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Abstract

The introduction of connected and automated vehicles (CAVs) has the potential to bring
numerous advantages to urban mobility. However, many challenges for road infrastructure
need to be overcome before those benefits can be achieved. This study addressed multiple
dimensions of the implications of CAV deployment for road infrastructure through a com-
prehensive survey with 168 experts from different sectors and regions around the world.
The issues are grouped into five categories: (1) key challenges of accommodating CAVs
in existing urban transport networks; (2) infrastructure improvement required for shared
CAV models; (3) maintenance aspects of infrastructure for CAVs; (4) implementation time
of infrastructure support for CAVs; and (5) financing infrastructure upgrades to facilitate
CAVs on the roads. The outcomes of the research show that there is still no consensus
among the stakeholders on what should be considered to maximise CAV benefits for soci-
ety as a whole. This indicates the necessity for cooperation between stakeholders to achieve
the safe and efficient operation of CAVs. Overall, this study provides in-depth insights
for decision-makers and transport planners to form policies, regulations, and guidelines
regarding the future implementation of CAVs for roads before their commercialisation
phase.

1 INTRODUCTION

Recent advancements in software, hardware and information
and communication technologies have propelled the develop-
ment of Automated Vehicles (AVs), which are no longer mere
hype or science fiction but a gradually introduced technology in
the automotive market [1, 2]. The classification of AVs based
on their capabilities has been subject to various schemes [3],
with the widely used six-level classification by the International
Society of Automotive Engineers (SAE J3016) reflecting the
progressive transfer of driving responsibilities from humans to
vehicles [4].1 Level 4 AVs, in particular, hold the potential for
transformative changes in transportation and urban landscapes
[5], as they can operate autonomously in various scenarios
and geographic areas while still offering the option for human

1 No automation (Level 0; hereafter, L0), driver assistance (L1), partial automation (L2),
conditional automation (L3), high automation (L4), and full automation (L5).
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control in exceptional circumstances [6]. Beyond automation,
the connectivity aspect of vehicles plays a vital role [7, 8],
enabling the exchange of safety and mobility information,2

overcoming limitations of onboard sensors and improving reli-
ability in challenging conditions [9–11]. The integration of
connectivity and automation, known as Connected and Auto-
mated Vehicles (CAVs),3 offers unique advantages that cannot
be achieved independently [12, 13].

It is a common view that in the early stages of deployment,
the safe operation of CAVs at full capacity will mainly depend
on the quality and consistency of road infrastructure [14–16].

2 Connected vehicle technology enables wireless communication between vehicles (V2V),
road infrastructure (I2V), and other components (V2X), facilitating the exchange of safety
and mobility information.
3 In this study, the term "automated driving" is used to describe the technology where
automation of the driving task, vehicle connectivity, and data are brought together. Also,
the term automated driving and connected and automated vehicles (CAVs) are used
interchangeably.
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Several aspects of road infrastructure such as the position-
ing, height, and size of traffic signs, physical characteristics of
road markings, variable sign message systems, warning message
systems for work zones, curb areas, and maintenance strate-
gies will likely undergo reassessment based on the capabilities
of CAVs. For example, the current automation industry con-
sistently emphasises the significance of well-maintained road
surfaces and clearly visible signs and road markings, although
a definitive standard has not yet been established. However, as
the deployment of CAVs becomes more imminent, addressing
these needs is increasingly important [17–19]. Moreover, the
variety of road facilities and connectivity capabilities brings new
challenges for transport authorities and legislators looking to
embed CAVs into road networks. Therefore, the relationship
between automated driving and both the physical and digi-
tal road infrastructure is an area of active research [18]. Road
authorities and road safety organisations around the world are
actively investigating potential infrastructure modifications to
facilitate CAV operation (e.g. [11, 15, 20–22]). Additionally, few
research projects [23–25] have been dedicated to developing
classification schemes that categorise the capabilities of road
infrastructure to support and inform CAVs and users about the
functionalities offered by different road facilities. These efforts
aim to enhance the compatibility and interaction between CAVs
and the surrounding infrastructure, promoting a safer and more
efficient integration of CAVs on public roads.

In parallel, regulatory bodies and organisations worldwide
have been actively engaged in formulating and implementing
legislation to facilitate the integration and safe deployment of
CAVs [26]. Notably, the European Commission has taken a
leading role in developing policies and regulations within the
European Union to promote CAV deployment. Initiatives such
as the European Strategy on Cooperative Intelligent Transport
Systems and the European Framework for the Deployment
of Intelligent Transport Systems aim to harmonize legal
requirements and foster cross-border collaboration. In addi-
tion, the United Nations Economic Commission for Europe
(UNECE) has played a crucial role in shaping international
legislation for CAVs. The UNECE’s Working Party on Auto-
mated/Autonomous and Connected Vehicles has developed
standards and regulations, including the influential UNECE
regulation on automated vehicles (e.g. Regulation No. 157).
Also, countries such as the United States of America (USA)
and the United Kingdom have taken proactive measures to
support CAV innovation and deployment. The USA, through
entities like the National Highway Traffic Safety Administration
(NHTSA), has issued guidelines and regulatory frameworks at
the federal and state levels. Similarly, the United Kingdom (UK)
has established legislation and initiatives to encourage CAV
testing and development, such as the Centre for Connected and
Autonomous Vehicles (CCAV) and the Code of Practice for
Testing.

However, automated driving technology and automation-
enabled mobility services are evolving at a more rapid pace than
the understanding of the infrastructure required for them to be
efficiently and safely implemented [19]. As such, the number of
studies addressing potential infrastructure-related requirements

to facilitate CAVs or challenges associated with infrastructure
adoption for CAVs is limited. Moreover, existing research on
CAV implementation has mainly focused on the consumer or
end-user perspective. These studies primarily examine how atti-
tudes and perceptions can influence the intention to adopt or
use CAV technology (e.g. [27–30]). However, the implementa-
tion and adoption of new technology are not solely driven by
consumer demand. It is crucial to acknowledge the involve-
ment of other key stakeholders, such as policymakers, vehicle
manufacturers, and academia [31, 32].

On the other side, as noted in Shladover [33], the literature on
software and hardware technologies that support CAVs is vast
and growing rapidly and becoming obsolete rapidly, too. This
rapid development in automation and information and com-
munication technologies has prompted researchers who want
to gather information about the latest developments in the field
to seek opinions from experts (e.g. [15, 34–37]). Among these
studies, for example, Saeed [2] explored the types of changes
that may be needed for road infrastructure at the two stages of
AV operations (transition phase and fully autonomous phase),
based on expert feedback from technology developers and high-
way agencies in the USA. Similarly, Gopalakrishna et al. [22]
have investigated the impact of AVs on highway infrastruc-
ture through engagement with highway agencies and interviews
with industry members in the USA. In another study, Wang
et al. [17] conducted an online survey and follow-up interviews
with AV industry members alone in California, USA, to evalu-
ate the transportation infrastructure improvement requirements
that can improve AV performance. In Australia, Lim et al. [31]
conducted in-depth interviews with experts from the public and
private sectors who had direct experience with AVs, explor-
ing various micro and macro environmental factors that could
either impede or facilitate AV adoption.

In a similar strategy, but on a global scale, this study aims
to gather insights and perspectives from experts and key stake-
holders to gain a better understanding of critical factors and
challenges related to urban road infrastructure for the successful
implementation of CAVs. Through a large survey encompassing
various sectors and regions, the study explores the multifaceted
dimensions of CAV deployment implications and challenges for
road infrastructure that authorities will need to consider both
in the early stages of their implementation and the transition
phase. The main research questions addressed in this study are
as follows:

1. What are the key challenges of accommodating CAVs in
existing urban transport networks?

2. How does infrastructure improvement support the shared
mobility model of CAVs?

3. What additional maintenance for infrastructure will be
required for CAV operation?

4. When should infrastructure improvement for CAVs be
initiated?

5. How will the CAV infrastructure be funded?

The main contribution of this paper is to provide an overview
of the opinions of members of different stakeholder groups that
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may affect or be affected by the deployment of CAVs, on several
issues that are contested or lacking in the literature. Particu-
larly, it provides an understanding of priority issues that need
to be considered for the successful implementation of CAVs on
public roads by identifying the points of convergence and diver-
gence of stakeholders. These insights inform the formulation of
policy recommendations to guide decision-makers in navigat-
ing the complex landscape of CAV implementation. To the best
of the authors’ knowledge, while there exist some reports that
address the challenges associated with infrastructure adoption
for CAVs based on stakeholder engagements, no other study has
examined or compared the views of various stakeholder groups
internationally on the multiple dimensions of the CAV deploy-
ment implications for road networks. Another contribution is to
examine the issues that need to be considered for the readiness
of the current road infrastructure to accommodate emerging
technologies. In this regard, this study can be considered as an
addition to reports that identify infrastructure-related require-
ments of CAVs for safe and efficient operation or research that
identify challenges and opportunities for CAVs adoption in road
networks.

