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Abstract

Over the last few years, bus companies have been under increasing pressure,
created by competition due to rising privatization in the public transport
sector and reduced subsidies of public authorities. Moreover, human plan-
ners are dissatisfied with market-established scheduling solutions. For small
bus companies market-established systems are too expensive and addition-
ally cannot cover all the special constraints and rules which are present in
rural areas.

This thesis describes a new interactive approach to creating efficient com-
bined vehicle and duty schedules for rural areas that are usable in practice.
The introduced system integrates a human scheduler and all their domain
specific knowledge in the scheduling process. Special attention is paid to
the concept of combining the skills of humans and computers. The human
planner is not replaced by a system, rather the planner is supported by a
quick and comprehensive presentation of information and statistics including
schedule suggestions.

The second part of the thesis deals with implementation details of the
interactive planning system. Basic elements of the system structure are dis-
cussed and three different scheduling algorithms are introduced. The heuris-
tic scheduling algorithms are able to suggest initial feasible schedules. A
human planner then has various opportunities to intervene in the scheduling
process. The user interface allows a user to modify the generated solution and
fix parts of a suggested or existing schedule which the user is satisfied with.
Based on these modifications and selections, the system can provide further
suggestions. Planners are additionally supported in their decision-making
process by clear and meaningful statistics during the overall scheduling pro-
cess. To enable human schedulers to include known regional requirements,
various tangible configuration parameters are described. Besides built-in
rules which handle legal regulations and scheduling requirements, the system
can be extended with customized rules for the special demands of planners.

Evaluations and benchmarks have shown, that the system is usable in
practice and is able to generate acceptable schedules within a short time.
The resulting schedules are comparable with human planned solutions with
regards to costs, which have been gradually optimized over years. The system
and the concept of interactive scheduling has been well received by planners
of various bus companies.
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Zusammenfassung

In den letzten Jahren sind Busunternehmen, aufgrund von Wettbewerb durch
steigende Privatisierung im o6ffentlichen Verkehr, als auch durch gekiirzte
Subventionen der offentlichen Hand, immer stdrker unter Druck geraten.
Auferdem sind Planer mit den verfiigbaren, etablierten Planungslésungen
unzufrieden. Sie sind zu teuer und koénnen dariiber hinaus nicht alle beson-
deren Anforderungen erfiillen, die ldndliche Regionen mit sich bringen.

Diese Arbeit beschreibt eine neue interaktive Herangehensweise um prax-
istaugliche und effiziente kombinierte Umlauf- und Dienstpléne fiir landliche
Regionen zu erstellen. Das vorgestellte System integriert einen menschlichen
Planer und sein gesamtes Doménenwissen in den Planungsprozess. Beson-
dere Aufmerksamkeit wird dabei auf die Kombination der Fahigkeiten von
Menschen und Computern gelegt. Der menschliche Planer wird nicht von
einem System ersetzt, vielmehr wird der Planer von einer schnellen aber
umfassenden Darstellung von Informationen und Statistiken einschliefslich
Planungsvorschlégen unterstiitzt.

Der zweite Teil der Arbeit beschéftigt sich mit Implementierungsdetails
des interaktiven Planungssystems. Grundlegende Elemente der Systemstruk-
tur werden erortert, und drei unterschiedliche Planungsalgorithmen werden
vorgestellt. Die heuristischen Planungsalgorithmen sind in der Lage initiale,
aber direkt nutzbare Losungen vorzuschlagen. Der Planer hat dann unter-
schiedliche Moglichkeiten um in den Planungsprozess einzugreifen. Die Be-
nutzeroberfliche erlaubt es, die generierte Losung zu verandern und geeignete
Teile der vorgeschlagenen oder existierenden Umlaufe zu fixieren. Das Sys-
tem kann auf Basis der durchgefiihrten Anpassungen und der Auswahl guter
Umlaufteile weitere Vorschlidge liefern. Planer werden zusétzlich mit aus-
sagekraftigen Statistiken in ihrem Entscheidungsprozess wahrend der gesamten
Planung unterstiitzt. Um regionale Anforderungen beriicksichtigen zu kon-
nen, werden verschiedene, greifbare Konfigurationsparameter beschrieben.
Neben den integrierten Regeln fiir die Planungsanforderungen und geset-
zlichen Vorschriften kann das System durch individuelle Regeln fiir spezielle
Anforderungen erweitert werden.

