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Abstract

Reliable estimations of traffic loads are essential for dimensioning rail infrastructure ade-
quately. Since the number of trains varies, the classification of typical flow profiles helps to
specify the necessary capacity aim. Traffic flow profiles are already used for dimensioning
highways, but not yet in railways. Therefore, we investigate the variation of train numbers
for German rail infrastructure empirically. This paper analyses train numbers and delays
using clustering methods. In this way, we demonstrate the benefits and limits of apply-
ing cluster methods on rail traffic while also creating awareness for the variation of train
numbers which is the basis for infrastructure dimensioning.
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1 Introduction

Reliable traffic load estimates are essential for strategic and operational planning of trans-
port networks. The estimated number of vehicles is the basis for dimensioning transport
infrastructure and the accuracy of this input parameter determines whether the infrastruc-
ture can be utilised adequately.

Based on historical data, typical flow profiles for roads have been established in several
countries. [Weijermars and van Berkum|(2005) investigated the determination of historical
traffic patterns and classified five clusters that show distinct flow profiles on one location of a
highway. After a pre-classification into working days and non-working days, they clustered
daily traffic profiles. Working days were distinguished into four types: Mondays, core week
days, Fridays and days within vacation periods. They suggest using the resulting patterns
as a basis for traffic monitoring, forecasting, and modelling.

Pinkofsky| (2005) analysed the results of approx. 1200 permanent automatic counting
stations on German highways and divided them into seven cluster types. Typical yearly,
weekly and daily flow profiles were distinguished.

For traffic forecasting, |Caceres et al.| (2012) developed a methodology for estimating
traffic flows using road features as clustering variables. They used a factor related to the
characteristics of nearby areas to cluster road sections and derive typical flow profiles.

The measured or estimated daily number of vehicles over a year is relevant for dimen-
sioning infrastructure. As a basis for designing highways, traffic volumes of the 50th peak
hour are commonly used in Europe. The United Nations Economic Commission for Europe
accordingly proposes to use the 50th highest hourly traffic volume to determine their level of
service (UNECE (2002)) and includes the 50th highest hourly traffic volume in their trans-



port statistics. German highway capacity manual (Forschungsgesellschaft fiir Straien- und
Verkehrswesen|(2015)) also defines the 50th highest hour as the design hour for highways.

Traffic volumes vary not only on highways but also on rail infrastructure. To some ex-
tend this is accounted for by clustering railway lines. European Technical Specifications
for Interoperability (TSIs) include categories of railway lines that are classified based on
gauge, axle load, line speed, train length and usable length of platform(European Commis-
sion|(2014)). German infrastructure manager DB Netz AG developed 10 standard lines that
are characterised by design speed, main purpose and utilisation rate (DB Netz AG|(2020)).
These standards distinguish passenger traffic lines, mixed traffic lines, freight traffic lines
and regional lines with different design speeds each. For example, passenger traffic line
P 230 should be planned for maximum 70 long-distance and 50 short-distance passenger
trains per direction and day with a design speed between 161 and 230 km/h while freight
train line G 50 is planned for maximum 20 freight trains per direction and day with a design
speed of 50 km/h. The directive 413 of DB Netz AG (DB Netz AG| (2020)) gives recom-
mendations for designing those lines. Not only the design speed but also characteristics
such as lengths of block sections and types of train control systems are recommended.

Classifying train lines into different categories takes into account that line characteristics
such as design speed, train control systems and block section lengths affect the capacity of
lines. However, the traffic load’s variability is not explicitly included.

To the best of the authors knowledge, investigations of empirical train numbers using
clustering methods on a whole rail network has not been published so far. [Liu et al.| (2018))
merely analyse train capacity utilisation in China and use clustering techniques to show the
unique characteristics that affect the passenger load factor.

With the objective of clustering rail lines’ traffic loads, this paper analyses the number
of trains and their yearly, weekly and daily variation. Section 2 gives an overview on the
known and expected variation in rail traffic and sets up working hypotheses. In Section 3,
data of train numbers and delays for one year are analysed using clustering methods. As an
example, the analysis is performed on trains operating on German railway infrastructure. A
global analysis examines the variation in traffic loads of all lines and helps to identify lines
with special characteristics. Afterwards, examples for train number variations are shown
for train lines with mainly long-distance traffic, local traffic, S-Bahn (suburban trains) and
freight traffic. Finally, Section 4 summarises the results and gives an outlook on further
research possibilities.

This paper aims to contribute to the awareness of train number fluctuations that need to
be considered when evaluating the capacity. Furthermore, it demonstrates the benefits and
limits of applying cluster methods on rail traffic.

2 Variation in Rail Traffic

It is known that the number of trains varies over the course of a year. Based in data by
Eurostat, Fig.|1|shows quarterly traffic loads on rail infrastructure for 15 years (2004-2019).
Exemplary for five countries, Fig. illustrates the transport performance measured in
millions of passenger-kilometres and Fig. [[(b)|illustrates the development of freight trans-
portation in million tonne-kilometres.