The organisation of the remaining paper is structured as fol-
lows: Section 2 presents the methodology adopted in this study
and provides information about the participants. Section 3 illus-
trates the descriptive results of survey responses and the main
interpretation of findings, including the comparison between
grouping variables. Finally, Section 4 concludes the paper with
recommendations for transport authorities and policymakers
toward to integration of automated driving in cities.

2 METHODS

2.1 Survey content and participants

Given the sheer diversity of stakeholders involved in the imple-
mentation of forthcoming CAV technology, this study narrowed
its focus to three distinct categories of supply-side stakeholders
(for a detailed examination of stakeholders, refer to [32]). These
stakeholder groups can be briefly classified as follows:

1. Agency: This group comprises organisations responsible
for road networks, including national, regional, and local
government entities, and policymakers who make crucial
decisions regarding the regulation of technology, road net-
works and users and the allocation of funding. Additionally,
it includes infrastructure owners and operators who bear
direct responsibility for the management and maintenance
of roads and engineering companies providing consultancy
services.

2. Technology and vehicle industry players: This group encom-
passes a wide range of companies operating in the automo-
tive and technology sectors. These companies are involved
in various aspects such as vehicle manufacturing, the devel-
opment of artificial intelligence and sensors, the provision of
vehicle components, or the sale of data related to connected
and automated driving.

3. Academia: This group represents universities, research insti-
tutes, and other educational organisations involved in
conducting research and providing expertise in the field of
connected and automated mobility.

To get the opinions of these key stakeholders, the research
employed a semi-structured online survey consisting of a mix-
ture of closed (e.g. multiple-choice and scaling) and open-ended
questions. The questionnaire was developed based on an exten-
sive literature review [38]. The methodology adopted in this
study is briefly illustrated in Figure 1. While there are other
methods that can be effective for gathering such views, such as
stakeholder interviews or focus groups, surveying experts on an
international scale is more cost-effective and practical to obtain
quantifiable data that can be analysed. Another advantage of
conducting a survey is that it is anonymous, making respondents
feel more confident and secure in sharing their views and expec-
tations about the questions [39, 40]. This is especially important
for industry participants because they may not wish to share
information publicly about the capabilities and limitations of
their products. In addition, such expert surveys give respon-
dents time flexibility so they can respond at any time and pick
up where they left off. In the scope of this research, the top-
ics discussed are grouped into five categories: (1) key challenges
of accommodating CAVs in existing urban transport networks;
(2) infrastructure improvement required for shared CAV mod-
els; (3) maintenance dimension of infrastructure for CAVs; (4)
implementation time of infrastructure support for CAVs; and
(5) financing of infrastructure upgrades to facilitate CAVs on
the roads. However, this study is part of a large survey including
other research questions related to Level 4 automated driving
[41].4

The recruitment process involved the distribution of the
survey link to potential experts who were identified through
various channels, including relevant past conferences, seminars,
and research. For this purpose, the link was sent to the E-mail
address of more than 800 individuals and also shared on social
networking sites dedicated to topics such as vehicle automation,
automotive industry, and transportation groups. Additionally,
participants were encouraged to forward the survey link to other
potential respondents within their organisations through emails
and newsletters, which resulted in several successful referrals.
The data collection process began in mid-October 2021 and
concluded by the end of November 2021. During this period,
the survey was distributed to a wide audience, reaching ≈4600
individuals. To assess the eligibility of respondents, the first part
of the survey focused on the type of respondents’ organisa-
tion, area of expertise, work experience, the relevance of their
work content to CAVs, and country of residence to gain insight
into the profile of the participant. After this step, 168 valid
responses were obtained. This limited number of responses can
be attributed to the specific expertise required in the field of
automated driving and the nature of a comprehensive survey,

4 The survey was conducted as part of the first author’s Ph.D. research on the road readiness
index for automated vehicles and only a relevant part of the data obtained from the survey
was used in this research (Ethical approval protocol no: LTTRAN-142).
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FIGURE 1 The steps of methodology adopted in this study.

Academia
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(42.9%)
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(38.1%)

(20.2%)

(13.1%)

(30.4%)

(33.9%)

(2.4%)

FIGURE 2 Schematic distribution of participants by organisations they
represent and place of residence.

encompassing numerous questions from diverse topics. Despite
this, it is worth noting that the number of experts surveyed
in this study represents one of the largest samples of its kind
compared to previous research in the literature.

Responses were collected from a diverse range of sectors, and
were grouped into three main stakeholder groups as delineated
earlier: (i) Agency (comprising local/regional authorities (9),
national authorities (12), road agency/administration/operators
(27), consultancy/engineering (24)); (ii) Industry (consisting
of vehicle industry (15), technology developers (9), service
providers and suppliers (4), research and development compa-
nies (3), insurance companies (1)); and (iii) Academia (encom-
passing universities (39), research institutes and organisations
(25)). The composition indicates that the survey respondents
well represented the key actors of automated driving. Figure 2
illustrates the proportion of respondents by type of organisation
they represent and place of residence.

The study included participants from a diverse range of
twenty-nine countries,5 with a notable majority (54.1%) origi-
nating from two countries: the UK and the USA. In addition,

5 Number of participants by country of residence—USA: (57), United Kingdom: (34), Ger-
many: (9), Italy and Australia: (6), The Netherlands and Turkey: (5), Canada, Finland, and
Ireland: (4), France and Korea: (3), Albania, Austria, Japan, and Switzerland: (2), Brazil,
Croatia, Denmark, Greece, India, Indonesia, Israel, New Zealand, Poland, Singapore,
Slovenia, and South Africa (1), Prefer not to state (4).

the respondents have an average of 17 years of work experi-
ence, with over 70% of participants possessing a minimum of 10
years of professional experience in their fields. Predominantly,
the respondents belonged to the agency and academy groups,
accounting for 81% of the total participants. This trend may be
attributed to the inherent reluctance of the vehicle and informa-
tion technology industries to disclose their existing operational
and capability constraints, given the highly competitive nature
of the industry [24].

2.2 Data analysis

This study used a mixture of quantitative and qualitative
methodological approaches for the analysis of the responses.
For the quantitative data gathered, descriptive statistics were dis-
played graphically. In response to the open-ended questions, a
range of responses from experts and stakeholders was elicited.
The thematic analysis of these responses was done using the
qualitative data analysis software NVivo. First, word clouds were
generated to identify the most frequently used words in the
responses. This allowed us to identify emergent themes against
the question [42]. After repeated reading of the responses, we
coded these verbatim responses into a relatively small set of
meaningful categories in order to examine key issues and check
how often respondents refer to a particular issue [43]. Lastly,
results were tabulated based on the groups by using the crosstab
feature in the software. Some missing responses in the survey
were acceptable since we expressly requested participants to
skip topics that they did not want to answer or those where they
believed they did not have the technical expertise to comment
on. So, the total number of responses may not reach 168 for
some questions.

3 RESULTS AND FINDINGS

This section summarises the findings and interpretation of the
opinions of experts and stakeholders on five topics presented
in the introduction, including the rationale of the research
questions.
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3.1 What are the key challenges of
accommodating CAVs in existing urban
transport networks?