Auswertungen und Benchmarks haben gezeigt, dass das System in der
Praxis einsetzbar und in der Lage ist akzeptable Umlédufe in kurzer Zeit zu
generieren. Die Kosten der resultierenden Umléufe sind mit den manuel opti-
mierten Losungen vergleichbar, die iiber Jahre sukzessive optimiert wurden.
Das System und das Konzept der interaktiven Planung wurde von Planern
verschiedener Busunternehmen gut angenommen.
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Chapter 1

Introduction

Over the last few years, bus companies have come under an increasing
amount of pressure. This is created by competition due to rising privati-
zation in the public transport sector and reduced subsidies of public au-
thorities. Moreover, subsidies for public transport have to be put out for
public tender instead of being given directly to local companies. Therefore,
bus companies have to reduce their costs to remain competitive. Besides
lowering wages or discontinuing unprofitable lines, costs can be reduced by
increasing the efficiency of current schedules.

This thesis introduces a new interactive approach to support human plan-
ners in creating vehicle and duty schedules that are efficient and usable in
practicality. The first part of the thesis gives an overview of the planning
involved in public transport and various solution approaches described in
literature. Chapter [2] describes the planning process in public transport and
particularly addresses vehicle and duty scheduling. Chapter [3] introduces a
model for vehicle scheduling and the combined vehicle and duty scheduling
problem. Additionally, various exact and heuristic solution approaches are
introduced and the problem of optimization algorithm testing is discussed.
Interactive knowledge-based solution approaches are covered in Chapter [4]
where the important role of a human scheduler is addressed and different
degrees of interactions are described.

The second part of the thesis covers the technical implementation of this
work in detail. Chapter [5|introduces the practical problem addressed in this
thesis, the partner company and the characteristics of regional test areas.
Chapter [0 contains detail of the implementation, including the basic concept,
the architecture and algorithms and its configuration and rules. Chapter [7]
presents the results of benchmarks and feedback from human schedulers.



Additionally, existing problems regarding the implementation and concepts
are presented. Chapter [§] gives an overview of the current state and the
practical usage of the introduced system. Finally, further developments are
discussed and an outlook is given.



Chapter 2

Planning in Public Transport

In this chapter the planning process in public transport is introduced. The
areas of planning are described, whereas vehicle and duty scheduling re-
ceive particular attention and explained in detail. Important definitions of
the terminology used in public transport are given and the advantages of a
combined scheduling approach are discussed.

2.1 Planning Process

The planning process in public transport can be divided into strategic plan-
ning and operational planning (Weider, [2007). Strategic planning is con-
cerned with long term processes, such as infrastructure and timetabling.
Operational planning deals with the resources of a company, like vehicles
and duties. An overview of the planning process is illustrated in Figure [2.1
In the following, each phase of the process is described in more detail.

1. Strategic Planning

Network and Line Design is the initial phase of the planning pro-
cess. In this phase a topology is defined which includes bus stops
and their locations. The topology is then connected to a network
by creating fixed lines. Additionally, a frequency has to be de-
termined for each line which can handle the expected passenger
volumes.

The goal of the network and line design is to reduce the dwell
times and bus changes required to get from an origin to a specific
destination to enhance the convenience for passengers. At the
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Figure 2.1: The planning process in public transportation.

same time the costs should be minimized. The output of the
network and line design phase is a network of bus stops and lines
with information about the locations of bus stops, required times
and distances of lines as well as their required frequencies.

