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Abstract
In a railway network with dense traffic, trains’ scheduled arrival and departure times are
highly dependent on each other and even a small delay easily propagates to subsequent
trains using the same infrastructure resources. In the current paper a given timetable is com-
pared to a modified timetable, where the assigned minimum time slot in the traffic for a
service is linearly increasing with the service’s travel time. The underlying assumption is
that trains lose precision as they travel longer and catching a fixed-size time slot is easier at
the beginning of the journey. Real world observations confirm this assumption as well. The
aim of this study is to verify the improvement in the robustness of those timetables that are
modified with respect to the idea of travel time dependent reserved time slots for the arrival
times of trains and to compare the results with the initial timetables. Numerical experiments
are conducted on a selected double track segment of the Swedish Southern mainline. Four
timetable case studies are considered for the experiments: off-peak hours and peak hours
in 2011 and 2014, respectively. Each timetable is tested for various disturbance scenarios.
Several performance measures are used to evaluate delay propagation in the timetables, in-
cluding deviations from the initial timetable, total delays, total number of delayed trains at
destinations, number of punctual trains with 5 minutes arrival delay tolerance at destina-
tions and number of violations in trains’ overtaking orders. Results show that the modified
timetables outperform the initial ones for small disturbances.
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1 Introduction

In recent years the use of railway transport has increased in most West-European countries,
for instance in Sweden the ratio of railway mode use for passenger transportation increased
from 7.9% in 2001 to 9.5% in 2011. In Germany the corresponding values are 7.6% in
2001 and 8.1% in 2011. Several other countries including Switzerland, France, Austria,
Denmark and UK have also had an increasing trend in the share of used railway mode
both for passenger and freight transport between 2001 and 2011 (Eurostat (2014)). The
increasing traffic has led to operate highly utilized timetables. Clearly, dense timetables
are vulnerable to disturbances. Hence, to develop measures that ensure robustness is of
increasing interests. There is no unique definition for robustness. In this study a timetable
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is more robust if trains are operated as close as possible to their planned schedules despite
of small disturbances. In a robust timetable small delays are resolved effectively without
applying major changes in the initial planned timetable.

To evaluate the robustness of timetables, it should be possible to measure their perfor-
mances quantitatively. Those measures that deal with measuring the robustness before the
actual operation of a timetable, are called ex-ante measures (see Andersson et al. (2013)).
Those measures that are applied to evaluate the robustness after the operation (real or simu-
lated operation) of a timetable, are called performance measures. Performance measures are
also referred to as ex-post measures in the related literature. The focus here is to evaluate
the robustness by studying various performance measures.

If a timetable can meet the requirements of ex-ante robustness measures then we expect
it to be robust against small disturbances. Several ex-ante measures have been suggested so
far to assure a robust timetable (Andersson et al. (2013)), however those robustness mea-
sures still need to be evaluated using ex-post performance measures and real world distur-
bance scenarios.

The assumption in this study is that trains lose precision as they travel longer. Hence,
catching a fixed-size time slot is easier at the beginning of the journey and trains need a
larger time slot when they travel longer. The assumption is based on the empirical study
performed by Peterson (2012). Some other evidences supporting this idea can be found in
Büker and Seybold (2012) and Dogany et al. (2011).

Peterson (2012) has observed on-time performance en route at one of the main railway
corridors in Sweden, and concluded that this is strongly dependent on trains travel times.
Büker and Seybold (2012) proposed some arrival delay distributions to predict trains actual
arrival times. In the simulated timetables produced by them, it can be observed that in
several cases, the uncertainty in trains arrival times increases as trains travel longer. Dogany
et al. (2011) studied empirical data and based on their results, it is more difficult to predict
trains arrival times as the arrival event is further. To improve robustness, this uncertainty of
trains arrival times can be included in the calculation of time separation between trains.