3.1.1 Rationale

The imminent introduction of CAVs presents new challenges
and opportunities for transport authorities and decision-makers
looking to incorporate these technologies into the built envi-
ronment. In general, studies (e.g. [44–46]) emphasise that four
primary pillars play a crucial role in assessing the readiness of
countries or jurisdictions for CAV operation: policy and leg-
islation, technology and innovation, infrastructure, and user
adoption. While all these aspects are vital in establishing a
conducive road environment for emerging vehicle automa-
tion, the relative difficulty of achieving each pillar has not
been extensively discussed. Therefore, the survey posed a
question to stakeholders regarding the perceived difficulty of
each key aspect and identified major barriers to accelerat-
ing CAV deployment in urban networks. Additionally, there
are numerous challenges associated with CAVs within the
mentioned pillars and other essential factors in adopting this
emerging technology [46–48]. For this reason, the survey also
asked stakeholders for their views on the main challenges of
accommodating CAVs in existing urban transport networks6

and how road authorities and policymakers can meet these
challenges.

The research specifically focused on the urban road net-
work for several reasons. Firstly, previous studies have mainly
concentrated on highway automation, as controlled and well-
maintained road environments are seen as potential early
operational areas for CAVs. Therefore, by shifting the focus
to the urban road network, the study aimed to contribute to
the understanding of the unique challenges and their poten-
tial countermeasures specific to urban areas. Secondly, CAVs
are expected to have significant and multifaceted impacts on
urban areas, which encompass diverse environments, land uses,
road types, and road users [49, 50]. The complexity and vari-
ation in urban road networks present specific challenges that
need to be addressed before the commercialisation of CAVs.
Additionally, since the survey also focuses on the shared mobil-
ity service of CAVs, concentrating on the urban road network
can be seen as a logical approach for acquiring comprehensive
interpretations.

3.1.2 Findings and interpretation of responses

The responses (N = 166) show that the policy and legislation
option is the relatively dominant choice among the options.
About one-third of respondents (34.3%) stated that policy and
legislation regarding CAVs are the most difficult milestone to

6 The urban road network refers to the interconnected system of roads and streets within
urban areas or cities, facilitating transportation within the urban environment. It includes
various types of roads, intersections, and infrastructure designed for vehicles, pedestrians,
bicycles, and public transit.

accomplish to accelerate the deployment of these technolo-
gies in urban networks. The second most frequently mentioned
option by respondents was vehicle technology and innovation,
corresponding to 22.9% of responses. These are followed by
physical road infrastructure (14.5%) and consumer acceptance
(13.3%), with almost a similar ratio. On the other hand, a
minority of participants (6.0%) believe that digital infrastruc-
ture will be the most difficult turning point for accelerating CAV
deployment in urban networks.

Figure 3 highlights a consensus among stakeholders regard-
ing the significance of policy and legislation as the primary
bottleneck in the adoption of CAVs. This alignment reflects the
recognition that automated driving will bring and/or require
substantial transformations in policy and legislative strategies.
Policymakers and legislators are faced with the challenge of
regulating complex CAV technology, including sensors, artifi-
cial intelligence, and communication networks. Furthermore,
safety assurance, liability considerations, ethical dilemmas, inter-
operability, standardisation among manufacturers, and the
adaptation of existing laws add further complexity to this
milestone.

However, other factors show some variation among stake-
holder groups and regions. For instance, the academy group
prioritise physical infrastructure as the second most challenging
milestone after policy and legislation, whereas the agency group
assigns it relatively less importance. The role of stakeholders and
their country’s current level of infrastructure, technology and
legislation also influence responses. For instance, those in the
UK believe that vehicle technology and innovation will likely be
less important issues compared to other regions.

Notably, respondents (predominantly UK respondents)
selecting the “other” option emphasise the interdependence
of all the milestones, highlighting the need for coordination
between technology, infrastructure, and policy timelines. They
stress that these milestones are interconnected and crucial for
accelerating CAV deployment in urban networks. Some respon-
dents underscore the importance of societal desirability and the
need for proper discussion in addressing these challenges.

Table 1 presents the heatmap of responses regarding the chal-
lenges of accommodating CAVs in urban networks and ways
to overcome these. The main challenges cited by the experts
surveyed are the safe and efficient management of mixed traf-
fic, consisting of both CAVs and human-driven vehicles, and
interactions between CAVs and vulnerable road users (VRUs)
such as pedestrians, cyclists, and e-scooter users. Another major
issue mentioned is the environmental complexity and conflicts
in the urban road network. Some respondents point out that the
road network is becoming more and more diversified in urban,
thus increasing the complexity that CAVs must cope with. This
is due to various factors such as dense traffic, unpredictable
pedestrian behaviour, complex road geometries, and the need
to interpret and respond to a wide range of dynamic situations.
In this context, technological reliability, as well as infrastruc-
ture are key components that need to be addressed. On the
infrastructure side, participants also point out the necessity of
regulatory guidance to ensure consistency across all jurisdictions
and uniformity.
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0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Academia

Industry

Agency

United Kingdom

Europe

USA

Others

In your opinion, which of the following key milestones on CAVs adoption is more difficult to 

accomplish in order to accelerate the deployment of CAVs in urban networks?

Vehicle technology and innovation Physical infrastructure Digital infrastructure

Policy and legislation Consumer acceptance Other (own answers)

FIGURE 3 Responses to the question about the key milestones that should be accomplished for the acceleration of connected and automated vehicles (CAVs)
deployment by type of organisation and place of residence (%).

It is a common expression among many responses that
current CAV capabilities and technological developments are
insufficient in terms of safety and reliability for societal accep-
tance. Further evolution of CAV technology is necessary to
effectively integrate it into existing urban road networks. A
group of participants advocates for the maturation of CAV
technologies to prove they are safe enough before large-scale
commercialisation. In this context, they highlight the signifi-
cance of paving the way for CAV trials as a means to develop
reliable technology over time. Respondents also note that the
physical and digital infrastructure that supports the CAV oper-
ation on a large scale today does not exist or that existing
provision is not suited to the needs. Limited investment bud-
gets in CAV-focused infrastructure are stated as the main barrier
to deployment. Therefore, many experts surveyed, particularly
from the industry groups, emphasise the need for funding
and incentives to provide the facilities that CAVs require on
physical and digital road infrastructure (e.g. digital mapping
and communication systems). Suggestions include implement-
ing access-controlled lanes or roads for CAVs during initial
deployment stages and establishing low-speed zones in urban
areas to address safety concerns in mixed-traffic environments.
However, some participants argue that CAVs should operate
on existing road networks without requiring additional support
beyond conventional vehicles.

Clearly defining the operational constraints of CAVs is
another measure often cited by respondents to reduce the
potential risks from the limitations of technological capabilities.
However, this will be possible by establishing safety testing pro-
tocols for CAVs, including both software and hardware systems
of vehicles. As noted in Shladover and Bishop [47], this issue has
two dimensions, each with different challenges: determining the
safety requirement and verifying that the particular vehicle sys-
tem meets the safety requirement. To address these challenges,
there is widespread agreement that collaboration between
stakeholders (e.g. legislators, transport authorities, telecommu-
nication, original equipment manufacturers etc.) is vital and
essential to achieving success in this area. This is also impor-

tant for the standardisation and harmonisation of regulation
activities such as registration, licensing, and testing of CAVs.

Also, the reliance of CAVs on data and technology raises a
wide range of new legal issues such as data protection, cyber-
security, and privacy. In addition, there is a lack of evidence on
how the technology is ethically appropriate, and the moral haz-
ard side of CAVs is seen as a main concern. Lastly, liability and
insurance issues regarding CAVs are seen as one of the main
challenges by many participants. Regarding this issue, there are
many questions that need to be addressed. For example, where
a vehicle is highly or fully automated, how will liability for road
accidents be shared between the manufacturer and the driver,
or what if a design flaw, a cyberattack on digital hardware or
software, or an internet outage causes an accident? In short,
the main challenge is to clearly define who will be responsi-
ble for what. To address the liability and insurance challenges
arising from CAVs, there is a need for new regulations and insur-
ance systems for both this emerging technology and related
infrastructure. Despite this, some experts surveyed mentioned
that regulators are generally under-skilled in technology to be
able to meaningfully regulate the technology companies devel-
oping CAVs. Therefore, they suggest that road authorities and
policymakers need first to be educated on what is CAV.

