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Abstract
The ongoing trends of urbanization and e-commerce continuously challenge the
existing urban transportation systems. A steadily growing number of people
traveling within urban areas, results in more trips taken with public transporta-
tion systems. Additionally, the constantly increasing number of urban logistic
operations leads to more commercial vehicles in cities. These ongoing trends
and the need for more sustainable operations require the design of robust and
efficient transportation systems which additionally provide a high level of service
for their users. In recent years, two innovative approaches have been proposed
to overcome these challenges. That is, first, the use of autonomous buses as
a replacement, or an addition to existing public transportation systems, and
second, the consideration of consolidating multiple types of demand (i.e. pas-
senger and freight) when planning and designing transportation systems. In this
thesis, both approaches are studied and their impact on urban transportation
systems is evaluated. This is achieved by developing novel simulation-based op-
timization models that consider technology-specific cost structures and capture
the changed mode of operation for different vehicle technologies.

In Papers I and II the deployment of autonomous buses on fixed-line public
transportation networks is investigated. Changes in service frequency, vehicle
capacity, and metrics corresponding to the level of service for public transporta-
tion users due to new vehicle technology are investigated. Furthermore, Paper I
explores the transition from conventional public transportation systems to sys-
tems operated by autonomous buses, while Paper II investigates the changes
in network design due to autonomous bus operations. The developed models
are applied to case studies in Kista, Sweden, and Barkarby, Sweden. Two key
results can be identified in these studies. First, autonomous bus deployment
leads to an increase in service frequency, while waiting time for passengers can
be reduced. Second, more passengers are attracted to autonomous bus lines by
reducing the access walking distances and increased level-of-service. On more
complex networks these trends are amplified.

In each of Papers III and IV, a novel pickup and delivery model is proposed.
The models consider vehicle concepts which allow for the consolidated transport
of multiple demand types. In Paper III the vehicles can serve different types of
demand by exchanging purpose-specific modules at dedicated service depots,
while in Paper IV individual demand-specific vehicles can form platoons with
modular length and varying configuration. The results of the extensive scenario
studies and parameter analysis show that for multi-purpose vehicle operations
(Paper III) the total costs can be reduced by an average of 13% and for platoon
operations (Paper IV) the total costs are reduced by over 48%. In both models,
the cost savings stem mainly from a reduction in fleet size, total vehicle trip
duration, and the total distance traveled.
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Sammanfattning
De p̊ag̊aende trenderna med urbanisering och e-handel utmanar kontinuerligt
de befintliga stadstransportsystemen. Ett stadigt växande antal människor som
reser inom tätorter leder till fler resor med kollektivtrafik (PT). Dessutom leder
det ständigt ökande antalet urbana logistikverksamheter till fler kommersiella
fordon i städerna. Dessa p̊ag̊aende trender och behovet av mer h̊allbar verk-
samhet kräver design av robusta och effektiva transportsystem som dessutom
ger en hög serviceniv̊a för sina användare. Under de senaste åren har tv̊a
innovativa tillvägag̊angssätt föreslagits för att övervinna dessa utmaningar.
Det vill säga, för det första, användningen av autonoma bussar (AB) som
en ersättning, eller ett tillägg till befintliga PT-system, och för det andra,
övervägandet av att konsolidera flera typer av efterfr̊agan (dvs. passagerare
och gods) vid planering och utformning av transportsystem. I denna avhandling
studeras b̊ada tillvägag̊angssätten och deras inverkan p̊a stadstransportsystem
utvärderas. Detta uppn̊as genom att utveckla nya simuleringsbaserade optimer-
ingsmodeller som tar hänsyn till teknikspecifika kostnadsstrukturer och f̊angar
det förändrade driftsättet för olika fordonsteknologier.

I Paper I och II undersöks utbyggnaden av AB p̊a fasta PT-nät. Förändringar
i servicefrekvens, fordonskapacitet och mått som motsvarar serviceniv̊an för PT-
användare p̊a grund av ny fordonsteknik undersöks. Vidare undersöker Paper I
den sekventiella överg̊angen fr̊an konventionella PT-system till system som drivs
av AB, medan Paper II undersöker förändringarna i nätverksdesign p̊a grund av
AB-drift. De utvecklade modellerna tillämpas p̊a fallstudier i Kista, Sverige och
Barkarby, Sverige. Tv̊a nyckelresultat kan identifieras i dessa studier. För det
första leder AB-insatsen till en ökad servicefrekvens, samtidigt som väntetiden
för passagerarna kan minskas. För det andra lockas fler passagerare till linjer
med AB genom att g̊angavst̊anden minskas och serviceniv̊an ökas. På mer
komplexa nätverk förstärks dessa trender.

I vart och ett av dokumenten III och IV föresl̊as en ny modell för hämtning
och leverans. Modellerna tar hänsyn till fordonskoncept som möjliggör kon-
soliderad transport för olika typer av efterfr̊agan. I Paper III kan fordonen
betjäna olika typer av efterfr̊agan genom att byta ut ändamålsspecifika moduler
p̊a dedikerade servicedep̊aer, medan i Paper IV kan individuella behovsspecifika
fordon bilda plutoner med modullängd och varierande konfiguration. Resultaten
av de omfattande scenariestudierna och parameteranalysen visar att för multi-
purpose vehicle operations (Paper III) kan de totala kostnaderna minskas med
i genomsnitt 13% och för pluton operationer (Paper IV) de totala kostnaderna
minskas med över 48%. I b̊ada modellerna härrör kostnadsbesparingarna hu-
vudsakligen fr̊an en minskning av flottans storlek, totala fordonsresan och den
totala tillryggalagda sträckan.
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Gidófalvi, and Jonas Hatzenbühler. Jonas Hatzenbühler is the main contributor
in the research design, implementation, methodology, computational experi-
ments, analysis of results, and writing. Erik Jenelius, Oded Cats, and Győző
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Chapter 1

Introduction

The design and operation of efficient urban transportation systems is essential
for the functioning of modern cities. Many people world-wide rely on conve-
nient, affordable and robust transportation options to travel to and from work
or reach cultural and social events, while living in more affordable places outside
the city. In Stockholm, as an example for a large European city, 75-80% of com-
muting trips are done by public transportation. Additionally, most grocery and
commercial stores depend on fast and efficient logistic deliveries. The continu-
ing trends of increasing urbanization and growing e-commerce challenge existing
transportation systems and drive the innovation of current practices. The need
for innovation in the transportation system is, in addition to the compensation
of higher demand levels, motivated by the need to design a sustainable system,
mainly achieved by reducing CO2-emissions.

As it is addressed in the strategy for a fossil-fuel free Stockholm by 2040 the
transportation sector accounted to 44% of CO2-emissions in Stockholm in 2014
(Hugosson, Björn and Holmström, Linda, 2016). In the same document, it is
stated that light goods traffic is expected to increase to 20% of the road traffic
mix by 2040 (ca. 1.5% increase per year), heavy goods vehicles increase to 4%,
accounting for 20% of road traffic emissions, and private car use decreases to
74%. The importance of efficient urban transportation systems is highlighted,
especially for light-duty vehicles and the public transportation system.

Internationally the need for efficient and sustainable transportation systems
has been expressed and formulated, in Stockholm, 2020 and the Paris agree-
ment, 2015 which states the aim to reduce CO2-emissions in urban environ-
ments, by developing more efficient transportation solutions.

To achieve the goals formulated and compensate for the increase in demand,
several approaches have been explored in research over the past several decades.
For example, studies considering hybrid and fully electric vehicles, projects in-
vestigating the effects of electrified road networks or research related to policies
targeting modal shift, all propose methods and models to improve and increase
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CHAPTER 1. INTRODUCTION

the efficiency of current transportation systems. In addition new planning al-
gorithms which model existing systems to changed boundary conditions are
developed. These planning algorithms typically use advanced computational
performance and extensively exploit transport-related data sources. Another
approach is the development of innovative vehicle operation concepts, which is
enabled by advances in vehicle technology.

In this work new simulation-based optimization planning algorithms and
innovative vehicle technologies are evaluated. The two vehicle technologies
studied are (1) autonomous busses which are integrated in existing line-based
public transportation networks and (2) modular vehicles able to transport dif-
ferent types of demand, simultaneously or sequentially.

1.1 Autonomous buses in fixed-line operation
Advances in technology and changes in legislation have led to many past and on-
going projects involving autonomous vehicles. These projects demonstrated the
potential of this new vehicle technology for the transportation system. These
potentials are mainly due to reduced operating costs compared to conventional
vehicles. However, also different driving speeds, operating hours, and mainte-
nance costs (Tirachini and Antoniou, 2020) enable changes in the planning and
design of transportation systems.

