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Summary

In urban railway lines where trains are running densely, even a small delay easily prop-
agates to other trains. Thus, railway companies want to make their timetable more ro-
bust. They also want to evaluate if the timetable revision was successful or not from the
viewpoint of robustness. In this paper, we propose an algorithm to identify primary de-
lays and delay propagation which are very often occurring. Then we propose to visualize
the results on a train graph. Thus, timetable planners can know how they should revise
the timetable and judge if the revision was successful by comparing the results for the
previous timetable and ones for the new timetable. The algorithm is developed based on
the association rules. The algorithm takes historical train traffic data as an input and
produces association rules which mean propagation of delays. We show some results of
application to actual data to show how effective our algorithm was in making a timetable
of an urban railway line more robust.

Keywords: timetable; historical train traffic records; association rules, delay propagation,
robustness

1 Introduction

Although trains in Japan are known to be very punctual, one of the recent problems in
urban railway lines is that small delays very often happen during morning rush hours.
Because trains are operated very densely, even a small delay easily propagates to other
trains and the delay tends to expand. Hence, railway companies are now keen to reduce
occurrence and propagation of such small delays.
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Delays are categorized into two types: one is a primary delay and the other is a secondary
delay [1]. The latter is sometimes called a knock-on delay. A delay of a train is called a
primary delay if the train itself is responsible for the delay. A secondary delay means that
the cause of the delay is not the train itself but the delay was caused by a delay of another
train. Timetable planners want to erase primary delays together with delay propagation.
In particular, they want to prevent delay propagation to wider areas. In order to prevent
delay propagation, in principle, it is necessary to add more margins so that delays are
absorbed by the margins. For example, to give larger running time supplements, to in-
crease intervals between trains to make the buffer time larger and to increase dwell times
are effective to absorb delays. But of course, it is wasteful to increase margins every-
where. Thus, timetables have to be very carefully made so that adequate quantity of mar-
gins are included at proper places. Secondly, to show the routes of delay propagation is
quite useful for timetable planners to figure out how they should improve the timetable.
Thirdly, after they revised the timetable, obviously, they would like to evaluate if the
revision was successful or not.

So, timetable planners have the requirements as follows:
1 To identify primary delays which cause secondary delays in wider area.
2 To identify the routes of delay propagation.

3 Toevaluate if a timetable revision worked well in reducing delay propagation after
they revise the timetable.

In addition, it is reasonable to consider frequency of delay propagation. If a propagation
occurs say, once a month, the propagation might be negligible but a propagation occurs
almost every day, the timetable has to be revised so that the propagation never or seldom
occurs. Thus, it is necessary to consider the frequency of delay propagation.

In this paper, we propose an algorithm to extract primary delays together with delay prop-
agation routes from historical train traffic data. We depict the results on a train graph. The
algorithm is designed based on the association rules: one of the most popular techniques
in the world of the data mining. The algorithm produces association rules which mean co-
occurrence of delays.

In section 2, we explain why small delays happen during rush hours and what kinds of
counter measures are taken by railway companies to reduce those delays. In section 3, we
introduce our algorithm to identify delay propagation. In section 4, we show the results
which we got by applying our algorithm to actual data of timetable revision.
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2 Small delays and delay propagation

2.1 Small delays and delay reduction measures

In Japan, there is a big demand for railways in urban areas. As a matter of fact, in Tokyo
area (the capitol of Japan), the total number of passengers of railways a day in average
amounts to even 38 million. To transport such a massive amount of passengers, trains are
operated very densely. In many railway lines in Tokyo, trains which consist of eight to
ten (sometimes even 15) cars are running every two to three minutes on a double track
line. This means that 20 to 30 trains are running per hour per direction on a double track.

Still, trains and stations are very congested. Sometimes, congestion rates of trains during
peak hours exceed 150% or much more. The congestion of trains sometimes cause delays.
That is, in order to run trains frequently, dwell times of trains are set to be as short as
possible. In many stations, the dwell time is less than one minute and much less for
smaller stations. Thus, if some trouble due to congestion happens and the dwell time be-
comes longer, the departure of the train is delayed and the delay propagates to succeeding
trains. In addition, because trains have very small amount of running time supplements,
the delayed train cannot resume the delay at next stations.

Railway companies are now very keen to reduce delays and they are making every effort
to make their timetable more robust. Some of their countermeasures are improvement of
infrastructure (tracks, signaling systems, rolling stock), deploy more staff on a platform,
improvement of timetables etc. (for the details, please refer [2]).

