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Abstract

New technology, and especially technology related to autonomous vehicles (AV), will
create new demands on infrastructure and the infrastructure owners. The purpose
of the report is to create a framework of general characteristics that a route should
possess in order to make it feasible to implement AVs on routes, and to analyse a few
routes on roads that is owned by the Swedish Transportation Administration, using
the framework for evaluation of the suitability of AV operations. In addition to the
infrastructure requirements, future predictions when the technology is expected to
be implemented, and which application that is suitable to use for autonomous buses
is also included. The report mainly focuses on passenger transportation, but the
framework is a general guideline that could in practice be used for other applications
as well.

To formulate the requirements a literature study was conducted in conjunction with
interviews with representatives of different companies and organisations that are
involved in the development and operations of AVs in relation to passenger trans-
portation. The framework was then formulated using the data collected in the
literature review and using the answers from the interviews the different categories
was classified either low, medium, and high depending on how many of the intervie-
wees covered the subject. The routes to be analysed was selected from four different
road categories; highway, four-lane road, separated 2-lane road, and 2-lane road.
One route of each category was selected depending on the combined traffic volume
of cars and public transit passengers, where it was found that there were the most
potential users of the service, if implemented. For the future predictions, mainly
data from the interviews was used to create a time-line but it was also supplemented
by data from the literature study. As for the potential applications of AVs in public
transport, both literature and interviews is used.

The study found that the eight areas of road layout, signs, intersections, lane mark-
ings, maintenance, digital maps, V2I/I2V, and connectivity should be included in
the framework, the first five classified as physical infrastructure and the remaining
three under digital infrastructure. The most important factors, that was mentioned
the most in the interviews, is the road layout and connectivity, due to their direct
and heavy impact on the feasibility in AV operations. The category that is deemed
the least important is the lane markings, mostly due to existing technologies that
is able to function without them even though AV operations become easier if they
are present due to less difficult to read situations. The rest of the categories is
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classified as having roughly the same importance, somewhere in-between the pre-
viously mentioned characteristics. Each of the categories was each further divided
into subcategories that each had either positive or negative effects on the evaluation
of the routes, depending on the factors are present or not. The analysed routes
had different prerequisites in almost all categories making the recommendation of a
specific route, or route type, hard to do because of all the factors involved that is
going to vary from case to case. The result is therefore to not generally recommend
any specific type of road without analysing all context for the specific application in
detail first. The general predictions made for when AVs will become available was a
span between 2025 to 2045, with most interviewees and literature agreeing on that
between 2030 and 2035 was the most likely for AVs with limited capabilities. The
potential application of AVs in public transit is mainly concentrated to two areas,
first- and last-mile transit as well as hub-to-hub transport. The implementation of
AVs in public transit would likely bring the benefits of either operating current sys-
tems at lower cost, or to be able to expand the system without increasing the cost
as the operating cost of AVs are lower than conventional vehicles. Overall, it can be
said that different AVs are suitable for different situations and a deeper analysis of
the intended application is necessary to determine the suitability.

Keywords: Autonomous vehicle, autonomous bus, automated bus, automated tran-
sit, infrastructure requirements
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1
Introduction

This chapter contains a background of Autonomous Vehicles (AVs), autonomous
buses, public transport and infrastructure requirements related to AVs. The chapter
does also contain a problem de�nition, the aim and limitations of the report, and
�nally the research questions.

1.1 Background

With a climate crisis on the horizon, Sweden is committed to reducing emissions
of greenhouse gases in accordance with the United Nations (UN) resolution of re-
duction of emissions (Hunhammar, Kra�t, Wildt-Persson, & Wenner, 2019). One
important sector for achieving the UN goal is the transportation sector. The Swedish
Transportation Administration has adopted �Målbild 2030�, or Target 2030, which
is based on the UN Agenda 2030 (Hunhammar et al., 2019), and one of the goals of
Target 2030 is for the transportation sector to lower their emissions by 70% by 2030
compared to 2010 (Hunhammar et al., 2019). To achieve this target, Hunhammar
et al. (2019) argues that the number of private vehicles on the road need to decrease.
Simultaneously, Hunhammar et al. also state that there needs to be an increase in
the use of shared vehicles and public transit to satisfy the demand for transportation.
As of today, the biggest challenge for an increase of the public transport network
is the lack of drivers (Transportföretagen, 2018) and the physical limitation of how
many vehicles that can operate on the infrastructure while maintaining e�ciency
(Backström, 2018).

