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ARTICLE INFO ABSTRACT
Keywords: Automated vehicles (AVs) have received intense attention in academia and industry around the
Autonomous vehicles world in recent years, but the imminent introduction of AVs brings new challenges and oppor-

Automated driving
Road infrastructure
Physical infrastructure
Challenges

tunities for transportation networks and built environments. It is important to understand the
potential infrastructure-related requirements of AVs and their impact on road infrastructure in
order to assess the readiness of the existing road network and prepare plans for future roads. This
paper seeks to address what the implications of automated vehicles will likely be for the road
infrastructure based on a comprehensive literature review. To investigate this issue, two broad
questions were framed: What are the potential effects of AVs on physical road infrastructure; and
What do AVs require from road infrastructure for safe driving. A total of thirteen key topics
around infrastructure have been identified from the existing literature regarding vehicle auto-
mation that needs to be considered during either the initial phase of deployment or transition to
full automation. In the light of the identified topics, the paper presents potential changes and
challenges, making recommendations for future research directions to ensure a safe and efficient
operation.

1. Introduction

In recent years, research and developments in automated driving technologies (e.g., sensing and artificial intelligence), as well as
regulatory reforms around the world, have enabled rapid progress in the development of automated vehicles (AVs) (Bagloee et al.,
2016; Campbell et al., 2010; Eskandarian et al., 2021). Simply defined, automated driving technologies allow for the transfer of some
or all driving responsibilities from a human driver to a computer-based system (SAE International, 2021). Automated driving, together
with electrification and shared mobility, is currently recognised as one of the three ongoing revolutions in road transportation
(Huggins et al., 2017; Jaller et al., 2020), although there is some controversy. AVs have the potential to enhance people’s lives in a
variety of ways, including increasing accessibility of people with limited ability of transportation provisional, reducing parking de-
mand, reducing travel time and transportation costs, and reducing fuel and emissions consumption (Bagloee et al., 2016; Eskandarian
et al., 2021; Fagnant and Kockelman, 2015; Gavanas, 2019; KPMG, 2012; Shladover and Bishop, 2015). More importantly, AVs have
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the potential to improve road safety by eliminating some accidents caused by human error such as driving too fast, driver distraction
and fatigue, although their expected benefits are essentially untested (Ye et al., 2021) and are largely speculative as new types of
accidents may emerge from this huge paradigm shift (Robinson et al., 2017). On the other hand, the literature points out some of the
potential negative impacts of AVs, such as security and privacy concerns due to the risk of cyberattacks, or congestion due to the
increased vehicle miles travelled caused by the attractiveness of vehicle use and empty trips (Bagloee et al., 2016; Currie, 2018;
Litman, 2020; Soteropoulos et al., 2019; Tengilimoglu and Wadud, 2022; Makridis et al., 2018).

In short, advances in vehicle and information technology has increased research into impacts of AVs on many aspects: e.g. travel
behaviour (Ashkrof et al., 2019; Gruel and Stanford, 2016; Harb et al., 2021; Wadud, 2017; Wadud and Huda, 2019; Zmud and Sener,
2017), traffic flow and operation (Mahmassani, 2016; Mesionis et al., 2020; Do et al., 2019), urban form and land use (Chapin et al.,
2016; Gavanas, 2019; Malysheva, 2020; Stead and Vaddadi, 2019), emission and energy use (Kopelias et al., 2020; Wadud et al.,
2016), policy and legislation (Fagnant and Kockelman, 2015; Litman, 2020; Milakis et al., 2017), safety (Robinson et al., 2017; Peiris
etal., 2020) etc. However, the implications of AVs for road infrastructure have not yet been studied adequately and rigorously (Rashidi
etal., 2020; Engholm et al., 2018; Cavoli et al., 2017). In particular, scientific study into the impacts of vehicle automation on physical
infrastructure (Farah et al., 2018) and road design concepts is still in its infancy (Washburn and Washburn, 2018; Saeed, 2019; Intini
etal., 2019; Khoury et al., 2019; Rana and Hossain, 2021). Most of the research on AVs to date has concentrated on vehicle technology
itself or digital infrastructure (Farah, 2016), and the issues related to safety and reliability are mainly seen from a vehicle standpoint
(Carreras et al., 2018; Ehrlich et al., 2016). This vehicle-centric vision also poses difficulties for vehicle and information technology
industries and infrastructure owner-operators (I00s)' in communicating with each other and sharing expectations (Carreras et al.,
2018). Thus, the infrastructure requirements to facilitate AVs have not been clearly defined so far (Nitsche et al., 2014; Lu et al., 2019;
Transport Systems Catapult, 2017; Lawson, 2018).

However, current road infrastructure is designed for human drivers and may not be able to integrate vehicles with high levels of
automation (Lengyel et al., 2020; Liu et al., 2019). In other words, it is not known whether existing road infrastructure and the
surrounding environment are ready for the safe and efficient operation of AVs during the nascent stages of implementation (Johnson,
2017). Human drivers have a good ability to adapt in situations where road markings and traffic signs are absent, and they can make
complex inferences in real-time and exhibit acceptable behaviour even when they cannot consistently see the road scene, for example
when they are blocked by a large truck (Farah, 2016). On the other hand, current sensor technologies and software adopted in AVs rely
heavily on the presence of specific road environments and infrastructure (Soteropoulos et al., 2020; Van Brummelen et al., 2018). On-
road testing points to worrying evidence that existing urban and particularly rural roads may struggle to support automated driving
(Peiris et al., 2020).

Contrary to limited interest in the past decade, there has been growing attention to the physical road environment and its influence
on the safe operation of AVs (SMMT, 2019; KPMG International, 2020). A number of recent research projects and action plans on road
infrastructure for automated vehicles have acknowledged the need for comprehensive infrastructure planning for AVs (Gill et al., 2015;
Gyergyay et al., 2019; Huggins et al., 2017; Johnson, 2017; Ehrlich et al., 2016; Erhart et al., 2020; Amelink et al., 2020). A recent
report for the European Parliament, for example, points out that the quality of road infrastructure is vital for the effective adoption of
artificial intelligence applications for transport and infrastructure must meet much higher quality standards, especially as the level of
vehicle automation rises (Evas and Heflich, 2021). Also, many efforts have been made in recent years to develop new risk assessment
and safety verification methods for automated driving systems as their launch to market without proof of safety would be unacceptable
neither to society nor to legislators. Among these efforts, scenario-based approaches, in which individual traffic situations are tested
through virtual simulation, highlight that the road environment and infrastructure are important parameters for testing the safety of
AVs (Khastgir et al., 2021; Riedmaier et al., 2020).

In this regard, examining the infrastructure-related requirements of AVs will play an important role in assessing the readiness of the
existing road network and preparing the plans to help facilitate the seamless integration of AVs into the future road network. Although
automated driving technologies are still under development, some of their basic requirements on the physical and digital infrastructure
are already clear. To assess these requirements and present them to decision makers as a whole, a few review papers (e.g. Farah et al.,
2018; Liu et al., 2019) and expert opinion-based exploratory research (e.g. Nitsche et al., 2014; Lu, 2018) were conducted. None-
theless, given the rapid growth in AV-related publications in recent years, some knowledge gaps presented in previously limited
research are closed partially. In addition, technological development and field studies have brought additional criteria to be considered
in the transition period for AVs or reduced the importance of some requirements for automated driving. Therefore, additional reviews
are needed to capture the new knowledge produced in this growing field and complement the findings of the previous studies on
infrastructure requirements of AVs.

From this motivation, this research seeks to address what the implications of automated vehicles will likely be for the physical road
environment by comprehensively reviewing the current literature. Unlike previous studies (e.g. Farah et al., 2018; Rana and Hossain,
2021; Liu et al., 2019), this issue was investigated by framing two broad questions: 1) What are the potential impacts of automated
vehicles (AVs) on road infrastructure and 2) What do AVs require from road infrastructure for safe driving. Although different, these

1 100s include agencies, such as state and local departments of transportation, toll operators, and transit authorities, that own and operate
infrastructure used for transportation (Gopalakrishna et al., 2021).
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Figure 1. Levels of on-road vehicle automation, adapted from SAE International (SAE J3016).

two questions are often discussed together in the literature and are highly interrelated. Indeed, Amelink et al. (Amelink et al., 2020)
emphasise that AVs will have an infrastructure impact in two ways. First, AVs themselves may differ in their characteristics and behave
differently than human-operated vehicles, causing changes in the vehicle’s impact on infrastructure. The second way is that IOOs and
other stakeholders can make changes to road infrastructure due to their need to provide operational design domains (ODD)? for
automated vehicles. According to some researchers, the impacts on the physical road environment associated with ODDs are expected
to be much more significant than the effects of the first type (Ulrich et al., 2020). Therefore, this study can be considered as a sup-
plement to reports identifying the infrastructure-related requirements of AVs for safe and efficient operation, or research identifying
the potential effects of AVs adoption on the physical road environment. The study has several target audiences, which are summarised
as: researchers who are new to the field; the authorities who own, maintain, and operate the infrastructure; policymakers; and or-
ganisations engaged in national or international activities to define the road infrastructure requirements for successful implementation
of AVs.

The rest of the paper is laid out as follows. Section 2 provides an overview of the vehicle automation and deployment paths, and
road classification efforts for automated driving. Section 3 presents the review technique adopted in this study. Section 4 illustrates the
general findings on the implications of AVs for the physical infrastructure-related attributes and interpretation of the current literature.
Section 5 provides a discussion and summary of the issues identified and their practical implications for further research. Finally,
Section 6 presents conclusions.

2. Background
2.1. Levels of on-road vehicle automation

Several classification schemes have been defined to distinguish between automation levels to guide industry and consumers in
establishing safe operating principles for fully automated vehicles. The German Federal Highway Research Institute (BASt) and the

2 ODD is the set of driving conditions for a given automated driving system under which it is designed to operate. These driving conditions may
include weather conditions, road infrastructure components, and vehicle-related conditions (SAE International, 2021).
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Figure 2. Vehicle communication types.

German Association of the Automotive Industry (VDA), the U.S. National Highway Traffic Safety Administration (NHTSA) and the
International Society of Automotive Engineers (SAE) in the United States have introduced levels of automation that differ based on the
extent of human driver involvement. The six-level SAE classification (SAE J3016) has the most comprehensive and precise descriptions
(SAE International, 2021), and the European industry has agreed to use this classification for a common understanding of automated
driving (Mocanu et al., 2015).

The five levels of automation reflect the gradual process of vehicle automation, beyond Level O where the driver performs all the
direct driving tasks (see Figure 1). At Levels 1-2, the driving assistance systems provide the driver with longitudinal or/and lateral
vehicle motion control in the form of adaptive cruise control and lane-keeping assistance. However, at these levels, the driver must
supervise the driving system continuously and is responsible for monitoring the environment. For automation Levels 3, 4 and 5, an
automated driving system (ADS) performs the entire dynamic driving task (DDT) while the system is engaged. Level 3 is defined as “the
sustained and ODD-specific performance by an ADS of the entire DDT under routine/normal operation with the expectation that the DDT
fallback-ready user is receptive to ADS-issued requests to intervene, as well as to DDT performance-relevant system failures in other vehicle
systems, and will respond appropriately”. The difference between Level 3 and Level 4 automated driving is whether the driver (DDT
fallback-ready user) is expected to be available for the takeover of the vehicle or not. At Level 4, ADS is expected to handle the fail-safe
situation autonomously, but the ODD would still be limited. When an automated vehicle is able to drive in all driving modes which
means that its ODD is unlimited, it will be defined as a Level 5 vehicle — this level is often referred to as autonomous or self-driving in the
media (SAE International, 2018).

Apart from the automation capability levels, the distinction between automated and connected implementations is another
important dimension of the classification of these emerging systems (Shladover, 2018). When integrated with connectivity, automated
driving systems give rise to the connected and automated vehicle (CAV). Although connection and automation technologies have been
developed independently initially, they now seem to be converging (Shladover, 2018; Timmer et al., 2015) as in combination they
offer many advantages that cannot be achieved on their own (He et al., 2019; Schoettle, 2017). Connected vehicle (CV) technologies
allow a vehicle to communicate wirelessly with the surrounding road infrastructure (V2I), vehicles (V2V), other road users such as
pedestrians and cyclists (V2P), or many elements in the vehicle’s surroundings (V2X), see Figure 2. The limitation of CV technology is
that it relies entirely on message exchange for mutual awareness (He et al., 2019). On the other hand, AVs rely on their onboard
sensors, embedded software and artificial intelligence in vehicles so that they do not need additional external infrastructure or
communications. However, AD technologies are not fully reliable yet and face problems in situations such as extreme weather or
unpredicted road conditions (Favaro et al., 2018; Zang et al., 2019). Over the longer term as higher levels of automation is developed,
it will be increasingly important for the automation systems to be connected to overcome some of the limitations of AD technologies
and, more importantly, to gain transportation system benefits through cooperation (Shladover, 2018). But some argue that it will
probably not be possible for all road networks to meet the infrastructure required for connectivity (Madadi, 2021). Reviews of these
communication and AD technologies are given in many studies such as (Coppola and Morisio, 2016; Huggins et al., 2017; Sarker et al.,
2020; Shladover, 2018; Wevolver, 2020).
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2.2. Role of infrastructure on deployment paths of automated driving

While automated driving is expected to provide various benefits for mobility, safety and the environment beyond those possible
with manual driving (Bagloee et al., 2016), there are many uncertainties regarding the path of transition to full automation (Aigner
et al.,, 2019). The European road transport research advisory council (ERTRAC) has introduced to “Automated Driving Roadmap”
which provides descriptions of the automation systems and the expected date of their possible deployment, considering differing use
cases and mobility models (ERTRAC, 2019). The report estimates that Level 4 AVs will be on the road in the next decade. Similarly,
several studies have attempted to explore the market introduction and evolution of penetration rates for AVs through questionnaire
surveys or interviews with experts (Saeed, 2019), but the actual rate of development of AVs and the precise nature of the transition
path remains unclear (Milakis et al., 2017). The International Transport Forum (2015) points out that two incremental paths toward
full automation are being followed by the industry. These two approaches are simply described as “something everywhere” and
“everything somewhere”.