Most of the early pilot projects study autonomous technology as addition
or even competition to existing public transportation systems, e.g. on-demand
systems, vehicle sharing, or vehicle pooling systems. In recent years, comple-
mentary concepts such as last mile or feeder services have been discussed (Abe,
2019; Alonso-Mora et al., 2017; Liang et al., 2016; Scheltes and Almeida Cor-
reia, 2017). In these studies, small autonomous vehicles or buses are used to
complement existing transportation systems by increasing the size of the net-
work, reducing the number of transfers or reducing travel time. In areas with
high demand density and large populations these systems have shown posi-
tive effects, e.g. reduction of required vehicles and a reduction in vehicle-km
traveled. However, in rural areas these positive effects are not as prominent
(Ben-Dor et al., 2019). The authors show that if operated in rural areas, still a
high number of autonomous vehicles is required to serve the demand and the
number of empty vehicle kilometers remains high, indicating an inefficient use
of the supplied vehicle fleet.

In contrast to on-demand systems and free-floating vehicle operations, line-
based operations with vehicles following a schedule are the most common type
of operation today and have shown to be very efficient in high-demand scenarios.
Only a few studies have investigated the impact of autonomous busses on such
systems (e.g. Dai et al., 2020 and Pathak et al., 2021), even though the
reduction of operation costs offers also great potential on line-based systems.
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Examples of such operations can be found in Rotterdam, where autonomous
buses operate on a segregated route as a park shuttle between a metro station
and the business park. The service has been operating since 1999 and has since
been adjusted twice to meet the changing demand needs, including updated
vehicle technology and a route extension (2getthere, 2005). An example of
integrating line-based autonomous busses into an existing public transportation
system is in Barkarby, Stockholm. Here the local authorities enabled the first
operation of autonomous busses on public roads in mixed-traffic conditions. The
autonomous busses followed a schedule and had a fixed route. The operations
are part of a research project and a strategic plan to integrate autonomous
busses into the public transportation system in Barkarby (ITRL, 2019). The
main idea in the strategic plan is the gradual extension of the autonomous bus
network and utilizing the flexibility and modularity of such systems to quickly
adjust routes and schedules.

1.2 Demand consolidation in urban transporta-
tion systems

Besides the transportation of passengers, city logistics make up a substantial
portion of urban vehicle movements. To reduce the number of vehicles op-
erating and the total kilometers driven, the consolidation of multiple flows is
discussed in research. In general two different consolidation concepts are pro-
posed. First, the consolidation between different stakeholders in the logistics
chain can lead to substantial efficiency gains (see M. Savelsbergh and Woensel,
2016 and Los et al., 2020). Both works mention the importance of integrated
transportation solutions. In Guajardo and Rönnqvist, 2016 a review over the
cost allocation methods in collaborative transportation systems is given. The
second consolidation concept discusses the integrated transportation of differ-
ent types of demand by the same operator. In the past several projects have
shown the potential of such operations. In Amsterdam, Dresden and Zurich,
trams were used to transport consumer goods, production parts, and waste,
respectively, sharing the same infrastructure as regular passenger trams (see
Marinov et al., 2013 and Mueller-Eberstein and Franke, 2000). Specially de-
signed trams were operated during off-peak hours (Amsterdam) or throughout
the day (Dresden, Zurich) to deliver goods and passengers. Due to the lack of
political support and/or missing economic success these operations were even-
tually terminated. The tram in Dresden was closed after 19 years when the
production of a different vehicle type required a new logistic concepts.

Despite their termination these projects showed the potential of integrated
systems and have broadened the way for the recent developments in consoli-
dation of urban demand flows. The development of new vehicle concepts and
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CHAPTER 1. INTRODUCTION

different modes of operation are subject to recent studies. In Mourad et al.,
2019 the authors categorize different models for the shared transportation of
passengers and freight. In general the categories differ in the time (sequential
or simultaneous) at which demand types are transported and the vehicle types
(specialized or general) used to transport each demand type. In sequential and
generalized operations, the same vehicle is used to transport all the demand at
different times. Similarly in simultaneous and generalized operations the same
vehicles can transport multiple types of demand at the same time. Typically
this approach can be found in rail-bound transportation nodes and fixed-line
services. In studies like Behiri et al., 2018 and Li et al., 2021 the authors model
and describe such operations. In contrast to these generalized vehicle types,
specialized vehicles allow for similar operations but remove some practical is-
sues of e.g., travel convenience, maintenance issues, and preparation of vehicles
for different demand types. These concepts are characterized by a modular ve-
hicle configuration. In the case of sequential operations, the individual and
specialized vehicle modules are exchanged at dedicated areas, whereas during
simultaneous operations, the specialized vehicle modules can connect to each
other to form platoons of varied length. These vehicles typically do not follow
fixed-line operations and are more similar to bus operations (see Münster et al.,
2021; next, 2022; Scania, 2020). These two types of specialized operations are
subject to the research conducted in this thesis.

1.3 Thesis outline
In the remainder of the thesis a literature review and the identified research gaps
are presented in Chapter 2. Second, the corresponding research questions are
formulated in Chapter 3. In the following Chapter 4 the motivation and descrip-
tion of the general methodology is given. In Chapter 5 the detailed scientific
contribution of each included paper and their relation to the research questions
are presented. The thesis closes with a discussion about the limitations, future
research directions, and conclusions in Chapter 6.
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Chapter 2

Literature Review

In this chapter, the relevant literature for the main concepts discussed in this
thesis is presented. First, the use of autonomous vehicles and buses in public
transportation systems is highlighted. Second, the state-of-the-art approaches
for public transportation network design are discussed. Lastly, vehicle routing
problems related to the modular pickup and delivery problem are analyzed.

2.1 Autonomous buses in public transportation
systems

The number of projects using autonomous buses as a means of public trans-
portation has steadily increased over the last years. In Ainsalu et al., 2018 an
overview of most past and current projects in Europe is given. The projects
are typically designed to address a particular transportation need and therefore
highlight the benefits of autonomous buses. In Barnberg, Germany (DB, 2019)
a suburban area without existing public transportation system is connected with
a single autonomously operated line to the nearest transportation hub provid-
ing the residents with a better accessibility to the public transportation system.
Similar projects can be found in Finland, USA, the Netherlands and many more
countries. These projects are limited in time and are considered a feasibility and
acceptance study to understand how autonomous bus systems could be used to
improve the public transportation system. Additionally, there are longer lasting
projects (see ITRL, 2019), where autonomous busses are fully integrated into
an existing public transportation network and the network design and vehicle
operations are adjusted as the project develops.

In research, the studies of automation technology typically focus on the
replacement of private trips with autonomous vehicle solutions or autonomous
private cars on e.g. highways. In Wen et al., 2018 the authors study the
effects that last / first mile autonomous bus operations have on the modal
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split within a full public transportation system. They conclude that 82% of
private car trips would be made with autonomous busses instead, while 18% of
previous bus trips are shifted to autonomous busses, indicating a large impact
on the existing public transportation system. The study of Abe, 2019 shows
the benefits that autonomous bus operations can have in a case study in Japan.
The authors conduct a survey analysis and indicate that transit agencies and
vehicle operators would benefit most through autonomous line-based operations
while the users of public transportation systems would benefit by a more flexible
service. Similarly, in a study by Dai et al., 2020 the authors study the combined
optimization of vehicle scheduling and vehicle capacity for human-driven and
autonomous buses. In their model the authors consider both - user and operator
costs. The results from their simulation studies show that the operation of
autonomous buses can reduce the costs for user and operators.

As it is mentioned in the study by Bösch et al., 2018 the main drivers of
the changed operations are changed cost structures for autonomous busses. In
their studies, Tirachini and Antoniou, 2020 use publicly available data from
autonomous bus projects in Santiago, Chile and Berlin and Munich, Germany
to create cost models for the operation of autonomous busses. In their work,
they used this cost model to develop an analytical expression that estimates the
changed resource allocation, in terms of service frequency and vehicle capacity,
due to the use of autonomous busses. As the main result of their study, the
authors state a reduction in operational costs of more than 60% while capi-
tal costs increase by 25-37% for smaller buses. This confirms the results of
Lidestam et al., 2018 which state that the operation of autonomous busses on
fixed routes can reduce operating costs by approximately 50%.