Over the last years, the transportation of passengers has increased. The quarterly data
also shows distinct yearly variations with the first quarter of each year usually having the
fewest passenger-kilometres.
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Figure 1: Quarterly transport performance data based on Eurostat (Eurostat| (2021alb))

Fig. shows the variation in freight transportation. The yearly fluctuations are less regu-
lar than those in passenger transportation. Apparently, there are more factors than the time
of year relevant for the amount of freight transported. For example, a distinct reduction in
freight transportation can be seen around 2009 as the effect of the global financial crisis.

These variations in passenger-kilometres and tonne-kilometres lead to the conclusion,
that the number of trains on rail infrastructure also changes significantly over a year. Of
course, transport measured in passenger-kilometres and tonne-kilometres do not necessarily
correlate with the number of trains. Theoretically, only the number of passengers or tonnes
per train could be changing. Nevertheless, it is a realistic assumption that, e.g. around
Christmas, not only more passengers are travelling but also that transport companies in-
crease the number of trains to meet the demand.

Expected number of trains are essential input parameter for dimensioning rail infras-
tructure. Infrastructure capacity is defined as the number of trains being able to operate on
a given infrastructure during a period of time at a defined level of service. The capacity is
based on its utilisation, in particular on the interdependencies between the four aspects num-
ber of trains, average speed, stability and heterogeneity (UIC| (2004)). This paper focuses
on the aspect number of trains.

A well-known capacity analysis method is the so-called compression method by [UIC
(2013). UIC Code 406 defines the occupancy time rate as occupancy time per defined
time period. The occupancy time is measured by compressing a timetable’s blocking time
stairways, therefore this value is clearly impacted by the number of trains. |UIC| (2013)
proposes occupancy time rates for different types of lines to achieve an acceptable level of
service. Limiting the permitted capacity consumption and therefore the number of trains is
necessary to ensure acceptable operational quality.

The compression method (UIC|(2013))), however, has the disadvantage that it only eval-
uates the utilisation of a line for trains scheduled in the timetable for a chosen day. This
number can be too high or too low on a frequent basis. As a result, a line may be over-
dimensioned, which is bad from an economic point of view, or, on the contrary, under-
dimensioned. The latter results in conflicts during daily operations. The possible difference
between planned and actual number of trains is a relevant aspect to consider when dimen-
sioning rail infrastructure. Unlike road transport, trains are operated using scheduled train
paths.

The operational quality is usually measured by occurring delays or rather punctuality.
Several studies have indicated the significance of punctuality for customers - both in pas-



senger and freight transportation. Requested by the European Commission, [TNS Opinion
& Social (2014) conducted a survey investigating how quality of rail transport is perceived.
More than 33 % of the respondents answered that lack of reliability and punctuality were
the most serious problems affecting rail transport in their country.

There are many different influences that cause delays in daily operations. Primary delays
are caused by disruptions such as high passenger traffic volume, extreme weather condi-
tions, malfunctioning of infrastructure or rolling stock (see e.g., @kland and Olsson| (2021)
and |Wen et al.| (2017)).

Primary delays can cause a cascade of secondary delays or so-called knock-on delays.
Especially in highly used networks with small buffer times between trains paths, a delayed
train is likely to disrupt other trains. The number of trains is one of the reasons that de-
termine the occurrence of (secondary) delays. Thus, their distribution might indicate the
expected level of service.

Reliably estimating the expected number of trains and infrastructure occupation helps
to adequately plan infrastructure and reduce the risk of supplying too much or too little
capacity. To support choosing the correct number of trains, this paper analyses the variation
of train numbers over a year. Based on the data shown above, yearly variations are expected.
Certain events such as constructions, extreme weather events or Christmas holidays impact
the available capacity of infrastructure. Furthermore, we expect weekly and daily changes
due to changing demands. Flow patterns for highways also show distinct yearly, weekly and
daily variations. On working days, peak hours in the morning and afternoon can be seen.
Weekends show more regular distribution of traffic (cf. [Pinkofsky| (2005)).

For rail infrastructure, we propose the following hypotheses:

* Railway lines’ utilisation are heterogeneous. Some lines are highly utilised whereas
only few trains operate on other lines.

¢ The number of trains varies during a year, week and day.
* Clustering rail lines on the basis of train numbers and their variations is possible.

* A growing number of trains on a line increases occurring delays.

3 Analysis - Use-Case German Rail Network

To examine the posed hypotheses, we analyse number of trains and delays on the German
rail network. The procedures can, however, be implemented for any regional or national
data set. After giving details on the underlying data, a global analysis of train numbers on
all examined lines gives an overview on the data set. With cluster analysis tools, lines with
similar characteristics are identified and selected exemplary lines are investigated in detail.
Finally, the hypotheses are checked and results are discussed.

3.1 Data

The underlying data for the analysis includes train data of a major part of the German rail
network, which consists of more than 33,000 km railway lines (Deutsche Bahn AG|(2020)).
Especially smaller lines with (partially) manual recording data might not be included. The
data for the period from 01.07.2015 to 30.06.2016 is analysed.