The first path “something everywhere” strategy is generally embraced by traditional vehicle manufacturers and is largely consistent
with SAE automation levels (International Transport Forum, 2015). The goal here is to gradually improve the capabilities of ADS in
existing conventional vehicles and shift more dynamic driving tasks from drivers to ADS over time with the maturity of techno-
logical progress. Currently, most automakers use automated technology as a support for the driving task, resulting in Level 1 and 2
systems being widespread in the existing vehicle fleet (Robinson et al., 2017). However, driving automation Level 3 (e.g. traffic jam
pilot), where responsibility can be exchanged between human and vehicle, can be particularly difficult to implement in terms of the
timing of the transition (Liicken et al., 2019) and may require significant user experience for design and engineering. This is because
when faced with a situation that the system cannot cope with, the driver is expected to be ready to take control of the vehicle control
shortly after the alerted (Merat et al., 2014; Calvi et al., 2020). Although Level 3 has been recently regulated by authorities (e.g.,
UNECE Regulation No. 157), it raises many controversial questions about how the process can be managed if drivers do not respond.
Another criticised point is that in the case of a failure or out-of-ODD, the number of vehicles making a minimal risk condition can be
quite large, and their stopping would practically put the whole road to a standstill. Therefore, some studies have noted that stopping
in a lane as the minimal risk manoeuvre should be strongly avoided (Ulrich et al., 2020; Transport Systems Catapult, 2017).

To avoid operational challenges in Level 3, technology companies (e.g. Waymo) are making significant progress and focusing on
designing and manufacturing self-driving vehicles by completely bypassing intermediate automation levels. Also, some traditional
automakers support a similar pattern and have announced that they will not follow the development of Level 3 systems (Bigelow, 2019;
Martinez, 2019). This strategy refers to the second path “everything somewhere” which involves deploying vehicles without a human
driver and gradually expanding vehicle operation to more contexts (International Transport Forum, 2015). In other words, this path is
aiming at full automation within a limited ODD (e.g., a specific geofence or defined road types) and makes an effort to expand this
domain with more complex driving situations (Madadi, 2021). However, it does not seem possible in the short term to engineer
automated driving technology that can operate on all existing roads without requiring any infrastructure upgrades (ERTRAC, 2019).
Therefore, reliance on AD technology alone without infrastructure support may jeopardize the potential safety and efficiency gains of
AVs.

From the above discussion, it can be concluded that road infrastructure is a determining factor for both approaches and can either
facilitate or prevent higher automation capabilities (Madadi, 2021). For the transition period to full automation, many studies
highlight that the safe operation of levels 3-4 at full capacity will largely depend on the condition and type of infrastructure they
encounter (Huggins et al., 2017; Madadi et al., 2019). It is therefore important for road authorities and agencies to know how ready
road infrastructure is for safe automated driving.

2.3. The concept of road classification for automated driving

The idea of road certification for automated driving has been specified by some researchers (Huggins et al., 2017; Issac, 2016;
Zhang, 2013; Cheon, 2003) to achieve the maximum benefits of AVs and get safer roads for all users. In this context, many initiatives
are investigating cost-effective ways to prepare road infrastructure to enable the transition process in which conventional and auto-
mated vehicles coexist, and they are putting out significant effort to produce collaborative and complementary approaches (ERTRAC,
2019). Among these efforts, a recent project in Europe (INFRAMIX) has proposed a simple classification scheme to classify and
harmonize the capabilities of a road infrastructure to support and guide AVs (Carreras et al., 2018). Within this framework, five levels
(A-E) of infrastructure support for automated driving (ISAD) are defined and suggest that these levels can be assigned to parts of the
network to guide AVs and their operator on the “readiness” of the road network for these emerging technologies.’

However, the idea is mostly based on digital infrastructure for roads, and connectivity alone might not enough to define how ready

3 Levels E and D are called conventional infrastructures and Levels C-A are termed as digital infrastructures. Simply, the classification is based on
the availability and types of digital information provided to the AVs.
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aroad section is to host automation. Physical infrastructure, environmental conditions and other relevant aspects of dynamic elements
should be considered in detail. For this reason, some organisations have focused on the concept of road classification and proposed
alternative frameworks for service level classification for automated vehicles, considering the ODD and ISAD requirements (Garcia
et al., 2021; Poe, 2020; FTIA, 2021). On the other hand, some argue that the requirements of these concepts can be idealistic,
expensive, and difficult to meet for all roads. In other words, large investments may be unnecessary, especially for low-volume road
types such as rural roads and small city streets that serve primarily to provide access to origin and destination points (Madadi, 2021).
Therefore, in the early stage of deployment, these concepts will likely be important for sections of highways rather than entire road
networks to configure the various support that the infrastructure can provide to automated vehicles.

3. Materials and method

The study undertakes a comprehensive review of the literature on automated vehicles to address the key research questions: (1)
what are the potential impacts of AVs on physical road infrastructure and road design concept, and (2) what do AVs require from road
infrastructure? To address these questions, a semi-systematic approach was followed in the literature acquisition process. Studies were
identified from academic databases (TRID, Scopus and Web of Science) by searching the following keywords and terms: (“safety
assessment” OR “road safety” OR “road infrastructure” OR “road design” OR “physical infrastructure”) AN D (autonomous OR
automated OR driverless OR self-driving) AND (vehicle OR car). The reviewed documents include scientific journals, conference
proceedings, book sections, technical reports, and white papers. Only documents in English published until 2022 were included. The
obtained studies’ titles and abstracts were screened based on their relevance to the research aim. For the eligibility part, full-text papers
were skimmed and evaluated for whether they were relevant to the research question. The general criteria adopted for the document
selection were that the studies focused on both the field of AVs and had at least one of the following contents:

e Discussion on potential physical infrastructure requirements or upgrades needed for the introduction of AVs;

e Presenting any challenges or limitations of automated driving caused by road infrastructure or road environments;

e Discussion of possible impacts of vehicle automation on existing road infrastructure and/or possible change in road geometric
design.

Then, additional papers were identified and included through the cross-referencing of selected studies and other sources (e.g.
organisations’ web pages, Google Scholar, etc.). However, the findings of this study may be influenced by the following limitations.
The methodology was undertaken based on the qualitative methods without any automated analysis technique and selected keywords
may not cover all studies relevant to the research objective. Moreover, the combination and integration of physical and digital
infrastructure are necessary for the safe operation of AVs and road traffic. However, within the scope of this literature review, digital
infrastructures such as traffic management and control systems and localisation systems are not covered in this study. An overview of
the digital infrastructure side of vehicle automation can be found in various studies such as (Coppola and Morisio, 2016; Eskandarian
et al., 2021; Huggins et al., 2017; Shladover, 2018; Amelink et al., 2020).

4. Findings and interpretation of the identified literature

In the light of the eligibility criteria mentioned in the previous section, a total of 57 studies were identified from the existing
literature (see Appendix A). The descriptive analysis of these studies regarding their year of publication revealed an increasing interest
in this field due to technological advances and legislative changes around the world. These figures demonstrate similar trends to
previous review studies (Farah et al., 2018; Liu et al., 2019) which confirm the growing interest in understanding the role of road
infrastructure in the AVs deployments over the past few years. In the next sections, it will be seen that the available information comes
not only from research, but also from grey literature, including government and industry reports, and online articles from techno-
logical institutes and websites. However, the findings of the existing studies are mainly based on subjective stakeholder opinions and
literature review. The number of studies based on empirical data is quite limited. While studies have generally focused on the effects
and requirements of the Level 4 or 5 automated driving system, approximately 37% of the studies identified did not clearly specify
which level AVs were focused on in their research. Europe and the USA are the leading regions of origin of these studies, reflecting the
fact that academic institutions and researchers from these two continents have significant interests in this topic.

Regarding physical road infrastructure, a total of thirteen key features of infrastructure have been identified in the existing
literature regarding vehicle automation operation that should be considered either in the initial phase of deployment or during the
transitional phase to full automation (see Figure 3). In determining infrastructure attributes, the study sought to answer the question of
which elements of road infrastructure are relevant to vehicles while travelling on a particular road segment. The following sections
summarise these critical attributes briefly.
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Figure 3. Examples of physical road infrastructure considerations discussed in the study for AVs, adapted from (Lyon et al., 2017).

4.1. Road alignments

Geometric design principles for roads have evolved through years of research and practical experience. Organizations such as the
American Association of State Highway and Transportation Officials (AASHTO) are constantly updating their models and recom-
mendations, taking into account newer evidence and data (AASHTO, 2011). However, most of the design manuals are based on the
characteristics of human drivers. For instance, the driver’s perception-reaction time, eye height, and other human-related behaviours
are the major factors that influence the design of road geometric elements (Othman, 2021). One of the views in the literature is that
current road geometric standards may still apply to AVs if they can recognize the risks of driving faster than or equal to conventional
users through sensors, scanning, and connectivity systems (Intini et al., 2019; Colonna et al., 2018). On the other hand, many re-
searchers emphasize that as the penetration level of AVs increases in the market, road design parameters involving a direct relationship
with the characteristics of human drivers need to be reconsidered (Washburn and Washburn, 2018; Khoury et al., 2019). In other
words, the road geometric design philosophy and related specifications and guidelines should be revised as some driver-based re-
quirements may lose their importance by shifting from conventional driving to automated driving (AASHTO, 2017). Parallel to this
change, the impact of AVs on highway design is an emerging area of research. However, few studies have so far investigated the impact
of AV on highway geometric design elements (Intini et al., 2019; Othman, 2021; Khoury et al., 2019) since current literature mainly
focuses on effects on traffic flow and road capacity. The identified literature on this subject is summarised in Table 1, including their
main findings and focused design elements.

Studies have mainly explored possible changes in geometric design elements in response to full Level 4-5 AV fleet penetration and
evaluated these changes in comparison to traditional design outputs. Due to differences in perception abilities between human drivers
and AVs, studies have mainly focused on stopping sight distance (SSD) and decision sight distance (DSD) criteria, which are key el-
ements in designing road alignments. While human drivers mainly use their eyes to perceive their surroundings, AVs are expected to
have a wider sensing range and a shorter perception and reaction time than human drivers as AVs use data from more sensitive and
diverse sensors (e.g. lidar, radar and camera) to extract useful information specific to their purpose (Ye et al., 2021). Therefore, AVs
will have significantly lower SSD (see Figure 4) and DSD. The SSD is the main factor influencing the lateral clearance on horizontal
curves, so AVs can significantly reduce the required lateral clearance (Othman, 2021; Khoury et al., 2019). Furthermore, the drivers’
characteristics such as eye height and reaction time are the main factors that affect the required vertical sag and crest curve length
(Aryal, 2020; Ye et al., 2021). Studies underline that AVs can significantly reduce the required curve length.
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However, Garcia et al. (Garcia et al., 2019) point out that findings can vary significantly depending on the design guideline being
considered, as each design guideline assumes certain values of eye and object height above the roadway surface and deceleration rate.
Also, since the height of the sensors’ positions differs between vehicles, the characteristics of the AVs affect the results (Khoury et al.,
2019; Garcia et al., 2019). Therefore, international standardization of these parameters is needed. On the other hand, studies suggest
that most of the geometric elements will not change in the era of AVs, especially those related to physics and comfort-based pa-
rameters. For example, the required curve radius or ramp terminals will be similar for both human-guided vehicles and AVs, as it
depends on the driving dynamics and passenger comfort, not the characteristics of human drivers (Aryal, 2020).

