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Abstract 

The introduction of automation technology in transport systems brings both 
opportunities and challenges. The direct benefits of automation technology are 
obvious, for instance, reduced marginal driving cost, improved energy 
efficiency and increased safety. However, factors such as additional vehicle 
acquisition cost might hinder the implementation of autonomous vehicles, 
especially in the early stages when mass production is not realized yet. Besides, 
some benefits require large-scale applications or cooperation among multiple 
vehicles, while the low market penetration rate of autonomous vehicles may 
make system-specific benefits insignificant. Without proper planning and 
operation schemes, the advantages of automation technology can be cancelled 
out by its disadvantages. Given that the advantages of individual autonomous 
vehicles have been extensively explored, it is necessary to estimate the efficiency 
of transport systems involving autonomous vehicles. This thesis intends to 
solve the operation problem of autonomous vehicles in freight and public 
transport systems, focusing on system cost analysis. 
 
In freight transport, semi-autonomous truck platooning is a promising way to 
reduce fuel consumption. By instructing vehicles to form groups and drive 
together closely, the trailing vehicles experience reduced air resistance from the 
leading vehicle, and thus less fuel consumption. However, in practice, freight 
transport companies should also take time windows and transport reliability 
into consideration. The study answers the questions whether platoons should 
be formed and how significant can the savings be, considering driving cost, 
predefined time windows, travel time uncertainty and fuel cost. System 
optimization techniques, including stochastic optimization and mixed-integer 
linear programming, are adopted to minimize the total cost. 
 
In public transport, autonomous buses are assumed to save on-board crew cost, 
partially or fully. Similar with truck platoons, semi-autonomous buses can also 
form bus platoons for the purpose of eliminating the drivers from trailing buses. 
By contrast, fully autonomous buses are completely driverless and operates 
individually like conventional buses. To investigate the efficiency of 
autonomous buses, we compare the total cost of autonomous buses with 
conventional buses, where both passengers’ cost and service provider’s cost are 
modelled. In a general trunk-and-branches network connecting city center and 
suburbs, both fully autonomous bus and semi-autonomous bus systems are 
assessed. On a simple highly demanded corridor where demand varies during 
peak and off-peak hours, semi-autonomous bus platoons can be used as trains 
by extending its capacity in peak hours. Application of semi-autonomous 
vehicles are considered in traditional bus transit and BRT, by comparing with 
its conventional opponents. 
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Sammanfattning 

Introduktionen av automationsteknik inom transportsystem skapar både 
möjligheter och utmaningar. De direkta fördelarna av automationsteknik är 
uppenbara, som till exempel minskade marginalkostnader, förbättrad 
energieffektivitet och ökad säkerhet. Faktorer som ökade kostnader för inköp 
av fordon kan dock hindra implementationen av autonoma fordon, särskilt i 
tidiga skeden när massproduktion ännu inte har uppnåtts. Dessutom kräver 
vissa fördelar storskaliga tillämpningar eller samarbeten mellan många fordon, 
medan den låga takten i marknadspenetrationen av autonoma fordon kan göra 
systemspecifika fördelar obetydliga. Utan ordentliga planerings- och 
driftssystem kan fördelarna med automationsteknik övervinnas av dess 
nackdelar. Med tanke på att fördelarna med enskilda autonoma fordon har 
undersökts i stor utsträckning, är det nödvändigt att undersöka och uppskatta 
effektiviteten i transportsystem som involverar autonoma fordon. Denna 
avhandling avser att angripa problemet med drift av autonoma fordon inom 
gods- och kollektivtrafiksystem, med fokus på grundläggande och småskaliga 
studier. 
 
Inom godstrafik är semi-autonom kolonnkörning med lastbilar (platooning) ett 
lovande sätt att reducera bränsleförbrukningen. Genom att instruera fordonen 
att forma grupper och köra nära varandra upplever de följande fordonen ett 
minskat luftmotstånd bakom det ledande fordonet, vilket leder till minskad 
bränsleförbrukning. I praktiken bör dock godstransportföretagen även ta 
hänsyn till tidsfönster och transportsäkerhet. Studien besvarar frågan kring 
huruvida kolonner skall formas och hur betydande besparingarna kan bli, med 
tanke på körkostnader, fördefinierade tidsfönster, restidsosäkerhet och 
bränslekostnad. Systemoptimeringstekniker, inklusive stokastisk optimering 
och blandad heltals- och linjärprogrammering, används för att minimera den 
totala kostnaden. 
 
Inom kollektivtrafiken förväntas autonoma bussar kunna spara in på 
kostnaden för personal, delvis eller helt och hållet. På samma sätt som 
kolonnkörning för lastbilar så kan även semi-autonoma bussar skapa 
busskolonner för att slippa ha förare i de efterföljande bussarna. Däremot är 
helt autonoma bussar helt förarlösa och fungerar individuellt som 
konventionella bussar. För att undersöka effektiviteten av autonoma bussar 
jämför vi den totala kostnaden av autonoma bussar med konventionella bussar, 
där både passagerar- och tjänsteleverantörskostnader är modellerade. I ett 
allmänt stam- och grennätverk som kopplar samman stadskärnor med förorter, 
utvärderas både helt autonoma bussar och semi-autonoma bussystem. På en 
enkel, högt belastad, korridor där efterfrågan varierar mellan rusnings- och 
lågtrafikstimmar kan semi-autonoma bussar i kolonner användas likt tåg 
genom att utöka sin kapacitet under rusningstrafiken. Tillämpningen av semi-
autonoma fordon betraktas i traditionell busstrafik och BRT, genom att jämföra 
dessa med sina konventionella motsvarigheter. 
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1 Introduction 

Vehicle automation technologies offer new possibilities to improve the current 
transport systems. Autonomous vehicles are expected to bring a wide range of 
economic, social and environmental impacts, including both direct and indirect 
effects. Direct effects refer to the technological effects on transport systems, 
whereas indirect effects also include the development and evolution of users’ 
and service providers’ adaptation. In practice, the pursuit of direct effects might 
either strengthen or weaken the system efficiency from an integrated 
perspective, given that the trade-offs between users and providers in the system 
are unclear. 
 
It is important to model and analyze the impacts of automation technology on 
different stakeholders in transport systems and evaluate the system efficiency 
quantitatively. The understanding of each stakeholder’s role would enable 
transport practitioners and policy makers to identify the favorable 
circumstances of autonomous vehicles, as well as to establish policies and 
regulations to avoid negative impacts and take advantage of positive 
capabilities. This thesis addresses the problem of operating autonomous 
vehicles, focusing on heavy-duty vehicle (HDV) platoons in freight transport 
and semi-/fully autonomous buses in public transport. 
 
The outline of this section is as follows. Section 1.1 summarizes the general 
system-level impacts of vehicle automation. Section 1.2 introduces the concepts 
related to autonomous vehicles involved in this thesis. Relevant studies in the 
field of coordinated truck platooning are reviewed in Section 1.3. Literature 
review of autonomous passenger delivery services is presented in Section 1.4. 
Section 1.5 summarizes the research gaps. Lastly, Section 1.6 gives an overview 
of this thesis. 

1.1 System-level impacts of vehicle automation 

Transport system is a broad concept. Considering the groups which are directly 
involved or indirectly affected, there are at least five stakeholders from whose 
perspective the system could be evaluated, namely users, service operators (or 
infrastructure providers), government, non-users and the rest of economy 
outside transport (De Palma, Lindsey, et al. 2011). Though developed rapidly, 
road transport systems give rise to a series of issues and various undesirable 
effects are incurred, such as accidents, congestion, emission, crowding, etc. The 
high demand for transport activities makes the accumulation of negative effects 
significant. According to statistics, road goods transport is about 1,805 billion 
ton-kilometer and passenger transport by buses and coaches are estimated to 
be 551 billion passenger-kilometer. Road transport is responsible for 883.2 
million tons green-house gas emission, and 25,651 people died because of road 
accidents in 2016 (European Commission 2018). Moreover, the intense and 
frequent interactions among different stakeholders makes the assessment of 
system efficiency difficult. For instance, users expect for more mobility and 
reliability from the service operator, the service operator wants less expense 
and more profit, and the government intends to internalize the transport 
externalities, which usually involve contradicting objectives. Therefore, the 
analysis of transport systems is inherently complicated. 
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The impacts of autonomous vehicles are not transparent and sometimes 
controversial, which further increases the complication of the problem. Since 
autonomous vehicles are not yet implemented in real world, the accuracy of the 
system prediction heavily relies on the assumptions made on automation 
technology, user behavior, etc. As a promising technology, the effects of 
autonomous vehicles have been actively explored in recent studies. The 
following (non-exhaustive) benefits and challenges have been recognized in 
literature. 
 
Safety. Technologically, being equipped with various types of sensors, data 
processors and control systems, an autonomous vehicle should be able to 
maneuver itself in different road and traffic conditions. Ideally, the autonomous 
driving system is more accurate than human perceptions, reacts more smoothly 
and swiftly than human drivers, and operates continuously provided that the 
vehicle is powered and functions properly (i.e., higher efficiency from 
withstanding tedious driving process without taking breaks). Therefore, 
autonomous driving is supposed to be safer than human drivers, especially in 
avoiding road accidents related to fatigue, alcohol, drugs, etc. (Fagnant and 
Kockelman 2015). 
 