The idea in the present study is that, an individual arrival time slot is reserved for each
individual train where instead of using a fixed-size time slot based on a technical minimum
headway, the size of the reserved time slot is correlated to the trains traversing time, see
Figure 1. According to this idea, scheduled headways should be always greater than or
equal to their calculated reserved time slot. The technical minimum headway, which is
based on the operational and infrastructural characteristics of the line and trains, are also
included in the calculated reserved time slots. If the calculated reserved time slots are
smaller than the technical minimum headways, which always will be the case in the very
beginning of a journey, then they will be set to the size of the technical minimum headway,
which is assumed to be constant throughout this paper. In the remainder of this paper we
have referred to calculated reserved time slots as minimum headways, and used the term
modified timetable to denote timetables with travel time dependent minimum headways.

The focus of this paper is on evaluating the performance of the modified timetables in
case of small disturbances. The evaluations are done for real case studies from Sweden.

The remainder of the paper is organized as follows. First a summary of the applied per-
formance measures for evaluating timetables is presented in section 2. The applied method
for the evaluations is explained in section 3. Applied disturbance scenarios are described
in section 4 and the numerical results are presented in section 5. This section also holds
the discussions around the topic. Finally the essence of the findings are summarized in
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Figure 1: Illustration of the idea for the reserved time slot. The time dependent minimum
headway, required in the modification, is recognized as the hatched area in the triangle
for Train 1. Both Hm modified and H0 initial headways include the technical minimum
headway. Technical minimum headway is independent of the travel time.

section 6.

2 Robustness evaluations

In order to evaluate a timetable in ex-post situations, it should be evaluated by being ex-
posed to disturbance scenarios. The type, distribution and size of the delays that a timetable
is evaluated for, play a significant role in the evaluation process. Finding a well-fitted delay
distribution that can resemble real life experiences is a topic that has been studied by many.
Considering the variations in arrival and departure delays for different types of trains, differ-
ent dispatching rules and the infrastructure characteristics of the line, lead to many possible
delay distributions (see Büker and Seybold (2012), Lindfeldt and Sipilä (2014)). Here, we
want timetables to be robust against certain type and ranges of disturbances which are de-
scribed in section 4.

Imposed delays can be selected either randomly and based on delay distributions (Vro-
mans et al. (2006), Goverde (2007), Lindfeldt and Sipilä (2014) and Büker and Seybold
(2012)); or they can be selected from different combinations of single delays (Törnquist
(2012), Yang et al. (2013) and De Fabris et al. (2014)). The second approach is applied in
this study.
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2.1 Most common performance measures

To evaluate and compare the performance of timetables, several performance measures have
been introduced in the literature. The used performance measure is related to the properties
of the timetable that needs to be evaluated. Common performance measures that are sug-
gested and used in studies are presented in Table 1. As seen in Table 1, two most common
performance measures are total delays and margin times.

Table 1: Common performance measures
Performance measures Applied by
Total delays Salido et al. (2012) Goverde (2007)

Shafia et al. (2012) Fischetti et al. (2009)
Corman and D’Ariano (2012)

Total amount of runtime margin (TAoRM) Andersson et al. (2013) Goverde (2007)
Salido (2008) De Fabris et al. (2014)

Total incurred secondary delays Dewilde et al. (2013)
Vromans et al. (2006)

Salido (2008)
Recovery time Goverde (2007) Salido et al. (2012)

Corman and D’Ariano (2012)
Number of delayed trains Salido (2008) Dewilde et al. (2013)
Punctuality (within 3 minutes delay) Vromans et al. (2006)

Corman and D’Ariano (2012)
Additional running times De Fabris et al. (2014)
Deviation from an initial timetable De Fabris et al. (2014)
Buffer time reductions De Fabris et al. (2014)
Number of violations in overtaking De Fabris et al. (2014)

There are various types of delays that can be evaluated. Two frequently used measures
are the total delay only at destinations and the cumulative total delay. The other commonly
used type of delay is the total secondary delay. Secondary delays refer to the delays that are
dependent on the primary delays and are propagated among the trains in a timetable because
of the lack of sufficient margin and buffer times.