Moreover, some authors believe that without connectivity, AVs will not outperform humans in situations where the sightline is
limited such as detecting objects behind a vertical crest curve (Washburn and Washburn, 2018). Regarding the effect of road align-
ments on AV operation, studies reveal that both horizontal and vertical curvatures of the road have an effect on the operation of
automated driving systems, such as the ability to detect lane markings (Marr et al., 2020; Tao, 2016), precise localisation of vehicles
(Reid et al., 2019), and path planning control (Eskandarian et al., 2021; Xu and Peng, 2020). An experimental study on the market-
available (Level-2) vehicles emphasises that the driver assistance function is often disengaged or causes drivers to feel unsafe in sharp
curves (Garcia et al., 2021; Taylor et al., 2018). Similarly, experts have noted that sharp curves influence the safe operating of ADS such
as lane assistance systems, collision avoidance systems and speed control systems (Nitsche et al., 2014). Mainly, sharp horizontal
curves and crest vertical curves pose challenging situations for AVs as the visibility range of the machine-vision sensors is limited. To
mitigate the possible risks of this challenge, some studies proposed a new speed concept, automated speed, as the maximum speed that
an AV can achieve at a specific road element such as horizontal curves (Garcia et al., 2020) and vertical curvature (Gouda et al., 2021).
Therefore, it is not expected any change in road alignments during the initial phase of AVs, but revision can be seen on dedicated roads
or lanes for safe operation.

4.2. Road cross-sectional elements

4.2.1. Lane width

The dimensions of the cross-sectional elements (e.g. lanes and shoulders) are generally defined in standards based on road type,
importance, traffic volume and context (Intini et al., 2019). Current road design standards specify the width of roadway and lanes
depending on the width and length of the vehicles, while also providing a tolerance for driver behaviour. The tolerance for driver
behaviour takes into account the change in the horizontal position of the vehicle in the lane and the space required to make any turn on
the road without entering the opposite lane (Garcia and Camacho-Torregrosa, 2020; Amelink et al., 2020). Typically, cars are about 2
m wide and trucks about 2.5 m, while standard lane widths can range from 2.5 to 3.7 m (Amelink et al., 2020). With the development
of positioning technology, one of the common ideas is that AVs will likely have accurate steering control and track more precisely
within a lane, which could allow lanes to be narrowed (Lyon et al., 2017). If this could result in fitting an additional lane to be placed in
the carriageway, the efficiency of the road will increase without the construction of a new lane. The paved width of current car-
riageways can be easily retrofitted to achieve this by reconfiguring the lane markings significantly (Saeed, 2019; Amelink et al., 2020).

Besides, when designing new roads, the total road width could be likely reduced for AVs than in the case of traditional roads (Intini
etal., 2019). This is generally positive, among the other reasons, for saving land and agency funds for construction and maintenance of
the paved surface. Considering the urban street where the speed limits are low, AVs can potentially help to promote more efficient use
of land in cities and facilitate new forms of streetscaping. Reduced lane widths for AVs result in more space for vulnerable road users so
these spaces could be used for better pedestrian and bicycle facilities or emerging new transport modes (Johnson, 2017). Thus, this can
create new opportunities to increase urban attractiveness (Chapin et al., 2016; Stead and Vaddadi, 2019).

As with other road design features, lane width has been found to affect the operation of current vehicles equipped with lane keeping
assist (LKA) systems (Reddy et al., 2020; Reid et al., 2019). Garcia and Camacho-Torregrosa (Garcia and Camacho-Torregrosa, 2020)
conducted an experimental study to understand the effect of lane width on partially automated vehicle (Level 2) performance and
revealed that the LKA system tends to fail in narrow lanes. The test results showed that the threshold value for the safe operation of the
automatic lateral control is a 2.75 m lane width. Similarly, Marr et al. (2020) underline that lane width narrower than 2.8 m is
challenging for the machine vision systems of vehicles, especially in the absence of edge lines. On the other hand, several studies in the
literature conclude that AVs have the potential to reduce the required lane width to 2.4 m with high communication between AVs
(Othman, 2021).

However, the configuration of lane widths on curves will need to be handled more carefully due to vehicle turning paths and vehicle
overhangs (Saeed, 2019). Sight distance would also be affected by lane reconfiguration. Therefore, it is not clear yet how the narrow
lane width will affect road safety. Given mixed fleet conditions with different levels of automation on the same road, lane width
reduction during the transition period may not be possible unless a dedicated lane is allocated for high-level AVs. This is because recent
experimental studies on partially automated vehicles (Level 2) currently on the market have revealed that the positioning stability of
the vehicles differs significantly (Taylor et al., 2018; Russell et al., 2018). This variation between vehicles may pose an issue for driver
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confidence and safe function within narrow lanes. Taylor et al. (2018) emphasize that either certified vehicles must prove capable of
remaining within a minimum given lane width, or roads must only be certified as suitable for vehicles when a safe minimum lane width
is met.

4.2.2. Shoulders and emergency bays

Shoulders are important design considerations for roads and provide additional space for visibility or, in emergencies, for
recovering after lane departure or manoeuvring to avoid collisions. Furthermore, emergency vehicles need shoulders to reach incident
sites to bypass the traffic congestion. More importantly, shoulders and emergency bays are used by all vehicles in case of vehicle
breakdowns for the safety of road users and the prevention of traffic jams. In a recent survey with road agencies in the USA, 35% of
respondents expect reduced shoulder widths in AV operations due to more precise driving and better handling of road conditions than
human-driven vehicles (Saeed, 2019). However, it is mentioned in multiple studies that AVs will need shoulder and frequent safe
harbours during the transitional period to full automation (PIARC, 2021; Transport Systems Catapult, 2017; Gopalakrishna et al.,
2021). According to some, with the prevalence of AVs on the roads, shoulders will be needed more than ever in order for vehicles
experiencing software or hardware failures to have a safe harbour (Saeed, 2019).

Regarding vehicle automation, Level 4 systems can operate without any driver involvement within a specific ODD, but once the
vehicle leaves that ODD (e.g. due to adverse weather conditions, work zones etc.), drivers need to take control. It is possible that the
driver is not ready to take control of the vehicle, in this situation the vehicle needs a safe area to stop/park and wait for the driver to be
ready, or wait for conditions to improve to the extent where the automated control system is able to proceed (Transport Systems
Catapult, 2017). Therefore, there is likely a need to have wider shoulders and emergency bays at regular distances to act as safe
harbours to stop AVs in case of the temporary ending of the ODD. Emergency refuge areas and wide enough shoulders for stopping a
vehicle safely are widely available already on most highways. However, there is no shoulder available in many locations, such as
bridges, tunnels, or many two-lane highways, so additional requirements will need to be considered at these locations (Nowakowski
et al., 2016). Furthermore, on some highways, paved shoulders have been modified so that all lanes are running or open to traffic at
peak times via indicators on overhead signage (Transport Systems Catapult, 2017). Therefore, the suitability of using the shoulder as a
safe harbour needs to be carefully assessed depending on the road situation (Amelink et al., 2020).

4.2.3. Median (central reservation) and barriers

Median refers to the road infrastructure that separates the opposite directions of the travelled way and it is highly desirable for
high-speed carriageways (AASHTO, 2011) as it helps prevent head-on crashes across the entire road segment and provides a recovery
area for out-of-control vehicles (Kim et al., 2017). In addition, median barriers and side guardrails mitigate the negative consequences
of road departure of human-driven vehicles (Konstantinopoulou and Ljubotina, 2020). In urban areas with low-speed roads, the
function of the median is also to provide an open green space, a refuge area for pedestrians crossing the street, and control the location
of intersection traffic conflicts (AASHTO, 2011). In the long term, many studies suggest that medians could be removed or narrowed
since a safety buffer between traffic in opposing directions may no longer be needed for L4-5 AVs. The space saved can be used to
accommodate additional lanes or other modes of travel (serving as sidewalks or bike lanes), or even converted into parking space
(McDonald and Rodier, 2015; NACTO, 2020; PSC and CAR 2017).

In the transition period, the mixed traffic era, it is likely that medians and barriers will still be needed for road safety due to the
availability of human-driven vehicles. In addition, many studies point to the importance of dedicated lanes to ensure safe and efficient
operation during the initial phase of implementation (Ye and Yamamoto, 2018). However, it is unclear how much buffer would be
adequate for separating AVs from human-driven vehicles (Saeed, 2019), and extra efforts will be required to design and operate
dedicated lanes in terms of safety and efficiency (Razmi Rad et al., 2020; Guhathakurta and Kumar, 2019). An experimental study
revealed that the proximity of the line-markings to concrete safety barriers, which have similar properties to lines from a machine
learning perspective made it harder for AV systems to identify them (Konstantinopoulou et al., 2020). Similarly, Kim et al. (2017)
stated that flexible median barriers such as wire rope barriers can present difficulties, as AVs may have difficulty detecting smaller
objects. Therefore, it is asserted that the design requirements of barriers and their types would be different for AVs (Pape and Hab-
temichael, 2018). Besides, design loads for barriers may need to be reconsidered due to the effect of truck platooning (Huggins et al.,
2017; Lawson, 2018).

4.3. Pavement/road surface

As previously stated, AVs are likely to have more precise steering control allowing them to maintain a lateral position in the centre
of the lane (Lyon et al., 2017). However, the more precise positioning enabled by lane-keeping technology results in reduced wheel
wander distance, so repeated single-point loading can significantly affect pavement condition and cause rapid pavement deterioration
(Chen et al., 2016; Yeganeh et al., 2022; Zhou et al., 2019; Lutin et al., 2013). Rutting, the permanent load-induced deformation on a
flexible pavement surface, is one of the potential effects of this and needs to be carefully considered in the pavement design as it can
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Table 1

A summary of the identified literature on the impact of AVs on road geometric design.
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References

Considered design elements or criteria

Design guidelines

Comments / findings

Washburn and
Washburn
(2018)

Khoury et al.

(2019)

Saeed (2019)

Intini et al.
(2019)

Welde and Qiao
(2020)

Garcia et al.
(2019)

Aryal (2020)

McDonald
(2021)

Guerrieri et al.
(2021)

Ye et al. (2021)

Othman (2021)

Vehicle performance (acceleration and deceleration
rate), Sight distance (crest of vertical curve,
horizontal curve, and gap acceptance at two-way
stop-controlled intersection).

Stopping sight distance (SSD), Decision sight distance
(DSD), Length of crest vertical curve, Length of sag
vertical curve.

SSD, Acceleration lengths for entrance terminals with
flat grades.

Length of tangents and curves, Radius of circular
curves, Transition curves, Road design consistency,
Grades, Radius of vertical curves, Consistency of
horizontal and vertical alignments, Sight distance,
Speed concepts, Road friction, Lane and shoulder
width.

SSD, Length of crest vertical curve, Length of sag
vertical curve.

SSD, Crest vertical curves, Speed concepts

SSD, Passing sight distance (PSD), Intersection sight
distance (ISD), Length of crest vertical curve, Length
of sag vertical curve, Lane width.

SSD, Length of crest vertical curve, At-grade rail
crossings, Ramp terminals.

SSD, Maximum straight length, Horizontal circular
curve design, transition curve: design criteria for the
clothoid, Gradients, Crest vertical curve design, Sag
vertical curve design

SSD, Length of crest vertical curve, Length of sag
vertical curve, Complex combined horizontal and
vertical alignments.

SSD, DSD, Lateral clearance on horizontal curves,
Length of crest vertical curve, Length of sage vertical
curve, Lane width, Horizontal curve design, Spiral
curve design, Maximum length of straight segments
on horizontal alignments.

N/A

AASHTO

AASHTO

Focus on
internationally valid
design concepts

AASHTO

AASHTO Spanish
guidelines

AASHTO

AASHTO

Italian guidelines (D.M.

n. 6792. 5/11/2001)

AASHTO

AASHTO

An exploratory approach to the subject. As safety and
comfort will still be decisive factors, the authors do not
expect a tremendous change in roadway design based
on the vehicle performance assessment. Considering the
sight distance, V2X connectivity will promote economic
design for new roads.

Potential economic and environmental improvements
through the reduced cut and fill volumes of the new
design (based on the elimination of human driving) and
the flexibility to use shorter vertical curves. The length
controls for sag and crest vertical curves would need to
be revised to accommodate the AV’s required SSD.
The road geometry design will not undergo any drastic
revisions that could make the ride uncomfortable for
the AV occupants. Regarding the acceleration lengths,
reducing the merging manoeuvre length is only possible
if the AVs are electric as they can accelerate faster than
a gas combustion engine vehicle.

Human-based requirements can greatly change in the
case of the roads used only by AVs, but other
requirements may still apply. Compared to current
design standards, they suggest more relaxation would
be expected for the design of alignments, speeds, and
sight distance.

A significant reduction in SSD is due to changing design
elements related to human characteristics and vehicle
performance (e.g. perception and reaction time,
deceleration rate and height of sensors), hence the
minimum length of the crest and sag curves is expected
for both scenarios (human drivers with a level 3 vehicle
automation, and AVs without a human driver). This
results in shorter curves that are more economical.
International standardization is needed for related
parameters as the findings might significantly change
depending on the considered design guideline as well as
the used AVs because each design guideline assumes
specific values of the height of the eye and object above
the roadway surface, and the deceleration rate is
different among vehicles.

The geometric design parameters could be optimized,
and this brings a reduction in the minimum required
geometric design value for the AVs along with the
reduction in net earthwork volume, pavement material
volumes, and environmental impacts.

The author emphasizes that as long as human-driven
and controlled vehicles are part of road traffic, roads
should continue to follow traditional design guidance
for human-guided vehicles.

AVs proved to need much shorter SSD (calculated in
function of the design speed and the slope) than those
today required by manually guided vehicles. This may
eliminate many speed limits along with some motorway
segments, due to visibility obstacles (e.g. small radius
curves and the presence of safety barriers).