Each day is classified in separate files, depending on the purpose of investigation. For
this analysis, the date, train ID, train category, timing point location, event, time stamp
for planned and actual time, and planned and actual line number are relevant. The events
can be the “start”, “end”, “arrival”, “departure” or “passing” of a train in a timing point
location. The data set consists of approx. 8,400 timing point location which are usually
railway stations and will be denoted as such in the text. These are in some cases divided in
passenger and freight station. The time stamps for planned event times are derived from the
timetable. On the contrary, the time stamps for the actual events are usually derived from
the signal states on a train route, i.e. they depend on the type of interlocking that is present
on the line. Each weekday, approx. 45,000 train IDs and approximately 1,300,000 events
are recorded.

For confidentiality reasons, the data and corresponding results can only be presented in
an anonymised form.

3.2 Global Analysis

The global analysis’ premise is to analyse the data to the extent that the general train move-
ment distribution is captured and the validity is assessed whenever possible with external
sources. Due to the amount of data, it makes sense to choose a station for each line that
represents it. For shorter lines, little variation in utilisation is to be expected. For longer
lines, changes may well occur, but these are accepted in favour of automation.

Some assumptions are necessary for the analysis. For example, in main stations, a line
number is assigned to each track. However, trains of different lines may run over these, so
that the data often cannot be clearly interpreted at this point. Furthermore, the traffic load
in large nodes is usually significantly higher than on the surrounding lines. Therefore, we
choose a station with the median load as the representative for each line. For each of the
line numbers available in the data set, the planned and actual train number is counted up for
each day on the representative station.

Several tables can be created from the data with this approach. First, the tables contain-
ing planned and actual train number are of size 366 (number of days between 01.07.2015
and 30.06.2016; leap year) times 1665 (number of lines). Officially, 1717 lines were regis-
tered in the network in 2015 (DB Netz AG|(2015a)) such that the data set includes most of
them. Each line consists of one or two tracks. If there are three or more tracks in parallel,
two or more distinct line numbers would be allocated for this section. Second, the delay data
for the chosen station is recorded for all days and lines, yielding the same size. Third, the
train category is recorded. In the data set, trains are classified into various categories, e.g.
InterCity or long-distance freight train, and further sub categories, e.g. regular transport,
empty running or shunting, to determine the exact type of movement. These fine categories
were condensed into five main categories: Long-distance passenger train, local passenger
train, S-Bahn (urban railway), freight train and other. This results in a 366 (number of days)
times 1665 (number of lines) times 5 (number of categories) table.

Fig.[2]shows a histogram over the average daily planned and actual number of trains on
the railway lines. For better readability a few outliers above 320 average daily trains are
omitted. These are in the region of 900 average daily trains and are high-volume S-Bahn
lines with a two to three minute headway time which are nearly completely saturated during
day time. The lines with the smallest traffic volumes are often (partially) single-tracked lines
whereas the lines with high traffic volumes are double-tracked (nearly) everywhere. The



German railway network consists of many branch lines which are often short and increase
the number of lines accordingly due to their tree structure.
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Figure 2: Average daily planned and actual number of trains on the railway lines

A large discrepancy between planned and actual average daily number of trains is apparent.
Generally, both follow an exponential distribution with a high amount of lines with low vol-
ume and only few lines with high throughput. The resulting number for the planned trips
seems to overestimate the summarised number of train movements slightly, but seems to be
rather accurately when compared to the individual passenger and freight train classes pro-
vided by [Statistisches Bundesamt (2017) — the Federal Statistical Office. This observation
is helpful to explain the difference between the evaluation and other data sources. When
using the median station as a representative of a line it can happen that these are dedicated
passenger or freight stations and therefore not all trains on the line are recorded. Although
the data provided by the Federal Statistical Office is structured differently, e.g. it is not
clear how they determined the number of trains on a whole line and for the complete year
of 2015, it generally fits the data set results.

According to the German infrastructure manager (Deutsche Bahn AG| (2019))), 26% of
the interlockings are still mechanical and these cover 15% of the network. As these are
unlikely to record train movements, the actual number of trains in the data set is massively
decreased on the corresponding lines. However, these lines make up a large share of the
network, but only a very small share of the transport performance. Furthermore, these lines
are often not interesting as the traffic volume is low (a regional train every one or two
hours on weekdays or occasional freight traffic) and the infrastructure is usually adequately
dimensioned. Hence, the general reliability for lines with low traffic volumes is smaller and
planned and actual traffic have to be looked at separately and cannot be compared directly.
To circumvent these effects, only actual data will be discussed in the following.

The second axis of observation is not to check the deviation between planned and actual
on the basis of the railway lines, but to look at the course of the month. For this purpose,
the daily average for actual train numbers is shown and broken down by train type for each
month in Fig. ] Overall it can be seen that, in correspondence to Fig. [T} not only the



transport performance alters throughout the year, but this is also correlated to the number of
used trains.