Road capacity and congestion. Autonomous driving is expected to enable short 
headways between vehicles, which will increase traffic throughput. Higher 
average speed, evener inter-vehicle gaps, less disruptions originated from 
unreasonable human driving behaviors are anticipated, which helps to relieve 
congestion. A field experiment carried out on a single-lane circular track shows 
that stop-and-go waves can be diminished by controlling only one AV in a group 
of 20 conventional vehicles, which suggests the possibility of managing traffic 
flow with less than 5% AVs acting as actuators before large penetration of AVs 
in traffic stream (Stern, et al. 2018). However, negative influence on traffic flow 
and road capacity by means of simulation is also reported in literature, mainly 
related to AV penetration rate, control strategies, and interactions with 
conventional vehicle in mixed traffic (Kerner 2016, Kerner 2018, Calvert, 
Schakel and van Lint 2017).  
 
Energy and environment. Less energy consumption and emission due to 
smooth speed profiles can be achieved by autonomous driving (Fagnant and 
Kockelman 2015). 
 
Generalized cost. Firstly, the change in generalized cost originates from driver 
cost saving. Depending on the automation level, driver cost can be partially or 
completely eliminated by semi-automation or full automation, respectively. For 
private autonomous car users, this means they can spend their in-vehicle time 
more productively than concentrating on driving. Even if in the scenario of 
semi-automation where human drivers are still needed in complex traffic 
conditions, the driver cost can still be reduced in general. For service providers, 
the direct result is the labor cost saving. However, the vehicle cost might 
increase due to extra modules and functionalities required by autonomous 
driving. 
 



  3 
 

Demand. One of the biggest challenges lies in the demand change, which can 
take at least two forms, one being induced demand from people who do not take 
these trips under current circumstances, the other being switching between 
different transport modes, i.e., from car to public transport or the other way 
around. The reduction in public transport labor cost might encourage service 
providers to lift level of services, resulting in demand increase attracted from 
previous car users. People with health condition limitations might travel more 
by autonomous cars or taxis. The induced demand might lead to deterioration 
in congestion, emission, etc. 
 
Business model. The population of private car users might increase, especially 
among those without driver’s license. Autonomous vehicles might boost the 
market of shared mobility and companies may invest more in autonomous taxis. 
It is also possible that people do not own private cars in the future and shared 
mobility services (including public transit, car rental, taxis, etc.) will be flexible 
enough to satisfy all types of demand requests. However, there are also 
nonnegligible negative impacts, which are highly dependent on the utilization 
business model and public’s response to autonomous vehicles. For instance, in 
the shared mobility scenario, car ownership may be reduced but people may 
rely on on-demand service more than public transport and car usage may 
increase, whereas in the business-as-usual scenario, more people may own 
autonomous cars, which may deteriorate congestion, but each vehicle will be 
used less frequently than in the former scenario (Cavoli, et al. 2017). 
 
Job opportunities. The predictable indirect social benefits are also pointed out 
in previous studies, such as increased job opportunities in automotive, freight 
transport and electronics manufacturing industry. However, unemployment 
might also happen as a negative impact on professional drivers, insurance 
sector relying on income from automobile insurance premiums, etc. (Cavoli, et 
al. 2017). 
 
(Brown, Gonder and Repac 2014) summarize the effects of automation from 
both individual vehicle level and system level. Given only a few AVs, platooning, 
smooth stop-and-go, efficient routing by avoiding traffic, and serving 
previously underserved populations can be achieved. If most or all vehicles are 
automated, the systematic driving process can be more efficient by intelligent 
intersection traffic control and traffic-related stop-and-goes might be 
eliminated completely. Besides, higher speed will be enabled due to increased 
safety. However, reduced travel time may give rise to more VMT. The vehicle 
size and weight can be also be reduced or optimized by considering vehicle 
powertrain, if the vehicles are not designated for cargo transport. If AVs are 
integrated into intelligent transportation system (ITS), less time will be needed 
to look for parking places. If AVs are used in shared mobility, higher occupancy 
rate is also possible. Moreover, AVs can be compliant to drive-by-wire controls 
and electric actuation systems, which appear in plug-in electrified vehicles 
(PEVs), and may also reduce the charging infrastructure required by 
coordinating charging locations and schedules. 
 
One of the major concerns about the implementation of autonomous vehicles 
is the possibility of putting pre-existing human drivers out of work. In the 
automation era, it should not be concluded that technology will inherently 
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boost the economy by offering higher efficiency than human workers, because 
autonomous vehicles or robotics do not consume products. However, just like 
when automobiles came into existence, there were also controversies and 
dystopian views did not prevent the prevalence of this unprecedented 
application. Therefore, it is meaningful to explore new business models and 
operating strategies regarding autonomous vehicles and prepare to reallocate 
human resources. For example, if the elimination of human drivers encourages 
more trips, there may be more vehicles travelling around, and they are likely to 
wear out faster. Technical companies will need to collect more data to provide 
customer-specific services, which may require more installations and 
maintenances of on-board sensors or similar devices. Furthermore, the 
capability of transport facilities also needs to be elevated to complement 
autonomous vehicles, which will also bring new job opportunities. The fact that 
complete automation will be gradually achieved and the diversity of user 
demands allows for more time to plan for the future. 
 
In general, there is a trade-off between individual interests (e.g., increased 
mobility) and externalities (e.g., congestion). The system optimum could not be 
achieved without careful planning, coordination and operation. This thesis 
aims to optimize the operation of autonomous vehicles from a view of system 
cost, considering both semi-autonomous and fully autonomous vehicles. 
 

1.2 Concepts related to autonomous vehicles 

Depending on the context, some terms related to automation technology may 
have similar or different meanings in literature, such as automated, 
autonomous, self-driving and driverless. The linguistic differences between 
these terms are vague and sometimes disputable, but they are believed to be 
interchangeable in the long run according to (Levinson n.d.). To avoid 
unnecessary ambiguity, autonomous is consistently used in the thesis. More 
specifically, we refer to the classification of different automation levels provided 
by the society of automotive engineers (SAE International). While Level-0 
represents no modules are installed to interfere human driver’s decision-
making process and Level-5 indicates the vehicle itself is fully in charge of the 
driving, the intermediate levels involve certain functionalities to partially 
replace human drivers under specific circumstances (Watzenig 2016). In this 
thesis, Level-4 automation is referred to as semi-automation, which enables 
features such as vehicle platooning, and Level-5 automation is termed as full 
automation. 
 
Another concept related to vehicle automation is connectivity. Two types of 
communications can be adopted in connected vehicles, i.e., vehicle-to-vehicle 
(V2V) and vehicle-to-infrastructure (V2I) communications. If not connected, 
autonomous vehicles will rely on sensors (e.g., radar) to obtain information, 
such as the distance to the intermediate preceding vehicle. However, the 
limitations of sensors (e.g., the detection range of radars) will impede driving 
efficiency or give rise to safety issues. With the help of connected technology, 
autonomous vehicles will acquire more information (e.g., velocities and 
positions of vehicles further in front) and be capable of conducting a swifter, 
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smoother, and more reliable driving process. Connected technology can be used 
on vehicles with low automation levels (Talebpour and Mahmassani 2016). 
 
Vehicle platooning is a typical application of semi-automation. A platoon is a 
string of vehicles that drive together (see Figure 1). The leading vehicle in the 
platoon is referred to as platoon leader, and the rest are platoon followers. 
Unlike inadvertent platoons which result from traffic signal control or 
congestion, the vehicle platooning in this context is an outcome of deliberate 
planning. Being equipped with adaptive cruise control (ACC) or cooperative 
cruise control (CACC) modules, platooned vehicles should be able to maintain 
short inter-vehicle distance safely while driving at high speed levels. Moreover, 
all vehicle members in the platoon should be able to response to environmental 
stimulations simultaneously (if latencies are neglected), including accelerating, 
braking, cornering, etc. 
 

 
Figure 1: Truck platooning. Source: 

https://www.eutruckplatooning.com/Press/Photos+Volvo/default.aspx 

 
One motivation behind coordinated vehicle platooning is to take advantage of 
the lower air pressure by driving closely to the vehicle in front than driving 
independently, i.e., the slipstreaming effect. As a result, the air drag will be 
reduced and less power will be required to maintain the vehicle speed. 
Therefore, energy savings will be incurred due to the decreased air resistance. 
Since air drag depends on square of velocity and vehicle frontal area, the 
slipstreaming effect is evident in the case of commercial ground vehicles, 
especially when driving at high speeds on highways. According to (Hucho 
2013), a platoon made of three commercial vehicles will experience a 32% 
reduction in air drag coefficient for the second vehicle, while driving at 80 km/h 
with the inter-vehicle distance 20 m. The reduction on the third vehicle can be 
up to 40%. Decreasing the inter-vehicle distance will improve the situation even 
further (see Figure 2). 

https://www.eutruckplatooning.com/Press/Photos+Volvo/default.aspx
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Figure 2: Air drag reduction. Source: (Deng 2016), adapted from (Hucho 2013). 