AV-based design controls on vertical curves are more
tolerant than those based on human drivers; and the
dominating criterion of sag vertical curve design control
is comfort for AVs, versus required SSD for human
drivers.

AVs can substantially reduce: 1) the required lateral
clearance due to having lower SSD and DSD; 2) the
required vertical curve length because of having faster
reaction time and the differences in sensor height.
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cause vehicles to skid and drivers to lose control of the vehicle (Yeganeh et al., 2022). Chen et al. (Chen et al., 2016) investigated the
potential effects of AV deployment on the long-term service performance of asphalt pavement using large-scale finite element
modelling. Specifically, the pavement rutting performance by the possibly changed behaviours, such as the vehicle’s wheel wander,
lane capacity, and traffic speed were examined. The study showed that there are varying influencing factors that will counterbalance
AVs’ effects on the pavement. While the decreased wheel wanders and increased lane capacity could bring an accelerated rutting
potential, the increase in traffic speed would negate this effect. Therefore, whether the net effect is positive or negative depends on the
practical road and traffic conditions.

On the other hand, Carsten and Kulmala (2015) stated that AVs could be programmed to drive more evenly across the whole width
of the driving lane to reduce pavement wear. Besides, there are some more “radical” ideas that there is no need for vehicle lanes on the
roads in a fully automated environment (Malekzadeh et al., 2021). AVs can adjust the distances among them intelligently without
following vehicle lanes. These ideas could prevent increased damage from precise positioning, but it also means that the lane width
could not be narrowed. Zhou et al. (2019) investigated the different lateral wandering pattern impacts on the pavement by modelling
with the Texas Mechanistic-Empirical Flexible Pavement Design System (TxME). Results showed that the AVs with smaller lateral
wandering (compared with human-driven vehicles) would shorten pavement fatigue life by 22% and increase pavement rut depth by
30%, which leads to a much higher risk of hydroplaning (Zhou et al., 2019). On the other hand, they estimated that the use of AV
optimal pattern — designed for wider wheel wander with uniformly distributed traffic loads - can be beneficial and decrease the rutting
depth by 24% and extend the pavement life cycle by 16%.

Similarly, Noorvand et al. (2017) suggested that if properly controlled, automated trucks can be quite useful for pavement design
and will be most effective when the penetration of automated trucks is larger than 50%. The potential benefits stemmed from the
ability to control the positioning of automated trucks more systematically and more uniformly using the available pavement surface.
On the other side, in the absence of proper control, especially by repositioning trucks in the same location, the amount of damage can
be quite harmful and noticeable effects can occur at automated truck volumes as low as 10% (Noorvand et al., 2017). Unlike previous
research, Yeganeh et al. (Yeganeh et al., 2022) estimated the impacts of dedicating a reduced lane width to AVs on pavement rutting
performance using finite elements. The study finds that dedicating a narrower lane for AVs could significantly influence the flexible
pavement’s rutting performance. Using dedicated lane widths of 3 m and 3.25 m for AVs with uniform-wander distribution would
increase the total rutting depth of the pavement by 20.48% and 7.31%, respectively, compared to the lane width of 3.5 m.

Given the reported discussions, the net impact of vehicle automation on pavement structure is difficult to predict precisely as it
depends on many variables (e.g. traffic speed, road capacity, lane width etc.). However, in urban areas with low-speed limits and
narrow lane widths, the negative impact of AVs on the pavement is expected to be greater, so certain areas below the AV operation
track may need to be strengthened (Johnson, 2017). Additionally, more efforts will likely need to focus on the balance between
thresholds (e.g. speed limit, lane width, uniform wandering strategy etc.) and a detailed cost-benefit analysis should be done to
examine the optimum solutions.

4.3.1. Skid resistance on the road surface

Skid resistance relates to the force developed when a tyre that is prevented from rotating slides along the pavement surface
(Konstantinopoulou and Ljubotina, 2020; Zhao et al., 2021). Although many vehicles today have electronic stability control, which is a
system designed to help drivers to avoid crashes by detecting and reducing skidding or loss of traction as a result of over-steering,
drivers are normally unaware that a skid will occur until it starts (Weeratunga and Somers, 2015). Several car accidents on rural
roads are currently caused by a loss of friction. Therefore, vehicle automation shows great potential for reducing this accident type
since AVs will likely be able to forecast the skidding before it happens, based on friction estimations (Montanaro et al., 2019; Colonna
et al., 2018). However, the failure to estimate friction on the road might result in roadway departure crashes. This would need to
research not only the requirement for the coefficient of friction skid resistance but also speed and maximum values of acceleration and
deceleration of AVs. Zhao et al. (2021) evaluated the driving safety of AVs concerning pavement friction and suggested that there is no
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Figure 4. The stopping sight distance for human-driven vehicles and AVs, adapted from (Othman, 2021).
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urgent need to increase pavement friction requirements concerning rear-end crashes involving AVs. In addition, AVs can adjust their
speed more predictively through communications with roadside units (V2I) or vehicles (V2V) to avoid sharp braking (Johnson, 2017).
The requirement for the coefficient of friction, so materials with less skid-resistance in the surface layer can be used in the future (Liu
et al., 2019). Nonetheless, AVs will continue to use rubber wheels and drive on paved or concrete surfaces, so friction is still a crucial
factor in design (Washburn and Washburn, 2018). Apart from that, Zhou et al. (2019) stated that significant efforts are necessary to
evaluate how pavement skid resistance decreases with the applications of multiple AVs under different lateral wandering widths and
various distribution patterns.

4.4. Road markings

Road markings are one of the most prominent research areas among physical road attributes since current and near-future
advanced driver assistance systems (e.g. LKA) highly rely on road markings in order for positioning the vehicle within the section
of the road (Gupta and Choudhary, 2018). AVs use sensors, cameras, and artificial intelligence to detect the edges of the roads and
identify lane markings on the roads to complete the tasks of driving and navigation (Easa et al., 2021; Kuutti et al., 2018; Meneguette
etal., 2018). However, improper delineation of road markings poses challenges for vision sensors of AVs to predict where the vehicle is
in the lane (Konstantinopoulou et al., 2020). Many trials of automated driving have failed or been disengaged due to the poorly marked
and inconsistent road markings (Favaro et al., 2018). As such various studies have been conducted in order to develop algorithms that
allow for real-time recognition of lane boundaries and vehicle guiding (Eskandarian et al., 2021; Xing et al., 2018). However, most of
the research has concentrated on the phenomena from a hardware and software standpoint (i.e. image recording devices and detection
algorithms). The infrastructural component, on the other hand, plays an important part in this phenomenon (Garcia et al., 2021).

In the last few years, there has been a growing interest in scientific committees to evaluate the optimum requirements and con-
ditions of road markings (see Figure 5) for the safe operation of AVs (Ambrosius, 2018). In this context, studies have attempted to
identify performance characteristics of road markings that could affect the ability of machine-vision systems to recognise markings
(Marr et al., 2020; Konstantinopoulou et al., 2020). However, as sensor technology and software capabilities evolve, the minimum
requirements for road marking conditions for AVs will likely change as well. For example, findings of a recent project, using 360-de-
gree imagery and computer vision techniques showed that the width of lines was as not as important as the condition of the line itself
(Konstantinopoulou et al., 2020). On the other hand, optimum requirements of road markings for vehicle automation are difficult to
determine precisely as it depends on many variables (e.g. operating speed, road surface condition, lane width etc.). A recent exper-
imental study highlights these factors and outlines the desired conditions and configurations of road markings for AVs (Marr et al.,
2020).

In general, research points out that ideal road marking should be “readable” by both human drivers and machine-vision systems
(Huggins et al., 2017; Nitsche et al., 2014; Transport Systems Catapult, 2017; Lawson, 2018). In Europe, it is recommended that a good
road marking should have a minimum performance level of 150 med/lux/m? in dry conditions and have 150 mm width for all roads,
while it should be 35 med/lux/m? for wet conditions (EuroRAP and Euro NCAP, 2013; ERF 2013). Also, it is widely accepted in the
literature that high-quality and frequent maintenance of road marking can help overcome the challenges of camera vision technology.
However, road markings are not always clear in natural environments, numerous factors such as shadows from trees affect their clarity
(Yeetal., 2018). Moreover, the most frequently cited issue from the AV industry regarding road infrastructure opportunities to support
AV deployment is the lack of uniform implementation of markings and signs around the world. In Europe, for example, non-standard
road markings are cited as a major problem facing current drivers and confuse AVs (Johnson, 2017; PIARC, 2021; EuroRAP and Euro
NCAP, 2013). To deal with non-standard, damaged, or poor-quality markings, AVs may need to use other sensors or systems or
supplementary information via high-definition maps that provide a better position estimate (Van Brummelen et al., 2018; Marr et al.,
2020). Additionally, there are various road layouts and situations (e.g. road works) where lane marking is not available. The devel-
opment of the V2I communication technologies might become the key solution for these marking issues. Furthermore, new applica-
tions such as magnetic materials, which have been embedded on the road to improve the navigation and positioning of the AVs, might
be potential solutions for AVs (PIARC, 2021).

According to the Transport Systems Catapult (Transport Systems Catapult, 2017), it is possible that as vehicles use digital infra-
structure and mapping to localise and navigate, the issue of road markings will become less critical; however, current technologies rely
on road markings, and at least some highly automated systems are expected to rely on them for some time. Furthermore, physical
markings will be required as part of the road infrastructure until human-driven vehicles are completely removed from the road
network. Apart from this, AVs can benefit from a “hybrid” combination of both physical road markings/signs and their digital twins in
digital maps, thereby increasing the robustness of their operational capabilities (Ulrich et al., 2020). Also, some argue that HD maps
will likely not be available for many cities during the early stage of implementation. Briefly, as human drivers will be able to take
control of the vehicles until fully AVs are commonly adopted, road markings will continue to represent an important infrastructure
element (Ambrosius, 2018) and will play a vital role for the foreseeable future (Department for Transport, 2015).
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4.4.1. Rumble strips and road studs

Rumble strips are important physical road attributes for road users’ safety due to having the potential to reduce road accidents.
Rumble strips are commonly used to delineate the centre and shoulders of paved roads (Department for Transport, 2019) and take a
few different forms. For example, they can be produced by cutting grooves within the pavement surface, or by adding plastic ribs to the
road. Research has shown that shoulder and centre rumble strips can significantly reduce serious run-off-road and head-on crashes on
single carriageways (Biehler et al., 2009). Also, the profile of the marking within the rumble increases the night-time visibility of
markings, particularly under dark and wet conditions (see Figure 6). However, considering the current literature, the role and
effectiveness of rumble strips on AVs and their potential impact on the operation of machine vision systems are not clear yet.

Another important road attribute for the delineation of the lane boundary is the application of road studs. Road studs provide
visibility for drivers to keep the vehicle in the lane and prevent it from running off the roads. Retroreflective road studs, also known as
cat’s eyes are significantly important for drivers, particularly in wet and rainy conditions where puddles and fog inhibit vision (Pike
etal., 2019). The presence of cat’s eyes on a road has the potential to improve the readability of lane markings by providing a reference
point with a much higher reflectance. This may enable more robust detection and classification of pavement markings by machine
vision systems (Shahar et al., 2018). Recently, solar-powered, connected road stud sensors have been launched as part of the Internet of
Things (IoT) to support autonomous traffic management systems. These wireless sensors collect data about vehicle movement, physical
objects and road surface conditions (Browne, 2020). Similarly, Singh and Islam (Singh and Islam, 2020) propose to use raised
pavement markers with a chip installed inside to provide the smooth movement of AVs in work zones.

4.5. Traffic signs and control signals

Traffic signs and control signals are also well-researched topics among road features because AVs, like human drivers, need to
detect, read and understand traffic rules in order to navigate safely. Current traffic sign recognition technology works through built-in
cameras that see and interpret the traffic sign’s colour, shape, message etc. (Bruno et al., 2018). However, this technology has not yet
reached the desired level (Nowakowski et al., 2016). For example, false positives and false negatives are both a problem for the safe
operation of vehicles (Shladover and Bishop, 2015; Koopman, 2019). For this reason, scientific committees show great effort to
develop more robust and reliable traffic signs and signal recognition systems (Chen and Huang, 2016; Jensen et al., 2016). However,
for this to be successful, the traffic signs have to be visible to both the human eye and the machine vision technology that is reading
them (Lyon et al., 2017). While there are standards for signs and signals, many road features, including traffic signs, differ from
jurisdiction to jurisdiction (Huggins et al., 2017; EuroRAP and Euro NCAP, 2013). This variability will likely be challenging for
automated driving, so there is a need to understand what types of signs, markings, and devices are currently “easy” for AVs. For
example, variable message signs (VMS) are often difficult to read with cameras because they are using technologies and control
systems designed for the human eye (PIARC, 2021; Roper et al., 2018). Moreover, rural and remote areas might pose significant
challenges to the functionality of AVs, as they often lack the necessary infrastructure and communications network for road operation.
There is a need for low-cost machine-readable static signage that can fill the gaps in the infrastructure. For example, markings such as
“QR codes” may be intelligible to machines, but they would be challenging for humans (Ozan, 2019). Therefore, the collaboration
between industry and authorities is becoming urgent to develop standards that could assist both AV and human drivers.