8X104‘

~

(2]

[6,]

7 [EHother

Ml freight train

[0S-Bahn (urban railway)
Elocal train
Mliong-distance train

w

N

Average Number of Trains per Day
N

—_

H L WO W0 W W WO o o o WO Lo

N N N N N N N N N N N N

S A N I I R O N R R
Month

Figure 3: Average daily actual number of trains per month over all lines
Not surprisingly, the train numbers for local passenger trains and S-Bahn are very constant
over the months. These provide a contractually agreed service, usually covered by Public
Service Contracts (European Commission|(2020)), that is characterised above all by its reg-
ularity. The long-distance trains and freight trains operate demand-driven and are planned
accordingly with monthly fluctuations. In long-distance transport, these fluctuations can
be explained primarily by holidays, additional trains or known major events over the long
term. In freight transport, there is a certain basic load for regular transports, for example
for chemical or mining companies, but also many short-term or cyclical transports, such as

foodstuffs.
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Fig.[]gives an overview of average train numbers by day of the week. Saturday and Sunday
are less busy and are not usually decisive for the capacity utilisation of individual lines. The



services provided in passenger traffic are reduced by about 20-25% at weekends. Freight
traffic declines by about 40-60% on weekends. On Mondays, the average transport per-
formance is also lower compared to the rest of the week, which is mainly due to freight
transport, but also partly due to long-distance transport. There are on average 5% more
long-distance trains and about 8% fewer freight trains on Fridays compared to the period
from Tuesday to Thursday. Hence, the weekends as well as Monday and Friday are gener-
ally not suitable for assessment and the period from Tuesday to Thursday should be chosen
for line capacity assessment.

3.3 Identification of Lines with Similar Characteristics

In the first part, the question of whether it is possible to identify lines that have similar
characteristics will be examined. Lines are classified as similar if they have a comparable
annual pattern in terms of the number of trains. For this purpose, the rows of the table with
the actual train numbers will be clustered. The actual train numbers are preferred in the
following as they reflect the actual train movements.

An apparent approach is the use of cluster analysis methods. There are various possibili-
ties, such as the use of centroid-based, density-based, hierarchical or distribution-based clus-
tering. The first attempt to use the probably most widespread centroid-based method, the
k-means clustering algorithm or one its variations such as k-means++ (Endo and Miyamoto
(2015)), was not successful. It turns out that the clusters formed are very heterogeneous due
to the number of outliers and the different utilisations of the lines (see Fig.[2). A significant
problem is that clusters have to be of similar size.

The attempt to use the density-based method DBSCAN (Ester et al.|(1996)) provides the
following findings. As soon as the number of minimum points in a cluster (minPts) is set
to more than 1, all lines are identified as outliers. If minPts = 1 is set and the distance as
a similarity measure (€) to the other lines is chosen small or moderate, 300-400 clusters are
identified. If € is chosen larger, the number of clusters decreases very quickly and only one
cluster is output for all lines. Furthermore, the produced clusters often have a high range in
train numbers on the involved lines and are therefore not really similar. The results of the
k-means and DBSCAN indicate that a clustering should probably have clusters of different
sizes and that the gap between the clusters will be high.

Since standard methods do not seem to be very effective, we use our own procedure
for clustering, which is a fusion of hierarchical, density-based and centroid-based concepts.
First, a distance matrix of size (number of lines) x (number of lines) is initialised. In the
next step, the distances between the line vectors are determined calculating the Euclidean
norm of the difference for each vector pair. Then an € is to be chosen, in this case ¢ = 100
is set, and all distances greater than € are set to 0 in the distance matrix. As a result, only
pairs of distances that have a certain similarity remain in the matrix. Subsequently, the line
with the largest number of non-zeros in the distance matrix can be chosen as the first cluster
centroid and all associated lines can be included in this cluster. Then, the entries belonging
to the selected lines are set to zero and the iteration continues until the last line is assigned
to a cluster.

This procedure, like the others, has certain drawbacks. On the one hand, a distance
metric and an € have to be chosen, which influence the design of the final clusters. On the
other hand, shorter major events, such as a line closure, can increase the distance between
two lines in such a way that they are no longer combined in a cluster, even though they



are very similar in the rest of the year. Dealing with noisy data is often a challenge in the
development of cluster algorithms.

Fig. [5] shows the first 21 clusters out of 841 clusters formed according to the method.
From cluster 44 on, they contain only single lines.
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Figure 5: 21 largest line clusters produced with the described method

Each graph shows the number of trains for each line (colour) through the course of the one
year long investigation period. It can be observed that the number of lines in the identified
clusters decreases very quickly, which supports the hypothesis of strong overall heterogene-
ity. Furthermore, the mixed clustering approach leads to the result that in fact not only lines
with similar load factors but also similar operating schedules are identified, e.g. lines with
very constant load factors and always the same drops in train numbers at weekends. Single
events occur in nearly all of the clusters, but they usually do not provoke a substantial offset
between two line vectors. Strongly positive deviations from the standard utilisation can be a
result of diverted traffic, additional trains for holiday season or large events, or reallocation
of rolling stock, so that the utilisation of these lines is significantly higher than usual on
certain days. Spikes in the other direction can be observed as well which are, in the reg-
ular case, the weekends and, in the single events, correspond to maintenance work, major
disruptions, holiday seasons or similar.