 
Another motivation of vehicle platooning is labor saving, which is made 
possible by CACC and V2V communication. Theoretically, for platoon 
followers, the semi-automation system can take charge of the driving process 
under substantial circumstances, so that human drivers can attend to other 
activities. If human drivers can be removed from platoon followers completely, 
the cost for on-board drivers can be eliminated from the operating cost. In bus 
transit, labor cost accounts for a large proportion of the total annual cost and 
the removal of drivers means the possibility of serving more demand and lifted 
level of service. For example, (Antonio Loro Consulting Inc 2016) proposes bus 
platooning to increase public transit capacity, where four to twenty vehicles 
would drive in groups. The inter-vehicle gap can be as small as one to four 
meters and safety will be ensured by V2V communication with automation. A 
bus platoon can be operated with one driver in the platoon leader to monitor 
the entire platoon and driverless in the rest vehicles, or completely driverless in 
all vehicles. Bus platooning technology is predicted to be implemented within 3 
to 10 years, with the potential of increased capacity and minimal labor cost. 
 
Other incentives of vehicle platooning such as increased traffic throughput is 
beyond the research scope of this thesis. 
 
We introduce the following definitions before going into details. The number of 
vehicles which compose the platoon is called platoon length. A single vehicle 
can be regarded as a special platoon of platoon length 1. The platoon capacity 
refers to the total capacity (number of passengers could be contained) in a 
platoon, which will be used in semi-autonomous bus transit. The platoon 
configuration refers to the specific platoon clustering strategy, i.e., how many 
platoons are formed and which are the vehicle members in each platoon. 
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1.3 Autonomous trucks -- coordinated vehicle platooning 

The platoon coordination strategies are more actively studied on heavy-duty 
vehicles (HDV) than on cars and other commercial vehicles, with objectives 
ranging from fuel to delay and a single or a combination of decision variables 
including platoon configuration, route, schedule and speed profiles 
(Bhoopalam, Agatz and Zuidwijk 2017). 
 
Based on the scope of research, we can divide the existing studies into two 
directions: fundamental platoon coordination and large-scale platoon 
coordination, where the fundamental research investigates the interactions 
between two vehicles so that influential variables in platoon decision-making 
could be identified and the large-scale problems consider more than two 
instances with the attempt to optimize the system cost. Fundamental research 
is rare in the existing literature. (Liang, Mårtensson and Johansson 2013) 
develop an analytical model to decide whether it is beneficial to catch up with 
the platoon driving ahead. Higher fuel consumption will be incurred during the 
catching up process, but the fuel cost reduction may make up for the loss. The 
problem is considered on a flat road (i.e., road gradient is zero), without taking 
other traffic into consideration. The model is then extended by (Liang, 
Mårtensson and Johansson 2016) with a more general form to minimize the 
fuel cost through determining the speeds of two vehicles during the merging 
process and platooning. Constraints are imposed on vehicle speed lower and 
upper bounds. The two special cases, i.e., catch up and slow down are analyzed 
respectively. Result shows that the cooperative formation yield lower 
nominalized average air drag than the pure catch-up coordination. 
 
The large-scale coordination problem is extensively explored. (Boysen, 
Briskorn and Schwerdfeger 2018) study the coordination problem on a 
common path where all trucks are bounded by departure time windows and the 
platoon length can be free or limited. The objective is to minimize the sum of 
fuel cost and driver wages, which are both assumed to be functions of platoon 
length. The algorithms to obtain exact or approximate solutions and the 
corresponding computational complexities of all subproblems are analyzed. 
(Meisen, Seidl and Henning 2008) develop a data-mining algorithm to find the 
truck platoon sequential pattern based on pattern growth, i.e., the frequently 
traversed route for platooning. A set of criteria is established to assess the 
economy of truck platooning, which includes common route distance, platoon 
length, fuel consumption, waiting time, wage, etc. Other criteria for grouping 
or excluding platooning possibilities include cargo weight, vehicle braking and 
powering system attributes and type of goods. To make the solution practical 
and efficient, the platoon length is limited to be no less than two and no more 
than four. The result shows that the number of profitable platoons increases 
exponentially with respect to the number of routes generated. (Larsson, 
Sennton and Larson 2015) formally define the vehicle platooning problem and 
prove the computational complexity to be NP-hard. Integer linear 
programming formulations are provided for the common-origin problem (i.e., 
all vehicles depart from the same origin) and the general problem. The objective 
is to minimize the fuel cost, where deadline is not considered. The model 
considers the choice of platoon configuration, route and schedule. Two search 
heuristics are provided to solve large-scale coordination problems, one of which 
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aims to determine the best pair of platoons and the other intends to break down 
the original problem to smaller-scale subproblems by using transport hubs. 
(Nourmohammadzadeh and Hartmann 2016) propose a mathematical model 
for the vehicle platooning problem with deadlines and all vehicles are required 
to arrive by the deadline. A genetic algorithm is developed to solve larger 
instances. 

1.4 Autonomous passenger delivery services 

In addition to freight transport, another field of autonomous vehicle application 
is the passenger service. Depending on how personalized the service could be, 
the service type can vary from autonomous taxis to autonomous buses with 
predetermined route and timetable, where the former is completely flexible and 
the latter is fixed. Shared mobility can be between the two extremes. From a 
systemic perspective, generally, the more personalized the service is, the lower 
ratio will the users’ cost take in the total cost and the provider’s cost will evolve 
in the opposite direction. 
 
Starting from autonomous taxis, there are already a bunch of results from 
simulations. For example, (Bischoff and Maciejewski 2016) carry out an agent-
based microscopic simulation with MATSim and conclude that each 
autonomous taxi could possibly replace 10 human-driven private cars in Berlin, 
while the average passenger waiting time during peak hours results in about 5 
minutes and the autonomous vehicles are utilized 7.5 hour per day, as against 
40 minutes for conventional private cars. (Leich and Bischoff 2018) investigate 
the possibility of replacing buses with autonomous shared taxis and find out 
that the benefits brought by shared autonomous vehicles (SAVs) are not as 
significant as expected, based on MATSim simulations. The problem lies in the 
high operating cost, despite a slight reduction in waiting cost. However, given 
SAVs technology and market are not mature enough, and both service types are 
subject to dynamic evolutions, it is too early to draw the conclusion. Instead, 
identifying the scenarios where each type of service is applicable can be more 
outstanding. 
 
Another application is autonomous demand-responsive feeder transit, which 
serves first-mile and last-mile passenger deliveries. For example, (Lee and 
Nickkar 2018) develop a simulated annealing algorithm to optimize the routing 
of the feeder bus. The objective function is to minimize the total cost, including 
vehicle operating cost and passenger in-vehicle travel time cost. Besides, the 
optimal flexible demand-responsive feeder transit networks are generated, and 
the network characteristics are analyzed. The result shows that autonomous 
vehicles will reduce total cost, operating cost and passenger cost, given that 
automation reduce operating cost for each vehicle. 
 
In general, demand-responsive shared mobility with autonomous vehicles is 
actively studied, topics including social impacts, operations, optimal routing 
algorithms, etc. (Burghout, Rigole and Andreasson 2015, Lokhandwala and Cai 
2018, Farhan and Chen 2018, Chen, Kockelman and Hanna 2016, Levin 2017, 
Hyland and Mahmassani 2018, Litman 2018). The proposed services are 
characterized by flexible route and schedule, intending to replace or 
supplement the bus transit systems with fixed route and schedule. 
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In terms of autonomous bus services with fixed routes and schedules, there are 
only limited results. (Lam 2016) develops a large-scale simulation platform for 
autonomous bus deployment, with the functionality of real-time optimization. 
The real-time bus scheduling is realized by a mixed-integer linear programming 
formulation with parametric refinement based on a genetic algorithm. The 
simulation platform is applicable for both low-density and high-density cities. 
To achieve a better system-wide performance, a multi-objective optimization 
formulation is used, with a number of variable simulation metrics. There are 
three types of costs considered, i.e., operator cost, passenger cost and 
environmental cost. The fare price elasticity is not considered in the model. 
(Bergqvist and Åstrand 2017) consider the problem of merging electrical 
autonomous minibuses into the existing four bus lines in Stockholm by 
minimizing the total distance-related operational cost. The capacities of 
minibus and conventional bus are predefined as 15 and 70, respectively. 
Moreover, minibuses are allowed to skip certain numbers of bus stops. From 
users’ perspective, the problem setting restricts the maximum occupancy rates 
for minibus and conventional bus to 0.78 and 0.6, respectively. In addition, the 
maximum waiting time is set to be 20 min. The result shows that adopting 
minibuses with flexible routes can reduce the operational cost. 
 
There are also other new public transport systems in this automation era. For 
example, (Liu, Ceder and Rau 2018) propose a framework for an innovative 
public transport system, named dynamic autonomous road transit (DART) 
system, based on the deployment at TUMCREATE in Singapore, where electric 
vehicle modules can be coupled (as a platoon) on shared routes or decoupled to 
serve fluctuated demand. The framework is able to find out the optimal 
frequencies, route timetables, fleet size and provide pareto-efficient solutions 
as well as optimal deployment of vehicle modules. To form platoons on the 
shared trunk, local coordination scheme based on scheduling is applied. 