A recent project in Europe analysed approximately 1000 km of roads across Croatia and Greece to assess the readability of traffic
signs for AVs by using 360-degree imagery and mobile lidar (Konstantinopoulou et al., 2020). According to the assessment carried out
as part of this study, about 11% of the five main types of signs (predominantly speed signs) in Croatia were not detected using computer
vision techniques on undivided roads. On the other hand, this was nearly 25% on divided roads. In Greece, these were around 5.4% and
4.1%, respectively. Based on the initial findings, the project points out that the adoption of harmonised regulation and standardisation
of sign types, symbols used, shapes, heights, locations, and orientations are required to increase the readability of traffic signs
(Konstantinopoulou et al., 2020). Moreover, the need for regular and consistent maintenance is particularly important for AVs as they
rely on delineation and signs (Huggins et al., 2017).

In the future, although most of the safety-critical information for AV navigation is expected to be able to be sent wirelessly, in the
absence of a connection, traffic signs will still play a prominent role in informing the decisions an AV needs to make (Transport Systems
Catapult, 2017). In addition, there is still no guarantee that the information transmitted by temporary signs, such as those used in road
works or temporary deviations, will be wirelessly transmitted to the vehicle or and therefore they remain necessary. Apart from that,
some infrastructure requirements can be relaxed by using a high-definition (HD) map that can assist the vehicle with a safe motion plan
(Ulrich et al., 2020). But some researchers believe that all road networks will not be covered in the geographical database in the early
stage (Mocanu et al., 2015). Nonetheless, the need for traffic signals and signs is expected to potentially decrease gradually with the
maturity of digital support (Liu et al., 2019).
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4.6. Junctions and roundabouts

Junctions are complex traffic situations and represent bottlenecks in the traffic flow (Montanaro et al., 2019). They can be classified
into two groups: intersections and interchanges. The main distinction is that interchanges are two roads that cross over and under one
other, whereas intersections are two roads that meet at the same level. Interchanges use ramps to connect the roads for often seamless
traffic flow, while intersections usually employ a set of rules or a system (e.g. traffic lights) to direct traffic flow and prevent crossing
paths (Paulsen, 2018). AVs are expected to improve these bottlenecks significantly with the help of new connectivity technologies that
allow cooperation between vehicles or infrastructure. In line with this motivation, extensive research has been conducted on the effects
of connected and automated vehicles on traffic flow at intersections to date (Elliott et al., 2019). Simulations have shown that AVs
contribute to increasing the efficiency of traffic flow, thereby increasing junction capacity and reducing fuel consumption and waiting
time at intersections (Atkins, 2016). However, many articles have highlighted that AVs without connectivity may not provide these
benefits.

From a safety perspective, although junctions represent a small part of the road system, a significant amount of fatalities occur in
the area shared by crossing streets, and these fatalities are in part due to human error (Montanaro et al., 2019). For example, statistics
show that during the 10 years from 2007 to 2016, over 35% of the fatalities on UK roads occurred at junctions (European Commission,
2018). Similarly, current AV trials in mixed traffic conditions show that intersections are the most challenging road sections for AVs
since 89% of the reported AV accidents (mostly rear-end crashes involving manually driving vehicles) happened at intersections
(Favaro et al., 2017). Problems arise for AVs in these areas as traffic conditions are complex and there are many things to detect and
monitor. Also, high speeds and sensor range limitations can cause problems at intersections. Much of the research focuses on digital
infrastructure and how V2V and V2I can address these challenges. In this context, vehicle-to-network communication has also gained
momentum in recent years (Martinez-Diaz et al., 2019). However, the solution does not just come from vehicle automation and
connectivity, but the serious effort is also needed to upgrade infrastructure during the transitional period. Particularly, it is necessary
to understand which types of intersections are safe to facilitate automated driving, and what special rules and physical requirements
must be considered for intersection types to ensure AVs can safely accommodate, including platooning of vehicles. According to expert
opinions, motorway exit/entrance, unsignalised intersections and roundabouts with bicycle lanes are the most dangerous and chal-
lenging road situations for AVs (Lu et al., 2019) because they are considered a complicated areas for AVs in terms of dimensions,
visibility, and other issues (Amelink et al., 2020).

While few studies suggest that as the number of AVs on roads increases, signalised intersections will gradually be replaced by
roundabouts as they are likely more efficient for AVs (Gill et al., 2015), many studies point out that signal-controlled junctions and
crossings might be easier for AVs to handle than other forms of junctions (Transport Systems Catapult, 2017; Lawson, 2018). It is
suggested that signalised intersections may be safer for AVs than roundabouts, mainly because they provide the more predictable
elements of a stop-and-go manoeuvre and provide more closely defined turning manoeuvres. A recent simulation-based study by
Morando et al. (Morando et al., 2018) shows that AVs might reduce the number of conflicts by 20% to 47% with penetration rates of
between 50% and 100% at signalised intersections, while for the roundabout the number of conflicts is reduced by 29% to 32% with
the 100% AV. Consequently, solutions for junctions are an area of active research, and will primarily need connectivity with likely
minor changes to the physical infrastructure. In the long term, considerable changes can be expected at intersections thanks to vehicle
coordination. For example, intersections could be made more compact (Huggins et al., 2017). However, in this case, the intersection

Line presence Durability

3 Retro-reflectivity
Camera vision systems of AVs

Dirt-resistance Dimensions

Figure 5. Requirements and conditions of road markings for camera vision systems of AVs. Picture of the vehicle is taken from: https://www.
mobileye.com/solutions/super-vision/.
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sight distance (visibility) models should be checked for safety, and design specifications may need to be revised as they are based on
driver behaviour rather than vehicle and road capacity (Aryal, 2020; Wang et al., 2021). In addition, some studies reveal the necessity
of redesigning the geometry of intersections in order to implement seamless flow (Chen et al., 2021; Lin et al., 2021).

4.7. Parking facilities: pick-up and drop-off locations, service stations

The impacts of Level 4-5 AVs on parking demand and related effects on urban forms have been extensively studied in the literature,
particularly in the context of shared AVs (Stead and Vaddadi, 2019). It is widely accepted that as AVs become widespread, there is a
potential that private car ownership will decrease, so parking space requirements will decrease significantly (Litman, 2020; Johnson,
2017; Gill et al., 2015). However, this scenario will likely be possible when the adoption of shared mobility models is high (Currie,
2018), otherwise, the need for parking will continue and or even increase (Duarte and Ratti, 2018).

Regarding automated driving, parking assist systems are already available on the market, but with the automated valet parking
(AVP) systems, cars will park in parking lots or garages after the driver or passenger leaves the vehicle (Shladover, 2018), which will
bring both challenges and opportunities (Transport Systems Catapult, 2017). For the opportunities, many researchers point out that in
areas where land is expensive, parking spaces can be redesigned to be more compact, making it possible to use other purposes (e.g.
recreational), or placed further away from the buildings they serve (Stead and Vaddadi, 2019; Shladover and Bishop, 2015). On the
other hand, it is predicted that curb frontage loading areas need to be expanded to accommodate pick-up and drop-off points (Lutin
et al., 2013). These points in urban areas will likely become increasingly valuable, especially those within walking distance of transport
links (Huggins et al., 2017). Also, existing car parks are not designed to support self-parking facilities (Liu et al., 2019), so their
infrastructure needs to be improved in many aspects. The majority of parking spaces in urban areas are located underground where
GPS signals are not strong, which will cause difficulties in navigating the vehicle (UK Autodrive and Gowling, 2018). Moreover, the
Transport Systems Catapult (Transport Systems Catapult, 2017) has stated that many car parks do not use standard road markings
because they are privately operated, making the markings difficult to read by onboard sensors. In short, a serious effort will be required
in many aspects such as the implementation of proper toll systems, standardization of lane markings and traffic signs to design AV-
compatible parking lots.

4.7.1. On-street parking

Street parking is popular in many countries, but this imposes a huge restriction on traffic flow. In fact, this situation may leave
insufficient space for two-way traffic in many places. In this case, drivers can decide among themselves who goes first, and this can
often be communicated by a hand gesture or a flash of the headlights (Transport Systems Catapult, 2017). However, during the
transitional phase, AVs may have trouble on these roads to operate. To enable AVs to operate on these roads, several options may need
to be considered, such as removing street parks or converting streets into one-way operations (Transport Systems Catapult, 2017).
According to current guidelines on traffic signs (e.g. in the UK (Department for Transport, 2019)), centreline marking is not required on
roads with a carriageway width of 5.5 m or less — most residential roads are in this category. This might cause a significant challenge for
AVs to navigate and localise on these roads with the presence of on-street parking. Current lidar and camera integrated L4 AV trials

Figure 6. Night-time visibility of line marking within the rumble strip, taken from (FHWA, 2015).

15



O. Tengilimoglu et al. Transportation Research Part E 169 (2023) 102989

with HD mapping in the USA show that parking on the street may not be a major problem for AVs navigation, even in the absence of
road signs. However, it is not yet clear how AVs will operate safely in countries with narrower roads such as the UK.

4.8. Structural elements

4.8.1. Bridge design

Many studies suggest that AVs will have an impact on existing bridges and may require revision of design standards in light of the
potential future scenarios (Huggins et al., 2017; Liu et al., 2019; UK Autodrive and Gowling, 2018). This is because the current bridge
load models and bearing capacity guidelines have not considered the possibility of additional lanes and vehicle platooning.
Contemporary bridge design standards make assumptions about the number of vehicles likely to be on the bridge at any given time, as
well as other physical characteristics such as vehicle mix, axle spacing and loadings (Ulrich et al., 2020). However, the potential
impacts of AV platooning, particularly groupings of heavy goods vehicles (with small headways and little lateral offset) on these design
standards need to be explored further (Paulsen, 2018; Yarnold and Weidner, 2019; Tohme and Yarnold, 2020; Sayed et al., 2020;
Thulaseedharan, 2020). Platooning of AVs can change the loading on the bridge deck, and this poses a great risk, especially for existing
bridges with long spans. Therefore, on routes for heavy truck platoons, structural recalculation of bridges needs to be carried out,
potentially resulting in the need for strengthening measures (Amelink et al., 2020). Additionally, if the lane width decreases due to the
precise movement of vehicles and the right of way are sufficient for reconstruction, the total lanes on the bridge might be increased (see
Figure 7). It should be considered whether this effect will be significant and whether the load models used in the design of the
structures will be sufficient for this change.

Previous research has found that the spacing between trucks in a platoon is a crucial factor that has a significant impact on bridge
safety (Tohme and Yarnold, 2020; Thulaseedharan, 2020). As a result, increasing the spacing between vehicles in platoons before
reaching might be a strategy for managing or mitigating the impact of platoons on existing bridges. However, traffic volume will be
affected in this case. There is no research in the literature to explore how the load capacity limit of bridges that can allow the maximum
number of vehicles in a platoon will affect road capacity. On the other hand, to prepare for the future, newly constructed bridges must
take truck platooning into account, and new bridge design standards must be created. A recent report of an EU-funded project covers
this issue extensively, and the effects of automated freight vehicles are thought to depend on future load capacities rather than
automation (Ulrich et al., 2020). Also, bridge design standards/guidelines are different in each country, thus standardization on future
platooning scenarios might be required globally.

4.8.2. Tunnels and underpasses

Similar to underground parks, tunnels and underpasses might be an obstacle to the safe operation of AVs in two ways. The first is
that satellite signals may be weak or blocked, making location accuracy problematic within these road sections (Wevolver, 2020). As a
result, specialised positioning infrastructure for the functioning of AVs will be required (Huggins et al., 2017), such as roadside beacons
or landmarks for positioning assistance (Kulmala et al., 2020; PIARC, 2021). The second is that illumination might be an issue for AV
vision-based systems. Roads around underpasses and tunnels may require more or different lighting than they currently do, as a recent
project found that image-based line recognition cannot detect lines in tunnels due to low light levels (Konstantinopoulou et al., 2020).
Another potential issue is that AV vision-based systems may fail to detect approaching tunnel entrances or exits or may become
completely blind as a result of rapid changes in surrounding illumination (see Figure 8) (Rosique et al., 2019; Taylor et al., 2018).
However, this might be mitigated by mapping and real-time information may also be needed to support AVs at these critical points.
Briefly, lighting and positioning are two topics discussed in the literature for the safe operation of AVs in tunnels.

4.9. Facilities for vulnerable road users

Vulnerable road users (VRUs) such as pedestrians, pedal cyclists, motorcyclists, or users of new micro-mobility modes such as e-
scooters are the biggest obstacle to the success of collision avoidance systems due to the high risk of injury and fatality when involved
in vehicular accidents. For example, VRUs have the highest accident rate in terms of casualty rate per billion passenger miles by road
user type in the UK (Department for Transport, 2018). Interestingly, pedestrian fatalities have increased recently in many countries
such as the USA, although vehicles are increasingly equipped with more sophisticated safety and anti-collision technology (Elliott
et al., 2019). Despite this, advances in AD technology are expected to substantially reduce the fatalities of VRUs by eliminating ac-
cidents caused by human error (Lawson, 2018).