2.2 Public transportation network design
For several decades, the planning of public transportation networks has been
the subject of research. To design an efficient public transportation network
considering resource allocation and scheduling problems is essential. One of the
first mentions of the transit network design problem was in Mandl, 1980, who
uses information about the network topology, passenger demand, and supply as
input to generate a set of lines, each consisting of a sequence of stops. Mandl,
1980 develop a simplified analytical problem formulation to solve the transit
network design problem (TND) for small networks. In Magnanti and Wong,
1984 the authors proved that the TND problems are NP-hard.

After this initial problem definition, several advances have been made in
recent years. One development is the combination of multiple planning steps in
a more integrated and complex design problem. Guihaire and Hao, 2008 give
an extensive overview over various variations of the TND. The authors propose
three sub-problems to categories these variations. The first sub-problem is the
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2.2. PUBLIC TRANSPORTATION NETWORK DESIGN

transit network design and frequency setting problem (TNDFSP), the second
is the transit network frequency setting and scheduling problem (TNSP), and
the third sub-problem is the transit network design and scheduling problem
(TNDSP). This work focuses on the first sub-problem, that is, the TNDFSP.
Chakroborty, 2003 extends the TND by including a frequency setting problem
and solving both problems simultaneously.

A second development is the creation of more efficient exact and heuristic
solvers for the TND and its extensions. In the research conducted by Agrawal
and Mathew, 2004; Chien et al., 2003; Deb et al., 2002; Fan and Machemehl,
2008, 2011; Zhao and Zeng, 2008 the authors develop more efficient heuristic
optimization algorithms for their variants of the TND. The different versions
of TND typically vary in the formulation of the objective function, the decision
variables, the constraints for supply and certain limitations for length of a line,
and maximum number of bus stops. All of these papers have the use of a heuris-
tic solver in common. Further variations of the problem formulations include
bi-level formulations (see Szeto and Jiang, 2014) and multi-objective objective
function formulation. After the initial use of GA, several more algorithms have
been developed. In Fan and Machemehl, 2006 a simulated annealing (SA)
algorithm is developed to solve the TNDFSP. The combined sum of user and
operator costs is optimized. The problem is constraint by the maximum number
of routes, the maximum trip length and the maximum fleet size. Recently the
use of artificial bee colony optimization (ABC) in TND was studied by Szeto
and Jiang, 2012. In their model the total transfers, and total passenger travel
time is minimized, while having a maximum number of vehicles per route avail-
able. Besides SA and ABC, ant colony optimization, neighborhood search and
NSGA-II (Deb et al., 2002) are among the most popular heuristic optimization
algorithms. All these algorithms utilize simple and scalable mechanism to effi-
ciently exploit and explore the solution space. In this thesis a multi-objective
variant of the artificial bee colony (ABC) and the adaptive large neighborhood
(ALNS) algorithm is implemented.

The network design problems as described above all simplify the assign-
ment of passengers to vehicles. In most cases no passenger decision models
are included and vehicles are filled based on averaged passenger flows over a
certain time interval. The combination of simulation models which focus on dy-
namic passenger assignments and model passenger decisions with optimization
algorithm has been proposed by Osorio and Bierlaire, 2013. Bierlaire, 2015 re-
views simulation-based optimization approaches in transportation planning and
highlights the importance good experimental design for robust results. Besides
these two publications, Kim et al., 2019 apply an simulation based approach to
study the changed departure times for autonomous busses. However, in their
study the authors do not consider line-based operations but rather on-demand
services. They conclude that dynamic pricing schemes or other policy measures
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must be used to achieve higher popularity for bus operations.

2.3 Modular pickup and delivery problems
The vehicle routing problem (VRP) as presented in Dantzig and Ramser, 1959
marks the first description of the truck dispatching problem, which has since
seen great interest in research. Throughout the years numerous variations,
extensions and alternative formulations have been developed and their results
studied (see Dündar et al., 2021; Koç et al., 2016; Toth and Vigo, 2014 for
comprehensive literature reviews on that subject). Some of the most prominent
variations are the pickup and delivery problems (PDP) and, more generally, the
dial-a-ride problem (DARP). In M. W. P. Savelsbergh and Sol, 1995, Cordeau
and Laporte, 2007, and Berbeglia et al., 2010 overviews of PDP and DARP
are given, respectively. The general idea of the PDP is to serve a number of
requests, where each request has a certain service time window, in the most
efficient way using an available fleet of vehicles. The efficiency is commonly
defined as the shortest total distance travelled by all vehicles to serve the entire
demand.

For the models developed and analyzed in this work the most relevant vari-
ations of the PDP are the truck and trailer problem, heterogeneous routing
problems, and transshipment problems with transfers.

The truck and trailer problem is a capacitated vehicle routing problem with
multiple depots. In that problem different customer groups exist. Some cus-
tomers can be served by either a truck or a truck and trailer, while other
customers can only be served by trucks. In general, all customers must be
served and the scenarios only consider the demand for freight. In Derigs et al.,
2013 and Parragh and Cordeau, 2017 the authors give the mathematical formu-
lation for the truck and trailer problem and propose solution algorithms tested
on benchmark instances. The main operational complication of this routing
problem is the efficient formation of truck and trailer combinations, while si-
multaneously de-/reattachment nodes in the network need to be found to serve
the truck-only customers. If a trailer detaches from a truck, that same trailer
has to be connected to the same truck at a later point in the route. Therefore,
a route must start and end with the same truck-trailer combination. Addition-
ally, only one de-/reattachment process per route is feasible. A slight variation
of the truck and trailer problem is the swap body vehicle routing problem (SB-
VRP), which considers multiple types of trailers, each with a different capacity.
This problem is formulated in Huber and Geiger, 2017, Todosijević et al., 2017,
and Toffolo et al., 2018.

In heterogeneous routing problems, different types of demand must be
served with specific vehicles. These routing problems occur i.e. in health-
care transportation for the transportation of patients or people with special
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needs. The authors in Parragh, 2011 and Parragh et al., 2012 present the
formulation for a heterogeneous DARP for the transportation of patients to
the hospital. Different vehicle configurations, for example, different number
of patient seats, available room for a wheelchair, or availability of stretchers,
are considered to design an efficient transportation solution. A related problem
to the heterogeneous routing problem is the mixed vehicle fleet problem. As
described in Rekiek et al., 2006 and Melachrinoudis et al., 2007 vehicles with
different capacities are available to serve the same type of demand.

The third related routing problem are vehicle routing problems considering
transshipments and split loads. As mentioned in Wolfinger, 2021 these rout-
ing problems aim to model more complex and flexible delivery operations. A
package might be delivered by multiple vehicles along its path from origin to des-
tination. At dedicated transfer nodes, packages can be dropped and/or picked
up by another vehicle. In Caros and Chow, 2021 and Fu and Chow, 2022 the
authors extend this concept to flexible en-route transfers, thus packages can be
moved between vehicles without the need to stop at dedicated transfer points.
Similarly, models including split load operations enable the transportation of
partial requests. This means that a request can be split up and multiple vehi-
cles transport the demand of this request to its final destination (see Wolfinger,
2021).

Besides the above mentioned routing models several other trends in re-
search are relevant for the development of the models in this thesis. In recent
years, several papers have been published considering different cost functions
in the VRP. The new cost functions aim to create sustainable vehicle routes
by including, among others, emission models. Examples of such green vehicle
routing problems can be found in Asghari and Mirzapour Al-e-hashem, 2020
and Moghdani et al., 2021. VRP which, besides considering the delivery from
a warehouse to the final destination, also consider the redistribution of freight
between warehouses (see Cruijssen et al., 2007) and/or the delivery of freight to
the warehouses, enable to study more general delivery concepts and optimize
larger portions of a logistics chain. In Perboli et al., 2011 such two-echelon
problems are discussed. The authors emphasize the cost saving potentials of
including multi-echelon operations in the optimization process. In the works of
Rubiano et al., 2019 and Wang et al., 2021 the authors include collaboration
between different operators. The collaboration is realized through exchange
of demand data between the operators. The authors show that more efficient
routing solutions can be found if the total demand from all operators is served
collaboratively.
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2.4 Research gaps
Based on the existing literature and research in the related fields several re-
search gaps are identified. First, there exists a lack of studies investigating the
relation between reduced operating costs for line-based autonomous busses and
changes in level of service. In addition, only few studies utilize advanced dy-
namic passenger assignment models to simulate passenger decisions and public
transportation system in the context of autonomous busses. The second re-
search gap is the lack of research conducted in order to understand the tran-
sition from current public transportation systems to automated public trans-
portation systems. A third research gap is the inclusion of autonomous bus
specific cost formulations and autonomous bus specific operational constraints
in the transportation models. These specifics include, but are not limited to,
additional infrastructure costs, and changed connectivity constraints. Besides
the addition of technology specifics in the model formulation, there is a lack of
studies utilizing multi-objective cost formulations to better asses the objectives
of different stakeholders. Especially in complex transportation problems this
is essential for a diverse impact assessment. Finally, the existing research in
pickup and delivery problems is lacking models that consider different forms of
modular vehicle operations. Especially, models capable of solving large-scale
scenarios are rare.