Briefly, all these challenges can be seen as major obstacles to
public trust and acceptance. This is also the main reason for
the reluctance of decision-makers to take the initiative in the
commissioning of CAVs, as can be interpreted from the quote:
“Without a large public drive/need, why would a politician take the risk

and legislate in this area? And where is the public push to move away

from current (human-driven) taxi/bus models?” (agency respondent).
Therefore, as some respondents have pointed out, gradual (a
process that is carried out incrementally with implementation
planning from year to year) and integrated (a process that
includes various aspects and cross-field expertise) planning is
required for CAV implementation. Road authorities and policy-
makers can overcome these challenges by following a roadmap
describing the proposed activities to be undertaken in terms of
technology, infrastructure, policies and socioeconomics.
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2358 TENGILIMOGLU ET AL.

TABLE 1 Thematic representation of responses on key challenges of connected and automated vehicles (CAVs) adaptation in urban road network and
potential countermeasures.

Survey respondent Survey respondent

Agency

(72)

Academia

(64)

Industry

(32)

Total

(168)

UK

(34)

Europe

(51)

USA

(57)

Others

(22)

Total

(164)

Key Challenges

∙ Environmental complexity and conflicts in the urban road
network

8 5 0 13 3 6 3 1 13

∙ Inadequacy of technological developments (limitations on
CAVs capabilities)

10 10 3 23 10 5 6 2 23

∙ Interaction between CAVs and VRUs (e.g. pedestrians,
cyclists)

9 14 3 26 4 13 6 3 26

∙ Lack of physical and digital road infrastructure to support
CAV operation

12 12 5 29 8 11 9 1 29

∙ Liability and insurance of CAVs 15 6 5 26 5 6 11 4 26

∙ Limited investment budget in CAV-focused infrastructure 4 2 1 7 2 1 3 1 7

∙ Management of mixed-traffic situations (CAVs and
human-driven vehicles)

11 15 4 30 6 13 6 5 30

∙ Policy and legislation barriers 11 4 2 17 2 4 8 3 17

∙ Societal, economic, and environmental challenges in the
adoption CAVs

4 7 2 13 5 2 2 3 12

∙ Trust, acceptance, and willingness to use CAVs 15 4 1 20 6 6 6 2 20

Ways to overcome barriers/challenges

∙ Access controlled lanes and roads for CAVs (Segregation) 6 1 3 10 2 4 2 2 10

∙ Addressing data management and privacy issues (data
protection and cyber-security)

5 2 0 7 1 1 4 1 7

∙ Clearly define operational constraints of CAVs (Attributes of
ODDs)

4 1 1 6 2 2 2 0 6

∙ Collaboration between stakeholders (legislators, IOOs,
OEMs etc.)

12 4 5 21 4 4 8 5 21

∙ Education of the public on automated driving technologies 5 2 0 7 0 3 3 1 7

∙ Establishing safety test protocols for CAVs (proof of safety) 8 4 3 15 5 5 2 3 15

∙ Introduction of urban low-speed zones for CAVs operation 4 1 2 7 3 2 2 0 7

∙ Investments to support road infrastructures for CAVs
(digital and physical)

9 12 9 30 5 11 10 4 30

∙ Maturation of automated driving technologies 3 4 3 10 2 2 4 2 10

∙ Paving the way for CAV trials 7 2 0 9 0 4 3 2 9

∙ Policies mitigating negative impacts and promoting socially
benefit models of CAVs

5 1 0 6 3 2 1 0 6

∙ Registration, licensing, and testing of CAVs 5 2 2 9 2 2 4 1 9

∙ Standardisation and harmonisation of activities related to
CAVs

6 8 1 15 2 7 6 0 15

∙ CAVs must be developed to operate on existing road
networks without any support.

3 2 3 8 1 1 5 1 8

Total number of respondents (unique) 70 56 29 155 33 44 57 20 154

Abbreviations: VRUs, vulnerable road users; IOOs, infrastructrue owner and operators; OEMs, original equipment manufacturers.

3.2 How does infrastructure improvement
support the shared mobility model of CAVs?

3.2.1 Rationale

Existing studies [51] reveal that, despite some negative conse-
quences that may arise with shared CAV services (e.g. increasing

vehicle miles travelled and security or privacy concerns of users),
it has the potential to bring many benefits to the whole com-
munity (e.g. increasing accessibility and complementing mass
transit systems). Therefore, the transition to automated driv-
ing must be carefully managed with policies that will promote
the most sustainable forms of travel [52]. Activities for shared
mobility models of CAV need to be supported by local and
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TENGILIMOGLU ET AL. 2359

TABLE 2 Thematic representation of responses on infrastructure improvement for shared connected and automated vehicles (CAVs) adaptation in urban road
networks.

Survey respondent Survey respondent

Agency

(72)

Academia

(64)

Industry

(32)

Total

(168)

UK

(34)

Europe

(51)

USA

(57)

Others

(22)

Total

(164)

Expectations of infrastructure improvement for shared mobility

models of CAVs

∙ Access controlled dedicated lanes or roads for CAVs operation 8 13 3 24 4 6 9 5 24

∙ Facilities and measures for vulnerable road users to reduce
interaction and conflict with CAVs

5 3 0 8 1 1 6 0 8

∙ Implementation of cameras and sensors for traffic control and
management system

3 3 1 7 0 2 2 3 7

∙ Initiatives for consumer acceptance of sharing and integrating CAV
into the Mobility as a Service platform

3 4 0 7 2 2 3 0 7

∙ Maintenance of physical infrastructure features and reconsideration
of roadway design for safety improvements

2 3 3 8 0 3 4 1 8

∙ Parking facilities for CAVs e.g. pick-up and drop-off points, parking
lots

11 6 4 21 7 1 11 2 21

∙ Providing high-definition mapping service—digital twin 6 8 1 15 2 8 3 2 15

∙ Reconsideration of lane width and speed limit for CAVs operation 3 2 0 5 0 3 2 0 5

∙ Reducing complexity in junctions and providing connected traffic
light control systems for CAVs

7 9 3 19 2 7 6 4 19

∙ Regular checks and measures on and surrounding the roadway to
improve visibility

2 1 1 4 1 2 1 0 4

∙ Standardisation, investment and maintenance on machine-readable
road markings and traffic signs

20 10 9 39 8 8 15 8 39

∙ Supporting communication infrastructure (DSRC, Cellular network
etc.)

21 13 10 44 5 17 18 4 44

∙ Supporting the localisation function of CAVs 2 3 1 6 1 3 1 1 6

∙ No need to significant changes in infrastructure for CAVs 5 0 6 11 2 3 5 1 11

Total number of respondents (unique) 59 45 25 129 22 36 53 18 129

government authorities and preparing proactive plans for these
technologies will likely have a key role in public acceptance.
Among these activities, supporting CAV-compatible infrastruc-
ture will likely be a key factor for the safe introduction of CAV
mobility services by operators in cities. However, the public
knowledge and academic literature available on the infrastruc-
ture side of vehicle automation are lacking. So, the opinions and
suggestions of experts in the field on this subject are important
in terms of giving a preliminary idea to the decision-makers and
transport authorises. The survey, therefore, asked stakeholders
a question about what infrastructure improvements could sup-
port the shared use model of CAVs in urban areas without
compromising the needs of human drivers.

3.2.2 Findings and interpretation of responses

In the survey, a range of responses from stakeholders (N= 129)
regarding the actions on infrastructure that could support
the shared models of CAV was elicited. Table 2 summarizes
the responses thematically by stakeholder groups and the fre-
quency of responses. As shown in the table, most of the

requirements are not only for shared models but also crucial
for the safe operation of many CAV use cases. The most men-
tioned physical infrastructure improvement is the necessity of
the standardisation, investment and maintenance of machine-
readable road markings and traffic signs. This is because current
CAV deployments, either vision-based or sensor fusion-based
systems, depend heavily on clear, uniform, and visible road
markings and traffic signs to safely perform driving tasks. Par-
ticipants claim that high contrast, reflective, and well-painted
lane markers and road edges are the most effective infrastruc-
ture technology that universally benefits CAVs, regardless of
the manufacturer. In this regard, some experts surveyed have
emphasized the importance of the consistency of these road
characteristics between jurisdictions. Therefore, it is underlined
that international harmonisation and standardisation on road
markings and traffic signs are needed, including relative to the
location of the roadway.