However, before AVs can be widely accepted for use in urban environments, convincing demonstrations must be made that AD
technology can detect and safely respond to the VRUs (Shladover and Bishop, 2015; Parkin et al., 2016). For this reason, this issue is
receiving increasing attention from researchers, OEMs and road agencies (Vissers et al., 2016; McDonald et al., 2018). In this context,
there are many crucial issues to examine such as how pedestrians and cyclists interact with AVs that have no human driver or to what
extent AVs will be able to detect a cyclist on the road ahead when lighting and weather conditions are adverse (Vissers et al., 2016;
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Stanciu et al., 2018). A recent study finds that current detection technologies vary widely in their potential to detect and avoid fatal
collisions with pedestrians, from less than 30% (visible-light cameras alone) to over 90% (combination of cameras, lidar and radar) of
preventable fatalities (Combs et al., 2019). This means that cameras, the most affordable detection technology, are unlikely to be
effective alone in substantially reducing pedestrian fatality. Nonetheless, it is believed that advancements in artificial intelligence will
help increase the onboard scene recognition capabilities of AVs (Gwak et al., 2019). So better scene recognition leads to safer decisions
on the part of the automated driving system (International Transport Forum, 2018).

Clearly, the road infrastructure should enable and support AVs to make safe progress on roads with VRUs (Johnson, 2017). In the
transitional period, physical road design changes will likely be needed for junctions and crossing to better accommodate AVs among
human-driven vehicles (Kulmala et al., 2020). However, care will need to be taken to consider pedestrian and cyclist movements in any
innovative design (Huggins et al., 2017). Johnson (2017) states that unless AVs are to operate on completely separate, dedicated
infrastructure, other road users will need to be separated from or educated in and adapt to the behaviour of AVs in different ways.
Based on expert opinion, Nitsche et al. (2014) suggest that pedestrian and bicyclist protection and shielding at urban intersections are
needed for the safe operation of AVs. In addition, Transport Systems Catapult (2017) points out that infrastructure-mounted sensors
and V2I communication to AVs can help, but must be developed to provide robust, mission-critical, fault-proof information rather than
advisory information. Pedestrian crossings also are one of the most challenging locations for operating AVs in urban areas. The report
also suggests that zebra crossings may need to be replaced with signalled crossings that are much more deterministic for pedestrians
(Transport Systems Catapult, 2017). Road markings at pedestrian crossings are also well maintained and be good service quality to
easily detected by on-boar sensors (Lawson, 2018).

4.9.1. Speed limit adaptation

Speed has been identified as a key risk factor for road users and greatly affects both the risk of traffic accidents and the severity of
injuries from accidents (Konstantinopoulou and Ljubotina, 2020). With the introduction of AVs, it is expected that accidents caused by
unsafe speed will be eliminated or significantly reduced. This is because AVs will likely travel at a safe speed under harsh conditions
with the help of their onboard sensors as well as I2V communication and accurate map data with speed limits (Nitsche et al., 2014).
There is a potential for to AVs dynamically adapt their speed based on the legal speed limit or external factors such as road alignment,
congestion and weather conditions to reduce accidents caused by unsafe speed. Therefore, speed ranges will be within the permitted
speed limits for each road category as AVs are expected to follow the rules (Amelink et al., 2020).

From the road infrastructure point of view, a revision or necessity of speed-related infrastructure measures needs to be reconsidered
for a fully automated environment. For example, traffic calming, speed bumps, radar-imposed speed restrictions, and related engi-
neering measures, primarily concerned with reducing the negative impact of motor vehicles in built-up areas, will likely lose their
importance with the deployment of AVs. In addition, since AVs have the potential to adapt vehicle speed according to road design
characteristics, relevant design parameters in the specifications need to be reconsidered (Intini et al., 2019).

Given the operating aspect of AVs, current automated driving systems are not yet ready to safely perform all driving tasks at high
speeds (Schwall et al., 2020). While sensors normally see better than people, and a human cannot match a computer’s response,
humans are often considerably better at reading traffic and detecting potentially dangerous situations. High-speed traffic is difficult for
computers to understand and predict situations happing driving environment (Pendleton et al., 2017). At higher operating speeds,
automated vehicles need to perceive and react more quickly — e.g. detection of the environment by the sensors, the processing of the
sensor data by the software or the achievement of a control decision (Campbell et al., 2010). Higher speeds and therefore less response
time increase the complexity of ADSs as they require much faster computation time and higher computational resources (Soteropoulos
etal., 2020). Therefore, different speed limits will likely be vital for the functional use of different AVs during the transition period. For
example, some AV use cases such as low-speed shuttles and robotaxis may not be operated safely on high-speed roads based on the
current sensor and software solutions. Additionally, depending on weather conditions, the operation speed of AVs can be changed
according to their capabilities. So different speed limits may be considered for different use cases of AVs, but the effects on the traffic
and management side should be considered. However, it is unclear in the current literature how different speed limits can be applied
on the same roads according to different use cases or capabilities of AVs.

4.10. Roadside equipment or street furniture

Automated driving systems not only detect and respond to dynamic objects such as pedestrians, cyclists and animals but also need
to perceive the static objects and obstacles across the road like bushes, trees, safety fences, pedestrian barriers, street nameplates, bins,
bollards, hydrants, post boxes, bus shelters, grit bins, seating, verge marker posts etc. Soteropoulos et al. (Soteropoulos et al., 2020)
emphasize that the complexity for automated driving systems increases as the number of objects increases due to the necessity of
detecting, identifying and determining the behaviour of such objects. Thus, the more such objects mean the more complex
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environment for ADS. Therefore, the vehicle and information technology industries must demonstrate that their systems operate safely
in complex road environments. In addition, roadside objects constitute a physical obstacle to the detection task of an automated
driving system (Koopman and Fratrik, 2019). Road authorities will likely need to check the roadside frequently and take precautions
for objects that may pose a risk to AVs. On the other hand, studies suggest that AVs should have a detailed prior knowledge of the traffic
infrastructure and surrounding environments on the planned route before the journey starts (Huggins et al., 2017; PIARC, 2021; Ulrich
et al., 2020).

4.11. Road lighting

Adequate illumination of roads especially urban roads during night hours is essential to ensure road safety for all road users
(Department for Transport, 2009). According to Shladover and Bishop (2015), improving the visibility of road markings, signals, and
signs enabling AVs to operate successfully may require enhanced road lighting, either through greater illumination or more closely
placed lights. In particular, critical road sections such as road underpasses and tunnels may require more illumination than they do
now, as a recent project shows that image-based line detection is unable to detect lines in tunnels due to low light levels (Kon-
stantinopoulou et al., 2020). Similarly, Reddy et al. (2020) conducted experimental research on LKA-enabled vehicles to estimate the
impact of driving environment components on vehicle performance and discovered that driving at night with streetlights and rain
resulted in the lowest detection performance for vehicles when compared to other visibility conditions. Lastly, Ye et al. (2021)
investigated the patterns and associated factors of AV trials-related road traffic injuries in California and discovered that crashes in
poor lighting, even with streetlights turned on, resulted in a much higher number of victims than those in daylight. Consequently,
further investment and maintenance in lightning circumstances are required in their operational regions until the AVs can operate
safely at night.

4.12. Drainage systems

Drainage systems are one of the main road features that significantly affect road safety, especially in areas with intense rainfall.
Insufficient drainage allows water to accumulate on the pavement surface, leading to the phenomenon of partial hydroplaning on
curves at higher speeds and also reducing the skid resistance of the surface (AASHTO, 2011). Although the response of AVs to events
such as skidding and hydroplaning is expected to be better than that of human drivers, it is unclear how AVs will safely perceive and
respond to the environment when the road surface covers water (Johnson, 2017). Regardless of lane marking quality, the ability to
read road markings and surface edges is also affected by the amount of water on the road. Inadequate drainage and muddy-filled
surface cause difficulties for AVs in detecting road markings (Lawson, 2018). This is a major issue, particularly at night when there
is less ambient lighting, and vehicle headlights can produce high-intensity reflections from wet road surfaces (Reddy et al., 2020).
Therefore, higher priority should be given to the design and maintenance of the drainage infrastructure (Johnson, 2017). However, the
expectation of suitable drainage systems covering all road networks may not be realistic. Many residential roads, low-flow roads, and
even parking lots do not have good drainage systems. Therefore, ADSs need to prove their capabilities under such harsh conditions.

4.13. Assessment and maintenance of road infrastructures

Maintenance of the infrastructure is important not only to meet the needs of AV development but also to meet the safety re-
quirements of all road users. Studies point out that the maintenance of road infrastructure will play a key role at an early stage of AVs,
rather than dramatically changing infrastructure (Liu et al., 2019). It is mentioned in multiple studies in the literature that AVs are
likely to require road infrastructure (e.g. road markings, traffic signs, drainage, roadside, etc.) to be maintained at a much higher level

Figure 7. The capacity of the bridges will likely need to be rechecked according to new driving scenarios (e.g. platooning or lane width
reconfigurations).
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3 W Inside a tunnel

Figure 8. An example of the limitation in vision-based systems on near the exit of the underpasses and tunnels (Google Street View).

and a higher standard than is currently the case (Lawson, 2018; Liu et al., 2019; Johnson, 2017). Particularly heavy vehicle platooning
will require a different consideration of maintenance regimes for structures and pavements (Huggins et al., 2017). For this reason, to
achieve the desired level of safety, inspection and repair of road infrastructures are important. Therefore, road and city authorities
need to start coordinating with the vehicle and information technology industry to develop new asset and maintenance strategies for
emerging technology.

However, current road maintenance and inspection methods entail a significant amount of manual surveying effort by trans-
portation agencies. Manual surveying is time-consuming, labour-intensive, inefficient, and prone to errors and traffic interruptions
(Gouda et al., 2021; Konstantinopoulou and Ljubotina, 2020). Recently, new technologies have emerged for automated road
assessment that can provide high-accuracy data at traffic speed without interrupting the current traffic flow (Urano et al., 2019;
Osichenko and Spielhofer, 2018). However, while highways and trunk roads are periodically inspected with specialized vehicles
(Department for Transport, 2021), roads maintained by local authorities are relatively less inspected because of a lack of budget and
workforce (Urano et al., 2019). This will likely limit the road infrastructure that allows AVs to operate and will trigger several problems
in terms of automated driving safety. Improving vertical and horizontal coordination between government levels is needed to foster
stronger collaboration in order for improving road safety performance (International Transport Forum, 2019).

In addition, road agencies and operators will need to be allocated sufficient funds to prepare roads for AVs, but it is still unclear how
they will be able to meet their infrastructure financing needs. Also, parameters of maintenance and current asset management stra-
tegies might be changed as digital infrastructure equipment (e.g. landmarks, roadside beacons, etc.) are also needed to be maintained
regularly. So the type and frequency of maintenance efforts necessary for various technologies should be reconsidered. Moreover, AVs
are likely to require different winter maintenance strategies (Jdegard and Klein-Paste, 2021).

On the other hand, AVs also have cameras and sensors that can collect inventory and condition data for the road (Osichenko and
Spielhofer, 2018). In other words, road maintenance can also benefit from new data sources on road conditions made possible through
additional vehicle sensors and V2X communication. The collection of road condition data like potholes, cracks, rutting or skid
resistance facilitating sensor technology of AVs through V2X communication would greatly benefit road maintenance (Ehrlich et al.,
2016). The application of this technique will allow automated inspection, geolocation and prioritization of roads or areas that may
require maintenance and repair, as well as inform drivers or AVs about road safety conditions to prevent accidents. Additionally, road
condition data should be made available to service and map providers to increase automated driving safety (Kulmala et al., 2020a).
However, so far it remains unclear whether AV sensors will be suitable for providing road condition data. In addition, the correlation
between road data from measurement systems and vehicles with ADS is under question. It is not clear whether this data will be of the
same quality and usability as data from measurement devices. Also, AVs can provide this information in real time, raising questions
about how this big data can be managed and how barriers to providing such data can be overcome without compromising cyberse-
curity and data privacy (Ehrlich et al., 2016; Osichenko and Spielhofer, 2018). The answers to these questions are important for the
further development of road asset management.

5. Summary of findings and recommendations

Technological developments and regulatory reforms are accelerating the adoption of automated driving systems on the roads.
However, many uncertainties remain regarding the potential impacts of AVs on physical road infrastructure. As such this research has
sought to understand what the implications of AVs will likely be for the physical road environment based on a comprehensive literature
review. A total of thirteen features related to physical infrastructure have been identified in the existing literature regarding vehicle
automation that should be considered during either the initial phase of deployment or transition to full automation. Based on these
features, the following key findings can be highlighted:

e Although horizontal and vertical alignments of roads have been found to affect the operation of existing automated driving systems,

no changes are expected in the current road design philosophy for the transition period. In the long term, there are potential
economic and environmental improvements for new roadway design due to the elimination of human-based driving characteristics.
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However, requirements will vary by AV models and types, therefore international standardisation is needed in geometric road
design parameters such as the height of the sensor positions in vehicles.