In Chapter 5 more details about how each of the included papers addresses
the aforementioned research gaps are given.
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Chapter 3

Research Objectives

The thesis aims to understand and analyze the impacts innovative vehicle con-
cepts and novel operation principles have on the urban transportation systems.
In order to fulfill this goal four main research questions (RQ) have been formu-
lated. For each research question, the research objectives are given.

RQ1 What are the user- and operator-related impacts when
transitioning towards line-based public transportation ser-
vices with autonomous buses?

As outlined in the Chapter 1 and Chapter 2 the deployment of autonomous
busses is expected to significantly reduce the operational costs. These lower
operational costs can initiate a series of changes in the planning of line-based
public transportation systems. Lower operational costs can be used to increase
the service frequency, which in turn can lead to shorter waiting times for pas-
sengers. The shorter waiting times consequently increase the level of service for
passengers, and by that potentially increasing the demand for these public trans-
portation lines. The research objective is therefore to evaluate, if this sequence
of causal events holds true for complex urban public transportation networks. In
addition, other transport metrics are investigated, such as the change in vehicle
capacity, the change in travel time, and the change in transfers.

As a second objective, this research question investigates how sensitive these
induced changes are to the number of autonomously operated lines in a network.
It is essential to understand the differences between single line automation and
fully automated public transportation systems. In particular, the sequential
introduction of autonomous busses must be considered in order to maximize
the potential efficiency gains for the user and the operator of line-based public
transportation systems.
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RQ2 How does the introduction of autonomous busses affect
the spatial characteristics of line-based networks?

In addition to changes in resource allocation, changed operating costs might
change the design of public transportation networks. Longer operating hours
might be affordable, affecting the route length and the number of bus stops per
route. Additionally, autonomously operated bus lines might serve larger areas,
which consequently improves accessibility to public transportation for residents
and therefore contributes to a higher level of service. The research objective is
hence to explore consequences of changed network design for the operator and
user of public transportation networks.

RQ3 How can the use of modular vehicle concepts improve
the efficiency of urban transportation systems?

In this thesis, two innovative vehicle concepts for modular urban transportation
are considered. Both concepts have in common that different types of demand
can be transported using the same transportation system. This thesis focuses
on the transportation of passenger and freight demand. In the first vehicle
concept the vehicle consists of two parts. The platform containing power train
and steering, and the demand specific modules which enable the transportation
of different types of demand. This vehicle design enables the modularity to
exchange the module during a route and by that change the purpose of the
vehicle from e.g. freight delivery to passenger transportation. In the second
vehicle concept all vehicles can drive independently from each other, each vehi-
cle service a specific demand type. Modularity is achieved by forming platoons
of variable length and variable vehicle sequence. This modularity potentially
increases the efficiency of the vehicle fleet. In both vehicle concepts drivers are
assumed to operate each vehicle.

The research objective is to design models that capture the vehicle op-
erations enabled by both innovative modular vehicle concepts. This research
objective can be achieved by formulating two mathematical problems for each
vehicle concept. Each formulation is subsequently solved using problem specific
heuristic algorithms. The programs are formulated in a general way, such that
many different scenarios and service operations can be studied. The research
in pickup and delivery problems is therefore extended by these two problem for-
mulations. Through the scenario studies conducted, general conclusions about
the concepts of both types of vehicles can be drawn.
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RQ4 How does the consolidation of multiple demand types
affect vehicle operations?
As introduced in Chapter 2, an ongoing trend in urban logistics is the collab-
oration of different stakeholders by consolidating multiple sources of demand
or integrating their delivery concepts. More specifically, most existing stud-
ies analyze the collaboration of different logistic operators and urban goods
transportation, which exchange their fleets of vehicles or customer demand to
generate a more efficient system.

This research objective considers the consolidation of two different types
of demand - passenger and freight. This unique experimental setup requires
adjusted cost formulations to optimize both passenger and freight requests.
In addition to novel cost formulations, problem-specific optimization models
are applied to several scenarios with different demand patterns. Each scenario
represents realistic demand distributions. This thesis elaborates on the benefits
of consolidated operations compared to conventional, segregated operations.
Since modular vehicles can also be used to serve also individual types of demand,
this RQ extends RQ3. The focus of RQ3 lies in understanding the impacts of
operating modular vehicles, whereas the focus of RQ4 lies in the evaluation of
the consolidated optimization of multiple demand types.
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Chapter 4

Methodology

To evaluate the research questions in realistic and large-scale scenarios, a de-
tailed and computationally efficient methodological approach must be used. A
general overview of the methodical concepts used in each paper is shown in
Figure 4.1.

Figure 4.1: Overview of the methodology for the included papers.

All papers use heuristic algorithms to solve the underlying combinatorial
optimization problem, in Papers I and II this optimization module is combined
with an agent-based simulation tool. Since the focus in Paper I and Paper II
includes the detailed representation of individual travellers trips to evaluate each
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passenger’s travel experience the simulation module needs to be added. The
focus in Papers III and IV does not include advanced passenger path decisions,
e.g. decisions about transfers, walking, and waiting. Therefore, the simulation
module was not used in these works. Nevertheless, the passenger perspective
is considered by minimizing the total duration of the trip of all routes and
including costs for unserved demand in the objective function of Papers III and
IV.

In all of the papers, the cost function represents multiple stakeholders.
Stakeholders are the users and operators of the transportation system. In Paper
II, infrastructure costs are included in the cost formulation to also consider as-
pects related to cities and communes in the optimization scheme. The specific
formulation of each cost term differs mainly between Papers I/II and Papers
III/IV, since Papers III/IV utilize a linear relation between decision variables
and cost terms. In all the papers, vehicle travel times, duration of trip, travel
distance, and vehicle fleet costs are considered. In Papers I/II additionally in-
vehicle times, waiting times and crowding is part of the objective function, while
in Papers III/IV additional costs for unserved demand is considered.

Since both parts of the methodology, the simulation and the optimization,
include stochastic elements, generating robust and credible results is a chal-
lenge. To overcome this challenge and minimize the stochastic influence on
the results, several measures have been taken. As suggested by Auger et al.,
2012 and Bierlaire, 2015, multiple convergence criteria are implemented. In
addition, ensemble runs of the same scenario are performed, and the average
values of these are reported. The number of individual runs is calculated fol-
lowing the principles described in Burghout, 2004, where the number of runs
increases until the numerical value of the metric of interest remains within a
predefined threshold. These tests are performed for each scenario and each
paper individually. In Paper III and Paper IV the parameters specific to the
heuristic optimization algorithm are determined following the parameter tuning
scheme as described in Ropke and Pisinger, 2006, thus increasing the conver-
gence speed and robustness of the optimization. Additionally, the algorithms
in Paper III and Paper IV have been validated against exact solutions of small-
and medium-sized problems, which were calculated using the commercial solver
CPLEX.

4.1 Agent-based simulation of public transporta-
tion systems

The simulation of traffic and transportation systems is an essential tool for prac-
titioners and researchers to plan future financial investments or analyze changes
in the future transportation systems. Simulation models can be used during all

16



4.1. AGENT-BASED SIMULATION OF PUBLIC TRANSPORTATION
SYSTEMS

stages of the planning process, short term/operational planning, tactical plan-
ning and long-term/strategic planning. Typically simulation models are defined
in two categories, microscopic and macroscopic modelling. Microscopic simula-
tion models include highly detailed representations of the transportation system.
In the context of public transportation this can be vehicle movements within a
bus hub, passenger movements on platforms and between vehicles, and vehicle
lane-changing operations due to different travel speeds. In macroscopic models
the level of detail is reduced, here the focus lies on simulating large networks,
e.g. national transportation flows. In recent years the development of more
efficient modelling algorithms and the increased computational performance
initiated mesoscopic simulation models. These models aim at representing es-
sential system characteristics on a high level while simultaneously enable the
simulation of large real-world scenarios. An example of a mesoscopic simulation
approach for public transportation systems would be the realistic and detailed
representation of passengers including their travel journeys, decision processes
and travel experience, while simplifying the simulation of the vehicle move-
ments. Such simplification can be achieved by abstracting vehicle models and
estimating vehicle speeds using analytical expressions.