Another frequently cited improvement on physical infras-
tructure is the implementation of dedicated lanes that could help
to realize the full benefits in specific locations while operations
remain in the mixed-use case. Regarding this, some respondents
suggested that dedicated lanes for public transport vehicles can
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2360 TENGILIMOGLU ET AL.

be allowed during the transition period. Additionally, a few
participants mentioned that special lane markings such as mag-
netic markers can be considered for these lanes in dense urban
zones to support the basic operation of CAVs. In connection
with this improvement, facilities and measures should also be
taken into account for VRUs to reduce interaction and conflict
with CAVs. Pedestrian fences along the sidewalks and physically
separated lanes for bicycles or micro-mobility users such as e-
scooter are some of the examples stated by respondents for this
improvement in dense urban zones.

In addition, the accommodation of shared mobility models
of CAV in the urban network will require the reconsideration
of parking facilities. There was a wide consensus among stake-
holders that the dedicated curb area for passenger pick-up and
drop-off and CAV-compatible parking lots will support the effi-
cient operation of CAVs. There were also some radical ideas
for parking practices, such as removing on-street parking from
all commercial corridors and replacing them with pick-up and
drop-off zones, and introducing high-cost or limited parking
for private single-occupant vehicles. This will also encourage
potential users to accept shared mobility by providing a more
convenient service. This seems to be important because some
experts surveyed point to the necessity of initiatives for con-
sumer acceptance of sharing CAVs. Moreover, maintenance
of physical infrastructure features, reconsideration of roadway
design for safety improvements, and regular checks and mea-
sures on and surrounding the roadway to improve visibility are
less frequently mentioned than other previously stated physical
infrastructure improvements.

Concerning the digital features of road infrastructure, the
importance of supporting short-range and long-range com-
munication infrastructures for the efficient and safe operation
CAVs is stated mainly by respondents. Therefore, uninter-
rupted telecommunication networks (i.e. good cellular network
coverage) or implementation of roadside units (e.g. dedicated
short-range communication) at critical locations along the road
network will likely play an important role for CAVs in receiving
critical operational information such as road conditions, work
zones, incidents, or lane closures. However, their effectiveness
relies on the availability of traffic control and management cen-
tres, and information systems that provide up-to-date data by
road agencies or city authorities. Road condition sensors and
cameras need to be implemented to provide continuous data
from the road environment. Some participants stressed the need
to allocate space for retrofitting the physical components of
digital infrastructures. Additionally, some participants expressed
that internet-based cloud systems for sharing such data in real-
time or in advance (e.g. information about work zone plans)
will be important for the safe operation of CAVs. Another
frequently mentioned support for connectivity is the implemen-
tation of traffic light control systems that can communicate with
CAVs to share traffic signal information (e.g. Signal Phase and
Timing and Green Light Optimal Speed Advisory). This can be
crucial not only from a traffic efficiency perspective, but also
for safe operation, especially where traffic signals are difficult
to detect by automated driving technologies. More information
on the facilities of these communication services for automated

driving can be found in the reports [11, 53, 54]. Besides, stan-
dardisation of intersection layouts or adjustment of traffic rules
such as some restrictions on CAV manoeuvres to reduce com-
plexity is mentioned by participants to be able to support CAVs
in urban networks. Lastly, according to some the most helpful
infrastructural improvements would be high-definition digital
twins of city areas and road networks.

On the other hand, some agency participants expressed
concerns about uncertainties in CAV deployments and technol-
ogy capabilities, making it challenging to determine common
requirements for authorities in their investment plans. For
example, one of these participants emphasised this uncertainty
by stating, “We do not know yet exactly what CAV will actually

require.” Another participant explained the industry’s diversity
by stating that different CAVs under development require var-
ious roadway features for operation. This includes preferences
for high reflective striping, reliance on signage or base mapping,
and the need for communication systems. Agencies face a signif-
icant dilemma in preparing for the wide variety of CAVs due to
the lack of standardisation in their operation. Also, some partic-
ipants claim that no significant physical infrastructure changes
should be made until the market is more mature, and the focus
should be on the digital side until the new business models
for CAV’s matures. This is because for CAVs to become main-
stream, they must be able to share roads with human-driven
vehicles—and most are being developed to do so. Therefore,
infrastructure improvements or changes should be minimal.

3.3 What additional maintenance for
infrastructure will be required for CAV
operation?

3.3.1 Rationale

Deployment of CAVs will likely pose new challenges in main-
tenance and asset management systems for cities and road
authorities to ensure their roads are safe and compatible with
all road users. In other words, with the adoption of CAVs
instead of human-driven vehicles, different infrastructure main-
tenance requirements are likely to be needed [55]. Many studies
in recent years have underlined the importance of road infras-
tructure maintenance in the initial phase of CAV deployment
[22, 36, 56, 57], rather than dramatically changing infrastructure
[58]. For example, the frequency of maintenance of road infras-
tructures, which may be critical to CAVs, and current winter
maintenance strategies can change drastically as sensor-based
vehicles hit the roads [59]. A recent survey of AV industry
members in California highlighted that the performance of
automated driving systems will improve with well-maintained
infrastructure [17]. Therefore, CAVs can probably be expected
to require stricter rules for maintenance. In short, a change in
the approach to road maintenance and asset strategies may be
required to facilitate the safe operation of CAVs. In addition to
the statements mentioned in the available literature, to under-
stand the stakeholders’ opinions on the maintenance aspects of
road infrastructure, in the survey, we asked two questions: 1) Do
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you think the parameters of maintenance and current asset management

strategies will change? 2) What additional maintenance for infrastructure

will be required for CAV operation?

3.3.2 Findings and interpretation of responses

In the survey, about half of the participants (N = 85) expressed
their opinions directly regarding the change in maintenance
and asset management strategies that could support the safe
operation of CAV. Most of these respondents (n = 57) believe
that maintenance parameters and current asset management
strategies will change drastically because the AD technology
requirements from the infrastructure will be different. Regard-
ing this, one general view is that parameters will likely expand to
include additional supportive equipment (e.g. roadside devices)
that will need to be maintained that is different from traditional
infrastructure. Another more optimistic view is that reliance
on physical infrastructure will decrease as technology advances.
Some of these participants argue that anything that needs a
change in current asset management strategies should be moved
to digital platforms. As such, it will likely require a different
maintenance approach. However, according to some experts
surveyed, although a change in existing procedures is needed,
the funding and time necessary to develop and implement a
national infrastructure with standardised traffic control devices
are at least a generation away. On the contrary, a small group
of respondents (n = 17) mainly industry representatives argue
that most infrastructure required for CAVs is essential and desir-
able for all users, so maintenance needs will likely not change
dramatically. Some also point out that regardless of the CAVs,
parameters for maintenance and asset management are contin-
uously changing based on experience and knowledge. As was
mentioned multiple times, some respondents argue that CAV
manufacturers should be encouraged to improve capabilities
within existing infrastructure provisions. According to these
stakeholders, the less external infrastructure is needed outside
the vehicles, the better, because they believe that all other sce-
narios will not become fundable. Lastly, a relatively small group
of respondents (n = 11) did not have a clear view of the subject
and expressed that they are unsure until the technology is ready.

