to weekdays and weekends to capture effects of the different timetables used.
Worth mentioning is that the observations are not entirely independent since many trains pass several of
the stations used. However, with the traffic situation changing along the line due to for example different
local services operating, the observations partly represent different operational situations.
Figure 17 shows the mean and standard deviation of the exit delay for all timetables simulated on one of
the infrastructure variants (40 km) together with data from real operation. The simulation results have
been separated using different colours according to the level of primary delays applied. The
corresponding entry delays are indicated by the red crosses. The difference between the figure to the left
and the one to the right is if the real data represents arrival or departure times.

Figure 17: Simulated values for 40 km infrastructure. Left: Departure values. Right: Arrival values
It is apparent in Figure 17 that the simulated values fit the real measurements quite well. This indicates
that the model works well and generates delays similar to reality and that it therefore should be possible
to use the results to draw valid conclusions. The groups of timetables using different levels of primary
delays are easily distinguished. Comparing the entry delays with exit delays, it is clear that it is possible
for most timetables to reduce the delays. Still, some timetables are unstable with higher exit delays than
entry delays. Also, there is a significant difference in the real measured values depending on if arrival
values or departure values have been used. In general the departure delays are higher than the arrival
delays. The reason for this may be that the stops are taking longer time than scheduled in the timetable,
but another certainly most contributing fact is that only departure times are recorded for trains passing the
station without a scheduled stop. These trains are typically freight trains and long distance passenger
trains which both are trains categories with higher delays than average.
CONCLUSIONS
Method
One of the main disadvantages when micro simulation is used to analyse railway operation is the time
consuming process of building the detailed models. In order to be able to answer more general questions,

several simulations have to be performed since the result of each simulation is heavily dependent on the
exact specified input only. For this reason, many simulation experiments are limited to investigate a few
parameters with a small number of steps. There are methods available that allow you to draw general
conclusions from a limited set of simulations, Lindfeldt (2010), but it is still necessary to be able to
increase the number of simulations if it shall be possible to draw conclusions about general relationships
with more accuracy.
The method described in this paper shows that it is possible to use the simulation tool RailSys to simulate
hundreds of different scenarios and use the results to draw general conclusions about railway operation.
To make this possible, a program has been developed that can make “ready to simulate” timetables and
perturbations according to specified input parameters. In total, 504 different scenarios have been
simulated using just 20 simulations. In fact, for this experiment, the number of simulations can be
reduced even further by a factor of two or even six relatively easy. Also, a quick validation using data
from real operation from double-track lines in Sweden showed that the mean and standard deviation of
the exit delays of the trains in the model are in the same range as in real operation.
Because the timetables and perturbations were created by an own developed program, detailed data about
allowances and applied primary delays were easily accessible. This made it possible to accurately
estimate how different types of allowances were used and secondary delays created in the simulations.
This provides a more detailed insight into how the system works and is crucial for the understanding of
the behaviour of railway operation.
Results
The delays in railway operation depend on several factors and are the result of complex interaction
between primary delays, secondary delays and catch-up effects due to allowances in the timetable. In this
study secondary delays and the use of allowances as functions of load, heterogeneity, inter-station
distance and primary delays have been analysed. Cyclic timetables with different load and heterogeneity
have been created by varying headways and using different combinations of train types. Three
infrastructure models with different inter-station distance of equally spaced stations have been used. Two
levels of primary delays (entry delay, running time extension, dwell time extension) based on data from
real operation on Swedish double tracks have been applied.
Load and heterogeneity
Both the use of allowance and secondary delays showed high dependency of load and heterogeneity. The
higher the load and heterogeneity, the higher are also the secondary delays and the use of allowance.
Also, for heterogeneous timetables, the use of allowance and secondary delays increases faster with
increased load, compared to homogenous timetables. One reason why heterogeneous timetables use more
allowance is that there are more allowances in their timetables due to scheduled overtakings. Despite this,
secondary delays are higher for heterogeneous timetables than for homogenous.
Inter-station distance
The inter-station distance had surprisingly low effect on both the use of allowance and secondary delays.
Especially the secondary delays were expected to increase with longer inter-stations. One explanation
could be that, for a given load and heterogeneity, a higher proportion of the stations have scheduled stops
in the variants with longer inter-station distances, with the effect that trains are not overtaken at stations
where they do not have scheduled stops as often. This results in lower secondary delays at the stations.
However, the results are in line with earlier findings in Lindfeldt (2010).

Perturbation level
The applied primary delays had great impact on both used allowance and secondary delays. The results
show that, for a given amount of secondary delays, timetables close to maximum capacity are more
sensitive to primary delays. This result is not surprising, since the closer to each other the trains are
scheduled, the more likely is it that they will interfere with each other. A more interesting result however,
is that homogenous timetables are more sensitive to primary delays, given the same level of secondary
delays. The probable explanation for this is that they have smaller possibility to catch up delays due to
smaller allowances. In heterogeneous timetables, the extra allowances are given to the slower trains,
which are also the ones likely to cause secondary delay to other trains if they are not running according to
the timetable.
Capacity
Capacity is a property that is not easily defined. Increased capacity utilisation does not only result in
increased sensitivity to delays, but also longer scheduled running times. For this reason a measure called
“total additional running time” was introduced. It is a measure of capacity utilisation that includes both
sensitivity to delays and the extension of scheduled running times. It represents the expected travel time,
including a measure of uncertainty due to the spread of the delays, relative to the shortest possible travel
time. The total additional travel time is strongly correlated to both load and heterogeneity of the
timetable, but also to the level of primary delays.
FUTURE WORK
The developed method described in this paper can be applied to analyse other issues within railway
operation. Also, the method itself can be developed and improved in several ways. Listed below are a few
ideas of improvements.
1. In the same way as the timetable and perturbations are automatically constructed, the method can
be expanded to also create the infrastructure model. As with the timetable and perturbation data,
the infrastructure model is accessible through xml files. With automated generation of
infrastructures, the impact of parameters such as inter-station distance, number of tracks at
stations, length of signalling block sections etc., can be investigated thoroughly.
2. Use randomly generated timetables instead of cyclic timetables. The advantage with randomly
generated timetables is that it is easier to give them desired properties, like heterogeneity. Also
undesired affects due to cyclicity, such as uneven use of station capacity, is avoided.
3. In this work the experimental design applied was very basic. With the combination of an
intelligent experimental design and the possibility of simulating hundreds of scenarios, the method
can get very powerful.
4. The method makes it possible to estimate secondary delays and use of allowances with high
accuracy. In this work only the level of primary delays was varied. If the primary delays are varied
individually, their effect on secondary delays can be analysed more thoroughly.
5. Optimisation can be included in the timetable construction to increase the comparability between
scheduled timetables. Also, optimisation can be used in combination with simulation to find
timetables that minimises the sensitivity to delays.
6. A similar method can be developed for analysing single-track lines.
7. Assigning costs to the different components in the total additional running time. The costs could
be differentiated according to for example type of time (i.e. delay, longer scheduled running time),
and train type. Also, the measurement may be refined by also looking at the delays en route.
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