In this work the mesoscopic simulation model BusMezzo (Cats et al., 2010)
is used. The model allows the simulation of large public transportation sys-
tems, with fixed routes and vehicle schedule definitions. In the model different
modes of transportation, e.g. bus, metro, tram and train can be modeled.
Additionally, the passenger movements are simulated. Similar simulation tools
like SUMO (Krajzewicz et al., 2012), MatSim (Horni et al., 2016), and Vissim
(PTV, 2004) offer the capabilities to model traffic and/or public transportation
systems, but do not include the dynamic passenger assignment models. These
models allow the realistic representation of passenger decision processes under
uncertainty. Hence, the open source tool BusMezzo is the best compromise
between adaptability and simulation quality. In BusMezzo each vehicle, bus
stop, and passenger are considered agents with agent-specific information and
set of actions. E.g. each passenger has an origin and destination and can
make informed boarding, alighting, walking, and traveling decisions based on
currently available information and past travel experiences.

The assignment of passenger to vehicles and routes is done by maximizing
the utility for each passenger. Each passenger is evaluating the utility from its
current position to the final destination, several different paths are calculated
and the path resulting in the currently highest utility is chosen. At each simu-
lated time step another utility calculation is performed. The utility is computed
using information about the expected in-vehicle time, waiting time, number of
transfer, walking distance and others. Additionally, passengers can have access
to real-time travel information which they can use to reevaluate the utility.
If the same public transportation system is simulated multiple times so called
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day-to-day learning options can be enabled. This option serves as a memory
for each passenger, in which the experiences (crowding, travel times, transfers,
waiting times, etc.) from the previous day, i.e. the previous simulation run are
stored. This knowledge can then be used to further optimize the passenger
assignment process and helps generating more robust and realistic results. The
computation of the utility function and the resulting passenger decision are not
deterministic. Each decision has a random term associated with it, to simulate
chaotic actions and unpredictable events as they would occur in reality.

In BusMezzo the public transportation network is represented by a graph.
In this graph most of the nodes represent road intersections, junctions, and
bus stops while the links contain information about the lane, travel speed, and
vehicle count. Most links represent sections on the physical road network and
their length represents the travel distance. In addition to this graph, public
transportation specific information e.g. public transportation routes per mode,
schedule per route and vehicle assignment to each route are used to simulate
the public transportation system. Each vehicle is modeled using specific infor-
mation about travel speed, capacity, length and the general vehicle design. By
defining the graph, the available supply, and passenger demand, different public
transportation scenarios can be modelled and compared with each other. The
definition of demand is based on a non-symmetric matrix. The matrix contains
the information about how many passengers travel between each origin and
destination.

4.2 Heuristic optimization in routing problems
Many transportation related research questions can be formulated as optimiza-
tion problems. More specifically, questions related to vehicle scheduling, signal-
ing, and vehicle fleet routing are common research fields that use advanced op-
timization methods. The optimization problems formulated in this thesis have
the nature of vehicle routing problems (VRP). Especially in Papers II/III/IV
advanced optimization algorithms are used to solve the problems. All these
routing problems can be categorized as combinatorial optimization problems
and therefore share similar properties in terms of solution strategy and problem
formulation, including objective function, decision variables, and constraints. In
addition, the optimization problems investigated in this thesis are NP-hard (see
Guihaire and Hao, 2008; Magnanti and Wong, 1984) and therefore represent
challenging problems to solve.

The optimization problem in Paper II is a transit network design (TND)
problem. The objective of this problem is to design a set of public transportation
lines including service frequencies per line such that the user and operator
costs are minimized. A public transportation line is defined as a sequence of
stops which are served by all vehicles operating on that line. The problem is
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subject to constraints which are, among others, defining the length of a line, the
number of stops along a line, and the minimal and maximal service frequency
per line. The problem in Paper II is adjusted to capture autonomous bus specific
considerations such as (i) additional infrastructure costs due to autonomous bus
operations (e.g. right-of-way enhancements, and adjusted bus stop design);
(ii) requiring a connected public transportation network, so that each point
in the public transportation network can be reached by any autonomous bus
without human interference; and (iii) considering changed cost structures for
the operation of autonomous busses.

In Papers III and IV pickup and delivery problems (PDP) are considered.
The main difference from the previously mentioned TND is the fact that no
service frequencies are considered on the routes, but rather each vehicle is
assigned a specific route. The set of all routes is then the overall transportation
network. The objective of this problem is to design a set of vehicle routes
that serve the demand such that the total system costs are minimized. A
vehicle route is a sequence of demand pickup/delivery stops and starts/ends at
a depot. The constraints for the PDP contain, but are not limited to, vehicle
range constraints, time window constraints, capacity constraints, and fleet size
constraints. The problems in Papers III/IV additionally include problem-specific
constraints related to different demand and vehicle types and constraints related
to the modular vehicle concepts. These additional constraints are modeled using
additional decision variables.

The fact that the aforementioned combinatorial optimization problems face
the curse of dimensionality, i.e. are NP-hard, makes solving these problems
challenging. However, researchers have over several decades developed differ-
ent strategies to solve and/or efficiently approximate solutions to such problems.
These strategies typically compromise one or several parts of the optimization
process. In Ceder and Wilson, 1986 and Spiess and Florian, 1989 the authors
solve TND problems with analytical formulations. These formulations allow for
a fast and exact solution of certain design problems. Typically, these networks
are simplified and consist of a few lines. Additional assumptions about, for
example, the dispatching of vehicles simplify the optimization problem. An-
other approach is the development of efficient exact optimization algorithms.
In the context of VRP the most common exact solvers are based on branch-and-
bound, branch-and-cut, dynamic programming or column generation. The best
performing exact solvers exploit problem specific properties to enable efficient
convergence to the exact optimal solution. The main disadvantage of these ex-
act solvers is the slow computation time; therefore, this approach can rarely be
used to solve large-scale routing problems. This is especially true when investi-
gating more advanced concepts such as modularity, transshipments or transfers.
The third approach to solving combinatorial optimization problems is the design
of (meta-) heuristic algorithms. These approaches are characterized by simple,
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computationally efficient, and scalable heuristic operations that help to find
optimal solutions. Especially with the advances in computational performance
large problems can be solved. The main disadvantage of such algorithms is
their stochastic nature. For large problems the solutions created by the heuris-
tic algorithm cannot be guaranteed to be optimal but rather approximations
of the optimal solutions. This inherent property has to be carefully considered
when designing convergence criteria for heuristic algorithms and when evaluat-
ing solutions created by such.

Since the focus of this thesis is on the analysis of real-world transportation
systems, heuristic algorithms are used. In works by Chakroborty and Wivedi,
2002; Chien et al., 2003; Hadi Baaj and Mahmassani, 1995; Szeto and Jiang,
2014 simulation annealing, genetic algorithms, ant colony optimization, NSGA-
II, and artificial bee colony optimization have been used to solve the TND
problem. In Karaboga and Basturk, 2008; Zou et al., 2011 the performance of
several heuristic algorithms is compared. The authors conclude that NSGA-II
and ABC result in the best solutions, where ABC outperforms NSGA-II (Deb
et al., 2002) in terms of solution convergence. Therefore, a variation of the
ABC is implemented in Paper II. The conventional ABC algorithm is extended
by a multi-objective formulation as described in Szeto and Jiang, 2014; Zou
et al., 2011. Similarly, the adaptive large neighborhood search (ALNS) has
been successfully applied to various VRP and other combinatorial optimization
problems (see Masson et al., 2013; Sacramento et al., 2019).

Artificial bee colony optimization

As is suggested by the name, this meta-heuristic optimization algorithm is
inspired by the natural behaviors observed in bees and their communication
mechanisms. The optimization of the artificial bee colony (ABC) is performed
in iterations until the solution is convergent. In each iteration, parts of the
solution space are explored. The solution space in the TNDFS spans from all
feasible solutions considering the constraints and parameter values. The op-
timization is done by the so-called bees. In the TNDFS a bee is a feasible
solution. Bees communicate the quality of each solution with each other to
identify good neighborhoods in the solution space and to continue exploiting
that neighborhood. In the TNDFS, the quality of a solution is its objective
value.