1.5 Research gaps 

In the field of coordinated vehicle platooning, coordination strategies aiming at 
fuel cost minimization have been extensively explored. In terms of optimization 
constraints, restrictions on arrival time are usually hard (i.e., no later than the 
deadline), or sometimes not considered (i.e., unlimited platoon coordination), 
or failing to capture extra cost induced by early arrivals. However, from a 
systemic perspective, there are other metrics (e.g., operating cost) besides fuel 
cost to evaluate the performance of freight transport systems, which may 
contain multiple dependent or contradicting objectives. Platooning strategies 
leading to large deviations from the original schedule, regardless of earliness or 
lateness, may be denied by freight transport companies if the drawbacks 
outweigh the benefits. Moreover, transport travel time is usually assumed to be 
deterministic in previous studies, which simplifies problem formulations but 
also tend to draw platoon-favorable conclusions. In practice, the stochasticity 
of travel time will affect the fuel consumption, operating cost, service reliability, 
etc.  There is also a lack of analysis of the impacts of exogenous factors such as 
the temporal dispersity of preferred arrival times of all vehicles involved. 
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When it comes to the operation of autonomous passenger delivery services, 
there exists a bunch of studies on the algorithms to optimize on-demand shared 
mobility services. The fixed-line autonomous bus service has barely been 
investigated. Besides, fully autonomous vehicles are frequently studied in 
literature, whereas semi-autonomous vehicles are not adequately considered, 
even though semi-automation technology will be more attainable in the 
foreseeable future. Furthermore, issues regarding the impacts of autonomous 
vehicles in public transit have been qualitatively addressed, but predictions 
based on quantitative results are scarce in literature. 

1.6 Thesis outline 

The remained contents are organized as follows. Section 2 defines research 
objectives and formulates the planning problems in freight and public transport 
respectively. Section 3 presents the methodology developed in the thesis. 
Section 4 summarizes the publications on which the thesis is based. 
Conclusions and policy recommendations are given in Section 5. Finally, 
Section 6 points out directions for future research. 
 
The second part of the thesis is a collection of the following papers: 
 

I. Wei Zhang, Erik Jenelius, and Xiaoliang Ma. "Freight transport platoon 
coordination and departure time scheduling under travel time 
uncertainty." Transportation Research Part E: Logistics and 
Transportation Review 98 (2017): 1-23. 

 
II. Wei Zhang, Marcus Sundberg, and Anders Karlström. "Platoon 

coordination with time windows: an operational perspective." 
Transportation Research Procedia 27 (2017): 357-364. 

 
III. Wei Zhang, Erik Jenelius, and Hugo Badia. "Efficiency of semi-

autonomous and fully autonomous bus services in trunk-and-branches 
networks." Journal of Advanced Transportation, vol. 2019. 
https://doi.org/10.1155/2019/7648735. 

 
IV. Wei Zhang, Erik Jenelius, and Hugo Badia. "Efficiency of connected 

semi-autonomous platooning bus services for high and peaked demand." 
(2019). Submitted to Integrated Analysis for Transportation Systems in 
the Connected Era, special issue of Transportmetrica A: Transport 
Science. 
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2 Research objectives and problem formulation 

2.1 Research objectives 

Based on the identified research gaps, the research objectives are defined as 
follows. 
 
To achieve the goal of planning, we need to model the system cost, especially 
the cost components related to automation. Depending on the problem scale 
and the main motivation behind automation (fuel saving in freight transport or 
labor saving in public transport), models with different complexity can be 
adopted. By minimizing the system cost, we can obtain the optimal plan. 
Therefore, the first research objective is: 
 

RO1 Modelling automation effect. 
 
In particular, we want to fill the research gaps in truck platoon coordination by 
considering travel time uncertainty and soft time constraints. Therefore, the 
second and third research objectives are: 
 
 RO2 Capturing costs related to travel time uncertainty in truck 
platooning. 
 
 RO3 Capturing operating costs related to driver’s wage and soft time 
constraints in truck platooning. 
 
To achieve the goal of evaluation, we need to compare the automation planning 
results with benchmark cases. To be specific, we need to compare truck 
platooning with individual driving in freight transport, and to compare services 
using semi-/fully autonomous buses with conventional buses in public 
transport. By comparison, we can find out the favorable cases when 
autonomous vehicles are more efficient. Analytical criteria will help to 
understand the problem clearly. Therefore, the forth research objective is: 
 

RO4 Establishing analytical criteria to identify favorable 
circumstances when autonomous vehicles are more efficient. 
 
Since many parameters related to automation are not available yet, sensitivity 
analysis is required to find out the impacts of different factors which affect the 
system efficiency of autonomous vehicles. Therefore, the fifth research 
objective is: 
 
 RO5 Investigating the impacts of different factors which affect the 
system efficiency of autonomous vehicles. 

2.2 Problem formulation 

The focus of this thesis is on modelling and operating autonomous vehicles in 
freight transport and public transport. In particular, we are interested in the 
efficiency of platoon coordination and semi-/fully autonomous buses compared 
with conventional buses. 
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2.2.1 Platoon coordination in freight transport 

The fundamental problem of platoon coordination considers only two HDVs in 
three types of networks, i.e., common route, diverging route, and converging 
route (see Figure 3). The routes are already given, and decision has to be made 
between driving in platoon or individually, so that the system total cost could 

be minimized through the departure times of two vehicles ,A Bt t , while soft time 

windows are imposed. From the perspective of freight transport company, the 
goal is to minimize the total cost and try to save fuel by platooning if possible. 
Since the driving time on each link contains a stochastic component (i.e., the 
travel time uncertainty), the objective is to minimize the expected value of total 
cost, which is the sum of driving cost, schedule miss penalty and fuel cost. This 
objective can be expressed as the following optimization problem: 
 

 ,
minimize           expected value of total cost

subject to           travel time constraints,

A Bt t  (1) 

 

where the constraints ensure every assigned journey to be accomplished 
without taking detours and vehicle movements fulfill the travel time 
constraints. 

 
Figure 3: Platooning on common route, diverging route and converging route. 

 
A general platoon coordination problem considers multiple vehicles in a 
complex network (see Figure 4), where origin, destination, preferred arrival 
time windows are given. Compared with the fundamental problem, the general 
coordination problem increases the complexity by introducing the route choice 
of each vehicle as a decision variable. This problem can be regarded as a variant 
of the traditional vehicle routing problem (VRP). As mentioned before, the NP-
hardness of this problem is proved in (Larsson, Sennton and Larson 2015). By 
convention, the road network is represented by a graph. We use 

int  to denote 

the departure time of vehicle n  from node i . The route choice is represented 

by a binary variable ijnx , where 1ijnx =  means the route of vehicle n  contains 

link ( , )i j , otherwise 0ijnx = . The platoon indicator ijnmp  is also a binary 

variable, where 1ijnmp =  means vehicle n  and vehicle m  form platoon on link 
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( , )i j ; otherwise vehicle n  and vehicle m  drive individually on the link. The 

objective function can be expressed as follow: 
 

 ,,
minimize            driving cost + schedule miss penalty + fuel cost

subject to           travel time constraints and route constraints,

ijn in ijnmx t p
n


 (2) 

 

where the constraints eliminate detours and restrict the arrival time at each 
node in the network to be no less than the sum of departure time and the 
minimum time needed to drive to the node. The system efficiency with respect 
to time windows can be investigated by comparing the optimization result with 
the unlimited (i.e., without considering time windows) platoon coordination 
problem. 
 

 
Figure 4: Platooning in a complex network. A possible coordination plan is demonstrated. 

 

2.2.2 Operation of semi-/fully autonomous buses in public transport 

We consider the scenario where all buses in the bus fleet are homogeneous, i.e., 
they have the same vehicle type (conventional, semi-autonomous or fully 
autonomous) and the same vehicle size. The bus sizes of different vehicle types 
can be different. 
 
The operation of autonomous buses uses common metrics and service 
characteristics which have been introduced in conventional bus operation. 
From modeling perspective, the difference lies in the capital cost of vehicles and 
potential cost saving enabled by automation technology, which is heavily 
dependent on the operation schemes. Eventually, the service characteristics, 
operation schemes, and autonomous bus system performance are determined 
by the circumstance under which the service mode is applied. The operation 
scheme of fully autonomous buses is similar with that of conventional buses, 
except that no drivers are needed and thus the on-board crew cost of the bus 
service company can be completely eliminated. The operation scheme of semi-
autonomous buses takes the form of platooning, but with a different motivation 
from truck platooning, i.e., to take advantage of the labor saving rather than air 
drag reduction. In the context of semi-automation, we assume that the 
automation and V2V communication technologies can guarantee the safety of 
platooned vehicles even if drivers are absent from platoon followers and all of 
them follow the motion of the platoon leader, which contains the only driver in 
the platoon. In this way, the on-board crew cost of semi-autonomous bus 
platoon can be partially eliminated (since one driver is still needed in the 
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platoon leader), as against the complete elimination in the full automation 
scenario. However, if the platoon only contains one vehicle member, the on-
board crew cost will be the same as conventional bus and the vehicle capital cost 
will be higher than conventional bus. Traditionally, unplanned bus platooning 
or bus bunching is a result from traffic congestion or other types of disturbance, 
which should be avoided especially for the buses serving the same line, because 
bus bunching usually means waiting time unreliability for passengers. In our 
study, however, semi-autonomous buses serving different lines try to form 
platoons in a trunk-and-branches network, by clustering into one or several 
platoons on the trunk (see Figure 5). Coordination or dispatching strategies 
might be needed to create platooning opportunities. For each type of bus 
(conventional, semi-autonomous and fully autonomous), the objective function 
is to minimize the total cost, which is the sum of passenger cost and operator 
cost, using bus size and service headway as decision variables. Thereafter, the 
efficiency of semi-/fully autonomous buses can be analyzed by comparing the 
total costs and individual cost components between different vehicle types. The 
objective function can be expressed as follow: 
 

 ,
minimize   passenger cost + operator cost 

subject to   service level constraints

s h  (3) 

 

where s  is bus size (i.e., bus capacity, seats plus standees) and h  is service 
headway. The passenger cost is the sum of waiting and riding costs, whereas the 
operator cost is the sum of operating and vehicle capital costs. The service level 
constraints restrict that the service should be able to serve the maximum 
demand flow along the bus line, i.e., the bus should have enough space to 
contain all passengers waiting at the bus stop so that passengers will not need 
to wait for the next bus. 
 