Due to the high number of lines with an average of only 0-20 trains per day, many of
these lines are sorted into the first and largest cluster, as expected. This cluster combines
lines that generally have a very low load factor, but some single events can also be identified.
The clusters 2, 4, 5 and 6 have similar structures compared to the first cluster. Clusters 2,
4 and 5 just have another base load of the included lines, but otherwise a similar traffic
pattern. Cluster 6 seems only to consist out of lines which have basically no traffic, but in
seldom occasions.

Many of the other clusters are characterised above all by the greatly reduced utilisation
at weekends. The strong dips can be seen very well in clusters 8, 9, 12 14, 15, 16 and
17. There are very regular deviations here, which could be crucial for the similarity check.
Cluster 21 impressively demonstrates the problem in clustering a year of train recordings.



As soon as disruptions such as longer construction works result in a strong deviation of the
train numbers the distances between the lines become too large and they are identified as
dissimilar.

If only the working days were considered, significantly larger clusters would result, as
the distances between the vectors would then be smaller. However, the overall behaviour of
the lines is definitely relevant and it is an operational difference whether the same number
of trains run at the weekend as during the week or not. In general, it is evident how the
similarity in the clusters increases significantly with smaller size.

A second, but more coarse, approach is not to cluster the lines according to their traffic
patterns, but according to the type of traffic. Therefore, the table of train categories is
evaluated again. Each line should be classified as either a long-distance train (high-speed),
local train, S-Bahn, freight train or mixed traffic line. For this purpose, the different train
types are added up over the year and classified. With the total number, a line with a chosen
barrier of 80% of one type is sorted in a special category and is otherwise identified as a
mixed traffic line. This approach has the drawback that the chosen representative station on
the line might have traffic on the station tracks assigned with their line number which is then
not operating on the line itself. Furthermore, the chosen station might not be representative
for the type of transport on the line. However, as an approximation this approach yields
sufficient precision.

The classification method results in 23 long-distance train, 517 local train, 100 S-Bahn,
325 freight train and 700 mixed traffic lines. This result is anticipated as dedicated high-
speed lines in Germany are scarce and the few are often very long. Some of these lines
are also only transition curves, which receive their own line number. The result might not
be accurate for each line as only one representative station is chosen. This station, though,
might not be representative for the train mix on the whole line. The resulting clusters are
illustrated in Fig.[6]
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Figure 6: Clusters according to line specification



The classification of the lines according to the predominant train type shows how different
the capacity utilisation is on the lines, but also how similar or dissimilar the lines are over
the course of the year.

First of all, it is noticeable that local train and S-Bahn lines generally have a very con-
stant capacity utilisation throughout the year, which is only temporarily reduced by events
such as construction sites or line closures. An increase in utilisation rarely occurs, except
for timetable changes, such as the third line from the top in the S-Bahn chart, or temporar-
ily during major local events. It is also noteworthy how different the utilisation is at the
weekend. In some cases it drops by about a third and in other instances it is almost as
high as during the working days. The two lines with very high daily train numbers result
from highly optimised and utilised double-track railway lines in very large cities with nearly
all-day operation and headway times of two to three minutes.

In long-distance traffic, the major long-distance lines stand out. Particularly prominent
are the high fluctuations over the course of the year on some lines. Due to the low availability
of dedicated high-speed lines, these are particularly susceptible to events such as changes in
traffic demand or diversions due to closures. The high variance makes the selection of the
day particularly relevant for the capacity assessment of the line very difficult.

Freight transport is characterised by a high degree of flexibility. As a result, the utilisa-
tion levels fluctuate, sometimes massively, during the week, but strong fluctuations can also
be seen across the weeks. The drop around the Christmas holiday is particularly striking,
when operations seem to be significantly reduced.

In mixed traffic, different train categories interact. Here, the more regular local trains
form the base load and long-distance traffic and freight traffic are mainly responsible for
the variation in train numbers. Due to the high number of mixed traffic lines, they also
cover a very large utilisation spectrum. As a result of the strongly varying loads, the correct
dimensioning of these lines is particularly important and the choice of investigation period
is especially delicate.

Conclusively, it is difficult to identify common behaviour in these groups and the high
degree of variation is particularly bad for meaningful pattern recognition. Nevertheless,
some particularities of the line types are investigated in next section.

3.4 Exemplary investigation of railway lines

In the following, one representative line will be presented and examined in more detail for
each of the line categories. In doing so, different characteristics of line types will be dealt
with and special features in the process will be discussed. For these lines, the train num-
bers are also compared with the delays that occurred during operation in order to check
the influence of the choice of the investigation day. The amount of delays is clearly deter-
mined by many potentially overlapping influences. Assuming some continuity of the other
influences the number of trains is assumed as sole and at least significant input parameter
in the following. The delay of early trains is set to zero which does not change too much
in passenger transport, but might have significant effects on the freight transport evaluation
which is discussed in the appropriate sections. In addition, existing outliers or errors in the
data set might affect the result.