Three different types of bees are defined in the ABC. In Figure 4.2 an
overview is given of the different types of bee and their relationship with each
other. The first type of bees are the employed bees that explore a specific
neighborhood and report the quality of each solution to the second type of
bees, the onlooker bees. These bees collect and process information from many
employed bees. With the information from many bees, the onlooker bees can
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Figure 4.2: Graphical illustration of the ABC concept.

decide about the quality of a neighborhood and can intensify the search in
particular neighborhoods by sending additional employed bees there. The third
type of bees are scout bees. If a neighborhood has been completely exploited,
the employed bees from that neighborhood turn into scout bees. These bees
are sent out to further explore the solution space and find new neighborhoods.
The first stop of the ABC is the creation of multiple employed bees which are
sent to random neighborhoods. The ABC terminates once the convergence
criteria are met. In Paper II a maximum number of iterations and a criterion
based on hypervolume computation (see Auger et al., 2012) are implemented.

The definition of different types of bee follows the general optimization prin-
ciple for combinatorial optimization heuristics. On the one hand, the algorithm
explores the solution space. In the ABC this is done by sending out new scout-
ing bees. On the other hand the solution space is exploited. This is achieved
by the employed bees that find local minima in their neighborhood.

Adaptive large neighborhood search

The adaptive large neighborhood search algorithm (ALNS) is, similar to ABC,
an iterative heuristic optimization algorithm that utilizes the exploratory and
exploit scheme. The algorithm is initiated by creating a single feasible solution.
The remainder of the algorithm consists of an iterative loop which runs until
a convergence criteria is met. In Figure 4.3 the schematic framework for an
iteration of the ALNS is shown.

In each iteration, three main steps are computed. First, a destroy operator
is applied. This operator is a simple heuristic algorithm that removes several
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Figure 4.3: Schematic framework of the ALNS algorithm.

nodes from a feasible solution. A predefined set of destroy operators can be
implemented and in each iteration one operator is selected. This selection
process is performed using a weighted random wheel function, whose weights
are adjusted at the end of each iteration. In the second step, the destroyed
solution is repaired using one of the predefined repair operators. In this step a
new feasible solution is created. The selection process for a repair operator is
also performed using a weighted random wheel function. The third step contains
the evaluation of the new candidate solution with the best current solution.
Based on this evaluation the weights for the operator selection processes are
updated, i.e. if a new best solution is found the operators leading to this
solution are more likely to be chosen again in the next iterations and vice versa.
The convergence criteria implemented in Papers III and IV are based on the
maximum number of iterations and the improvement of the objective value
during previous iterations.

The explore and exploit principles are achieved using different types of
heuristics, some destroying the solution substantially and other destroying a
solution by only one node. The repair heuristics are implemented to find local
minima efficiently in a given neighborhood. The implemented operators are
based on the operator definitions as introduced in Ropke and Pisinger, 2006
and Sacramento et al., 2019. Adjustments are made to each operator so that
the modularity of the vehicles and the combined optimization of multiple types
of demand are possible.
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4.3 Summary
The methodology used in this thesis is a combination of simulation tools and
optimization algorithms. In Papers I and II the mesoscopic multi-agent simu-
lation tool BusMezzo is used to efficiently simulate large public transportation
networks. While in Paper I this simulation tool is paired with an extensive
search algorithm, Paper II combines BusMezzo with a multi-objective ABC al-
gorithm. In each of Papers III and IV, a specific version of the ALNS is used
to evaluate the effects of modular vehicle concepts and the consolidation of
freight/passenger demand on transport systems.
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Chapter 5

Scientific Contributions

In this chapter, each research question is linked to the included papers. Table
5.1 gives an overview of the research questions, and the related papers. In
addition, the main results are listed with respect to the research objectives and
contributions of each article.

Table 5.1: Relationship between papers and research objectives

Notation Research Questions
Papers

I II III IV

RQ1

What are the user- and operator-
related impacts when transition-
ing towards line-based public
transportation services with au-
tonomous buses?

! !

RQ2
How does the introduction of au-
tonomous busses affect the spatial
characteristics of line-based net-
works?

!

RQ3
How can the use of modular vehi-
cle concepts improve the efficiency
of urban transportation systems?

! !

RQ4
How does the consolidation of
multiple demand types affect ve-
hicle operations?

! !
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5.1 Paper I
The focus of this paper is two-fold. First, the effects of replacing conventional
buses with autonomous buses in a fixed-line public transportation network are
studied. More specifically, it is studied how the frequency of service and ve-
hicle capacity change due to changed vehicle technology and how passenger
flows might adapt. Second, this paper analyzes the sequence in which public
transportation lines should be automated by simulating different sequences and
identifying the most beneficial. It is important that policy makers and transport
planners understand which lines should be automated first. Since the deploy-
ment of autonomous busses in urban public transportation networks will happen
step-wise identifying the optimal transition sequence is essential for the success
and public acceptance of autonomous bus public transportation systems. The
case study analyzed in this article is based on a pilot project located in Kista,
Stockholm. In this project, real autonomous buses were operating on a single
line connecting a transportation hub with the neighboring industrial area. The
vehicles operated in mixed traffic and the passengers could use the service free
of charge.

This article adds to the existing literature on autonomous busses by demon-
strating the system-level implications of the new vehicle technology. Addi-
tionally, does the presented methodology allow one to identify the transition
sequence from current operations towards future operations using autonomous
busses. A similar model in the context of line-based public transportation has
not been developed or analyzed in the literature. The computational efficiency
of the model allows studying realistic scenarios and can therefore be used as
a strategic planning tool by transport planners and transportation authorities.
The key findings of Paper I in relation to the relevant research questions are
summarized below:

• RQ 1: The level of service for public transportation users can be improved
due to the reduced operating costs of autonomous busses. The higher
level of service is mainly to do a reduction in waiting times, which is the
result of higher service frequencies. As a secondary effect of the higher
service frequencies on the autonomous bus lines is the passenger load
on these lines increased. This implies a demand shift from other bus
lines and other transportation modes towards the new autonomous bus
lines. Additionally, a slight increase in the number of transfers is recorded,
which can be explained as a negative side effect of the mode shift towards
autonomous busses.

• RQ 1: The reduction in waiting times does not substantially affect the
average total travel time per passenger. Meaning the time saved by
waiting for a shorter time to board the autonomous busses is lost during
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other sections of the trip. Therefore the results indicate that the total
travel time in the public transportation network can not be reduced by
the higher vehicle-kilometer of the autonomous bus networks.

• RQ1: The order in which the public transportation lines should be au-
tomated depends on the stakeholder perspective. In a user-focused per-
spective the first autonomous lines should be lines with high passenger
demand. In a second step short connecting lines should be automated. In
a operator-focused perspective first public transportation lines with high
service frequencies and second long public transportation lines should be
operated by autonomous busses.

The results of this study are in line with previously published papers as
it could be shown that the reduction of operational cost is translated into a
higher service frequencies for autonomous busses. However, in the performed
case study a shift towards smaller vehicles could not be seen. An explanation
is the higher passenger load on these lines, which still requires larger buses.
Additionally, we can see that passengers would first operate autonomous busses
on high-demand lines, while operators would first choose long lines with high
service frequencies. A potential compromise is the operation of autonomous
busses on long high-demand lines, i.e., corridor public transportation lines.

5.2 Paper II
In this paper the multi-objective simulation-based model is used to study larger
case studies and design public transportation networks. Paper II uses the re-
sults of Paper I and explores what changes higher service frequencies bring to
the topology of a public transportation network. Besides changes in topol-
ogy, changes in terms of user and operator costs are also studied. The case
study analyzed in this paper is located in Barkarby, Stockholm. In this growing
industrial and residential area autonomous busses are operating on fixed-lines
between shopping centers and a transportation hub. Using real transportation
data and spatial information from the area, the extension of the existing au-
tonomous bus network is planned. Due to the ongoing extension of the area an
efficient model is required to redesign the public transportation network as the
demand changes. The autonomous busses operate in mixed-traffic situations
and are fully integrated into the existing public transportation network.

Mainly three contributions can be identified in paper II. First, the conven-
tional cost formulations of TND problems are extended by the addition of infras-
tructure costs and considering autonomous bus specific operating and capital
costs. Second, the TND problem is adjusted to accommodate autonomous bus
specific operation requirements, such as fully connected public transportation

27



CHAPTER 5. SCIENTIFIC CONTRIBUTIONS

networks. In addition the number of total bus stops is not predefined in the
problem formulation. The third contribution is the multi-objective formulation,
which allows to investigate user-, operator-, and infrastructure-specific public
transportation networks. By using a multi-objective formulation the solutions
of the TND problem can represent each cost term and with that, each stake-
holder, more equally. The main findings from Paper II are summarized in the
following list:

• RQ 1: An average operator cost reduction of approximately 55% is mea-
sured due to the deployment of autonomous busses. Most of this re-
duction comes from the assumed reduced operating costs. Similarly to
the results from Paper I, a higher service frequency for autonomous bus
lines can be noted for networks with more lines; in these networks this
does translate to an improved level of service for passengers. In addition
the infrastructure costs increase since bus stops are assumed to be more
expensive and additional infrastructure is required to guarantee right-of-
way.