 

 
Figure 5: Example of a trunk-and-branches network. A possible platooning plan on the trunk 
for semi-autonomous buses is illustrated. 

 
Semi-autonomous bus platooning can also be adopted among buses serving the 
same line and this problem is studied in the high-demand scenario with 
peak/off-peak demand fluctuations. The initiative of planned same-line bus 
platooning is to extend the capacity of conventional buses while operating in 
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peak hours and revert to smaller capacities in off-peak hours, by merging or 
splitting virtually connected vehicles in a flexible manner. Compared with other 
measures to handle high passenger demand, planned bus platooning 
overcomes some of their nonnegligible side effects. For example, articulated 
long buses are restricted by road geometry and may easily block intersections, 
whereas platooned buses are able to make tight turns. Two-decked buses need 
longer dwell times at bus stations to allow passengers to shift between decks 
and might collide with low bridges, both of which are exempted by platooned 
buses. Most importantly, if conventional buses increase the service frequency 
during peak hours, high operating cost are expected to pay extra drivers, 
whereas platooned buses only need one driver in each platoon, i.e., the capacity 
is expanded without introducing additional drivers. Although high demand is 
expected to favor planned bus platooning, it is unclear how large the demand 
should be to make bus platooning beneficial. The objective function can be 
expressed as follow: 
 

 ,
minimize    passenger cost + operator cost

subject to   service level constraints and capacity constraints

s h  (4) 

 

where the capacity constraints impose an upper bound on the bus size s . 
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3 Methodology 

3.1 System modeling and cost minimization 

Since we are conducting quantitative analysis, one major aspect of modeling is 
to identify the most relevant elements in the system and discard the less 
relevant ones. Besides, since some elements are not mutually exclusive, it is also 
possible to capture the main feature of the system by considering only a certain 
range of influential aspects. For example, speed profile of heavy-duty vehicles 
affects the platooning efficiency, especially the fuel cost (van de Hoef 2018). 
However, in Paper I and Paper II, vehicle speeds are not explicitly included in 
the model, but are implicitly reflected in the average driving time. There are two 
reasons behind this formulation. Firstly, the effect of air-drag can be negligible 
when the speed is below 55 km/h, and thus the fuel saving resulted from air-
drag reduction (Hucho 2013). Besides, it is common to have speed restrictions 
on highways and the drivers are bounded by the delivery deadline. Therefore, 
there is only limited room left for speed adjustment in the context of freight 
transport. Secondly, given a fixed travel distance, it is easy to calculate the 
driving speed, but travel time uncertainty is better merged with nominal driving 
time rather than driving speed to make the problem more mathematically 
tractable. 
 
In both freight transport and public transport, service providers need to 
consider capital cost and operating cost. Capital cost and labor cost are usually 
considered preliminarily before the investment for the purpose of accounting, 
while other operating cost are more related to economic choices which will 
affect the level of service and can be optimized as time goes. For service 
providers, the operating options include speed, frequency, reliability, 
accessibility and susceptibility to loss, damage and injury (Brewer, Button and 
Hensher 2008). In Paper I and II which focus on the operating choices in freight 
transport, the costs considered are labor cost (i.e., drivers’ wage in the context), 
schedule miss (early or late) penalty, and fuel cost. The schedule miss penalty 
is introduced to reflect the service reliability. The problem investigated in Paper 
II is a variant of traditional vehicle routing problem (VRP). As mentioned 
before, speed is somehow replaced by the average driving time. Other 
operational choices are discarded due to irrelevance to the topics. In Paper III 
and IV, both capital cost and operating cost are considered from the service 
provider’s perspective, as well as users’ cost. The capital cost difference between 
conventional buses and semi-/fully autonomous buses lies in the cost of 
automation. 
 
In public transport, the optimization objective can be total cost minimization, 
profit maximization, or social welfare maximization. For total cost 
minimization, it is very common to use 
 

 
total user operatorC C C= +  (5) 

 

in analytic studies with fixed demand, where totalC , userC , 
operatorC  are total cost, 

user cost, operator cost, respectively. The advantage of using total cost as the 
objective is that it does not explicitly consider the interactions between demand 
and supply. Therefore, total cost minimization can be especially useful in 
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evaluating emerging technology, since there is a lack of information in price, 
subsidies, taxes, etc. When it comes to profit maximization and social welfare 
maximization, it is common to analyze in equilibrium demand conditions, 
which may require the demand elasticity parameters for fare, access time, 
waiting time, in-vehicle time, etc. Basically, the profit can be calculated by total 
revenue minus operator cost, whereas the social welfare (net social benefit) can 
be calculated by summing up consumer surplus and operator profit. However, 
there are also alternative objective functions and the cost components may also 
vary. Since our research only involves total cost minimization, we will not go 
deep into other optimization objectives. 

3.2 Freight transport 

We consider three components in the total cost, i.e., driving cost, schedule miss 
penalty, and fuel cost. Schedules are only attributed to customers. By imposing 
schedule miss penalties, we make the time constraints soft, i.e., customers are 
willing to adapt to small deviations from the guaranteed schedule from the 
service provider. Hard time constraints can be to some extent modeled by 
setting unit costs of penalty extremely high. We use soft time constraints in the 
formulations mainly for two reasons: one is that there are such user cases in 
practice, and the other is that feasible solutions for hard-time-constraints 
problems are not always possible. Generally, early arrivals are permitted in 
freight transport, at the expense of additional waiting time, which also reflects 
the opportunity cost incurred if the vehicle or the driver would be assigned to 
other tasks. However, late arrival is associated with user satisfaction. The 
schedule miss penalty is the combination of earliness penalty and lateness 
penalty, at most one of which will be incurred, depending on the relationship 
between actual arrival time and scheduled arrival time. 
 

In Paper I, driving time on each link T  consists of a deterministic part 
cT  and 

a stochastic part  , 
 

 
c ,T T = +  (6) 

 

where the constant 
cT  reflects the minimum time required to traverse the link 

at nominal speed level in the ideal condition, and   measures the uncertainty 
encountered in real traffic which leads to the prolongation of the actual travel 
time. Assume that the stochastic delays on different links are independent. 
Based on the driving time model, the cost components are calculated as follows. 
 

Assuming the unit cost of travel time 
tw  is constant, the driving cost 

drivingC  

during the whole journey is the product of 
tw  and the journey time, 

 

driving t total total nodewaiting( ),C w T  = + +  
 

where 
totalT  is the total deterministic driving time, 

total  is the total stochastic 

driving time, and 
nodewaiting  is the node waiting time, which is also stochastic. The 

situation where one vehicle waits for the other only happens in the converging 

route case. 
totalT  can be calculated by simply adding up all deterministic parts 

during the journey. 
total and 

nodewaiting involve the sum and difference of two 
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independent random variables respectively, of which the probability density 
function (PDF) and cumulative distribution function (CDF) are calculated by 
convolution. 
 
Schedule miss penalty is calculated by adding up earliness penalty and lateness 
penalty (see Figure 6(a)), 
 

 
 

 

s e a d total total nodewaiting

l d total total nodewaiting a

max ( ),0

       max ,0

C w t t T

w t T t

 

 

= − + + +

+ + + + −
 (7) 

 

where
ew  is the unit cost of early penalty, 

lw is the unit cost of late penalty, 
at  is 

the scheduled arrival time,  and 
dt  is departure time. 

 
Figure 6: Schedule miss penalty functions in Paper I and Paper II. 

 
We use an instantaneous fuel consumption model, which is based on the 
mechanism behind the power transmission system. Since the air drag is a non-
linear function of driving speed, the fuel consumption is non-linear with respect 
to the link driving time, provided the link length. 
 
In Paper II, the road network is denoted by a graph ( , )G V E= , where V and E

represent the set of nodes and links, respectively. As contrasted with the link 
travel time model in Paper I, only the deterministic part is considered in this 

study. Therefore, for any targeted vehicle, the operation cost 
OC is 

 

(t t ),des ori

O oC w= −  
 

where 
ow is the unit cost of operation, tdes is the arrival time at the destination,

tori is the departure time from the origin. 
 