2.2 Timetable revision to avoid delay propagation
To improve infrastructure needs a lot of time and budget. On the other hand, to revise a
timetable does not cost such a long time and a big amount of money.
There exist several ideas of timetable revision to make it more robust.
1. To give more margins in running times.
2. To increase headways between trains.
3. To increase dwell times.
4. To change times, routes etc. so that conflicts of trains do not occur.

5. To change the line plan. For example, to change the destination of trains so that their
delays are not brought to wider area.

These ideas, of course have to be implemented after careful observations and considera-
tions. Furthermore, sometimes it is difficult or almost impossible to increase dwell times
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and headways if we want to keep current frequency of trains. We have to have knowledge
how the delays are occurring and propagating and based on the observation, we should
revise the timetable. In addition, we have to care about how frequent a delay propagates
as we already mentioned.

It is also very important to be careful about the performance of the timetable. If we add
large margins, the timetable might become very robust but its performance becomes very
poor because journey times of passengers increase.

Thus, we have to be very careful in revising timetables having an observation where pri-
mary delay occurs, how the delay is propagating, how often the propagations are occur-
ring and how far the delay is propagating and so on.

2.3 Related works

Many papers have been published which deal with robustness of timetables.

Cacchiani [3] and Lusbya [4] are good survey papers for robustness of timetables. As for
the algorithms concerning detection of delay propagation, Yamamura [5] introduced an
idea to apply a longest path algorithm to trace the route of delay propagation. They express
the train traffic records by a directed graph and introduced an idea to trace back the critical
path on the graph from the delay in focus to its origin, which is regarded to be the cause
of the delay, namely the primary delay. The algorithm works well if we can properly
identify the critical path. But the problem is because the trains do not always run ideally
(for example, trains’ running times are not always exactly the same as the technically
minimum running times), it is not an easy job to identify the critical path.

Conte [6] introduced an idea “a tri-graph” to analyze the delay propagation. Arrival and
departure delays of trains are associated with random variables. But they assume that they
know the delay distribution in advance. Flier et al. [7] introduced an algorithm to detect
the two types of dependencies among delays, namely dependencies due to resource con-
flicts and due to maintained connections. But they only examine the delay dependency in
a station and they are not dealing with the network-wide dependency of delays.

Buker and Seybold [8] introduced an algorithm to estimate delay propagation based on
an analytical approach. Their approach is completely analytical and they do not resort to
the Monte Carlo simulation. But on the other side, this means that they have to prepare
the probabilistic distribution function of delays which properly reflect the real world.

Cule et al. [9] introduced an algorithm based on a technique which is often used in the
data mining: that is “mining of frequent episodes.” An episode is considered to be a set
of events that reoccurs in the sequence within a window of specified length and one ex-
ample they showed is “Trains A, B, and C, with C departing before A and B, are often
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delayed at a specific location, approximately at the same time.” But they are more inter-
ested in the episode of each train (their algorithm identifies the train numbers) and do not
deal with the group of trains, which is necessary in urban railways.

There also exist papers which propose algorithms to make a timetable more robust (such
as [10]-[14]) and papers which introduce definition of robustness (such as [15], [16],
[17]). There also exist papers which deal with historical train traffic data (such as [18],
[19]). But as far as the authors know, there have been no papers which focus on improve-
ment of robustness by applying datamining algorithm to historical train traffic data.

3 An algorithm to identify delay propagation routes

3.1 Association rules

Let | ={iy, i2,...,in} be a set of n binary attributes called items. Let T = {ty, t2,...,tn} be a set
of transactions. Each transaction in T contains a subset of the items in |. An association

rule is defined as an implication of the form X = Y where X, Y S land X N Y =@

[21]. The set of items X and Y are called the left hand side (LHS) and the right hand side
(RHS) of the association rule respectively.

The support supp(X) of an item (or a set of items) X is defined as the proportion of
transactions which contain X in the whole transactions. The support means how often the

rule holds. The confidence of an association rule is defined as conf (X=Y) = supp (X U

Y)/supp(X). The confidence means how reliable the rule is. Thus, by focusing on the
values of the support and the confidence, we can sort out the meaningful rules.

3.2 The proposed algorithm

(1) Basic ideas

In this paper, we consider the following as an item:
- an arrival delay of a train at a station.

- a departure delay of a train at a station.