Many of the performance measures that are mentioned in Table 1 are closely connected
and reflect similar effects that are induced by disturbances. For instance, additional running
times is also connected closely to the size of delays, the run time margins and the used
amount of buffer times in the timetables.

Buffer time is the time separation between two consecutive trains in addition to the tech-
nical minimum headway and is inserted in a timetable to avoid the propagation of delays.

Recovery time is the time that it takes in a timetable to return back to the planned
schedule after a delay occurs. The shorter the recovery time, the more robust a timetable
is. Number of delayed trains is useful as a measure especially when there is a penalty for
the operators in case a train is delayed and if train operators have to compensate the delay
for the passengers or freight companies. Punctuality can be presented as the percentage of
the number of trains that arrive at their destinations with a certain accepted delay tolerance.
Each country has its own criteria to define punctuality. For example in Sweden the criteria
to consider a train as punctual is if it arrives at its destination with maximum 5 minutes
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delay (Trafikverket (2014)).
Other measures including deviation from the initial planned timetable and the number

of violations in trains’ overtaking orders (or in other words, the number of changes in the
dispatching order of trains) are also useful depending on each case study. For example in
operational levels, it is important to keep arrivals and departures as close as possible to
the initial timetable and therefore the deviation performance measure is useful. Another
example is that in highly dense timetables since the change in the order of trains creates a
complicated problem, therefore it is important to keep the number of violations in the order
of overtaking as low as possible.

In this study we use total delay, number of delayed trains, deviations form an initial
timetable, punctuality and the number of overtaking violations as the performance measures
for the evaluations.

3 Construction and evaluation scheme of the modified timetables

The scheme consists of two major steps. The first step is to create the modified timetables
and the second step is to evaluate them in case of disturbances, see Figure 2. The focus
of this study is on the second step. We want to measure the operational performance of
the modified timetables against various disturbance scenarios. The creation of the modified
timetables can be briefly presented as follows.

3.1 Construction of the modified timetables

As mentioned before it is assumed that trains lose precisions along the journey. To consider
this precision loss in the planning levels of creating a timetable, the minimum headways
between trains should be correlated to their travel times. Here headway means the time
separation between succeeding trains and the idea is implemented for both arrival-arrival
and departure-departure headways between succeeding trains running in the same direction
for double tracks. The scheduled headway is equal to the technical minimum headway plus
the buffer time. Since we have considered the technical minimum headway as a constant
value, this means that modifying minimum headways will lead to modifying the buffer
times.

3.2 The applied MILP framework

To be able to implement the idea, an existing mixed integer linear program (MILP) devel-
oped by Törnquist (2012) and Törnquist and Persson (2007) is applied. The applied model is
developed for re-scheduling purposes and is properly applicable in cases where a timetable
is generated mainly based on an existing planned timetable. Since here we want to generate
a modified timetable based on an existing given initial timetable, this MILP model serves
our purposes and we make sure that disturbances are taken care of in an optimal way. To
be able to create the modified timetables, this model is modified and new constraints are
added. For simplicity we have assumed the need for time separation to be directly propor-
tional to the travel time. In the experiments we have set one extra minute headway per hour
travel time, which fit well to the observations presented in Peterson (2012). The modified
minimum headway is ensured by implementing one separate linear constraint for any two
train events. Clearly, another value for the parameter gives other results. When increasing
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Figure 2: A scheme describing construction and evaluation of the modified timetables

the value of the parameter, the total amount of the buffer time in a timetable will increase
and more capacity will be required. For a large value, most likely the timetables will be
infeasible.

In this study the objective function is to minimize the deviations of the modified timetable
from the initial timetable. This minimization can be a complicated problem to solve and
without the help of a re-scheduling model it is hardly possible to come up with the optimal
solution. The model is solved using CPLEX Studio 12.5 on a server with 4 processors at 2
GHz, 24 GB of RAM, running with GNU/Linux 3.2.0-x86-64.

Here in this study we assume that we have created these modified timetables and we only
focus on the second step which is related to their performance evaluations, see Figure 2.