The scheduled arrival time is represented by a time window [t , t ]a b , where ta  

and tb  are the lower bound and upper bound, respectively. Time window is a 
more general form than the exact scheduled arrival time. The schedule miss 
penalty 

pC  is calculated by (see Figure 6(b)) 
 

a des des b

p e lmax{ ,0} max{ ,0}.C w t t w t t= − + −  
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A linear fuel cost model is adopted, where the fuel consumption model is 
proportional to the link length (i, j)w , 
 

 f

f

f

(i, j),      platoon leader

(i, j),    platoon follower

w w
C

w w


= 


 (8) 

 

where   is the percentage of nominal fuel cost as a platoon follower. 

3.3 Public transport 

There are at least three aspects which should be reflected in the model of 
automation, namely benefit, cost and change of operating schemes brought by 
automation technology. 
 
It is not easy to quantify the impacts of semi-/fully autonomous vehicles on cost 
components, especially from the provider’s side. According to (Bösch, et al. 
2018), automation technology potentially gives rise to a 20% increase in the 
rolling stock cost, and a 10% reduction in fuel cost due to smoother driving. The 
automatic driving is expected to lead to more dedicated periodic maintenance 
in sensors and less maintenance in other traditional vehicle components such 
as tyres, so the impacts on maintenance cost is unclear. It is also possible that 
automation technology is combined with electric propulsion, which may further 
affect the vehicle price and energy consumption cost. However, the main 
difference in the cost structure should be the partial or complete removal of 
drivers, which needs to be reflected in the operating cost. 
 
As mentioned before, for semi-autonomous vehicles to take effect, the vehicle 
platooning is required. The effect of platooning in freight transport is assumed 
to be the fuel cost reduction based on fundamental models of aerodynamics, 
whereas in public transport, the drivers in platoon followers are removed. 
 
Traditionally, bus service is compared with other transport modes such as light 
rail and heavy rail, not only with BRT. When it comes to public transport mode 
choice, there are three categories of factors which affects the choice. The first 
category is related to the characteristics of travelers, including income, 
household structure, residential density, etc. The second category is linked with 
the journey itself, including trip purpose, time when the journey is carried out, 
etc. The third category contains a series of features of transport infrastructure, 
including components of travel time, tolls, fares, fuel costs, travel time 
reliability, comfort, convenience, safety and opportunities to engage in other 
activities while travelling (de Dios Ortuzar and Willumsen 2011). From 
passengers’ perspective, the generalized cost of travelling contains five parts, 
namely access cost (i.e., walking from/to stops), waiting cost at stops, riding 
cost, transfer or interchange cost, and fare. The first two parts can be measured 
by time spent on access or waiting activities, whereas riding and transfer costs 
are associated to other factors besides time, such as in-vehicle comfort and the 
reluctance to transfer. From service provider’s perspective, the generalized cost 
is made up of capital cost and operating cost. The fares charged from passengers 
become the bus company’s revenue. There are other complex factors such as tax 
and subsidies, which is beyond the scope of this thesis. From a systemic view, 
fares circulate between two stakeholders inside the system, i.e., service users 
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and provider. Moreover, transfer is not involved in the scenarios under study. 
Therefore, in the total cost modeling, fare and transfer cost are excluded. 
 
Paper III compares conventional, semi-autonomous, fully autonomous bus 
services and the access cost does not vary among services using different vehicle 

types. Therefore, the total cost 
totC  is calculated by 

 

 
tot wait ride oper cptlC C C C C= + + +  (9) 

 

where 
waitC ,

rideC ,
operC ,

cptlC are waiting, riding, operating and capital cost, 

respectively. 
 
The waiting time cost is a direct result from service frequency and reliability. 
For high-frequency services, passengers arrive to the stops randomly, usually 
at a constant rate, which leads to the general form of waiting time 
 

2 2( )

2
wait

h
t

h

+
= , 

 

where h is the expected headway and   is the standard deviation (de Dios 
Ortuzar and Willumsen 2011). If the headway is modeled as deterministic 
variable (i.e., 0 = ), the average waiting becomes half the headway. By 
contrast, for low-frequency services, time tables are usually provided for 
travelers so that the departure time from origin could be adjusted accordingly. 
The waiting time for low-frequency services differs from high-frequency 
services in two ways, which should be considered in the model. One is that there 
is a “safety threshold” which passengers spend at stops before the expected 
arrival time of vehicle. The other is that the value of waiting time savings at 
home is expected to be lower than the value of waiting time savings at stops 
(Tirachini, Hensher and Jara-Díaz 2010). Focusing on high-frequency services, 
passengers are assumed to arrive uniformly to the stops and the headway is 
assumed to be deterministic. Given the directional demand q , the hourly bi-

directional waiting cost is calculated by 
 

 
wait wait ,          i {conv, sa, fa}i i iC c q h=    (10) 

 

 where 
waitc  is the unit cost of waiting time. For any type of buses i , ih denotes 

the time headway between two subsequent buses serving the same line, and iq

is equivalent to the total waiting time within the time interval ih  per bus line.  
 
The in-vehicle time is dependent on the achievable driving speed, boarding and 
alighting time at each stop (which further depends on demand and transport 
facilities), and number of stops. The boarding and alighting time are assumed 
to be short enough compared with driving time. Instead of modeling the driving 
and stop-and-go details, we use a constant average speed and relative speed 
factors to compute the total hourly riding cost: 
 

ride tt
ride

i

i

c t
C


=  
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where 
ridec is the unit riding cost, 

ttt is the total travel time at nominal speed level 

(i.e., the average speed of conventional bus), i is the speed factor of vehicle 

type i , 1.conv =  The average speed of autonomous bus can be slower or faster 

than conventional bus, or equivalent. 
 
The service provider’s cost includes both capital cost and operating cost. 
Depending on the aim of study, capital cost may be encapsulated in the model 
or not. For example, when the purpose is to optimize the service based on pre-
existing facilities, capital cost may be ignored in the model if no capital 
investment is involved. Generally, capital cost includes rolling stock cost and 
infrastructure cost, in which the latter can be divided into system infrastructure 
(e.g., control center), network infrastructure (e.g., bus lane), and nodal 
infrastructure (e.g., station). Operating cost is the sum of on-vehicle crew cost, 
vehicle direct operating cost (e.g., fuel, tyres), infrastructure operations and 
maintenance cost and overhead operating cost (e.g., administration), which can 
be allocated to vehicle-hours, vehicle-kms, peak vehicles and route length (ATC 
2006). It is impossible to cover all cost aspects in fundamental research, but 
patterns recognized based on empirical data could help with modelling. For 
example, (Jansson 1980) finds linear relationships between bus size and rolling 
stock/operating cost based on statistics, which is then used in subsequent 
studies. In line with previous studies, we also use linear models in Paper III and 
IV to represent the hourly rolling stock cost and operating cost per vehicle. 
Although some costs are not directly related to vehicle-hour, given 
deterministic speed, route length, and equivalent hours per year, the annual 
cost and distance-related cost can be reasonably converted. The hourly 
operating cost per vehicle is modeled as 
 

 
oper oper

oper

oper oper

      i=conv, or i=sa && platoon leader

(1- )c      i=fa, or i=sa && platoon follower

i

i

i i

c b s
g

b s

 +
= 

+

 (11) 

 

where s is bus size, 
operc is fixed unit operating cost,

operb is marginal operating 

cost with respect to bus size, and   is the reduced fixed unit operating cost 

coefficient. For operations with conventional and fully autonomous buses, the 
service provider’s total hourly operating cost is 
 

, i {conv,fa}

i i

oper rndi

oper i

mg t
C

h
=   

 

where m is number of branches, and i

rndt is the round-trip travel time of vehicle 

type i . For semi-autonomous buses, the operating procedure is different from 
other two types. All drivers are needed on branches, but only the leading vehicle 
drivers are required for platooned buses on the trunk. Therefore, the 
intersection of the trunk-and-branches network becomes the assembling point 
for drivers, where some of them board the buses during outward trips (from 
centre to suburb) and alight during inward trips. The achievable operating cost 

saving per vehicle on average cannot reach sa  due to the leading driver needed 

in each platoon. It is also possible to have multiple platoons in the platooning 
scheme, which may dilute the cost saving effect further. Given  (1 )r r m   

platoons, we define platooning rate as 
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where 
corrt  is the travel time on corridor. Thus, the hourly operating cost for 

semi-autonomous bus is 
 

sa sa sa
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The hourly capital cost (here we only consider rolling stock cost) per vehicle is 
modeled as 
 

 cptl cptl cptl(1 )      {conv,sa,fa}i i ig c b s i= + +    (13) 
 

where
cptlc is fixed unit capital cost,

cptlb is marginal capital cost with respect to 

bus size, and   is the additional fixed unit capital cost coefficient, conv 0 = . 

The total hourly capital cost is calculated by 
 

cptl rnd

cptl ,   {conv,sa,fa}.

i i

i

i

mg t
C i

h
=   

 

 
In Paper IV, we investigate the possibility of adopting semi-autonomous buses 
in both bus transit and BRT systems. We use i and j to denote vehicle type and 

transit type respectively, {conv, sa}i , {bus, BRT}j . In total, there are four 

combinations of services. Compared with bus transit, BRT is characterized by 
three features, i.e., higher speed, larger inter-stop distance and segregated lane. 
To capture these differences, we adapt the total cost to the form 
 

tot access wait ride oper cptl ,C C C C C C= + + + +  
 

where 
accessC  represents the access time cost and 

cptlC includes infrastructure 

cost and land cost needed for BRT besides rolling stock cost. 
 