One solution to mitigate some of the issues raised and to increase the capacity of
the passenger transportation system is to digitalise it, and the Swedish Transport
Administration has already started this process (Palm et al., 2019). Palm et al.
(2019) states that the digitalisation of the transportation system is a challenge for
the Swedish Transportation Administration, as it presents new problems, opportu-
nities and ways of thinking about infrastructure. The goal of the Swedish Transport
Administration is to make Sweden one of the leading countries regarding the ex-
ploitation of advantages enabled by the digitisation (Hunhammar et al., 2019; Palm
et al., 2019). Two e�ects of digitisation of the transport system are the change in
travel patterns and the use of autonomous vehicles for public transportation (Grush
& Niles, 2018; Guerra, 2016).
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1. Introduction

Self-driving cars have since long been a thing of the future, with the �rst concept
being shown to the public in the late 1930s by General Motors (Faisal, Yigitcanlar,
Kamruzzaman, & Currie, 2019; Shladover, 2018). Autonomous Vehicles, orAVs,
have also been frequently featured in popular media, such as in the scienti�c maga-
zine Mechanix Illustrated (Maurer, Gerdes, Lenz, & Winner, 2016), movies such as
Minority Report and Disney'sThe love bug(Salo, 2019), and TV-series likeKnight
Rider (Herrmann, Brenner, & Stadler, 2018; Lee, 2014). The peak of the early
developments of AV technology was reached in 1994, with the demonstration of au-
tomated bus- and truck platoons that lasted until 2003 (Shladover, 2018). During
DARPAs grand challenge in 2004 autonomous vehicles started to become a thing of
the present (Fagnant & Kockelman, 2015). The route the vehicles were to drive was
150 miles, but the winner of the challenge only managed to drive 7 miles, however,
in 2005 seven teams managed to complete the route, which also indicates the rapid
development of AVs (Fagnant & Kockelman, 2015). AVs was originally meant to
have a military application but is today developed by car manufacturers and tech
companies (Herrmann et al., 2018).

There are di�erent levels of autonomous driving, and as can be seen in �gure 1.1,
autonomous driving level 5 is nearing the peak of �in�ated expectations�, where
the hype for the technology is the greatest, possibly reaching unrealistic levels,
due to early successes and media attention (Gartner, 2019). Autonomous driving
at level 4 has already passed the peak and is in the �trough of disillusionment�
phase of the hype cycle where the expectations of the technology are lowered since
experiments and implementations fail to live up to the promised standard (Gartner,
2019). However, Shladover (2018) states that the capabilities of autonomous vehicles
often are overstated and held to an unrealistic standard. A scepticism that the
promises and capabilities are exaggerated exists, (Grush & Niles, 2018) and authors
such as Currie (2018) criticise the hypothesis that AVs will be the technology that
solves all transportation problems, and in the process of doing so will eliminate, or
severely reduce the need for public transit by replacing it by autonomous cars. Even
though the future development of autonomous vehicles remains unclear, Herrmann
et al. (2018) state that this is not only a change to new technology but will change
the mobility on a large scale.

As mentioned previously, autonomous buses will be bene�cial from an environmental
perspective and with regards to any capacity problems regarding driver availability,
but it will also be bene�cial in terms of congestion reductions (Fagnant & Kockel-
man, 2015) road capacity improvements (Friedrich, 2015) and safety improvements
(Acheampong & Cugurullo, 2019; Tettamanti, Varga, & Szalay, 2016). Regarding
the safety aspects, human error is the cause of 95% of accidents, and AVs can ac-
cording to some estimates reduce tra�c accidents by up to 90% by removing the
human element (Sarmah, 2015). The European Commission has a tra�c safety
agenda called "vision zero" which includes the aim of reducing the number of tra�c
fatalities by 50% until 2020 and by 100% 2050 (European Commission, 2019). In
order to reach the goal of zero fatalities, autonomous vehicles play an important role
(European Commission, 2019). Other advantages of using autonomous vehicles are
the lower cost of transportation and better utilisation of vehicles (Chan, 2017).
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1. Introduction