Cross-section elements of roads such as lane widths, shoulders, medians and safety barriers are also found to affect the functioning
of existing automated driving systems. However, further research is needed to evaluate and validate the effects of the type and
configuration of these elements on the operation of AVs. Also, their design needs to be re-evaluated for future scenarios, including
vehicle platooning. For example, no studies were found on the impact of AVs on barrier capacity, considering the re-configuration
of lane width, shoulder etc. Additionally, there are no empirical studies regarding the implications of reducing the cross-section
elements on traffic safety performance.

Wider shoulders and emergency bays at regular distances will likely be needed for L3-L4 AVs to stop/park in the event of temporary
termination of ODD. However, many places, such as bridges, tunnels, or some two-lane highways, do not have shoulders, so
additional requirements should be considered from a safety and traffic efficiency perspective at these locations. However, the
current literature is scarce on this subject. Therefore, more experimental, and simulation-based research will likely need to
investigate possible scenarios and present solutions.

The effect of vehicle automation on the road surface structure depends on many variables e.g. speed limit, lane width, uniform
wandering strategy etc. In urban areas where the speed limits are low and lane width is narrow, the negative impact of AVs on the
pavement such as rutting will likely be more pronounced. More field and laboratory research are needed to focus on the balance
between thresholds and detailed cost-benefit analyses should be conducted to examine the optimum solutions.

Road markings and traffic signs are key road features that affect the operation of AVs, but there is presently no formal standard or
benchmark to be used by authorities to assess the quality of their markings/signs to support automated driving. It is necessary to set
minimum criteria for their conditions and configurations as well as international standardisation. For this, studies are needed to
determine their optimum design conditions (e.g. width, location, size, shape etc.) under different road environment conditions.
Future research should include evaluating the role and effectiveness of road studs and rumble strips for AVs. Also, one of the
questions yet to be unanswered is whether road marking/signs will still be important with the digitalisation of the road envi-
ronment. Therefore, it is important to start questioning their role and minimum requirements of these elements with the transition
to the digitalisation of the road environment.

With the redesign of intersection layouts and the help of connectivity, there is a potential for achieving seamless traffic on in-
tersections in a fully automated environment. However, available data on accidents involving AVs indicate that intersections are
one of the most challenging road segments for the early phase of AV deployment due to the complexity of traffic conditions. For this
reason, more research is needed to understand which types of intersections are safe for automated driving, and what special rules
and physical requirements must be considered for intersection types to ensure AVs can perform safely, including in the special case
of platooning of heavy vehicles.

AVs will likely present new risks and challenges for existing road structures such as bridges and tunnels. Any new design should
consider the impact of the heavy vehicle platoon. More importantly, existing bridge capacities need to be rechecked according to
possible scenarios. Also, tunnels and underpasses are likely to need additional investment in positioning and lighting infrastructure
for AVs to operate. However, more empirical findings and applications are needed on how AVs can operate safely in these critical
locations and what infrastructure support will be needed.

The transition to full automation will likely be dominated by human factors, so much research focuses on ways to reduce risks for
vulnerable road users through technology. However, this may not be possible without additional precautions in physical road
environments. Also, it is possible to consider different speed limits for different use cases of AVs or based on the ODD changes, but
the effects on the traffic and management side have not yet been studied adequately and rigorously. Simulation-based research is
needed to explore how different speed limits can be applied on the same roads according to different use cases or capabilities of
AVs.

More research is needed to clarify how automated driving can operate in improper road drainage systems and what its limitations
are. Also, it is not clear whether the current standards on gradient level of roads need to be revised for future road design. This has
not been systematically investigated in the literature or practice.

Road lighting factors such as illumination colour, intensity and location of light can also affect the operation of automated driving
performance. However, the available literature on this topic is limited, so further research is required to examine what the main
factors are on the operation limitations of AVs and whether standardisation of these elements is necessary.

Last but not least, it is clear that new asset and maintenance strategies are required for the safe operation of AVs. However, there is
currently no official standard or benchmark to be used by transport agencies to assess the quality of their infrastructure that can
support both driver assistance systems and automated driving functions. Therefore, government officials need to start coordinating
with the vehicle and information technology industry to produce policies and strategies for emerging technology.
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6. Conclusions

This study has gathered and interpreted the perspectives of the existing vehicle automation and infrastructure literature on the
potential impacts of AVs on the physical road environment and infrastructure-related requirements for safe operation. The main
implication from the identified literature is that many researchers recognise that improved road maintenance and enhanced and
harmonised physical road infrastructure, in addition to digital infrastructure, have the potential to improve both driving assist systems
and automated driving operations. However, given the uncertainty regarding automation capabilities and requirements, many are
concerned about making long-term infrastructure investments. The main reason for this is that there are some unclear points regarding
the necessary infrastructure changes, as discussed in the previous section, due to the speed and state of technological development of
AVs and the rate of user adoption after commercial deployment of AVs. Also, some argue that AVs are still in the development and
testing phase, so it is difficult to predict in advance which technologies will be successful and therefore what infrastructure will be
needed.

Another reason is that vehicle and information technology industries are often reluctant to share what they expect from road
infrastructure as they are in serious competition for a dominant position in the emerging market, which naturally leads to close
protection of industry knowledge. This highlights the value of research, field testing and deployment pilots as well as organised
discussion among stakeholders. Particularly, road authorities and policymakers need to start coordinating with the vehicle and in-
formation technology industries to evaluate their requirements and expectations and prepare their roads for this emerging technology.
They also need to start making changes to the infrastructure where there is enough evidence of benefits. Thus, achieving readiness for
automated driving will require a combination of high-level AV capabilities, upgrades to infrastructure, and improved operations and
maintenance practices of infrastructure (Somers, 2019).

Otherwise, although it is not mentioned in the literature, the equity gap between societies caused by differences in the quality of
infrastructure is inevitable. For example, there is potential for a gap in access to AV services among people living in the same cities due
to the variability of the road environment. Therefore, instead of waiting for AVs to be ready for the roads, authorities need to focus on
the question of when the driving environment will be ready to permit the use of AVs and where will this disruptive technology work
best during the transition period. Also, there will likely be different types of deployments that operate in different areas of the network.
Activities should begin by investigating prospective applications and their impact on cost structures, transport, and the environment.

In addition to infrastructure and technological issues, other key issues such as the lack of policies and regulations regarding the
implementation of AVs, the uncertainty of societal benefits, and public trust and acceptance of AVs are frequently raised in multiple
studies. The impacts of AVs on road transport, especially at high levels of automation, will be diverse, complex, and highly uncertain as
it will affect many aspects of transport system performance (Milakis et al., 2017). For this reason, some researchers point out that the
most important question of AV implementation is the assessment of whether it would be beneficial for each particular society and place
of implementation. Therefore, there appears to be widespread agreement in the literature that the necessity of policies mitigating
negative impacts and promoting socially beneficial models of AVs that can provide safe, equitable, and sustainable mobility
throughout a community.

CRediT authorship contribution statement

Oguz Tengilimoglu: Conceptualization, Methodology, Writing — original draft, Investigation, Writing — review & editing. Oliver
Carsten: Writing — review & editing, Supervision. Zia Wadud: Writing - review & editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Data availability
No data was used for the research described in the article.
Appendix A

See Table Al.

21



(44

Table A1
A summary of the key attributes from the literature on implications of AVs for the physical road environment

No Ref Outlet type Location Level of Research  Road attributes considered
automation type1 N ) . . ) )
(SAE) Road Road Pavement Road Traffic ~ Junctions Parking  Structures: Facilities Road Lighting Drainage Maintenance
considered alignments cross- / Road markings signs and facilities bridges, for equipment system
sectional  surface and roundabouts tunnels etc. vulnerable
elements control road users
signals
1 (Alonso Raposo Report EU U LR X X X
etal., 2017)
2 (Amelink et al., Report EU L4 LR&SV X X X X X X X X X X X X
2020)
3 (Aryal, 2020) Thesis Sweden L5 AR X* X* X X
4 (Carreras et al., Conference Austria, 18} SV X X
2018) paper Spain
5 (CAVita, 2017) Report USA, U Y% X X
Canada
6  (Chapin et al., Report USA L5 SV X X X X X
2016)
7 (Chen et al., 2016)  Journal Sweden U AR X*
8  (Department for Report UK L4-5 LR & SV X X
Transport, 2015)
9 (Ehrlich et al., Conference France U LR X X X X
2016) paper
10 (EuroRAP and Euro Report EU L2 SV X X X
NCAP, 2013)
11 (Farah et al., 2018) Book Netherlands U LR&SV X X X X X X X X X
section
12 (FTIA, 2021) Report Finland L3-4 LR & ER X X X X X X X X X X X X
13 (Garciaetal., 2019) Conference Spain L2 ER X X
paper
14 (Gill et al., 2015) Report Canada U LR & SV X X X X X X X X
15 (Gopalakrishna Report UsA L1-5 IR & SV X X X X X X X X X X X
etal, 2021)
16 (Guerrieri et al., Journal Italy L4-5 AR X*
2021)
17 (Huggins et al., Report Australia, U IR&SV X X X X X X X X X X X X
2017) New
Zealand
18 (Intini et al., 2019)  Journal Italy L5 AR X* X X X
19 (Issac, 2016) Report USA L5 LR X X X X X X X
20 (Johnson and Report Australia L1-5 LR, SV& X X X X X X X X X X X X X
Rowland, 2018) ER
21 (Johnson, 2017) Report UK U LR& SV X X X X X X X X X X X X X
22 (Khoury et al., Journal USA L5 AR X*
2019)
23 (Kockelman et al., Report USA L1-4 LR & SV X X X X X
2017)
24 ( Report EU L3-5 IR&ER X X X X X X X X X X X X
Konstantinopoulou
and Ljubotina,
2020)
25 (KPMG and CAR, Report UK U LR & SV X X X X

2012)

(continued on next page)
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Table A1 (continued)

€T

No Ref Outlet type  Location Level of Research  Road attributes considered
automation type1 ) ' . R . . '
(SAE) Road Road Pavement Road Traffic ~ Junctions Parking Structures: Facilities Road Lighting Drainage Maintenance
considered alignments cross- / Road markings signs and facilities bridges, for equipment system
sectional  surface and roundabouts tunnels etc. vulnerable
elements control road users
signals
26 (Lawson, 2018) Report UK U LR & SV X X X X X
27 (Liuetal., 2019) Journal UK U LR X X X X X X X X X X X
28 (Luetal., 2019) Conference Netherlands L4 LR&SV X X X X X X
paper
29 (Lutin et al., 2013)  Journal USA L5 LR X X X
30 (Lyonetal, 2017) Report Australia U LR X X X X X X X X X X
31 (Manivasakan Journal Australia L4 IR&SV X X X X X X X X X X
et al., 2021)
32 (McCarthy et al., Report UK U LR X X X X X X
2016)
33 (McDonald, 2021)  Conference USA L5 AR X* X X X X X
paper
34 (McDonald and Book USA U SV X X X X X
Rodier, 2015) section
35 (Mocanu et al., Conference Austria L4 LR&SV X X X X X X X X X X
2015) paper
36 (Nitsche et al., Conference Austria U LR& SV X X X X X X
2014) paper
37 (Noorvand et al., Journal USA L5 AR X*
2017)
38 (Othman, 2021) Journal Canada L4-5 LR X X X X X X X
39 (Paulsen, 2018) Thesis Norway L4-5 LR & AR X X X X X X X
40 (PIARC, 2021) Report - L3-5 ILR& SV X X X X X X X X X X X
41 (PSCand CAR, Report USA U LR & SV X X X X X X
2017)
42 (Rana and Hossain, Journal Canada 18} LR X X X X X
2021)
43 (Saeed, 2019) Thesis USA L4-5 LR&SV X X X X X X X X X X
44 (Shladover and White USA L2-5 LR & SV X X X X X X
Bishop, 2015) paper
45 (Somers, 2019) Report Australia U LR, SV & X X X X X
ER
46 (Soteropoulosetal., Journal Austria L4 LR X X X X X X X X X X X
2019)
47 (Transport Systems Report UK U LR & SV X X X X X X X X X
Catapult, 2017)
48 (UK Autodrive and ~ Report UK U IR & SV X X X X X X
Gowling WLG,
2018)
49 (Ulrich et al., 2020) Report EU L3-5 LR & SV X X X X X X X X X X X
50 (Vujic et al., 2020)  Book Croatia L5 LR X X
section
51 (Washburn and Report USA L5 LR & AR X X X
‘Washburn, 2018)
52 (Welde and Qiao, Journal USA L3 & L5 AR X* X
2020)
53 (Yeetal, 2021) Journal China, USA L5 AR X* X

(continued on next page)
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Table A1 (continued)

No Ref Outlet type  Location Level of Research  Road attributes considered
automation  type' N . . s L . R
(SAE) Road Road Pavement Road Traffic  Junctions Parking Structures: Facilities Road Lighting Drainage Maintenance
considered alignments cross- / Road markings signs and facilities bridges, for equipment system
sectional  surface and roundabouts tunnels etc. vulnerable
elements control road users
signals
54 (Yeganeh et al., Journal Belgium L5 AR X X*
2022)
55 (Zhang, 2013) Report USA LO-5 LR X X
56 (Zhao et al., 2021)  Journal Canada L5 AR X*
57 (Zhou et al,, 2019)  Report USA L5 ER X X*
Total number of research covering identified issues. 28 36 35 41 42 28 30 21 24 14 16 7 26

U = Unspecified

1: AR= Analytical research, ER= Experimental research, LR= Literature review, SV=Stakeholder views

X: Provides inference from either the problems that emerged in a real situation or the critical thinking through engineering experience.
X*: An in-depth analysis has been made on the subject

0 32 mBownSud ], ‘O

686201 (£€207) 691 H 1Dd Y2.IDasay UONDILLOASUDL],



O. Tengilimoglu et al. Transportation Research Part E 169 (2023) 102989

References

AASHTO, 2011. A Policy on Geometric Design of Highways and Streets, 6th ed. American Association of State Highway and Transportation Officials, Washington, DC.