3.3 Evaluation of the modified timetables against various delay scenarios

In the second step, for performance evaluations, the original MILP model (the one without
the implementation of the travel time dependent minimum headway) is used but extra con-
straints are added to assure that arrivals and departures are changed only if they occur after
the time of the occurrence of the disturbance. Delay scenarios are implemented for both
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initial and the modified timetables, and their performance measures against delay scenarios
are compared.

While creating the modified timetables and performing the evaluation experiments, sta-
tions and their capacities are considered. We assume all trains will fit in at all the tracks
and siding tracks in stations. We also assume that the assigned platform for passenger trains
will not change and the length of the track in the assigned platform is sufficient to fit the
dedicated train. It is also assumed that there is not any priority rule for different types of
trains.

4 Disturbance scenarios

We are interested in testing the propagating effects of delays on the modified timetables
in comparison with the initial timetables. When discussing the robustness, the size of the
delay that a timetable can be robust against should also be discussed. A small delay can
be absorbed by small adjustments in the timetable and the current timetable remains valid
after small changes. We expect timetables to be robust for the delays up to 7 minutes and
therefore three different delay sizes (2, 5 and 7 minutes) are tested.

As is mentioned in the introduction, we are interested in creating timetables that are ro-
bust against small delays. Hence we have to define what is considered as a small delay. This
might vary with the infrastructure, traffic volume, heterogeneity, speed and other possible
aspects. For larger delays, the dispatching strategy is no longer to minimize the total devi-
ation from the initial timetable but to isolate the disturbed train and prevent further delay
propagation.

To evaluate the modified timetables, several delay scenarios are introduced.

4.1 Scenario 1: single delayed train (SDT)

In real time operations sometimes a single train is exposed to a small delay in a specific sec-
tion along the journey. As an example, a small delay can happen during passenger exchange
at stations when there is an exceptional passenger load or due to short signal failures. The
train and the section for an occurrence of this type of delay is totally random. Here we
apply delays on early sections of trains’ journey, to be able to follow up the propagation
effects in time and space. One long distance train is selected for the experiments. There can
be two different solution approaches to handle the disruption. Either trains’ order is kept
as the original order or it can change. In the first solution, buffer times are used to avoid
the propagation of delays and if there is not enough buffer time then subsequent arrival and
departure times are postponed. In the second solution, trains can both use the buffer times
and the change in the order of trains to remain as close as possible to the initial schedule
with minimizing the total deviation from the initial planned timetable.

4.2 Scenario 2: speed reduction for one single train (SRT)

In this scenario it is assumed that a single train has a sudden technical problem and is forced
to run slower than the planned speed along the journey. This can happen for example when
there is a problem with the ATP (Automatic Train Protection) system on a train. The same
long distance train selected for the SDT scenario is also selected here for the experiments
to see the effects and the spread of the delays. As described in scenario SDT, there are two
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solution approaches, one with the fixed trains’ order and one with the flexible trains’ order.
Here we test speed reduction on all the sections through the whole journey of the se-

lected train. Two scenarios are tested here. In the first one, the selected train cannot run
faster than 70 km/h and in the second one this speed limit is reduced to 50 km/h.

4.3 Scenario 3: speed reduction for all the trains passing a specific section (SRS)

Here the assumption is that one specific section is available only with speed reduction, for
example due to maintenance work and therefore all the trains passing that section have to
slow down. In case of double tracks, usually one track is closed and all trains should run
on a single track and also with a lower speed. In the previous scenarios the assumption is
that operators and planners are not aware of the upcoming delays and they have to solve the
problem at the time it actually happens. In this scenario since the speed reduction problem
in the section can be detected in advance then this problem can be tackled before starting
the journey. The described scenarios for fixed and flexible trains’ order, are also applicable
here.

In this scenario we assume that all trains have the same maximum speed limit passing
the slow section, they all have to run not faster than 70 km/h in one scenario and 50 km/h in
the other scenario.

5 Numerical results

The mentioned disturbance scenarios are tested for various timetable instances. Each ex-
periment comprises of a disturbance scenario and a timetable instance. The results for the
selected performance measures are presented and discussed in this section.