Long-distance train line
The number of dedicated high-speed lines in Germany is small. Therefore, a line with a
relatively high traffic load is chosen in order to obtain as much information as possible and



to be able to better evaluate single events. The chosen representative station on the line has
a long-distance traffic share of about 90%. However, only long-distance traffic operates on
the line itself. The other recorded trains just use the station tracks associated with the line
number from time to time.

Fig. [7(a)| shows the actual train numbers over the course of a year for a long-distance
train line. In general, the line shows significant variation in and over the weeks despite
the high regularity of the traffic. There are some particularities in the course of the year.
Around the beginning of October, the train numbers decrease significantly. The period
and the restrictions suggest that there were holidays and construction work on the line at
this time. The second dip at the end of December is likely caused by the holidays around
Christmas.
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Figure 7: Traffic and delay pattern for a long-distance train line

The occupancy rate throughout the day (cf. Fig. [7(B)) shows that the days were very ir-
regular and that the occupancy rate also fluctuates greatly between morning and evening.
This may be due to the position of the station, as this has a significant influence on when
the long-distance trains, which usually perform very long trips, arrive at the station. As
long-distance traffic is demand-oriented, there are almost no movements at night, but some
freight trains which sometimes use the tracks allocated to long-distance traffic during this
time. The line’s behaviour shows that it is difficult to choose a representative day or hour
for the capacity assessment of the line.

This assumption is also confirmed if the delay experienced in operation is taken as a
quality measure. A clear trend emerges, showing that delays do not only grow linearly with
increasing train numbers. The assumed volatility of train numbers is very clearly shown
in the scatter plot in Fig. Two clusters around 120 trains (weekend) and 140 trains



(working day) are recognisable. With the knowledge gained before, this part of the line
should be able to handle 140-150 trains per day with reasonable quality.

Local train line

Local train lines are characterised by their large variety. These lines range from single-track
lines in rural areas with a service every 2 hours up to densely utilised double-track lines
with mixed-traffic regime and long-distance trains as well as freight trains on the line from
time to time. Consequently, the operation can be homogeneous or heterogeneous which has
strong implications, e.g. in terms of delay propagation.
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Figure 8: Traffic and delay pattern for a local train line

Fig.[8(a)] shows the actual train numbers over the course of the year for a local train line. It
is noticeable that several prolonged variations can be observed over the course of the year.
First of all, the difference between weekdays and Saturdays, and to an even greater degree
Sundays, is very significant. In addition, there are several longer reductions in capacity
utilisation due to 5 weeks of construction work, which reduce capacity utilisation by almost
half. Interestingly, between November 2015 and March 2016, one of the services appears
to no longer use the line due to adjacent construction work. This effect is observed over
a longer period of time, so even looking at a line for several weeks can lead to erroneous
conclusions about load factors if no further information is available.

The hourly distribution of train numbers during a day is presented in Fig. [8(b)] It clearly
indicates the distinction of day and night hours. During the daytime, the number of trains is
constant whereas the number during the night hours decreases and a rest period is observ-
able. These hours without traffic are imminent for the recovery of potential delays from the
previous day and for the clean set up for the next day.



Furthermore, delays depending on the number of trains are illustrated. The delay data from
Fig. show a strong trend. The delays clearly increase in a super-linear manner for
larger numbers of trains on the line. The strong scattering of train numbers over the year
is also particularly apparent. Although the clusters for weekdays and weekends are recog-
nisable, the dispersion is nevertheless very high. For a regional line with a relatively dense
frequency, the delays obtained are very high and the line does not seem to be sufficiently
dimensioned for the high utilisation rates. Although the majority of days have less than 160
trains, the development of delays should be examined to see if the line can be upgraded
to handle at least 160 trains on a regular basis, allowing for future increases in transport
capacity.

S-Bahn line

S-Bahn lines are characterised by their homogeneous traffic. Typical for passenger traffic
is the recurring number of trains every week. The number of trains on week days is clearly
higher than on weekends.

Fig.[9(a)| shows the actual train numbers over the course of the year for a S-Bahn line.
The traffic load on S-Bahn lines such as this one is particularly high. With more than 250
trains on a double-tracked line, the number of trains on S-Bahn lines is substantially higher
than on mixed traffic lines. This is possible due to the homogeneous traffic with similar
train types that have high acceleration values. Furthermore, the infrastructure is usually
optimised for short distances between trains.