A set of items above mentioned for one train of one day is regarded as one transaction.
Then, we try to obtain association rules from these data using a priori algorithm, which is
a very popular algorithm to get association rules proposed by Agrawal and Srikant [21].
We expect to find an association rule such as “if a delay of a train at Station A is larger
than a seconds, then the train’s delay becomes larger than  seconds at Station B.” Here,
a and B are the threshold of delays. Namely if (actual arrival time at station X — planned
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arrival time at station X) >= a, we regard the arrival of the train is “delayed.” This is the
same for departure delays.

We also specify thresholds for the support and the confidence and we output association
rules whose support and confidence are larger than the thresholds. This is because we
want to get delay propagations which very often happen.

We use R [22], which is a free software developed for data mining and has various func-
tions including a priori algorithm.

(2) Issues

One of the issues we have to be careful about is “correlation is not the same as causality.”
Even if we get a rule such as “if a delay of Train X at Station A = delay of Train Y at

Station B,” we cannot conclude that the delay of Train X at Station A is a cause of the
delay of Train Y at Station B. It may be the case that these delays occurred independently.

In order to solve this problem, we assume the following:

(a) Because we are discussing delay propagation in a railway line where trains are
running very densely, if a departure of a train from a station is delayed and the
arrival of the succeeding train at the station is delayed, we assume the arrival delay
was caused by propagation of the delay.

(b) Because dwell times are set to be quite short in the timetable, if the arrival of a
train at a station is delayed and the departure of the train from the station is also
delayed, we assume the departure delay was caused by propagation of the delay.

(c) Because running time supplement is very small, if a departure of a train is delayed
and the arrival of the train at the next station is delayed, we assume the arrival
delay was caused by propagation of the delay of the departure.

Thus, we select the association rules which satisfy either of the conditions (a), (b) and (c)
and whose support and confidence are larger than the thresholds so that we may well
expect the selected rules satisfy causality.

(3) Visualization of association rules on a train graph

We visualize association rules on a train graph so that we can intuitively grasp the route
of delay propagation. We show examples in the next section.
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3.3 How we apply the algorithm?

(1) To identify primary delays and delay propagation

Because a primary delay is caused mainly by an increase of a dwell time, its value is
usually very small, such as 15 seconds or so. So, in order to find a primary delay, thresh-
olds of delays (a and ) must be small (say, 15 seconds). But because we are particularly
interested in delays which become larger, we propose the following approach.

1. Obtain association rules setting the delay thresholds as th;.

Obtain association rules setting the delay thresholds as thy, larger than th;.
Obtain association rules setting the delay thresholds as ths, larger than th..
Obtain association rules setting the delay thresholds as ths, larger than ths.
We draw the results of Step 1 on a train graph in blue.

We draw the results of Step 2 on the same train graph in green.

We draw the results of Step 3 on the same train graph in orange.

We draw the results of Step 4 on the same train graph in red.

© N o gk wbd

Thus, we can get a train graph on which delay propagations are depicted by arrows and
the colors of arrows are different reflecting the quantity of delays. From this train graph,
we can intuitively grasp where the primary delays which are the cause of wide spreading
secondary delays are and how the delays become larger.

As for the values of the thresholds of the support and the confidence, they should be
decided based on an intention of users (ie. timetable planers of railway companies). For
example, if they think it is problematic if a delay propagation is occurring three days a
week (among weekdays) and more, the support should be 0.6.

(2) To evaluate if timetable revision was successful from the viewpoint of delay propa-
gation

In order to evaluate if timetable revision was successful, we are more interested in how
many primary delays exist and how far the delays are propagating. Hence we should just
set the threshold of delays as an equal value (say, one minute) and obtain association
rules. The same discussion holds for the value of the support and the confidence as we
already discussed in the procedure to identify primary delays.

4 Application to actual cases

4.1 Timetable revision reflecting quadruplication

In this section, we show how we applied our algorithm to actual cases.

(1) Quadruplication in Odakyu Electric Railway Company
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The target line is a railway line which connects suburban area and the center of Tokyo.
Trains are running very densely but nevertheless trains were very congested. Hence, small
delays very often happened during morning rush hours.