The process of network and line design is often historically grown
and will seldom change completely. The reason for this is that for
instance infrastructure, like parking areas or other service connec-
tions, are tailored to existing bus stops and lines. For this reason a
network and line design is often only modified or extended slightly.

Timetable Planning Based on the defined lines and their frequen-

cies, the arrival and departure times of vehicles at bus stations
have to be defined. This process is called timetabling. An in-
stance of a bus line with a defined arrival and departure time is
called a trip. The output of the timetabling phase is trips, which
cover all lines and frequencies. Additionally, if there is more than
one vehicle type available, it is also assigned to the specific trips
in this phase, based on demands such as passenger volumes or
road conditions. The goal of the timetable planning phase is to
minimize the waiting times of passengers at bus stops. This in-
cludes the coordination of different lines to make buses meet at
major hubs at the same time or within a short time span.

2. Operational Planning

Vehicle Scheduling deals with the problem of assigning trips, stem-

med from the timetable, to vehicles at minimum costs. Therefore
the number of vehicles and deadhead trips needed to serve all
trips should be as low as possible. A detailed description of ve-
hicle scheduling including definitions and properties is given in

Section 2.2



Duty Scheduling is responsible for creating duties from various tasks.
In public transport, tasks are mainly trips, stemmed from a time-
table and are already planned in a vehicle schedule. Additionally,
other tasks, like sign-on or sign-off tasks, which are needed to pre-
pare a vehicle, have to be planned if needed. Duty scheduling is a
hard task due to legal regulations, certain domain specific rules or
restrictions from local authorities. Duty scheduling is discussed
in detail in Section 2.3

Crew Rostering is concerned with the scheduling of duties, result-
ing from the duty scheduling process. Duties have to be assigned
to individual drivers for a fixed planning period. The rostering
process is restricted by various rules, like legal regulations or pref-
erences of employees.

A huge amount of research has been performed on solving each part
of the schedule process individually, either by exact or heuristic methods.
Additionally, there have been further attempts to integrate different parts of
the scheduling process to achieve better optimization results.

In this thesis the vehicle scheduling problem (Section and the duty
scheduling problem (Section are discussed in detail. The practical work,
following in the second part of the thesis, is based on a combined approach
of vehicle and duty scheduling which is described in Section

2.2  Vehicle Scheduling

The vehicle scheduling problem is concerned with assigning trips, stemmed
from a timetable, to vehicles at minimum cost (Weider, |2007; Ceder, [2015,
Chapter 7, p. 164ff). Therefore the amount of vehicles and deadhead trips
needed to serve all trips should be as low as possible.

Trips, stemmed from a timetable, are called service trips and have the
task of transporting passengers. Deadhead trips, do not transport any pas-
sengers. There are different types of deadhead trips:

1. Transfer trips connect service trips which do not end and start at the
same location.
2. Pull-out trips connect a depot with the first trip of a tour.

3. Pull-in trips connect the last trip of a tour to a depot.



4. Deadhead trips are also used to connect two trips which meet at the
same location including waiting times.

A tour is a sequence of trips and is assigned to an individual vehicle. The
result of the vehicle scheduling is a list of tours to serve all trips stemming
from the timetable.

All service trips have a defined start-time and an end-time, a start-
location and an end-location. Additionally, the driving time and driving
distance must be known to be able to schedule service trips and calculate
the trip and tour costs. The start and end time of trips are already defined in
the timetable. The start and end locations and the locations of intermediate
stations of service trips are defined manually in the network and line design
phase. For an exact cost calculation the driving time and the distances of
service trips are needed, which are also specified in the network and line
design phase.

Due to the fact that there is a large number of deadhead trips possible and
whether the driving time or the distance of each deadhead trip is known by
human planners, deadhead trips are usually not defined manually in advance.
They can be computed either by a routing planner, which provides exact time
and length values as used in the practical implementation (Section .
Or the properties result from an interpolated approach by calculating the
linear distance between two coordinates. The needed time is then calculated
by multiplying the interpolated distance by an average speed.