Figure 1.1: Gartner Hype Cycle for Emerging Technologies 2019, with autonomous
driving circled in red (Gartner, 2019)

The Swedish Transport Administration wants to increase their knowledge about au-
tonomous vehicles, and one of the areas they have focused on is automated buses
(Palm et al., 2019). This area of research is relevant since Guerra (2016) and Walker
(2016) states that freight and transit are likely to become early adopters of AVs as
the vehicles involved often travel along predetermined routes making a potential
automation easier, as well as lowering the operating costs for the vehicles. There
are also many issues surrounding autonomous vehicles, and especially their use in
transit, that needs to be solved (Millonig & Fröhlich, 2018). These include technical
uncertainties that need to be addressed, such as if the currently available technology
is mature and reliable enough (NTSB, 2019b; Pessaro, 2016). To test these systems,
there have been trials with AV technology performed on transit vehicles(Nyström,
2015). The results vary from being technologically considered unsuitable (Nys-
tröm, 2015), to implementations that can be considered a success (Gregg & Pessaro,
2016). There are also questions regarding where it is most suitable to implement
autonomous vehicles �rst (Palm et al., 2019). This question gets even more com-
plicated when considerations for public transit must be taken into account, such as
cost-e�ectiveness, demand, and routing (Fagnant & Kockelman, 2015; Owczarzak &
Zak, 2015; Walker, 2012).

There have been many articles written about autonomous vehicles and their impacts
on society, such as Bissell, Birtchnell, Elliott, and Hsu (2018) and Davidson and
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Spinoulas (2015). However, the area surrounding automated and autonomous buses
and public transit remain relatively unexplored (Gandia et al., 2019). The articles
that have been written on the subject mainly focuses on small shuttles, such as
Fernández, Domínguez, Fernández-Llorca, Alonso, and Sotelo (2013) and Nordho�,
de Winter, Payre, van Arem, and Happee (2019), or shared autonomous vehicles and
what implications they will bring for public transit, such as Narayanan, Chaniotakis,
and Antoniou (2020) and Jones and Leibowicz (2019).

AVs are presented by many actors as revolutionary as they are presented not to
require any additional or specialised infrastructure to operate (Arbib & Seba, 2017;
Lutin, 2018; Owczarzak & Zak, 2015). However, as previously mentioned there
have also been concerns raised that the infrastructure relating to AVs is an area
that has received considerably less attention than others (Fagnant & Kockelman,
2015; Huggins et al., 2017). Although no additional infrastructure will have to be
installed according to some manufacturers, the issue of mixing di�erent types of
tra�c remains a major challenge to overcome (Kockelman et al., 2016). There are
several aspects of the infrastructure that might have an impact on AV adoption, such
as how they will handle intersections (Levinson et al., 2011), how they are going to
navigate in long tunnels (Ehrlich & Hautière, 2016), and if certain infrastructure is
helpful or detrimental for AV operations (Parsons, Shaw, Rubenstone, Cho, & Jost,
2018). There is also the aspect if an AV actuallyrequires any infrastructure, or if
certain infrastructure just facilitates the implementation and operations of AVs. As
such, infrastructure requirements, future predictions regarding AVs, and application
of autonomous buses in society are three areas of interest that will be analysed in
this report.

1.2 Problem de�nition

The implementation of AVs can introduce new demands on the road owner since
it might be necessary to modify the existing infrastructure. There is a need for in-
creased knowledge in the potential for implementation of the autonomous vehicles,
and how and where autonomous vehicles will be implemented. By analysing pas-
senger �ows between transit hubs for speci�c routes, and the road characteristics on
the routes, is it possible to identify the potential bene�ts autonomous transit vehi-
cles can imply. The Swedish Transportation Administration wants to be one of the
leaders in the development of the future infrastructure, and not to be a hindrance
to the implementation of new technologies, especially since they are the road owner
of many of the busiest roads.

To be able to anticipate the future needs for infrastructure that is required by
autonomous vehicles, an analysis of the current state of the technology and what
requirements di�erent actors predict will be necessary. This is especially important
since infrastructure has to be adapted or prepared in advance, in order to have a
smooth implementation of new technologies. However, there is no widely adopted
industry standard for AVs that makes it clear what the technology is going to re-
quire, and Fagnant and Kockelman (2015) argue that there is a lack of research

4



1. Introduction

in the area regarding AV infrastructure requirements. Furthermore, di�erent ac-
tors have adopted di�erent approaches, that further have di�erent infrastructure
requirements.