In order to decrease the congestion, quadruplication for a part of the line was planned and
we were going to revise the timetable in March 2018 when the quadruplication work was
expected to be finished (quadruplication work had been already completed for almost all
the part and the construction for the final part — 1.6km — was finished in March 2018).
We show a sketch of the whole track in Fig. 1 (only major stations are shown) and the
detailed track layout between Station Y and Station U in Fig. 2 and Fig. 3. Fig. 2 is the
track layout before the quadruplication work completed and Fig. 3 is one after the quad-
ruplication work. As you see, The track between Station M and Station U is quadruple
after March 2018.

In the quadruple part, it was required to increase the frequency of trains per hour per
direction during the morning rush hour from 27 to 36 trains. In relation to this, it was also
required to increase the frequency in the double track area connected to the quadrupled
area (from Station Y to Station M) from 27 to 30. Also, some trains go (and come) directly
to subway from Station U.

Although the capacity is expected to increase by quadruplication, we were very much
anxious about the robustness because the frequency of trains increases (please note that
frequency of trains to/from subway lines also increases) and a delay propagates from
Odakyu line to the subway line and vice versa. So, we made the timetable very carefully
[23] . We show the timetables in Fig. 4. Besides the difference of frequency of trains, we
significantly changed the line plan. For example, trains from the subway lines went far in
the old timetable whereas in the new timetable they do not go so farther. This is because
we aimed to increase the frequency of trains which go directly to the subway lines in inner
city area. We also expected delays of the subway lines do not widely propagate.

82.5km

5.7km 12.3km

subway

Fig. 1 Odakyu Electric Railway.
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4.2 Results of applications

(1) To find primary delays and delay propagation

In order to clarify how the situation of delay emergence and propagation was im-
proved (or worsened), we applied our algorithm to the historical train traffic data of
weekdays from October to December of 2017 (namely, before the timetable revision)
and those of weekdays from October to December of 2018 (namely, after the timeta-
ble revision) following the procedure we showed in section 3.3 (1). We show the
results in Fig. 5to Fig. 8. We set the both delay thresholds (o and ) as 15 seconds
in Stepl (blue), 30 seconds in Step 2 (green), 60 seconds in Step 3 (orange) and 120
seconds in Step 4 (red), respectively. We set the threshold of the support as 0.6 and
that of the confidence as 0.6.

(2) To confirm if the timetable revision was successful or not from the viewpoint of delay

AC

O <XZ£Zz

propagation

In order to know how the delays propagate, we applied our algorithm to the same
historical train traffic data and visualized the results on a train graph as shown in Fig.
9 and Fig. 10. We set the delay thresholds as one minute. The thresholds of the sup-
port and the confidence are both 0.6. Please note in this case, the colors express the
value of the support of the association rule (namely, how frequently the propagation
occurs) to know how frequently the delay propagation is occurring.
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Fig. 5 Result for the historical data of the old timetable — inbound direction.
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Fig. 6 Result for the historical data of the old timetable (enlarged).

4.3 Discussions

By comparing Fig. 5 and Fig. 7, we can know that the delay emergence and delay prop-
agation pattern have changed significantly by the timetable revision. In the old timetable
around 7:40 small primary delays occurr which cause larger secondary delays. In partic-
ular, the delays become quite large at Station K. This is because Station K is a very busy
station where a lot of passengers get on and off and dwell times tend to increase and
nevertheless the track was still double.

On the other hand, in the new timetable, although small primary delays are occurring,
they do not become so serious. In particular, after 9 o’clock, no serious delays are occur-
ring. We can observe delays become a bit large at Station U from 8 o’clock to 9 o’clock.
This is because some trains go directly to subway lines at this station and because of the
delay of the subway trains, trains of Odakyu line had to wait at this station and the delay
propagate to trains to Station S.
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Fig. 8 Result for the historical data of the new timetable (enlarged).
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are specified in the timetable[23]. In addition, delays of the outbound trains do not prop-
agate so long. This is because the line plan was significantly changed so that delays are
not brought to wider area.

So, as a consequence, from these results, we can conclude that the new timetable is far
more robust than the old timetable.

5 Conclusions

We have proposed an algorithm to identify primary delays and delay propagation routes
for railway lines where trains are running very densely. In our previous work [24], we
showed an algorithm to find delay propagation routes for less busy lines but the proposed
algorithm of this paper is applicable for busy railway lines, where the size of primary
delays are usually very small. We also showed by applying our algorithm repeatedly using
different value of the threshold and depict the results on a train graph, we can much easily
find the primary delays which cause larger secondary delays.

One of our future work should be to quantitatively evaluate robustness of timetable from
the viewpoint of delay propagation [25].
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