5.1 Timetable instances

Four timetables are evaluated: off-peak hours (11:00-13:00) and peak hours (16:00-18:00)
in a weekday in 2011 and 2014 from a selected segment of the Swedish Southern mainline,
Figure 3. Each timetable instance, covers two hours of an aperiodic timetable. The segment
stretches from Alvesta to Lund. It is approximately 200 kilometres long and consists of
23 stations (including technical stations) in 2011. In 2014 four new technical stations were
added. It is a double track line and the signalling system allows both tracks to be operated
for both directions if needed. Timetable in 2011 is selected since it was reported not to be
robust during the operations and timetable in 2014 is chosen for the experiments since it is
currently in use.

Some properties of the studied timetables are presented in Table 2. A train event is an
event when a train passes or has a schedule stop at a section. Sections can be either stations
or tracks. In the number of sections, both tracks and stations are included.

Line segment has a mixed traffic of passenger and freight trains. Trains are distributed on
both directions almost equally. More information about different train types are presented
in Table 3. However in the experiments all the train types are treated the same and there is
no priority rule.

The most occupied track segments for morning hours in 2011 is located between Tjörnarp
(Tö) and Höör (Hö) and in the evening is between Eslöv (E) and Dammstorp (DAT). For
2014 in both morning and evening peak hours, the peak track segment is located between
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Figure 3: Studied railway segment between Alvesta to Lund on the Swedish Southern main-
line

Eslöv (E) and Dammstorp (DAT). Corresponding timetables are presented in Figure 4 to 7 .

Table 2: Properties of the case studies
Timetable cases Trains(#) Train events(#) Sections(#)
2011, 11:00-13:00 71 994 45
2011, 16:00-18:00 89 984 45
2014, 11:00-13:00 81 1110 53
2014, 16:00-18:00 102 1312 53

Table 3: Number of trains according to train types and their distribution on both directions
Timetable cases Fast(#) Regional(#) Freight(#) SB(#) NB(#)
2011, 11:00-13:00 12 51 8 36 35
2011, 16:00-18:00 12 72 5 42 47
2014, 11:00-13:00 9 59 13 42 39
2014, 16:00-18:00 11 77 14 49 53

SB: Southbound, NB: Northbound
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Figure 4: Timetable 2011, 11:00-13:00

Figure 5: Timetable 2011, 16:00-18:00

5.2 Selected performance measures

The following performance measures are selected for the evaluations.

– DIT (min): Deviation from initial timetable in minutes.

– TD (min): Total delay in minutes.
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Figure 6: Timetable 2014, 11:00-13:00

Figure 7: Timetable 2014, 16:00-18:00

– D (#): Total number of delayed trains at destinations.

– P (#): Number of trains that arrive at destinations with maximum 5 minutes delay.

– V (#): Number of overtaking violations.

Computational results are presented in Tables 4-7 where DS stands for delay scenario
and DR represents dispatching rule which can be either F for fixed or NF for not fixed
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trains’ order. While talking about trains’ order, worth mentioning is that when trains’ order
is fixed, this only applies for trains running in the same direction. In all the experiments an
existing initial timetable is compared with its modified version. All the values in parentheses
represent results for the initial timetable.

Table 4 and Table 5 hold the results for off-peak hours and afternoon peak hours in
2011, respectively; Table 6 and Table 7 show the results for off-peak hours and afternoon
peak hours in timetables for 2014.

In each timetable, for performing SDT and SRT scenarios, the experiments have been
made on the same selected train. The experimental train in each timetable is selected as
one which is significantly affected when creating the modified timetables from the initial
timetable. The reason is to make the effects of the travel time dependent minimum headways
observable.

The given values are the results after one hour solving time. However in some exper-
iments when trains’ order is flexible, the model could find a feasible solution but failed to
prove optimality within one hour run. All TD and DIT values in the tables are rounded to
closest integer values.

Table 4: Performance measurements for the case 2011, 11:00-13:00. Values on the left
depict the modified timetable and values on the right (in parentheses) the initial timetable.