1.3 Aim and purpose

In order to cope with the challenges in the transportation sector, the purpose of the
report is to create a framework that can be used to evaluate the infrastructure and
to determine the suitability of autonomous public transport on speci�c routes. This
is important for the Swedish Transportation Administration in order to adjust the
current infrastructure according to the requirements to become one of the leaders
in this �eld.

1.4 Limitations

The report will in the literature review cover autonomous driving on a general level,
and research based on autonomous cars and trucks will therefore be included. How-
ever, the routes will be evaluated based on transportation by bus, and it will only
cover the road network owned and maintained by the Swedish Transportation Ad-
ministration. The selection of routes will be limited to the region of Västra Götaland
to limit the number of routes. The routes selected for further analysis should also
to some extent be part of the Swedish Transportation Administrations �functionally
prioritised road network for public transit� (FPV). The analysis concerns the use of
autonomous vehicles in public transit. The evaluation of infrastructure requirements
will not cover the segments within the city centres of two reasons, namely that the
road is not owned by the Swedish Tra�c Administration and that the infrastructure
characteristics would be highly dependent on the chosen route within the city and
where the bus stop would be located.

1.5 Research questions

In order to analyse the issue a number of research questions have been formu-
lated:

ˆ What characteristics should a route possess to make it suitable for implement-
ing autonomous passenger vehicles?

ˆ How can the road infrastructure characteristics be evaluated for implementa-
tion of autonomous vehicles?

ˆ What application is suitable for autonomous buses?

ˆ What are the future predictions that can be made regarding autonomous driv-
ing?
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2
Literature review

This chapter consists of the de�nitions which de�ne the concept of AVs and introduce
the di�erent levels of AD. This is followed by the current state of AVs, where the
current capabilities and limitations are explained, but also di�erent approaches to
AD and autonomous buses. The infrastructure requirements are later described,
where both physical and digital infrastructure is presented. This is followed by the
section for future predictions where future AV capability is estimated and roadmaps
are presented. The applications of AVs in public transport is then presented. Finally,
a conceptual framework of infrastructure requirements for AVs is presented.

2.1 De�nition of autonomous vehicles

Nikowitz (2015) states that there is no industry-wide de�nition of autonomous ve-
hicles. The two de�nitions for autonomous vehicles used by Nikowitz are�a vehicle
that is designed to travel between destinations without a human operator�and �a
vehicle which is able to perceive its environment, decide autonomously which route
to take to its destination, and conduct itself along the route it selects�, while Thomas
and Trost (2017) de�nes an autonomous vehicle as a vehicle that is able to drive
safely and e�ciently without a driver in normal weather, road and tra�c condi-
tions. There are also di�erent de�nitions for autonomous and autonomous driving
including the one used by Näringsdepartementet (2018) where automated driving
is that the vehicle must be able to completely conduct itself according to a certain
set of parameters, while according to Grush and Niles (2018) the Merriam-Webster
dictionary de�nition of autonomousis �something that is undertaken or carried out
without outside control; self-contained, existing or capable of existing independently;
responding reacting or developing independently of the whole�. Grush and Niles
(2018) states that there is a distinction betweenautonomousand automated vehi-
cles, and that most new vehicles are automated but that the word �autonomous�
have become wide-spread and accepted for all kinds of self-driving vehicles, regard-
less of how capable they are.

There are many de�nitions of autonomous driving levels, as can be seen in table
2.1. The di�erent de�nitions are similar in their way of de�ning the levels but
di�er in terms of name and number of levels. The most commonly used de�nition,
which is also the de�nition used in the report is the one used by International
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Society of Automotive Engineers (SAE), which contains six levels for describing the
capabilities (Coppola & Silvestri, 2019). Other de�nitions that are used to classify
the capabilities of autonomous vehicles are the de�nition used by Bundesanstalt für
Straÿenwesen (BASt) that contains �ve levels (Gasser et al., 2013), the de�nition
used by Verband der Automobilindustrie (VDA) that contains six levels (Verband
der Automobilindustrie, 2015), and the de�nition used by the National Highway
Transportation Safety Administration (NHTSA) that contains �ve levels (Marinik
et al., 2014). If the vehicle is designed to require human intervention it is not to be
considered as having automated driving, rather it should be considered a vehicle with
Advanced Driver Assistance System (ADAS) (Näringsdepartementet, 2018).