Each vehicle has a vehicle type, such as small bus, standard bus, double
decker or articulated bus. Each vehicle type has different characteristics,
such as a number of seats, an average speed, the length or height of the bus.
This can be relevant for the planning process because trips can have different
requirements on the vehicle type, which must be fulfilled. For example, there
are trips that cannot be driven by a bus which is too long because otherwise
it cannot get a round a curve, or too high to pass a low bridge. On the other
hand there are trips where a high passenger rate is expected and therefore a
bigger bus with more seats is needed.

The final costs result from the fixed costs of the vehicle type, the fuel
consumption per km, the driving time and the costs for a driver, see Sec-
tion Therefore, reducing deadhead trips and waiting times will lead
to lower costs.



2.3 Duty Scheduling

Duty scheduling is concerned with covering a set of tasks efficiently (Weider,
2007). Tasks in public transport stem from a timetable, or vehicle schedul-
ing respectively. Additionally, there are other tasks like administrative work
or sign-on and sign-off tasks which are needed to prepare the vehicle before
and/or after a vehicle is put into operation. A duty in the area of public
transport is a set of tasks served by one driver, taking into account legal
regulations. Furthermore, there can be other domain specific rules and re-
strictions which must be observed. In the following, basic legal regulations
and the duty cost calculation is described.

2.3.1 Legal Regulations

Austria and Germany are the countries that are of most interest to the
partner company, which will be introduced in Section Therefore, only
Austrian and German regulations are addressed in this thesis. There are dif-
ferent legal regulations concerning duty scheduling. First, the EU regulation
(EC) No 561/ QOO(ﬂ introduces basic definitions and says:

“ The Member States should lay down rules for vehicles used for
the carriage of passengers on regular services where the route cov-
ered does not exceed 50 km. Those rules should provide adequate
protection in terms of permitted driving times and mandatory
breaks and rest periods.”

This means that all routes that do no exceed the 50 kilometre limit are
regulated by national states, which applies to nearly all routes in local public
transport.

National legal regulations concerning duty scheduling are the working
time law (Arbeitszeitgesetz) and the driving time directive (Lenkzeitverord-
nung), for German regulations, see e.g., Bagdahn (2015). However, the
Austrian and German Rules are very similar, with the difference that the
quotient rule, explained in the following, is no longer valid in Austria and
the driving period is 4 1/2 hours in Germany and 4 hours in Austria.

In the following, definitions and the most common legal regulations are
introduced. The implementation and a detailed description of the legal reg-

"http://eur-lex.europa.eu/resource.html?uri=cellar:
5cfbebde-d494-40eb-86a7-2131294ccbd9.0005.02/D0C_1&format=PDF
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ulation as rules is given in Section [6.3.1

e The daily working time of a driver is at most 13 hours.
e The daily driving time of a driver is at most 9 hours.

e The non-interrupted driving time, which means the accumulated driv-
ing time after or before a break or rest, is at most 4 hours in Austria
and 4 1/2 hours in Germany. These non-interrupted driving blocks are
called driving periods.

e Breaks: To start a new driving period, the driving period must be
interrupted by one break of at least 30 minutes or by two breaks of at
least 20 minutes each or by three breaks of at least 15 minutes each.
These breaks must be taken before the driving period reaches 4 hours,
or 4 1/2 hours respectively.

e Quotient-rules, namely the one-sixth rule, are only valid in Germany.
The one-sixth rule additionally allows the required breaks to be divided
into blocks of at least 10 minutes each. The duty is valid if the total
break time is at least one sixth of the total driving time. The one-sixth
rule must also be valid within a driving period.

2.3.2 Duty Costs

Costs of duties mainly result from the working time of a driver. However,
in accordance to the time law, a driver must have appropriate breaks which
could be paid or unpaid. The legal regulations, concerning paid and unpaid
breaks, vary from country to country.