300

N
@
S

Il w” ‘\ I \j\{‘ﬁ\‘“«‘!‘\f ‘ ““\\”‘\m M\ N‘ I m |

LA

L L L
< o J Q}

N \\ N $© \\ ‘\ . 12 4 7 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
UMM & 3 5 6 8 9 10 3 516 8 19 20 3

M
w M\

V

o 5
o
EACI

w" “\ w l

Ik

‘
e

N
S
S

Number of Trains

@
g

|
|

Number of

3
8
T

o
> 8

Day
(b) Distribution of the hourly actual train num-

(a) Actual daily numbers over the course of a
bers over the course of a day

year

12r

101

Delay per train [min]
>
T T

N
T

~
T

g SRR

S

. | ‘ ‘ ‘ |

50 100 150 200 250 300
Number of Trains (Actual)

(c) Delay per train depending on the utilisation
of the railway line

Figure 9: Traffic and delay pattern for a S-Bahn train line



Some variations in train numbers can be observed on this line. Contrary to expectations,
train numbers also vary significantly across weekdays. The line continues to be affected by
construction work on a very regular basis during the investigation period, in 2015 mostly on
weekends and 2016 then for several weeks.

Fig. O(b)] shows the distribution of train numbers during a day. At night between mid-
night and 6 in the morning, the hourly number of trains is very low. Here, a rest period is
observable as well and can help reorganising in case of larger disturbances during the previ-
ous day. During the day, at least 12 trains per hours are operated with a peak in the morning
and afternoon. These peaks correspond to the passenger demand peaks, mostly for people
on their way to or from work and pupils. The operators deploy additional trains during these
hours to increase their transport capacity.

Fig. illustrates the delay on this particular line depending on the number of trains.
The clusters for weekdays and weekends as well for the construction works are well ob-
servable. The majority of trains is delayed by less than three minutes which is usually the
maximum for high-density S-Bahn traffic. Usually, these trains get cancelled when the de-
lay exceeds some threshold as these trains would massively propagate the delays. However,
in the region of 250 trains onward the average delay shows a clear increasing trend.

Freight train line

Train lines with a majority of freight trains are expected to have heterogeneous traffic loads
during each day and also during the year. The operation is very demand-driven and depend-
ing on the line the traffic can be very regular or be even seasonal with (nearly) no usage of
the line for several months.

Fig. shows the actual train numbers over the course of the year for a freight train
line. The number of trains varies daily. The lowest number of trains can be noted for
Sundays. Usually, Wednesdays and Thursdays have the highest traffic loads. The graph for
the yearly utilisation indicates that the dimensioning of such a line is rather difficult as the
load varies drastically.

Fig. illustrates the hourly traffic load distribution during a day. In contrast to the
previously presented train lines with passenger traffic, this freight train line displays no
difference between daytime and nighttime. This is actually an advantage on this line, as the
load is very evenly distributed and there is no need to dimension according to the peak hour.
If there are one or more peak hours, this often leads to a very strong build-up of delays or
the infrastructure is oversized for most of the day. In the case of a very even load, the quality
is typically equally high throughout the day.

Just as the number of train varies so do the delays. Fig. shows the delays depending
on the number of trains. For freight trains conflict-free slots are reserved in the timetable
for legal reasons. However, freight trains can move up to 3 hours early and up to 20 hours
late compared to their reserved slot as regulated in the Network Statement (DB Netz AG
(2015b)). For strategical reasons, freight trains often operate late on purpose as they can
then usually move without further stops due to not being early and put aside. This leads to a
high unreliability in terms of the delay data and a high flexibility in freight train operation.
Hence, it is difficult to read off a trend and set infrastructure recommendations for freight
lines on the basis of absolute delay data only and the delay changes in the course of the
journey could be considered.
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Figure 10: Traffic and delay pattern for a freight train line

Mixed traffic line line

Mixed traffic lines can be very diverse and are by definition characterised by very hetero-
geneous traffic. Depending on which modes of transport are involved, the situation is very
different. In the case of the line under investigation, only local and long-distance traffic
is involved. No mixed traffic line with freight trains was chosen, as with these the corre-
lation between train numbers and delays would be difficult to interpret, as in the previous
subsection.

Fig.[IT(a)|shows the actual train numbers over the course of the year for a mixed traffic
line. The traffic on this line is very volatile, as the local trains set the base load, but the
long-distance trains sometimes run very irregularly and also spatially differently depending
on the day. Particularly noticeable is the day in June when the line was used as an alternative
route and many trains were diverted over it.

The daily pattern in Fig. [[T(b)] shows the passenger traffic pattern that was already ob-
served before. During the day, the load fluctuates somewhat and at night very few or no
trains run. The peaks in this case are generated by the long-distance trains, which run at dif-
ferent times of the day on this line due to their long running distances and irregular pattern.
The volatility during the day is also very high.

The average of delays in Fig. is significantly influenced by long-distance trains.
Due to their long running distances, these trains have a significantly higher probability of
building up larger delays and then carrying them onto the route. In general, the line seems
to be well utilised and the delays are kept within limits. Particularly interesting and worth
highlighting here is the day on which the utilisation rose to almost 170 trains and this num-
ber of trains could be processed on the line at all with apparently even low average delays.
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Figure 11: Traffic and delay pattern for a mixed traffic line

In fact, at that time there were already plans to run more services over the line, as it was
already dimensioned for higher traffic volumes.