The access time cost is highly related to the service mode. Basically, services 
with higher driving speed are likely to have sparser stops along the line, which 
leads to higher access time cost. Assume stops distribute evenly along the 

bus/BRT line and let jd denote the inter-stop distance. Assume on average 

passengers walk / 4jd  from origin to boarding stop and another / 4jd  from 
alighting stop to destination. The hourly access time cost is calculated by 
 

 access access

walk

,
j

j d
C c q

v
=  

 

where 
accessc  is the unit cost of access time and 

walkv  is the walking speed. The 

waiting cost is calculated in the same way as Eq.(10). 
 
To determine the riding cost, we take the crowding effect into consideration. 
Several theoretical models are proposed to measure the in-vehicle discomfort. 
For example, (Börjesson, Fung and Proost 2017) use the discomfort threshold 
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cs , below which everyone on the bus could be accommodated (sit or stand) 

comfortably, to define a piecewise discomfort coefficient 
discomc  for bus trips. 

The discomfort threshold is a function of bus size s  when the bus size is not 

fixed. If the number of passengers does not reach 
cs , 

discom 0c = . Otherwise, 

discomc is determined by demand, frequency and discomfort threshold. The value 

of in-vehicle time is then multiplied by 
discom1 c+ . This type of model ensures that 

passengers do not benefit from travelling in a less-occupied bus when the 
occupancy rate is already low. Another model proposed by (Kraus 1991) defines 
the crowding cost as the marginal cost one additional passenger imposed on 
other passengers. Given the bus stop indexes 0,1,2,...,n , all passengers 

boarding at stop  (1 )k k n   are assumed to alight at the same terminus stop 

0  (i.e., the driving direction is from stop n  to stop 0 ). Assuming there exists a 

highest stop index 
ck  where not all passengers can find a seat, the passengers 

who board after 
ck  will have a higher perceived in-vehicle time. The perceived 

unit cost of in-vehicle time 
ivc  is defined as 
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                 ,
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 (14) 

 

where 
ridec  and 

dcfc  are constants to measure the perceived time while sitting 

and standing respectively, and y  is the fraction of passengers who have to 

stand. The disadvantage of these piecewise models is that discontinuity or non-
differentiability may appear at the splitting point, which may complicate the 
problem in further calculation steps. To avoid this issue, we refer to the model 
defined in (Jara-Díaz and Gschwender 2003), where the value of in-vehicle 
time is a linear function of the occupancy rate  : 
 

 
iv ride dcf( ) .ij ij ijc c c = +  (15) 

 

It can be seen that any additional passenger will increase discomfort in the bus, 
regardless of the boarding order, i.e., passengers who board the bus earlier and 
find seats feel as crowded as unseated passengers who board later. Furthermore, 
the occupancy rate   is dependent on the location x . The directional demand 

flow distribution along the bus line ( )q x  and the point-to-point demand density 

  can be obtained from the total demand q . Therefore, the total riding cost is 

decided by 
 

 iv
ride

0 0

( )
2 d d d ,
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c x
C x y z

v
=     (16) 

 

where jv  is the driving speed of transit j .  

 
The operating cost for each vehicle takes the same form as in Eq.(11). However, 
since the operating scheme changes, the total hourly operating cost becomes 
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where N  is platoon length, conv 1N = , conv 0 = . 

 
The capital cost for each vehicle takes the same form as in Eq.(13). Since land 
and infrastructure costs are also considered in the capital cost, the total hourly 
capital cost is 
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where 
0

jc  is the sum of land and infrastructure cost, bus

0 0c = . 
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4 The papers – summary of contributions  

The following table shows in which paper the research objectives are fulfilled 
respectively. 

Table 1: Summary of research objectives fulfillment 
 

 RO1 RO2 RO3 RO4 RO5 
Paper I √ √ √ √ √ 
Paper II √  √  √ 
Paper III √   √ √ 
Paper IV √    √ 

 

4.1 Paper 1 -- Freight transport platoon coordination and departure 
time scheduling under travel time uncertainty 

In Paper I we apply a stochastic optimization model to find the optimal 
departure time and platooning strategy in three types of fundamental network 
structures, namely common, diverging, and converging route. The context of 
the problem is to coordinate two trucks with respective predefined arrival times 
under travel time variance. The total cost contains driving cost (e.g., driver 
wage), schedule miss penalty and fuel cost. 
 
The driving cost is modeled as a linear function of travel time. In the common 
route and diverging routes cases, travel time is equivalent to driving time, 
whereas in the converging case, travel time is the sum of driving time and 
waiting time. Therefore, the first issue is to model the travel time. In the real 
world, travel time has temporal (day, week, etc.) and spatial (highway, urban 
street, etc.) patterns, but is not fully predictable. The uncertainty may come 
from peak-hour congestion, big events, traffic accidents, weather conditions, 
etc., which can be recurrent or nonrecurrent. The predictable part is 
represented by a deterministic parameter whereas the type of uncertainty is not 
distinguished in our model but is merged into a stochastic parameter. It is 
common to assign a specific non-negative distribution to this random 
parameter, e.g., uniform, exponential or Gaussian. In our model, a general 
distribution is used, which allows more general results to be derived. The 
schedule miss penalty is the sum of early penalty and late penalty, only one of 
which will be realized, with a higher unit cost for being late than being early. 
The fuel cost model is based on the mechanism behind the vehicle power 
transmission system, which is a nonlinear function of travel time and air-drag 
reduction factor. 
 
Since the optimization problem is stochastic, the objective is to minimize the 
expected value of the total cost. The “head start” of each vehicle, which is the 
safety margin reserved for possible delay, is the variable to be optimized. Like 
in the newsvendor problem, there is also a critical fractile formula which gives 
the optimal solution. In the common route scenario, the fractile is based on the 
standard CDF, whereas in the diverging route scenario, the fractile is based on 
the mixture CDF of standard CDF and a CDF shifted by the scheduled arrival 
time difference between two vehicles. The converging route scenario is more 
complicated, considering the platooning decision involves whether to wait or 
not to wait for the other vehicle at the merging point of the route. The cost 
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function for the converging route with two symmetric branches is convex and 
the optimal condition is thus obtained. 
 
It is a more realistic model to consider the driving cost and schedule miss 
penalty than only considering the fuel cost. From an operational perspective of 
the freight transport company, the driver’s wage takes up a large portion of the 
expense, which requires the human resources to be utilized efficiently and it is 
impractical to drive slowly especially in long-haul freight transport. Besides, to 
customer’s satisfaction the vehicle should not arrive too late and arriving too 
early means high opportunity cost because otherwise the driver and vehicle 
could be arranged to other assignments. 

4.2 Paper 2 -- Platoon coordination with time windows: an 
operational perspective 

In Paper II, we address the issue of time windows in large-scale platoon 
coordination. In the problem setting, every truck is assigned an origin, a 
destination, and a preferred arrival time window. For each truck, the following 
have to be decided: when to depart, whether to platoon with other truck(s) or 
not, whether to wait for other truck(s) or not, where and when to join and to 
leave a platoon, which are other vehicle members in the platoon, when to arrive. 
The problem is formulated as a graph-based mixed-integer linear programming 
(MILP) problem, where the fuel cost and time-related terms (driving time, 
schedule miss penalty, etc.) are continuous and the rest are binary variables. 
 
The driving cost model and schedule miss penalty model are essentially the 
same as in Paper I, whereas the fuel cost model is simplified for the purpose of 
linearization. The fuel cost is a linear function of the weight of the edge (or link), 
which is also affected by the position in the platoon. A comparison is conducted 
with unlimited time windows among three scenarios: individual driving, fuel-
oriented platoon coordination, and operation-oriented platoon coordination 
(i.e., our case). 
 
Sensitivity analysis is presented with respect to the time window disturbance 
and number of vehicles. To limit the number of exogenous factors, we set the 
upper bound and lower bound of the time window to be equal. Assume there is 
a set of time windows which allows for the best achievement of fuel savings 
without incurring additional waiting cost and schedule miss penalty. The 
disturbance is added to this time window set to study the impact on platooning 
results. 

4.3 Paper 3 -- Efficiency of semi-autonomous and fully 
autonomous bus services in trunk-and-branches networks 

Paper III investigates the efficiency of autonomous buses in a general trunk-
and-branches network which connects the metropolis center and the suburban 
areas, considering different automation levels. A transport service optimization 
methodology is adopted, which aims to minimize the generalized cost of the 
system, from both passengers’ and the service provider’s perspective. The 
generalized cost is composed of waiting cost, riding cost, operating cost and 
capital cost. 
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The point-to-point demand is assumed to follow a continuous uniform 
distribution along each link. Unlike the models which assume a certain number 
of stops along the bus line, this continuous model simplifies the calculation of 
maximum load, which will then be used in the calculation of service 
characteristics. In these discrete models, the maximum load is usually obtained 
by iteratively compare all loads on different segments or in different stops, 
which may happen in any places on the route. Therefore, there is no need to 
separate driving time, boarding time and alighting time; instead, they are all 
aggregated into the average driving time. 
 