With respect to the necessity of additional maintenance on
the infrastructure for CAV operation, a range of responses
from stakeholders (N = 128) was elicited. In general, the
responses of stakeholders are consistent with outlined main-
tenance requirements for CAVs in the current literature. Many
participants (n = 54) pointed out the importance of the quality
and consistency of physical infrastructure and surrounding road
environment for CAV operation. It is expected that CAVs will
require higher and more frequent infrastructure maintenance
compared to the current maintenance schedule for human-
driven vehicles. The rationale is that human drivers have a good
ability to detect and react when road infrastructure deterio-
rates or is not up to standards. However, current automated
driving systems have limited capabilities to perform driving
tasks when faced with gaps in the infrastructure, thus need-
ing data fusion from different sensors or external supporting

information via connectivity. In short, the degradation of road
infrastructure will pose a challenge to the safe performance of
CAVs. Therefore, respondents believe that keeping infrastruc-
ture more compatible and detectable for vehicle sensors will
be crucial in the transitional phase. In this context, assessing
the readability of road markings and traffic signs (e.g. painting,
cleaning), repairing road surface conditions (e.g. potholes, rut-
ting), providing proper road lighting, controlling traffic loading
on long-span bridges due to platooning effects, or channeli-
sation of pedestrian crossings and intersections are some of
the examples in maintenance that need to be considered. Also,
roadside environments such as plants and trees that are con-
stantly growing during the spring and summer months should
be regularly maintained because onboard sensors of CAVs
see them as obstacles and they affect the sight lines of vehi-
cles. In addition, locations with extreme weather (e.g. snow,
flooding) have significant impacts on the roadway system, so
asset management and maintenance will be critical to ensure
the safe operations of CAVs. Therefore, some respondents
(n= 6) underline the importance of the necessity of new adverse
weather maintenance strategies for CAVs.

In fact, nearly all mentioned precautions related to physical
infrastructure are also important and beneficial for human-
driven vehicles in terms of safety. The main expected difference
is that more frequent maintenance will play a critical role in
the CAV adoption in road networks. In this context, frequently
recorded road views or monitoring the road conditions with
sensors might be necessary as well as some communication
equipment might help CAVs learn the new road conditions.
However, present road maintenance and inspection methods
necessitate extensive manual surveying work on the part of
agencies. According to some participants, a paradigm shift from
traditional human judgment techniques to more objective track-
ing and assessment techniques based on the technology will be
necessary for road maintenance. Additionally, there is potential
to leverage the CAVs’ cameras and sensors to be able to collect
and share inventory and conditions data for the road. However,
there are many uncertainties about whether the data provided
by CAVs will be accurate and appropriate. Furthermore, CAVs
can offer this information in real-time, but this raises con-
cerns about how this data can be managed and how hurdles
to supplying such data can be overcome without jeopardising
cybersecurity and data privacy.

In addition to the current physical road infrastructure
attributes, the maintenance and control of newly introduced
digital infrastructure (e.g. communication units and sensors)
and their physical components will need extra consideration
from authorities or service providers (n = 59). As frequently
mentioned by participants, current road infrastructure uses
long-cycle maintenance. However, with more electronic equip-
ment installation on roads, the maintenance cycle will need to
be much shorter and much more time-sensitive, and thus more
budget will be required for more teams, more spare parts’ stock
and so on. Some respondents (n = 4) emphasise that agencies
and city authorities will need personnel with higher qualifi-
cations to maintain these electronics. Lastly, digital mapping
will likely be needed for road safety features and conditions
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2362 TENGILIMOGLU ET AL.

to allow rapid treatment and mitigation of priority items in
road networks. Furthermore, a few experts (n = 3) point out
that infrastructure maintenance plans and execution should be
part of the certification process for roads and controlled by
independent audits.

3.4 When should infrastructure
improvement for CAVs be initiated?

3.4.1 Rationale

There has been a growing literature in recent years recognising
the importance of the quality and consistency of road infrastruc-
ture in the safe operation of CAVs [58]. Similarly, the findings
of the previous section show that maintenance of road infras-
tructure will be crucial to maintain a high level of road quality
so that CAVs can operate safely. However, there is uncertainty
about when the necessary infrastructure-related improvements
for automated driving and connectivity will be introduced to
meet the emerging market needs [60]. This uncertainty may
remain until the marketplace further matures. Therefore, to get
a preliminary idea of the subject, we asked stakeholders a ques-
tion: “What is the minimum level of market penetration for road agencies

and operators to start reorienting their road infrastructure to accommodate

CAVs?”

3.4.2 Findings and interpretation of responses

Looking at the distribution of responses, there is no dominant
choice among the stakeholders (N = 162). About one in four
respondents (22.2%) expressed that when about less than 10%
of vehicles on roads are CAVs, road agencies and operators
should start to re-orient their road infrastructure for CAVs. Rel-
atively more participants (25.3%) believe that this should be
started when about 10–25% of vehicles on roads are CAVs. This
indicates that about half of the participants (47.5%) express that
when less than 25% of vehicles on the roads are CAV, necessary
infrastructure improvement should be considered. Conversely,
around 30% of the respondents suggested that improvements
should be contemplated once the market achieves a specific
threshold of penetration, such as exceeding 25%. For closer
inspection, Figure 4 illustrates the proportion of responses
based on the grouping variables. The data in the figure clearly
show that the participants from academia and industry groups
have relatively more favour for infrastructure improvements in
the early stage of the CAVs to accelerate the adoption. A simi-
lar trend can be seen in the respondents from Europe. On the
other hand, agency participants are more in favour of waiting for
the technology to mature or until it proves beneficial to overall
community goals and then acting on the infrastructure needs.

Moreover, nearly one-fourth of respondents (23%) selected
the “other” option to share their views regarding the question.
Considering the comments expressed here, there is no distinc-
tion between stakeholder groups on views and three different
views can be underlined:

∙ The first group is in favour of taking proactive action
in advance of the widespread implementation of CAVs,
recognizing the crucial role of road infrastructure in auto-
mated driving. They believe that without some upgrades to
an existing roadway and higher levels of maintenance, it
might not be obtained higher automation levels on roads.
These respondents emphasise that many of the infrastruc-
ture improvements for CAVs will also make roads safer
for all users. Therefore, national plans are required for
infrastructure to facilitate automated driving.

∙ The second group is more cautious in this regard and favours
the gradual implementation of necessary improvements as
the market matures. They point out that maintaining the min-
imum standards on roadways (e.g. improving lane markings)
will be necessary for the early stage of CAVs, but substan-
tial maintenance needs to occur further down the track. That
is, the type of infrastructure change depends highly on the
degree of penetration. However, some participants argue that
comprehensive orientation such as changing lane width might
require nearly 100% adoption. Participants also stated that for
the transition period, different areas should be zoned as CAV
and non-CAV.

∙ The third group argues that CAVs should be designed to
adapt to existing roads, so there should not be major changes
in the physical road infrastructure, but rather the digitisa-
tion of the mobility system, which is relatively inexpensive
compared to the physical infrastructure. However, these
respondents anticipate that there may be changes on the
physical roads for use cases of CAV with societal benefits
such as buses and shuttles.

3.5 How will the CAV infrastructure be
funded?

3.5.1 Rationale

Numerous studies (e.g. [47, 57, 61, 62]) and some official reports
[63] indicate that new funding and incentives are needed to pro-
vide the facilities that CAVs need for physical and digital road
infrastructure. However, there has been limited research in the
available literature focusing on the financing requirements for
infrastructure-related investments, maintenance, and operation
expenses [60, 64]. Government revenue, budget and financial
institutions should conduct a thorough review of how revenue
streams may change as a result of automation and supporting
legislation [1, 65]. Krechmer et al. [66] have discussed a set of
individual scenarios with corresponding upgrade cost estimates
that might be paid for by public or private organisations in the
USA. However, there is a lot of uncertainty around this issue
and a lack of evidence on how to measure the potential impact
of CAV adoption on financing plans and, more importantly,
what the approach of stakeholders from different groups
is. Moreover, developing new business models for financing
infrastructure improvements will likely be needed for different
jurisdictions. This is because, as noted in Shladover and Bishop
[47], approaches that fit well within one country’s established
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0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Academia

Industry

Agency

United Kingdom

Europe

USA

Others

At which minimum level of market penetration do you think road agencies and operators should start 

to re-orient their road infrastructure to accommodate CAVs ?

When about less than 10% of vehicles on roads are CAVs. When about 10 - 25% of vehicles on roads are CAVs

When about 25 - 50% of vehicles on roads are CAVs When about 50 - 75% of vehicles on roads are CAVs

When about more than 75% of vehicles on roads are CAVs Other (own answers)

FIGURE 4 Responses to the question about the penetration rate for infrastructure improvement for CAVs, by type of organisation and place of residence (%).

business and legal frameworks may not fit well at all in another.
In the survey, we asked stakeholders how road agencies and
operators (IOOs) can meet their infrastructure financing
needs to accommodate CAVs on the roads to understand the
recommendations of the experts on the subject.