• RQ 1: The higher infrastructure costs for autonomous bus operations are
compensated by the reduced operational cost. The autonomously oper-
ated public transportation network has longer lines, resulting in shorter
walking times for the passengers. The shorter walking times result in a
higher passenger load per vehicle, since less people are walking and more
people enter the public transportation system.

• RQ 2: The user-focused public transportation network is characterized
by high total network length, shorter waiting times, and many bus stops.
The operator-focused network consists of few public transportation lines
and few stops, resulting in more denied passenger boardings and increased
in-vehicle times. The few lines in the operator-focused solutions serve the
main demand segments.

• RQ 2: The deployment of autonomous busses brings most benefits to the
user if deployed on larger and more complex public transportation net-
works. On such networks the increase of service frequency can translate
to network-wide benefits, most directly in a reduction of waiting time.
In the case study, this is true for user-focused networks. In the case of
operator-focused networks the benefits of autonomous busses were not
as prominent. On these simple small networks no reduction in level of
service could be measured. The high demand for these short lines in-
creases boarding times and vehicle crowding, which prevails the benefits
of shorter waiting times.
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5.3 Paper III

In this study, the consolidation of urban freight and passenger demand using
multi-purpose vehicles is studied. In contrast to previous papers, no simula-
tion tool is used in Paper III. The novel transportation system is modeled as
a mixed integer problem (MIP) and solved using both - exact solvers and the
heuristic optimizer ALNS. The multi-purpose vehicles modeled allow to sequen-
tially transport passenger and freight requests. A vehicle consists of a platform
and exchangeable modules of different types. The platform contains the power
train, battery, and steering hardware, while the modules are designed to best
suit the corresponding type of demand. Modules can be exchanged at dedicated
service depots, which are strategically located in the studied area. The study
uses aggregated real passenger data and synthetically created freight demand.
The conducted experiments aim to study multiple different delivery scenarios
which differ in terms of different spatial and temporal demand definitions. In
total 9 different scenarios are analyzed, all of which are located in the central
parts of Stockholm. To understand how frequent the service depots are used
and how these change the delivery system the number of service depots is varied
throughout the experiments.

A lack of studies analyzing multi-purpose vehicles for consolidated freight
and passenger transportation has been identified. This article addresses this
research gap by proposing a mathematical program that models this innovative
vehicle concept. In addition, the proposed model extends existing research in
PDP in mainly two ways. First, depots with special functionality and flexibility
in time and space are added to the problem formulation, and second, cost
terms considering the user and operator of such systems are formulated. Both
extensions are achieved by defining new sets of decision variables in the problem
formulation. The new decision variables allow for a separated optimization of
platforms and modules. By this more complex transportation operations can be
studied. The related truck and trailer problem can be seen as a specialization
of the proposed more general multi-purpose PDP. In the problem proposed in
this paper, modules can be changed multiple times along the vehicle route.
Furthermore, no dedicated order in time and space for the exchange of the
modules is required. Additionally, the new decision variables guarantee a linear
formulation of the added cost terms, which simplifies the optimization and
allows to study larger problem sizes. The ALNS framework is adjusted to
efficiently solve the new problem formulation. The main adjustments are new
problem-specific heuristics which are added to the general ALNS framework.
These heuristics efficiently remove modules and/or platforms from a solution,
which enables to ALNS algorithm to identify better solutions and explore the
solution space efficiently. In addition, the repair heuristics have been adjusted
to consider service depots in the repair process. In each implemented repair
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operator service depots can be inserted in a solution. This enables the adjusted
ALNS to efficiently find solutions for the novel multi-purpose PDP. Besides the
advances in modeling of innovative operation concepts, the paper includes a
case study consisting of large-scale scenarios to achieve a general understanding
of the multi-purpose vehicle operations in an urban environment.

• RQ 3: The results from the case study indicate that the operation of
multi-purpose vehicles reduces the total costs by 11.3%, 13.4%, and
15.4%, for scenarios with central, cluster and distributed demand, re-
spectively. These reductions are only present for scenarios with tight
time window definitions. The reason for this cost reduction is mainly due
to changes in the vehicle fleet characteristics. Compared to the conven-
tional case 35% less platforms are used but 37% more modules. Since
the price for modules is assumed to be lower than platform prices this
leads to an overall cost reduction.

• RQ 3: The possibility of changing modules during the trip changes the
order in which freight and passenger requests are served. This leads to an
average trip duration reduction of 33% and a reduction of travel distance
by 16%, while the number of served requests is the same for both vehicle
technologies.

• RQ 4: In the experiments carried out, it could be shown that service
depots are utilized to change the vehicle’s purpose during its trip. In
average 1.18 module changes are performed per trip in scenarios with
tight time windows.

• RQ 4: Increasing the number of available service depots in the study
area does not increase the average number of module changes per trip.
Similarly, the total cost is not further reduced by adding more service
depots to the scenario. This highlights the importance of the strategic
positioning of such service depots.

5.4 Paper IV
Similar to Paper III this article studies the effects of consolidation of different
demand types on the transportation system. However, in Paper IV, a different
modular vehicle concept is considered. In this vehicle concept each vehicle is
independent and can operate by itself, just like a conventional vehicle. The
modularity is achieved by forming platoons with these vehicles. A platoon can
consist of a variable number of vehicles, and the type of vehicle and the vehicle
sequence per platoon are flexible. The theoretical benefits of such modular
vehicles are reduced operational costs due to fewer vehicle drivers and increased
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supply flexibility. Through the modular platoon length, the total capacity of the
rolling stock can be adjusted more efficiently to the varying demand levels during
a day. In this paper the experiments are two-fold, first several synthetically
created scenarios are analyzed to achieve a general understanding of the effects
of the modular vehicle concepts. And second, a parameter study on capacity,
range and operational costs is performed. Since these variables are uncertain in
the proposed vehicle concept, the effect of each parameter on the transportation
system is explored.

In this work, an extension of the PDP is presented. This extension includes
special decision variables and constraints to model the modular and consolidat-
ing characteristics of the new vehicle concept. The decision variables allow to
create platoons of flexible length and with varying configuration. Additionally,
the decision variables enable the linear formulation of user and operator related
cost terms in the objective function of the proposed model. Furthermore, the
proposed mathematical problem formulation can be used to study several dif-
ferent types of demand. Similar studies are typically limited to only passenger
or freight demand. Hence, this general problem formulation, allows to study
more advanced transportation concepts. Besides the extensions in the prob-
lem formulation, the model is solved using an ALNS algorithm which includes
problem-specific heuristic operators. Special operators to efficiently remove
modules and platoons from a given solution are implemented. Additionally, all
repair heuristics are extended to consider the creation of platoons if this results
in lower overall costs. The heuristics are not limited to passenger and freight
demand types, but are developed to consider several demand types efficiently.
This makes the developed ALNS an efficient tool to study various transporta-
tion concepts considering multiple types of demand. Finally, the successful
validation of the ALNS allows one to perform an extensive scenario analysis
and parameter study. The results of which target the lack in the literature on
modular vehicles in multi-demand scenarios.

• RQ 3: Throughout all scenarios cost savings of 48% were calculated when
operating modular vehicles compared to conventional vehicles. These cost
savings are mainly due to a reduction in operational cost and a reduced
total duration of the trip.

• RQ 3: The results indicate that the level of service, in terms of unserved
demand, remains unchanged for modular vehicle operations. However,
less modules are required to serve the demand and in addition the number
of empty kilometers could be reduced. This shows that the available
supply can be used more efficiently compared to conventional vehicles.

• RQ 3/4: If the assumed cost savings due to the formation of platoons
increases, more modules are used, the platoons increase in length, and
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the trip distances increase. However, the overall objective value can be
further reduced. The reduction in fill rate indicates that this larger supply
is used less efficiently.

• RQ 3/4: Vehicles with a higher capacity can lead to overall cost reduc-
tions in the scenarios studied. These reductions are larger for conventional
vehicles.

• RQ 3/4: In average 1.8 vehicles form a platoon when operating mod-
ular vehicles, while on average 2.1 vehicles form a platoon when also
considering demand consolidation.

• RQ 4: In addition to the 48% cost reduction due to modular vehicle op-
erations, the consolidated optimization of different demand types further
reduces the total cost by 9%.
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Discussion

6.1 Limitations
The presented numerical values and results in this thesis are subject to several
limitations. The main limitations and how their effect is minimized are discussed
in this section.