In Austria, a maximum 1 1/2 hour of break time within a duty can be
unpaid. Additionally, an unpaid break is only possible if the duration of a
duty is more than six hours. Finally, breaks in the first two hours and in the
last 2 hours of a duty are always paid. For a detailed explanation and special
regulations of the Austrian time law relating to paid and unpaid breaks see,
e.g., Schmeidl (2012]).

Although, human and automated schedulers try to create or generate
balanced duties with adequate break length, there are often 'better’ and
'worse’ duties, which means if a driver likes a tour or not. This also depends
on the country. In some countries it is usual to have a long lunch break,
in other countries it is more common to have a short lunch break, but end
work earlier (Weider, [2007). Therefore, bus companies often have special
agreements concerning paid and unpaid breaks with bus drivers, besides the



legal framework, which must be fulfilled anyway. For example, breaks in
'worse’ duties are paid more often than required by law, to compensate the
resulting inconveniences. Different penalization strategies can be introduced
to prevent algorithms from generating unbalanced or ’worse’ duties. One
example is the penalization of too short or too long breaks.

Furthermore, duty costs can change abruptly even if only one additional
trip is added or removed from a duty. For example, if on the one hand
the duty duration drops below six hours, it will lead to completely paid
breaks, based on the Austrian time law described above. This may result in
significantly higher costs. On the other hand, if additional trips are added
and the tour duration then exceeds six hours, the costs may even decrease
because unpaid breaks are possible.

It is very challenging to calculate correct duty costs, while respecting all
legal regulations and it is practically impossible to calculate the exact cost
including special agreements between bus companies and drivers. Therefore,
the costs calculated by a scheduling system are always only a reference value.

2.4 Combined Vehicle and Duty Scheduling

For each phase in the planning process, described in Section [2.1] numerous
solution approaches are known, which solve each problem sequentially and
individually. In the following, combined approaches are presented, which
try to optimize different areas of the planning process in one step. This
enables more possibilities and is in some cases even needed to get an optimal
solution.

A lot of research has been done in the area of solving each step of the
public planning process individually. However, it often leads to significantly
better results if different steps of the planning process are combined and
solved in one step. Van den Heuvel, Akker, and Niekerk (2008)) presented
an integrated approach to timetabling and vehicle scheduling. The results
showed that a significant reduction in the operational cost can be achieved
by slightly changing the departure and arrival times in the timetable. Of
course, it is not always possible to change the timetable, this depends on local
authorities. Sometimes the timetables are given and offered by that region.
A consumer then has to take the timetables and generate efficient vehicle
schedules from it. To take advantage of combined timetabling and vehicle
scheduling, changing the timetable must be allowed to a certain extent.

By combining vehicle and duty scheduling, on which this thesis is focused



on, better results can be achieved and problems can even be solved where a
sequential approach would fail. In regional public transport, trips are longer
and fewer relief points exist. It is often the case that a driver starts at a
depot and finishes his duty in the same depot again. Weider presented
an example of a rural area, where a sequential approach cannot produce any
feasible solutions without violating the working time law or the driving time
directive. It is illustrated as a network flow diagram in Figure [2.2] In these
kind of diagrams, deadheads are also used to connect trips which meet at
the same location, including waiting times between the trips if present.
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Figure 2.2: In this example, a sequential approach will not lead to a feasible
solution, only a combined approach of vehicle and duty scheduling can produce
valid results. Image is based on Weider (2007).

In the example there are two service trips to schedule. Trip 1 takes four
hours to get from A to B. It is directly followed by Trip 2 which also takes
four hours to get back from B to A. Trip A starts at depot s. From depot
s to trip B, one hour is needed, which means that the trip A and B do not
take the direct route. A vehicle scheduling algorithm will schedule Trip 1
and Trip 2 in a row, for which exactly one vehicle is needed, which is the
optimal solution. For a duty scheduler, it will be impossible to generate a
feasible duty from the vehicle schedule, where Trip 1 and 2 are bound to one
vehicle. The driving time 