DS DR DIT (min) TD (min) D(#) P(#) V (#)
SDT (2min) F 105 (146) 53 (75) 2 (5) 71 (71) 0 (0)
SDT (5min) F 3,175 (4,385) 158 (223) 2 (5) 71 (71) 0 (0)
SDT (7min) F 504 (686) 251 (348) 2 (6) 71 (69) 0 (0)
SRT (70km/h) F 6,556 (7,173) 3,370 (3,696) 9 (10) 63 (63) 0 (0)
SRT (70km/h) NF 3,951 (2,190) 2,012 (4,293) 3 (5) 69 (69) 48 (50)
SRT (50km/h) F 14,732 (15,345) 7,599 (7,924) 10 (11) 61 (61) 0 (0)
SRT (50km/h) NF 7,713 (8,025) 3,934 (4,094) 2 (4) 69 (69) 83 (86)
SRS (70km/h) F 6,018 (6,623) 3,105 (3,423) 30 (31) 57 (55) 0 (0)
SRS (70km/h) NF 5,766 (6,790) 2,997 (3,509) 25 (27) 57 (56) 17 (11)
SRS (50km/h) F 13,004 (13,612) 6,714 (7,033) 35 (36) 41 (41) 0 (0)
SRS (50km/h) NF 10,642 (11,003) 5,516 (5,726) 25 (26) 50 (51) 39 (43)

Selected train for SDT and SRT experiments is train No. 1059. Selected section for SRS experiments is section
between Hässleholm and Mellby.

5.3 Findings and discussions

Figure 8 depicts how a modified and initial timetable operate in case of disturbances. In
Figure 8 a) a part of the initial timetable in 2011 is shown. The solid lines represent the
planned schedule. In Figure 8 b) the solid lines represent the planned schedule and the
dashed lines represent the location of trains after imposing 7 min delay to train 4811 in sta-
tion Alvesta (AV). As can be seen, after imposing the delay, both trains 86129 and 537 are
affected and delayed. In Figure 8 c), the idea of travel time dependent minimum headways
is implemented. The dashed lines in Figure 8 c) represent the new calculated schedule for
trains after considering the idea of travel time dependent minimum headway. Train 4811
has started the journey early and therefore a considerable amount of timeslot is assigned
to it which forces train 86129 and a part of the schedule for train 537 be postponed. Fig-
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Table 5: Performance measurements for the case 2011, 16:00-18:00. Values on the left
depict the modified timetable and values on the right (in parentheses) the initial timetable.

DS DR DIT (min) TD (min) D(#) P(#) V (#)
SDT (2min) F 66 (136) 32 (69) 3 (5) 89 (89) 0 (0)
SDT (5min) F 167 (359) 80 (181) 3 (5) 89 (89) 0 (0)
SDT (7min) F 237 (519) 113 (261) 3 (5) 89 (87) 0 (0)
SRT (70km/h) F 254 (468) 130 (245) 4 (6) 89 (87) 0 (0)
SRT (70km/h) NF 247 (394) 127 (206) 3 (5) 88 (87) 4 (6)
SRT (50km/h) F 1,556 (1,822) 821 (962) 7 (8) 84 (84) 0 (0)
SRT (50km/h) NF 965 (1,041) 492 (531) 4 (5) 88 (88) 19 (21)
SRS (70km/h) F 5,947 (6,704) 3,078 (3,470) 41 (42) 66 (64) 0 (0)
SRS (70km/h) NF 4,870 (5,772) 2,539 (3,012) 28 (29) 77 (76) 26 (37)
SRS (50km/h) F 11,950 (12,628) 6,196 (6,548) 43 (43) 51 (51) 0 (0)
SRS (50km/h) NF 10,393 (10,775) 5,411 (5,616) 26 (29) 70 (66) 58 (39)

Selected train for SDT and SRT experiments is train No. 4811. Selected section for SRS experiments is section
between Hässleholm and Mellby.