Table 2.1: Autonomous driving de�nitions (Gasser et al., 2013; Marinik et al.,
2014; SAE International, 2018; Verband der Automobilindustrie, 2015)

Level SAE BASt VDA NHTSA
Driver
activities

ADS
activities

0
No automa-
tion

Driver only Driver only
No automa-
tion

Driver per-
forms all
parts of
driving.

Active
safety fea-
tures can
be enabled.

1
Driver
assistance

Assisted Assisted
Function
speci�c
automation

Performs
what the
ADS does
not per-
form.

Lateral or
longitudinal
motion
control.

2
Partial
driving
automation

Partial au-
tomation

Partial au-
tomation

Combined
function
automation

Performs
what the
ADS does
not per-
form. Su-
pervise au-
tonomous
driving
system

Lateral and
longitudinal
motion
control
and partial
OEDR

3

Condi-
tional
driving
automation

High au-
tomation

Condi-
tional
automation

Limited
self-driving
automation

Monitors
system and
is ready to
intervene.

Complete
OEDR

4
High driv-
ing automa-
tion

Full au-
tomation

High au-
tomation

n/a

Only drives
outside the
systems
Operational
Design
Domain
(ODD).

Drives
within its
ODD .
System
fallback
instead
of driver
fallback

5
Full driving
automation

n/a
Full au-
tomation

Full self-
driving
automation

Becomes
the passen-
ger.

Unlimited
operational
design
domain.
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2.2 Current state of Autonomous vehicles

The current e�orts to develop autonomous vehicles can be divided into two di�erent
approaches (Herrmann et al., 2018; Kaslikowski, 2019; Mohan et al., 2016; Thomas
& Trost, 2017). One approach is to further develop existing technologies with cur-
rent constraints in mind, such as Adaptive Cruise Control (ACC) with lane-keeping
assistance, which is a type of ADAS. The other approach is to develop new technolo-
gies and implement them on a clean slate design, such as driverless shuttles.

According to (Coppola & Silvestri, 2019), companies such as Tesla, Volvo and Audi
o�ered level 3 autonomy already in 2017. On the contrary, Teoh (2020) argues that
the most advanced commercially available system is at level 2.

2.2.1 Approaches to autonomous driving

Maurer et al. (2016) characterise the di�erent approaches to autonomous vehicle
in to three categories, including evolutionary, revolutionary and transformative,
while authors like Thomas and Trost (2017), Coppola and Silvestri (2019),Chan
(2017), Grush and Niles (2018) and Kaslikowski (2019) only use the evolutionary
and transformational approach in their papers. This could be due to the fact that
the revolutionary approach is a combination of the two other approaches (Maurer
et al., 2016). This paper will only cover the two approaches identi�ed as the most
commonly adopted ones. The main di�erence between them can be seen in table
2.2.

Table 2.2: Comparison of approaches

Evolutionary Transformative
Automation Partial/conditional High/full
Geographical area Unlimited Limited

Evolutionary approach

As described by Maurer et al. (2016) and Thomas and Trost (2017), the evolutionary
approach is mainly adopted by the automotive manufacturers like Daimler, Ford,
Audi and Tesla. The functions of the driver assistance system are continuously
improved over time (Chan, 2017), and the introduction of this kind of assistance
started at the beginning of 1980's (Maurer et al., 2016). These systems can include
features like ABS, ACC and Lane Departure Warning System (LDWS), which have
increased safety and comfort for the driver (Maurer et al., 2016). The idea with this
approach is to gradually convert the driver from driving to monitoring (Coppola &
Silvestri, 2019) and this approach is sometimes called "something everywhere" since
this approach allows for some assistance wherever you drive (Chan, 2017).