Compared with conventional buses, fully autonomous buses differ mainly in the 
elimination of drivers, higher vehicle acquisition cost, and the speed. For semi-
autonomous buses, the drivers are not completely removed, and the vehicle cost 
is higher than conventional buses and lower than fully autonomous buses. The 
speed may also differ, but the foremost difference lies in the service scheme in 
the trunk-and-branches network. More specifically, semi-autonomous buses 
form platoons on the trunk and drive individually on the branches. To optimize 
the semi-autonomous bus service, the first step is to decide the optimal platoon 
configuration. The result shows that all platoons should have equivalent length 
and the headway depends on the demand. 
 
By numerical analysis, we show that fully autonomous buses exhibit great 
potential in reducing both passenger cost and operator cost. However, the 
savings by semi-autonomous buses are not substantial, or sometimes negative, 
mainly because the platooning behavior on the corridor prolongs the waiting 
time of travelers who only traverse along the corridor.   
 
The sensitivity analysis shows that fully autonomous buses can be efficient even 
if the additional rolling stock cost is high, whereas the efficiency of semi-
autonomous buses are very sensitive to automation coefficients. Semi-
autonomous buses have a substantially smaller applicability range than fully 
autonomous buses, but their performance can be boosted if the corridor length 
or the number of network branches increases while other parameters remain 
unchanged. Both semi-autonomous buses and fully autonomous buses are 
sensitive to operating speed. Given that the safe average speed of fully 
autonomous buses in many pilot platforms are still low in mixed traffic, it may 
considerably handicap the implementation of this new technology. 

4.4 Paper 4 -- Efficiency of semi-autonomous platooning bus 
services for high and peaked demand 

Paper IV explores the possibility of operating semi-autonomous bus platoons 
in high and peaked demand. The problem is considered on a single bus line, 
which is represented by a corridor. Following the methodology used in Paper 
III, we formulate the problem as a constrained optimization problem. 
Compared with Paper III, the model differs in the following aspects. Firstly, the 
occupancy rate is flexible, which varies along with different demand and 
location on the corridor. Secondly, the crowding effect is taken into account in 
the riding cost. Thirdly, no coordination is needed in semi-autonomous bus 
platooning because the platoon operates similarly to a train. 
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In general, semi-autonomous bus platoon is able to adjust capacity and 
headway as demand varies, whereas conventional bus only adjusts headway. 
Both bus service and bus rapid transit (BRT) are considered in the formulation. 
Compared with bus services (with conventional bus type and semi-autonomous 
bus type), BRT services operate at a higher speed and the distance between 
stops is also longer, which leads to higher access cost from users’ perspective. 
Besides, BRT services are assumed to run on segregated lanes in this study, so 
extra land cost is required. In line with Paper III, Paper IV also assumes that 
the drivers are removed from the platoon followers, so each platoon only needs 
one driver (in the leading vehicle). For the purpose of generalization, we 
formulate four service modes 
 

( , ): ={conv,semi}, ={bus,BRT}i j i j  
 

in one objective function, where conventional bus is treated as a special platoon 
of length 1. There are three inequality constraints, one being service should be 
able to serve the maximum load, second being the vehicle size should not exceed 
the upper bound, and third being the platoon length should be no less than 1. 
For one-period analysis, analytical result is obtained. Based on KKT conditions, 
there are five feasible cases combined for conventional services and semi-
autonomous services. Numerical solutions are presented in the sensitivity 
analysis for both one-period analysis and two-period analysis. It should be 
pointed out that the capital cost of multiple-period analysis depends on the 
peak demand, while other demand levels are equivalent in the formulation if 
they are non-peak. 
 
Numerical result shows that semi-autonomous vehicle platooning is 
competitive in medium and high demand scenarios, with the potential of 
reduced users’ cost and operator’s operating cost at the expense of additional 
rolling stock cost. More specifically, as average demand level increases, the 
most efficiency service should be conventional bus, semi-autonomous bus, 
conventional BRT, semi-autonomous BRT, respectively. Besides, it is the 
demand level rather than the duration of peak/off-peak hours which affects the 
service performance the most. Furthermore, the impacts of capacity limit, 
minimum headway limit and peak/off-peak demand ratio are also investigated. 
In summary, the minimum headway, restricted vehicle size, and higher demand 
ratio all make semi-autonomous platooning more advantageous. 
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5 Conclusions and policy recommendations 

The studies presented in this thesis address several aspects of service planning 
with autonomous trucks and buses. Being aware of the impacts of travel time 
uncertainties, freight transport reliability, public transport demand 
fluctuations, road network, etc., practitioners and policy makers should pay 
attention to the potential disadvantages introduced by autonomous vehicles 
and make the best of the advantages. 
 
Paper I illuminates the dilemma of platooning or not platooning when there is 
a trade-off between schedule miss penalties and fuel savings, where travel time 
unreliability amplifies the risks. Although the fundamental problem only 
considers two vehicles, large-scale platoon coordination under travel time 
uncertainty is essentially composed of a series of choices as in the fundamental 
problem, regardless of whether the coordination strategy is predefined or in 
real time. If the travel time unreliability is moderate, other means such as speed 
adjustment may be adopted to make up for the loss during platooning 
formation. Otherwise, re-planning will have to be considered. Therefore, real-
time traffic information is critical for profitable vehicle platooning. Since the 
development of automation technology goes in parallel with advances in 
intelligent transport systems, by the time when autonomous vehicles have 
adequate market penetration, transport facilities should be more supportive in 
terms of offering digital information. Besides, vehicle-to-vehicle 
communication could also be utilized to collect and share traffic data, given 
agreements on communication protocols even among different transport 
companies. The indispensability of traffic information also applies to the semi-
autonomous bus platooning presented in Paper III, which assumes the ideal 
scenario that the network branches are symmetrical. Dynamic coordination 
with the assistance of traffic information will also be needed in practice in a 
general trunk-and-branches public transport network. 
 
Demand is another important aspect which influences the autonomous vehicle 
operation system efficiency. The direct impact of demand in public transport is 
given in Paper III and Paper IV. In a trunk-and-branches network, the benefits 
of semi-autonomous buses decrease as the demand on the trunk increases, due 
to longer waiting time for travelers on the trunk. In a corridor bus line, the 
benefits of semi-autonomous buses emerge only when the demand is above a 
certain level, and the semi-autonomous bus system becomes more efficient as 
the demand continues to grow. In Paper II, the numerical result shows that the 
benefits of 21-vehicle platooning with time windows are not as considerable as 
anticipated. However, there is a trend that the savings become more significant 
when there are more semi-autonomous trucks in the network. While more 
semi-autonomous trucks means more platooning candidates and opportunities 
in freight transport, it should be noted that the penetration rate is eventually 
driven by the freight transport demand. Therefore, from a macroscopic view, 
the demand in freight and public transport should be investigated carefully 
before adopting autonomous vehicles. 
 
Transport network structure affects the operating schemes. For example, in 
Paper I, the converging network case is more complicated than the common 
route case and the diverging network case because the merging process 
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contains another decision, i.e., wait or not to wait for the other vehicle. In real-
time coordination, the stochasticity of travel time on the link, which is traversed 
by the vehicle that arrives first to the merging point, is already realized and 
there exists another opportunity to stick to or abandon the original platooning 
plan. However, if real time coordination is not allowed in practice, the outcome 
may be suboptimal or even unacceptable. In this sense, same-origin 
coordination can be more practical and applicable than the merging 
coordination scheme. The results from Paper III and Paper IV show that semi-
autonomous buses are more competitive on a corridor than in a trunk-and-
branches network. The operating strategy of semi-autonomous vehicles should 
be towards the direction of extended capacity in high and peaked demand, 
rather than simply grouping buses from different lines to save labor cost but 
sacrificing the user utility. 
 
The additional vehicle expenditure on full automation should not be an issue 
for public transport service providers in the long run. The analysis in Paper III 
shows that the total cost reduction by implementing fully autonomous buses is 
relatively insensitive to the extra rolling stock cost. However, it remains to be 
seen when full automation will be advantageous given that the current speed of 
fully autonomous buses is still very low and there are technical issues to 
overcome before high-speed driving becomes mature in complex traffic 
conditions. 
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6 Future research 

To develop a full picture of autonomous vehicle operation, additional studies 
will be needed in the following directions. 
 
The impact of stochasticity on platoon coordination needs to be demonstrated 
in a larger network, while dynamic platoon formation is enabled. In practice, it 
is possible that drivers cannot stick to original plans due to various reasons, so 
a robust coordination strategy should be able to handle disruptions and 
deviations. If the vehicle is connected to the control center, re-optimization 
might be needed. 
 
Following the evolution of market, different penetration rates of autonomous 
vehicles should be considered. While the image of full automation era is not 
immediately clear and people’s behavior can be forged by emerging 
technologies and continue to develop ever since, the low penetration rate at the 
earliest stage should be addressed and continuous model should be established 
to capture this evolution process. 
 
The impact of information should be considered in the operation modelling. 
For example, the usage of travel applications might reduce passengers’ waiting 
time or subjective value of travel time savings. Most importantly, information 
exchange between different stakeholders will promote system efficiency in 
traffic prediction, vehicle collaboration, service operation, etc. 
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