Table 6: Performance measurements for the case 2014, 11:00-13:00. Values on the left
depict the modified timetable and values on the right (in parentheses) the initial timetable.

DS DR DIT (min) TD (min) D(#) P(#) V (#)
SDT (2min) F 43 (23) 21 (11) 5 (3) 81 (81) 0 (0)
SDT (5min) F 173 (212) 84 (103) 5 (3) 81 (81) 0 (0)
SDT (7min) F 337 (496) 166 (246) 6 (6) 81 (81) 0 (0)
SRT (70km/h) F 517 (679) 265 (352) 8 (9) 80 (78) 0 (0)
SRT (70km/h) NF 428 (526) 221 (268) 5 (6) 80 (81) 6 (7)
SRT (50km/h) F 3,134 (3,401) 1,625 (1,765) 11 (11) 72 (72) 0 (0)
SRT (50km/h) NF 1,399 (1,403) 721 (723) 5 (4) 79 (79) 31 (39)
SRS (70km/h) F 6,420 (6,681) 3,295 (3,430) 34 (34) 61 (59) 0 (0)
SRS (70km/h) NF 5,542 (5,644) 2,847 (2,911) 29 (19) 71 (69) 16 (55)
SRS (50km/h) F 12,871 (12,541) 6,616 (6,452) 38 (38) 47 (48) 0 (0)
SRS (50km/h) NF 11,707 (10,678) 6,015 (5,506) 28 (27) 62 (60) 75 (34)

Selected train for SDT and SRT experiments is train No. 42733. Selected section for SRS experiments is section
between Hässleholm and Mellby.

ure 8 d) shows that the modified timetable is performing better in case of 7 minutes delay for
train 4811 in station Alvesta (AV) and no other train is affected, dashed line in Figure 8 d)
represents the schedule of trains after imposing 7 minutes delay.

The results in Tables 4-7 show that the values for DIT are almost two times more than
the values for TD. The reason behind it is that when calculating the deviation from the initial
timetables, we consider both arrivals and departure deviations. But for calculation TD we
only consider the arrival delays. The amount of arrival and departure delays are almost
equal since we treat both arrival and departure headways the same.

In the SDT scenarios, for all the four timetable instances, we have larger TD and DIT
when the imposed delay increases. Except for two of the experiments, the modified timeta-
bles outperform the initial ones. In one of those two exceptions (SDT 2 min, 2014,16-18)
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Table 7: Performance measurements for the case 2014, 16:00-18:00. Values on the left
depict the modified timetable and values on the right (in parentheses) the initial timetable.

DS DR DIT (min) TD (min) D(#) P(#) V (#)
SDT (2min) F 18 (18) 9 (8) 8 (7) 102 (102) 0 (0)
SDT (5min) F 111 (115) 53 (55) 9 (7) 102 (102) 0 (0)
SDT (7min) F 254 (291) 124 (143) 12 (10) 102 (102) 0 (0)
SRT (70km/h) F 2,429 (2,455) 1,261 (1,274) 19 (16) 92 (92) 0 (0)
SRT (70km/h) NF 1,229 (1,249) 635 (644) 10 (7) 101 (101) 45 (46)
SRT (50km/h) F 5,861 (5,895) 3,048 (3,065) 19 (16) 90 (90) 0 (0)
SRT (50km/h) NF 2,110 (2,143) 1,092 (1,108) 11 (8) 100 (100) 54 (55)
SRS (70km/h) F 8,848 (8,970) 4,539 (4,601) 40 (40) 75 (75) 0 (0)
SRS (70km/h) NF 5,730 (5,922) 2,992 (3,092) 29 (29) 88 (86) 8 (19)
SRS (50km/h) F 16,534 (16,843) 8,490 (8,649) 53 (53) 62 (62) 0 (0)
SRS (50km/h) NF 11,581 (16,125) 5,994 (8,364) 32 (30) 77 (80) 57 (61)

Selected train for SDT and SRT experiments is train No. 1085. Selected section for SRS experiments is section
between Hässleholm and Mellby.

the difference is only 1 minute for TD while DIT remains the same, see Table 7. The
other exception is SDT 2 min, 2014,11-13 where there is no improvement in the modified
timetable in case of 2 minutes delay. However, it can be observed that as delay size in-
creases, the modified timetable outperforms the initial one, see Table 6. We can observe
from SDT scenarios that the gained robustness is relatively higher as delays are larger. In
some cases we can see that total number of delayed trains (D) is increased while total delay
time (TD) is decreased, see Table 7, scenarios SDT 5 min and 7 min.