3.5.2 Findings and interpretation of responses

In the survey, a variety of responses (N = 141) were received
from stakeholders regarding potential actions that could con-
tribute to financing needs for infrastructure-related investments.
However, some of the answers (n = 23 respondents) were not
applicable as they either stated that they had no idea about
the question or were related to their expectations and views
in the context of automated driving and infrastructure. For
infrastructure-related investment, a few respondents (n = 9)
believe that road agencies and operators, as well as local author-
ities, can afford their financing requirements through internal
funding and budgetary allocations. However, some (n = 7)
point out that there is great uncertainty about the requirements,
as there is currently no agreement on optimal and standard
requirements that can facilitate automated driving due to a lack
of knowledge. Therefore, road agencies and operators are still
unsure what will be needed or how to budget. For example, an
agency participant stated this as follows: “We first need to under-

stand what is needed and develop strategic plans to incorporate the things

that will be needed and utilized by CAV technology. This will allow IOOs

to spend money wisely and not on things that are not useful.”

On the other hand, a group of respondents (n = 13) argues
that the efforts and focus should not be on building and invest-
ing in infrastructure specifically for CAVs, but on initiatives that
will be beneficial for all road users. Among these experts, as
mentioned in the previous sections, some suggest that CAVs
should be developed to operate on the existing infrastructure
and they need to prove their safety, as well as benefit the whole
society. One example of this view is that “If CAVs need addi-

tional infrastructure to operate then the technology is not mature enough.”

Therefore, proofs of concept that CAVs are safer than human
drivers and finding the proper arguments for public acceptance
are required before road agencies and local authorities have any
motivation to make the required changes.

Contrary to previous opinions, another group of participants
(n= 13) believes that road agencies and operators cannot afford
these investments alone, so they should not be solely responsi-
ble for them. In this regard, participants point to the current
financing constraints faced by road and local authorities to keep
roads maintained. One of the respondents criticises this situa-
tion by commenting: “For basic, simple things (like painting faded road

lines, cleaning road signs, and so on) they often fail to do this well enough,

even for human drivers, despite it being a legal requirement.” This is
because funding is a major challenge, particularly for local gov-
ernments with limited infrastructure budgets. As one participant
(from Academia and Europe) commented, “with limited funding,

investments specific only to CAVs might not be justifiable.” For this rea-
son, according to some participants, CAVs that can work on the
existing infrastructure will be the best fit with the current state
of infrastructure funding. In other words, this view asserts that
CAV technology should, at least in the short term, be developed
in locations where the need for extra infrastructure support is
minimal.

However, considering current technological deployments, it
may be unrealistic to expect maximum benefit and social value
from CAVs without infrastructure improvements. According
to many respondents, roads allowing CAVs to travel must
have additional infrastructure elements; thus, unit investment
per vehicle must be minimized by starting with major arteri-
als and city centres where we have high traffic volumes. For
intercity/rural corridors, these should be the ones with higher
commercial vehicle traffic volumes as the commercial vehicle
fleet transformation to CAVs can be faster and more fund-
able. The key consideration is that road agencies and local
authorities should not be obliged to invest simply to enable
CAVs to get started: the private sector such as technology com-
panies and service providers need to contribute to fund any
necessary infrastructure. Therefore, many participants (n = 20)

 17519578, 2023, 12, D
ow

nloaded from
 https://ietresearch.onlinelibrary.w

iley.com
/doi/10.1049/itr2.12413 by U

niversity O
f L

eeds T
he B

rotherton L
ibrary, W

iley O
nline L

ibrary on [31/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2364 TENGILIMOGLU ET AL.

believe that public-private partnerships will be key to moving
forward with ubiquitous infrastructure distribution. Particularly,
when it comes to funding large-scale transportation projects
that involve design, building, financing, operation, and mainte-
nance in one package for CAV-related facilities, incentives for
the private sector by regulatory bodies will likely be critical.

In addition, given the current financial situation of local
authorities and road agencies, there will need to be significant
government policies in place to better support the use of CAVs
before they become mainstream. Many respondents (n = 34)
emphasise that new business models and strategies need to
be identified for CAV-oriented investments. For instance, it
requires a large shift to funding maintenance of traffic control
devices and new connected technology from pavement man-
agement and construction budgets. This will take a paradigm
change in legislation and policy (n = 8). As commented by one
of the respondents these changes should be implemented incre-
mentally, aligning with the advancements in vehicle technology.
Moreover, one of the main challenges the authorities will face
is that different levels of vehicle automation and use cases can
require different infrastructure support and therefore different
business investment models will need to be considered. For this
reason, participants point out that multilateral cooperation at
the levels of producers and road authorities needs to make a
decision to use public and international funding.

To date, roadway infrastructure has been designed based on
the average human driver criteria. For this reason, identifying
the variation between the average human driver and the devel-
oping CAVs is essential. Determining where design standards
may need to be adapted to accommodate both will allow agen-
cies and authorities to focus funds in areas that will create a
longer infrastructure life for the least cost. It is also worth noting
that, some of the investments in improving current road infras-
tructure will be beneficial for both the CAVs and human-driven
vehicles, such as well-painted road markings, clear and consis-
tent traffic signs, frequent maintenance of road surfaces and
so on. Therefore, the realisation of these improvement invest-
ments needs to be made by using public funds that mainly come
from the taxation of the car-buying public, fuel taxes, licenc-
ing and so on (n = 16). This may not be an issue until vehicle
technology reaches Level 4 automation, as human drivers will
still be required for safe use (i.e. traditional car buying will con-
tinue, and revenue streams may not significantly change). But
the main challenges begin with Level 4 services where a driver
may not be needed in certain operational areas. In this con-
text, the policy options could be around a charging model to
provide further funding, but this is a politically tricky thing
to do and requires getting the public on board and showing
all the potential positive and negative aspects regarding safety,
the environment, accessibility and so on. Some respondents
(n = 6) believe that the cost of infrastructure-related invest-
ment can be compensated by the direct and indirect benefits of
CAV adoption. However, this will be difficult to handle from
the existing budgets of authorities because the initial invest-
ment cost will be high and the savings offered are a long
way in the future, making the business case hard to predict.
According to a group of experts (n = 19), a special tax can be

issued for certain transportation services for funding purposes.
Regarding this, stakeholders mentioned many options for user-
based charging, such as tolls on roads, vehicle miles travelled
(VMT) fees, congestion fees, additional registration fees for pri-
vately owned CAVs and so on. Among these options, some
participants believe that mileage-based user fees may be an equi-
table approach to funding considering the connected direction
vehicles are progressing as well as the likely reduction in gas rev-
enue (due to electrification in the vehicle industry). One of the
respondents explains this situation by commenting: “VMT is the

only way to make the needed funding possible. The decline in collected funds

is affecting the authorities and change needs to be made to include all of the

forms of users. The funding currently does not keep up with maintenance let

alone the new infrastructure to be implemented.” However, some argue
that introducing a toll system may not be successful since during
the transitional phase most vehicles will not be CAV and thus
will not pay. Therefore, the system can only be funded through
the combination of the general exchequer funding and the col-
lection of taxes/tolls from a certain group of taxpayers (users of
automated driving services).

4 CONCLUSIONS AND POLICY
RECOMMENDATIONS

This study engaged a diverse group of experts and key stake-
holders to comprehensively explore the various aspects of
connected and automated vehicles (CAVs) deployment on
urban roads. By analysing and interpreting the feedback col-
lected through an online survey, the research identified areas of
agreement and disagreement among stakeholders, resulting in
some policy recommendations.

One common conclusion emerging from the survey is that
stakeholders’ attitudes and perspectives on the implementa-
tion of CAVs vary based on the types of organisations they
represent and their geographic regions. Respondents from
Europe, for example, prioritise challenges related to manag-
ing mixed traffic situations and interactions between CAVs and
vulnerable road users (VRUs). UK respondents, on the other
hand, highlight concerns about the adequacy of technological
advancements. In contrast, USA respondents mainly under-
lined liability and insurance issues associated with CAVs. These
differences can be attributed to the varying levels of infrastruc-
ture, technology, and legislation in each country [44], as well as
their unique urban forms. The current state of these factors
in each region shapes stakeholders’ perceptions and priorities
regarding the implementation of CAVs. For example, EU stake-
holders commonly emphasise the use of low-speed shuttles
in urban streets, reflecting their strategic focus on integrating
into public transport systems. In contrast, stakeholders from
the USA frequently emphasised the concept of driverless taxis,
reflecting a car-focused approach in their strategies for CAV
implementation.