In 2016 Maurer et al. (2016) mention that the next step for the evolutionary approach
is to combine the adaptive cruise control with the lane-keeping (Maurer et al., 2016).
In this scenario, the driver will monitor the situation and intervene if they consider
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the situation to be risky (Maurer et al., 2016). According to Maurer et al. (2016)
the next steps for this approach is the introduction of increasing the automation of
parking. Currently, companies like Tesla is updating their software for their cars
remotely, providing the driver with new features (Herrmann et al., 2018). One
drawback mentioned with this approach is that the new features that are added
may provide some risks at the beginning, after the release of the features, which
Herrmann et al. (2018) calls "danger zone". This phenomenon is illustrated in �gure
2.1.

Figure 2.1: Illustration of the danger zone (Herrmann, Brenner, & Stadler, 2018)

Bainbridge (1983) argues that when using automation, the operator will become less
skilled due to lack of experience. However, in cases where the operator needs to take
over control from the automation, high skill and attention is likely required from
the operator to be able to succeed with the task (Bainbridge, 1983). Bainbridge
calls this an �Irony of Automation�, that the automation over time decreases the
number of situations where the operator can gain experience, while at the same time
require highly skilled operators in those cases where the automation can not perform
properly. This paradox is con�rmed to be existing for AVs by Strauch (2018).

Transformational approach

The other approach is the transformational approach, which is the implementation of
fully autonomous vehicles, that are currently slow-moving and operate in a speci�ed
and narrow geographical area (Maurer et al., 2016). The majority of companies
using this approach is high-tech start-ups (Maurer et al., 2016), but also tech giants
like Google, Apple and Uber utilise this more radical approach and instead develops
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fully autonomous vehicles for a limited geographical area (Thomas & Trost, 2017),
where the driver can be completely removed (Coppola & Silvestri, 2019). This
approach is sometimes called "everything somewhere" which refers to that all of the
driving is autonomous, but only in some areas (Chan, 2017). If using this approach,
Fröhlich et al. (2019) argues that it is important to show the passengers what the
vehicle is seeing, doing and planning to do for the passengers to be able to trust
the vehicle. Fröhlich et al. attributes this need to the fact that since the passengers
can not see the actions the vehicle is undertaking in the same way as if the vehicle
would have a traditional control set-up.

One of the most notable companies using the transformative approach is Google
and their subsidiary Waymo (Chan, 2017; Coppola & Silvestri, 2019; Villagra et al.,
2018) who develop their AV-technology for urban areas (Herrmann et al., 2018).
It is mentioned that the success of Waymo is not due to the vehicles ability to
adjust to di�erent situations but rather the intensive mapping of the speci�c routes
beforehand (Villagra et al., 2018).

2.2.2 Functional capabilities and limitations

Capabilities

Most commercially available AVs are currently operating at SAE level 2 and 3
(Kaslikowski, 2019), and the capability of the AV is largely in�uenced by the use
of big data and AI (European Commission, 2019). Most vehicles described as �self-
driving� today are categorised as level 3, with some being classi�ed as level 4 (Grush
& Niles, 2018). Contrary to this Teoh (2020) states that all commercially available
vehicles in the US only ful�ls the requirements for level 2. The capability of these
vehicles is often described, according to Teoh, as advanced driver-assistance systems
that can keep the vehicles in a lane, keep a set speed and in some situations overtake
other vehicles if the situation allows. Under optimal conditions, a level 3 vehicle is
able to navigate by itself on highways, or roads of a similar standard, and reach a
predetermined destination such as an o�-ramp without human intervention (Zlocki,
Fahrenkrog, & Meng, 2016). Examples of this include vehicle manufacturer Tesla
Inc. that claims that one of their vehicles travelled from San Francisco to Seattle
without human intervention (Nikowitz, 2015) and California-based start-upplus.ai
that claims that one of their autonomous semi-trucks made a trip from California
to Pennsylvania without any unexpected disengagements of the self-driving system
(Sumagaysay, 2019). From 2019, Coppola and Silvestri (2019) state that a majority
of all personal vehicles will have conditional automation (SAE level 3), but it will
take more time for level 4 and 5 to be available.

Alambeigi, McDonald, and Tankasala (2020) conducted a study on accidents involv-
ing AVs and found that the majority was either caused by the operator using manual
control of the vehicle, or other vehicles hitting the AV, usually at intersections. A
similar study by Dixit, Chand, and Nair (2016) points at the same results and found
that one of twelve reported accidents could be attributed to being caused by the AV.
The rest were, according to Dixit et al., results of manual control by the operator
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