In the SRT scenarios, as the speed is lower, more number of trains are affected. There
are improvements in avoiding delay propagations, in the modified timetables, although for
one experiment (timetable 2014, 16-18, see Table 7) the improvement is minor. When only
one train is forced to run slower than the planned speed, it is not reasonable to keep the
order of trains fixed. From the results we can see that by allowing flexible trains’ order,
D, TD and DIT are decreased. Flexible trains’ order implies more changes in a timetable
and it increases the size of the problem. On the other hand, flexible order can reduce TD
values by 2 to 3 times which is a considerable ratio; compare e.g. values for F and NF
for 50km/h speed limit in SRT scenario in Tables 6 and 7. However, the values for fixed
trains’ order can reflect the role of travel time dependent headways more explicitly. For
some experiments in the initial timetables we can see that flexible trains’ order cannot help
having better performance in case of a slow train; compare values for F and NF for 70km/h
speed limit in SRT scenario in Table 4. In general, the modified timetable finds a smarter
solution after letting the trains’ order be flexible.

In the SRS scenarios, the same section is studied for all the timetables. The section
between Hässleholm and Mellby is selected since it is almost in the middle of the studied
segment (Alvesta to Lund) and therefore the effects of speed reduction in this section can be
tracked for trains running in both directions. This section also has a relatively high railway
traffic. For the experiments it is assumed that in this section all the trains run on a single
track and there is also a speed limit on the section, see Figure 9.

In the SRS scenarios except in one of the experiments (2014,11-13, 50km/h speed re-
duction, see Table 6) the modified timetables outperform, although the improvements might
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Figure 8: Illustration on how the initial and the modified timetables operate in case of 7 min
delay

be small.
Summarizing the findings in this section and also given the fact that timetables in 2014

have more number of trains running within the same time window (see Table 2), generally
timetables for 2014 perform better in all three delay scenarios.

For all the timetables, in scenarios SDT and SRT the values for punctuality is quite high.
In scenario SRS the values for punctuality are lower, although by allowing the trains’ order
to be flexible, punctuality can be improved.

In the SRS scenarios with flexible order of trains (NF) the presented values are not the
optimal values. As mentioned before, the MILP model managed to find a feasible solution
after one hour but it did not manage to prove optimality of the found solution. This can be
an explanation for the unexpected results in timetable 2014, 11-13 for the speed limit 50
km/h, see Table 6.

6 Conclusions

By correlating minimum headways to trains’ travel times, we expect the modified timeta-
bles to have a higher robustness for minor disturbances. To quantify how well a timetable
perform, we have used several performance measures. As observed from the results in the
previous sections, in most of the experiments, timetables with travel time dependent mini-

15



Figure 9: Scenario SRS with fixed trains’ order for timetable 2011, 11-13, speed limit
between Hässleholm (HM) and Mellby (MLB) 70km/h. Solid lines: initial schedule, dashed
lines: re-scheduled trains.

mum headways outperform the initial ones.
In single delayed train (SDT) scenarios, the modified timetables have better robustness

and the gained robustness is more considerable when the size of the delay is larger. In the
scenario for speed reduction for a single train (SRT), although we have reached to a better
performance in the modified timetables, the flexible trains’ order has also a significant role
to improve the performance. In scenario for speed reduction in a single section for all trains
(SRS), the modified timetables perform better but the improvements are small.

For the future research we are interested in implementing the idea of travel time depen-
dent headways in single track instances as well. Simulations based on actual delay distribu-
tions will also be very helpful to verify the improvements on the modified timetables.
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