While the priorities of each stakeholder in the deployment of
CAVs may differ, there was a strong consensus regarding the
main barriers to CAV adoption in urban networks. Concerns for
the safety of automated driving technologies and deficiencies in
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the development and implementation of policy and legislation
are widely recognised as significant challenges. In fact, there
are two kinds of challenges awaiting authorities to facilitate
the integration of CAVs: the first is the steps to be taken for
the successful implementation of CAVs on the existing road
network and the second is the problems arising from the
implementation. There was widespread consensus that it is not
possible to address many of these challenges without concerted
cooperation among stakeholders. Therefore, new platforms
are vital to provide continuing dialogue between stakeholders.
Another commonality was the need for investment in road
infrastructures that would benefit the safe deployment of
CAVs. The main reason for this is the frequent mention of the
lack of physical and digital infrastructure to support the CAV
operation on a large scale, regardless of their mobility models.

Nevertheless, the findings of this study indicated the presence
of three distinct perspectives among stakeholders regarding
infrastructure improvement to support automated driving.
According to the first group, mainly from industry and academia
representatives, infrastructure investments need to be made “in
advance” of widespread consumer adoption of vehicle tech-
nologies. The main argument is without any supportive upgrade
in infrastructure maximum benefits of automated driving will
not be achievable by relying on only vehicle technology. On the
other hand, the second group of participants (predominantly
legislators and IOOs) are in favour of a “wait to see” stance
to take action on this emerging mobility option. This is mainly
because uncertainties regarding technological advancement and
CAV implementation pose a major challenge for authorities to
plan infrastructure upgrades in their short-term agendas. More
importantly, their impacts on road transport are still highly
uncertain as they will affect many aspects of transport system
performance. Therefore, the steps that pave the way for CAV
trials will play an important role in the development of reliable
technology over time and in evaluating their potential impacts.
The third group, however, is more sceptical in this regard and
holds that automated driving systems must be able to perform
all driving tasks safely on existing road infrastructure. Their
argument is that it is neither possible nor feasible to prepare
all roads for CAVs. However, achieving the desired level of dig-
ital infrastructure in the urban network is commonly seen by
many stakeholders as a relatively less challenging step to sup-
port the deployment of CAVs. The overall opinion is that digital
infrastructure can offer greater potential for short-term bene-
fits compared to physical infrastructure upgrades, by providing
cost-effective and adaptable solutions to improve transportation
systems.

Contrary to the differences of opinion regarding CAV infras-
tructure improvement, another common agreement among
stakeholders was that CAVs will require stricter rules for main-
tenance regimes of road networks. This also means that current
maintenance and asset strategies will need to be changed sig-
nificantly. Compared to human-driven vehicles, it is expected
that CAVs will require more advanced and frequent infrastruc-
ture maintenance to keep infrastructure more compatible and
detectable for onboard sensors of vehicles. While there are argu-
ments suggesting that CAVs may collect data for the network

themselves, stakeholders have expressed concerns about the
quality, consistency, and sharing/storage of such data. There-
fore, the development of new technologies for automated road
assessment becomes increasingly important to ensure the pro-
vision of highly accurate and officially approved data for road
authorities [56, 67]. Another consensus was that the mainte-
nance and control of the emerging digital infrastructure (e.g.
communication units, road detectors, sensors, cameras, etc.)
and their physical components will require separate consid-
eration by the authorities or service providers. With more
electronic equipment installed on the roads, the maintenance
cycle will need to be much shorter and time-sensitive [55].
This also brings a necessity for personnel with higher qual-
ifications and skills in multiple fields for road agencies and
city authorities to operate and maintain these electronics. An
interdisciplinary approach and collaboration with other stake-
holders will be key to expanding their in-house expertise [22].
Briefly, to facilitate the integration of CAVs, a more proactive
approach (i.e. shifting from a repair-as-needed approach to a
preventative-maintenance) is necessary for the maintenance of
road infrastructure, as stated by Wang et al. [17]. Also, it is nec-
essary to initiate direct and in-depth discussions between the
public and private sectors on the standardisation of many digital
infrastructure aspects and the determination of task sharing.

There was no widespread agreement among stakeholders on
the financial models to meet the needs of infrastructure-related
investments, maintenance and operating expenses. In particu-
lar, it remains unclear how the authorities will meet the initial
infrastructure investments related to CAVs and who should be
responsible for them. Moreover, there is substantial uncertainty
and information complexity around the minimum and optimum
requirements of CAVs. Although the need for standardisation
and harmonisation in activities related to road infrastructure and
maintenance of infrastructure elements has been highlighted,
there are not yet official specifications or agreed guidelines for
assessing the readiness of existing infrastructure. The diver-
sity in CAV capabilities and models also poses challenges for
authorities to understand and act based on the requirements of
emerging mobility trends. Therefore, as a first step, it is neces-
sary to determine the roadway characteristics that allow for a
minimum performance at each automation level or within var-
ious mobility models. Then, by starting the investments with
roadway features that are important for human-driven vehi-
cles, it will likely eliminate disagreements or controversies in the
public sphere.

Despite the inherent uncertainty concerning the future, it
is argued that decision-makers should be aware of upcom-
ing public finance challenges and take them into account in
their agendas. With the introduction of CAVs, it is likely that
the revenue streams of both local and central governments
will change drastically. Currently, many countries rely mainly
on revenue from fuel taxes of vehicle users for investment
in road infrastructure. However, with the increasing trend of
vehicle electrification due to environmental benefits and reg-
ulatory requirements, revenue streams for road authorities are
declining. Therefore, CAVs (expected to be electrified) will not
directly contribute to road maintenance to a major extent unless
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a new business model is developed for electric vehicles. The
tax structure will need to be reconsidered before CAVs begin
to dominate the roads, or CAVs’ maintenance and infrastruc-
ture demands dominate road maintenance costs. This is because
there is a common argument that infrastructure owners and
operators cannot afford the required investments alone. How-
ever, for the early stage of deployment where the operation of
CAVs will be limited due to the lack of coherent road infrastruc-
tures, the integration of new business models may raise many
social and equity concerns among the public. On the other hand,
it is not clear how accepting CAVs users will be about paying
extra for features that can only be used while driving in wealth-
ier political jurisdictions, as stated in Shladover and Bishop [47].
Therefore, although operating environments are expected to be
constrained, commercial fleets are viewed as feasible in the short
term [22], with cooperation between the public and private sec-
tors. This seems particularly important because survey findings
showed that there is a concern about whether investments in
CAVs will benefit all segments of society.

There are clearly further needs for research in specific areas.
Firstly, while this study primarily examined experts’ opinions of
CAV deployment and infrastructure requirements, it is impor-
tant for future investigations to also consider public opinions,
which are commonly incorporated in CAV adoption research
[28]. Differences in opinions between stakeholders and the
public regarding CAV deployment can offer decision-makers
a more comprehensive understanding of the overall landscape.
This is because stakeholder opinions and public opinions can
differ on the deployment of CAVs, hence the requirements
and challenges [68]. Although this study revealed variations in
stakeholders’ attitudes and perspectives towards CAV imple-
mentation, these observations were derived from qualitative
analysis of open-ended responses, lacking quantitative valida-
tion. Therefore, the findings of this study can be utilised in
future research to compare expert opinions across diverse
stakeholder groups by using multi-actor multi-criteria analysis
(MAMCA). As evidenced by Kroesen et al. [69], expert per-
ceptions have undergone shifts as a result of increased related
research in the domain and heightened awareness of CAV
technology. The findings can be compared over time to track
changes in stakeholders’ perceptions of CAV deployment and
its impact on infrastructure. Implementing these recommen-
dations will contribute to a more profound comprehension of
the perceptions and expectations surrounding CAV deployment
and infrastructure.
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