3.5 Discussion of the results

Based on the conducted analysis, we check the proposed hypotheses. The exemplary anal-
ysis of trains on German rail infrastructure over one year has clearly shown that the lines’
utilisation differs significantly. While on most lines, less than 50 trains run per day, a small
number of double-track lines have daily train numbers above 200. When interpreting these
results, it needs to be considered that the examined lines have different characteristics. De-
pending on infrastructure, signalling systems and operational usage, the capacity of lines
differ greatly. When looking at the variation of train numbers of specific lines, some time
periods include noticeably less trains than others. Over a year, the average monthly traf-
fic loads vary with the fewest trains running in December. This can be explained by the
Christmas vacations. For some lines, prolonged variations of train numbers can be ob-
served over the course of the year due to construction works or when lines are closed due to
other reasons. Fluctuations during a week are distinctive with the busiest days being Tues-
days to Thursdays. On weekends, especially on Sundays, the traffic load is reduced. This
has already been considered in most rules for capacity assessments. German infrastructure
manager DB Netz AG for instance recommends the days Tuesday to Thursday as days with
average traffic load for capacity assessment (DB Netz AG|(2008)). These rules are, how-
ever, often solely based on planned traffic and ignore possible daily variations. These vary
from consistently high utilisation throughout the day to distinct day and night times with
well-defined peaks throughout the day.



Based on the number of trains and their variation, clustering rail lines is possible to a limited
extent. Difficulties have occurred due to the heterogeneity of lines. A large number of
lines operate with limited number of trains whereas other parts of the network are very
busy. These lines usually have different track-side equipment and operation including the
variation of train numbers can only hardly be compared. Furthermore, single events greatly
influence the clustering. Time periods with unusual train numbers can be caused by, e.g.
construction works or other external effects. This causes lines to be clustered in separate
groups. Excluding the influence of single events can be done by pre-processing the data.
That way, although complicated on its own, the generation of better results is expected for
most clustering methods.

The number of trains seems to impact the occurring delays on lines. The analysis of the
five exemplary lines shows that average delays on a line usually increases on days with high
traffic loads. Since early arrivals were set to zero, the calculated delays might differ from the
average delays in operation. When interpreting delays at a specific section of the network, it
needs to be considered these delays might have been caused elsewhere. Interdependencies
in rail networks complicate the search for the cause of delays and bottlenecks. For this
purpose it is necessary to examine the infrastructure, timetable and operation in detail.

4 Conclusion

Knowing traffic loads and their variations is a an essential element of dimensioning infras-
tructure appropriately. For roads, typical flow profiles have been established that charac-
terise the variation in traffic loads. These are used e.g. when dimensioning highways. The
aim of this paper was to examine past traffic loads on railway infrastructure and identify
typical characteristics of different rail lines using clustering methods.

For this purpose, different clustering methods have been tested. Each cluster method
has its own advantages and disadvantages, which makes it difficult to recommend a gen-
eral method. The evaluation of the data along the time axis for a dedicated station looks
promising in principle. A natural extension would be not only to look for lines with similar
absolute number of trains, but also for lines which share a similar progression of the number
of trains. For this purpose, not the absolute number of trains could be compared, but the
daily difference in train numbers compared to the previous day, either absolute or relative.
Furthermore, looking at the number of trains over the entire length of the line could open
up further opportunities. However, further pitfalls must be avoided here, as the length of the
route or the number of stations now becomes relevant and the question arises as to how two
lines are then compared. In addition, the methods are always dependent on the quality of
the data basis and these data have some peculiarities.

Analysing German rail infrastructure has shown great variation of traffic loads on lines.
A large number of lines are utilised by less than 20 trains per day while some lines have
extremely high traffic loads. Examining long rail lines should be done in different sections
since the lines’ properties such as the number of trains or their composition might vary
drastically. The separate analysis of lines has shown monthly, daily and hourly variation of
train numbers. Distinct variation can be seen for different line types. Since the number of
trains is an important input parameter when dimensioning infrastructure it is crucial to take
this variation into account and chose a representative value. The provided capacity and the
traffic load have direct impact on the service quality.

As further research, the improvement of the application of clustering methods for rail
infrastructure is recommended. It is necessary to filter unusual events in the input data. For



example, construction or extreme weather events temporarily reduce the capacity and might
hinder a clustering of otherwise similar lines. When a representative week has been found, it
could be compared with data from different years to analyse yearly variations. Furthermore,
it could be tested to scale the traffic load in order to cluster lines with different traffic loads
but same traffic patterns.

Up to now, each individual line is often analysed on a very small scale for capacity
issues in the railway sector. These evaluations are usually related to a reference day, which,
as this article has shown exemplarily, can lead to incorrect results under circumstances.
If different lines are better comparable, then one way could be to use similar procedures
as in road transport. There, the flow profiles are ordered according to the utilisation in a
decreasing manner and the 50th hour is usually taken as the decisive representative. Using
similar approaches would allow capacity studies to be carried out in a much more general
and perhaps even higher quality manner.
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