Cost parameters In all included articles of this thesis parameter related to
the cost of operation, purchase, maintenance and passenger behaviour are used.
All these parameters are subject to uncertainties and might vary over time.
Especially the parameters relating to operating and capital costs for autonomous
busses and the novel vehicle concepts are not known with high certainty. To
overcome this uncertainty and by that improve the quality of the case studies
and their results only high quality sources of information were used. Several of
the pilot projects using autonomous busses have reported cost estimations which
allow to estimate the corresponding cost parameters. In addition, officially
published information from manufacturers or other research articles was used to
obtain realistic parameter values. As a second measure, the quality of the results
is increased in Paper I, Paper II, and Paper IV by performing a sensitivity analysis
of the most important parameters. The results of these and the parameter
studies generally showed high quality of the computed solutions. Furthermore,
our results confirm several previously published results, indicating the plausibility
of the formulated conclusions.

Scalability The optimization problems in Papers II, III, and IV are NP-hard;
therefore, efficient algorithms must be developed to solve large instances. The
computation times of the implemented ALNS version allow one to efficiently
solve PDP problems with 200-400 requests. If the model is used on routing
problems with more requests, the optimization algorithm must be further im-
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proved. Several concepts are possible. For example, dividing the entire large
problem into several smaller instances and post-process the results for each
cluster to achieve solutions for the original large problem. Another approach
would be to use reinforcement models for the PDP and TND. In the last years
reinforcement models have been applied successfully to basic VRP problems
and showed promising results. In this thesis several model simplifications have
been made to increase the scalability of the model. For example in Paper II it is
assumed that all autonomous busses can operate on all roads in the network and
drive at a constant speed. In Paper III it is assumed that at each service depot
a new module of the required type is present, by that simplifying the module
scheduling problem. It should be said that these simplifications might lead to
overestimation of the benefits of the presented vehicle technologies and have
to be validated with real world projects. Nevertheless, the proposed models are
adjustable to changed assumptions and allow to draw general conclusions of
the studied transportation systems.

In summary, due to the aforementioned limitations in parameter estimations
and the assumed model simplification, the generalization of the results is limited.
The application of the results presented to other cities or environments without
adjusting the parameters or validating the correctness of the assumptions might
lead to misleading or incorrect results. The used methodology and developed
models, however, are designed to be flexible and generally applicable and can
therefore be used to asses several transport planning related problems.

6.2 Future directions
Research in the field of innovative mobility concepts has matured in recent
years. Several papers and works have been published discussing and analyzing
different mobility and transportation concepts. Nevertheless, further research
is need to address future challenges and to further increase the understanding
of the complex transportation system.

One field of future research is the development of efficient and powerful
methodologies to study not only specific transportation systems but also al-
low for a more general assessment of future transportation systems, without
compromising on the level of detail of the models. Such methodologies can
be achieved by further combining existing simulation models and state of the
art optimizer, or by exploring the use artificial intelligence models also in the
planning and assessment of transportation networks.

Secondly, there is a need for more detailed transportation models which
replicate transportation systems with a high level of detail. One possible future
research trend can be the integration of vehicle models into the VRP or the
integration of more complex concepts like charging, scheduling, transshipments
and mixed vehicle fleet into the proposed models of this thesis.
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Similarly, the proposed models can be extended to include also other trans-
portation operations. The extension of the routing problem to larger parts of
the supply chain would allow to asses the impacts of new vehicle concepts in
a more holistic way. Additional phenomena such as interacting operators and
competing operational concepts, i.e. line-based and on-demand systems, can
then directly be compared.

Finally, in future research projects, the need to assess transportation solu-
tions based on their cultural, environmental and economic sustainability should
be addressed. The reduction of traffic, noise and emissions in the transportation
sector is an ongoing challenge which should be addressed when designing new
public transportation networks and evaluating new vehicle concepts. One step
towards a more sustainable planning approach could be, in addition to includ-
ing emission models or noise models, to integrate life-cycle assessment concepts
into transportation planning models. With that a more general assessment of
transportation systems can be achieved, which can lead to more sustainable
results.

6.3 Conclusions
The insights gained and models developed in this thesis can be used by users of
urban transportation systems, operators of such systems, manufacturers of new
vehicle concepts, and authorities for the design of relevant policies. The results
of the case studies and experiments conducted in this thesis show that fixed-
line public transportation systems and urban logistic systems, can be improved
by using new vehicle technologies, optimized operations, and consolidation of
transportation flows. Changes for different stakeholders differ per scenario,
hence scenario-specific computations should be performed in order to get the
most accurate results for potential infrastructure or vehicle fleet investments.
In the following paragraphs, a brief conclusion is given for each stakeholder.

Users The users of urban transportation systems are arguably the most impor-
tant factors for the success and acceptance of a transportation system. There-
fore, changes to existing systems have to be made with caution and need to
provide the user with attractive transportation options. As is shown in Paper I
and Paper II the deployment of autonomous busses can lead to beneficial results
for the user of public transportation systems. The main benefit is the reduced
waiting time due to higher service frequencies, reduced walking times, and
overall shorter travel times. However, the higher service frequencies also bring
negative consequences, e.g. a higher passenger load. If a public transportation
network has an operator-focused design, the deployment of autonomous busses
does not necessarily result in a higher level of service.
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If modular vehicle concepts are used to serve passenger demand, the level of
service for users can be slightly improved. The main changes are the reduction
of trip duration by up to 32% which can indicate shorter travel times and/or
shorter waiting times. Additionally, the same number of passengers can be
served with modular systems as it is the case with conventional systems. Taking
into account the definitions of the user-defined time window for pickup and
delivery locations, it can be stated that combined transportation of the demand
for freight does not affect the level of service for the users.

Operators The increase in service frequencies and the assumed longer vehicle
operation times for autonomous busses have an impact on vehicle fleet planning
and public transportation for operators. Especially in shorter low demand public
transportation routes smaller autonomous busses can be deployed to reduce the
operational costs without affecting the level of service for the user. In addition
surrounding public transportation lines are affected by new autonomous bus
lines. These network effects are most likely to occur in complex highly connected
networks. Here passengers might shift from other modes to the autonomous
bus lines affecting the planning for the surrounding public transportation lines.

For operators of logistic transportation systems, the use of modular vehicles
has mainly positive effects. First, the required fleet size can be reduced. Al-
though more modules must be purchased and stored, approximately 39% fewer
vehicle platforms must be purchased and managed. Second, if modules can be
operated as platoons, significant cost savings can be achieved by saving per-
sonal costs while not compromising on the total demand served. The system
cost can be further reduced by consolidation different types of demand. As
shown in Paper IV, the empty vehicle kilometers can be reduced significantly
when operating modular vehicles. For operator this means that the available
supply is used more efficiently.

Manufacturers This thesis provides two general learning’s for vehicle man-
ufacturers. First, modular vehicle concepts, either sequential multi-purpose
vehicles or connectable modular vehicles, outperform conventional vehicle con-
cepts in all scenarios. Therefore, the conclusion should be to design and develop
modular vehicle concepts that are flexible, can be used for multiple purposes,
and are easy to use by operators. Second, contrary to common belief, small
pod-sized autonomous busses are not the preferred solution in all scenarios.
The results in Paper I and Paper II show that there is still a need for larger
autonomous busses. Especially in the transition phase from current public trans-
portation systems larger autonomous busses on high-demand corridors are an
efficient solution, which can largely increase the level of service and accessi-
bility to public transportation. Also in Paper IV medium-sized vehicles with a
capacity of 35 passengers outperform smaller vehicles. However, in low-demand
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areas, a smaller autonomous bus can be the better solution due to the lower
cost structure.

Authorities The results from Paper I and Paper II highlight the importance
of considering network-wide effects. Similarly to the operators, policy makers
and authorities are affected by the increased service frequencies of autonomous
bus lines and the potential shift towards these lines. These changed passenger
flows and passenger trajectories can affect the planning process and can require
new or adjusted policies to adapt to the changed situation. Additionally, the
results of Paper I and Paper III show the importance of strategic decisions,
i.e. the sequence of autonomous bus introduction and the location choice for
service depots have large impacts on the efficiency and costs of the system.
Furthermore, it can be concluded that new vehicle concepts and different types
of operation will lead to changes in infrastructure requirements and can conflict
with existing systems. For example, the early deployment of autonomous busses
might require additional safety installations along the route, while the use of
multi-purpose vehicles requires additional space for depots in central areas. To
understand these changes, policy makers can use the models developed in this
thesis to study different transportation scenarios.
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