AASHTO, 2017. Infrastructure Needs for Autonomous Vehicles [WWW Document]. URL https://www.tam-portal.com/project/infrastructure-needs-for-autonomous-
vehicles/.

Aigner, W., Kulmala, R., Ulrich, S., 2019. D2.1 Vehicle fleet penetrations and ODD coverage of NRA- relevant automation functions up to 2040. MANTRA: Making full
use of Automation for National Transport and Road Authorities - NRA Core Business..

Alonso Raposo, M., Ciuffo, B., Makridis, M., Thiel, C., 2017. The r-evolution of driving: from connected vehicles to coordinated automated road transport (C-ART) (No.
EUR 28575 EN). https://doi.org/10.2760/225671.

Ambrosius, E., 2018. Autonomous driving and road markings, in: IRF & UNECE ITS Event "Governance and Infrastructure for Smart and Autonomous Mobility*. pp.
1-17.

Amelink, M., Kulmala, R., Jaaskelainen, J., Sacs, I., Narroway, S., Niculescu, M., Rey, L., Alkim, T., 2020. EU EIP SA4.2: Road map and action plan to facilitate
automated driving on TEN road network — version 2020. European ITS Platform.

Aryal, P., 2020. Optimization of geometric road design for autonomous vehicle. KTH Royal Institute of Technology.

Ashkrof, P., Homem de Almeida Correia, G., Cats, O., van Arem, B., 2019. Impact of Automated Vehicles on Travel Mode Preference for Different Trip Purposes and
Distances. Transp. Res. Rec. J. Transp. Res. Board 2673, 607-616. https://doi.org/10.1177/0361198119841032.

Atkins, 2016. Research on the Impacts of Connected and Autonomous Vehicles (CAVs) on Traffic Flow (No. Task SO13994.

Bagloee, S.A., Tavana, M., Asadi, M., Oliver, T., 2016. Autonomous vehicles: challenges, opportunities, and future implications for transportation policies. J. Mod.
Transp. 24, 284-303. https://doi.org/10.1007/s40534-016-0117-3.

Biehler, A.D., Dot, P., Brown, L.L., Dot, M., Clark, Angeles, L., Ekern, D.S., Dot, V., 2009. NCHRP Report 641: Guidance for the Design and Application of Shoulder and
Centerline Rumble Strips.

Bigelow, P., 2019. Why Level 3 automated technology has failed to take hold [WWW Document]. Automot. News. URL https://www.autonews.com/shift/why-level-
3-automated-technology-has-failed-take-hold (accessed 4.9.21).

Browne, D., 2020. UK companies win €1.2m to use satellite tech in road studs [WWW Document]. URL https://www.highwaysmagazine.co.uk/UK-companies-win-1.
2m-to-use-satellite-tech-in-road-studs/8612.

Bruno, D.R., Sales, D.O., Amaro, J., Osorio, F.S.. Analysis and fusion of 2D and 3D images applied for detection and recognition of traffic signs using a new method of
features extraction in conjunction with Deep Learning. https://doi.org/10.1109/IJCNN.2018.8489538.

Calvi, A., D’Amico, F., Ciampoli, L.B., Ferrante, C., 2020. Evaluation of driving performance after a transition from automated to manual control: a driving simulator
study. Transp. Res. Procedia 45, 755-762. https://doi.org/10.1016/j.trpro.2020.02.101.

Campbell, M., Egerstedt, M., How, J.P., Murray, R.M., 2010. Autonomous driving in urban environments: approaches, lessons and challenges. Philos. Trans. R. Soc. A
Math. Phys. Eng. Sci. 368, 4649-4672. https://doi.org/10.1098/rsta.2010.0110.

Carreras, A., Xavier, D., Erhart, J., Ruehrup, S., 2018. Road infrastructure support levels for automated driving, in: 25th ITS World Congress. pp. 12-20.

Carsten, O., Kulmala, R., 2015. Road Transport Automation as a Societal Change Agent, in: Transportation Research Board Conference Proceedings. pp. 65-76.

CAVita, 2017. Final Report — NCHRP Project 20-24(111): State DOT CEO Leadership Forum on Connected & Autonomous Vehicles and Transportation Infrastructure
Readiness in conjunction with 2017 ITSWC, Montreal, Canada.

Cavoli, C., Phillips, B., Cohen, T., Jones, P., 2017. Social and behavioural questions associated with automated vehicles: a literature review. Department for Transport,
London.

Chapin, T., Stevens, L., Crute, J., Crandall, J., Rokyta, A., Washington, A., 2016. Envisioning Florida’s Future: Transportation and Land Use in an Automated Vehicle
World. Florida Department of Transportation, Tallahassee.

Chen, Z., Huang, X., 2016. Accurate and Reliable Detection of Traffic Lights Using Multiclass Learning and Multiobject Tracking. IEEE Intell. Transp. Syst. Mag. 8,
28-42. https://doi.org/10.1109/MITS.2016.2605381.

Chen, F., Balieu, R., Kringos, N., 2016. Potential Influences on Long-Term Service Performance of Road Infrastructure by Automated Vehicles. Transp. Res. Rec. J.
Transp. Res. Board 2550, 72-79. https://doi.org/10.3141/2550-10.

Chen, X., Li, M., Lin, X., Yin, Y., He, F., 2021. Rhythmic Control of Automated Traffic—Part I: Concept and Properties at Isolated Intersections. Transp. Sci. 55,
969-987. https://doi.org/10.1287/trsc.2021.1060.

Cheon, S., 2003. An Overview of Automated Highway Systems (AHS) and the Social and Institutional Challenges They Face.

Colonna, P., Intini, P., Berloco, N., Ranieri, V., 2018. Connecting Rural Road Design to Automated Vehicles: The Concept of Safe Speed to Overcome Human Errors. In:
Stanton, N.A. (Ed.), Advances in Human Aspects of Transportation, pp. 571-582. https://doi.org/10.1007/978-3-319-60441-1_56.

Combs, T.S., Sandt, L.S., Clamann, M.P., McDonald, N.C., 2019. Automated Vehicles and Pedestrian Safety: Exploring the Promise and Limits of Pedestrian Detection.
Am. J. Prev. Med. 56, 1-7. https://doi.org/10.1016/j.amepre.2018.06.024.

Coppola, R., Morisio, M., 2016. Connected Car: Technologies, Issues, Future Trends. ACM Comput. Surv. 49, 1-36. https://doi.org/10.1145/2971482.

Currie, G., 2018. Lies, Damned Lies, AVs, Shared Mobility, and Urban Transit Futures. J. Public Transp. 21, 19-30. https://doi.org/10.5038/2375-0901.21.1.3.

Department for Transport, 2009. Manual for Streets. Thomas Telford Publishing, London.

Department for Transport, 2015. The pathway to driverless cars: a detailed review of regulations for automated vehicle technologies. London.

Department for Transport, 2018. Reported road casualties in Great Britain: 2017 annual report, Statistical Release.

Department for Transport, 2019. Traffic Signs Manual: Chapter 5 - Road Markings. London.

Department for Transport, 2021. Technical Note: Road and Maintenance data. London.

Do, W., Rouhani, O.M., Miranda-Moreno, L., 2019. Simulation-Based Connected and Automated Vehicle Models on Highway Sections: A Literature Review. J. Adv.
Transp. 2019, 1-14. https://doi.org/10.1155/2019/9343705.

Duarte, F., Ratti, C., 2018. The Impact of Autonomous Vehicles on Cities: A Review. J. Urban Technol. 25, 3-18. https://doi.org/10.1080/10630732.2018.1493883.

Easa, S., Ma, Y., Elshorbagy, A., Shaker, A., Li, S., Arkatkar, S.. Visibility-Based Technologies and Methodologies for Autonomous Driving, in: Self-Driving Vehicles and
Enabling Technologies [Working Title]. IntechOpen. https://doi.org/10.5772/intechopen.95328.

Ehrlich, J., Gruyer, D., Orfila, O., Hautiéere, N., 2016. Autonomous vehicle: The concept of high quality of service highway, in: FISITA 2016 World Automotive
Congress - Proceedings.

Elliott, D., Keen, W., Miao, L., 2019. Recent advances in connected and automated vehicles. J. Traffic Transp. Eng. (English Ed. 6, 109-131. https://doi.org/10.1016/
j.jtte.2018.09.005.

Engholm, A., Pernestdl, A., Kristoffersson, 1., 2018. System-level impacts of self-driving vehicles :terminology, impact frameworks and existing literature syntheses.
KTH Royal Institute of Technology, Sweden.

ERF, 2013. Marking the way towards a safer future: an ERF position paper on how road markings can make our road safer. European Union Road Federation, Brussels.

Erhart, J., Harrer, M., Rithrup, S., Seebacher, S., Wimmer, Y., 2020. Infrastructure support for automated driving: Further enhancements on the ISAD classes in
Austria. Proc. 8th Transp. Res. Arena TRA 2020, April 27-30, 2020, Helsinki, Finland.

ERTRAC, 2019. Connected Automated Driving Roadmap. European Road Transport. Research Advisory Council, Brussels.

Eskandarian, A., Wu, C., Sun, C., 2021. Research Advances and Challenges of Autonomous and Connected Ground Vehicles. IEEE Trans. Intell. Transp. Syst. 22,
683-711. https://doi.org/10.1109/TITS.2019.2958352.

European Commission, 2018. Traffic Safety Basic Facts on Junctions, Directorate General for Transport. European Commission, Directorate General for Transport.

EuroRAP, Euro NCAP, 2013. Roads that cars can read: a quality standard for road markings and traffic signs on major rural roads.

Evas, T., Heflich, A., 2021. Artificial intelligence in road transport: Cost of non- Europe report. European Parliamentary Research Service.

Fagnant, D.J., Kockelman, K., 2015. Preparing a nation for autonomous vehicles: Opportunities, barriers and policy recommendations. Transp. Res. Part A Policy
Pract. 77, 167-181. https://doi.org/10.1016/].tra.2015.04.003.

25


http://refhub.elsevier.com/S1366-5545(22)00366-0/h0475
https://www.tam-portal.com/project/infrastructure-needs-for-autonomous-vehicles/
https://www.tam-portal.com/project/infrastructure-needs-for-autonomous-vehicles/
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0390
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0390
https://doi.org/10.2760/225671
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0500
https://doi.org/10.1177/0361198119841032
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0820
https://doi.org/10.1007/s40534-016-0117-3
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0750
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0750
https://www.autonews.com/shift/why-level-3-automated-technology-has-failed-take-hold
https://www.autonews.com/shift/why-level-3-automated-technology-has-failed-take-hold
https://www.highwaysmagazine.co.uk/UK-companies-win-1.2m-to-use-satellite-tech-in-road-studs/8612
https://www.highwaysmagazine.co.uk/UK-companies-win-1.2m-to-use-satellite-tech-in-road-studs/8612
https://doi.org/10.1109/IJCNN.2018.8489538
https://doi.org/10.1016/j.trpro.2020.02.101
https://doi.org/10.1098/rsta.2010.0110
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0180
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0180
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0145
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0145
https://doi.org/10.1109/MITS.2016.2605381
https://doi.org/10.3141/2550-10
https://doi.org/10.1287/trsc.2021.1060
https://doi.org/10.1007/978-3-319-60441-1_56
https://doi.org/10.1016/j.amepre.2018.06.024
https://doi.org/10.1145/2971482
https://doi.org/10.5038/2375-0901.21.1.3
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0955
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0740
https://doi.org/10.1155/2019/9343705
https://doi.org/10.1080/10630732.2018.1493883
https://doi.org/10.5772/intechopen.95328
https://doi.org/10.1016/j.jtte.2018.09.005
https://doi.org/10.1016/j.jtte.2018.09.005
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0175
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0175
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0395
https://doi.org/10.1109/TITS.2019.2958352
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0825
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0305
https://doi.org/10.1016/j.tra.2015.04.003

O. Tengilimoglu et al. Transportation Research Part E 169 (2023) 102989

Farah, H., 2016. State of Art on Infrastructure for Automated Vehicles: Research report summarizing the scientific knowledge, research projects, test sites, initiatives,
and knowledge gaps regarding infrastructure for automated vehicles., Delft University of Technology.

Farah, H., Erkens, S.M.J.G., Alkim, T., van Arem, B., 2018. Infrastructure for Automated and Connected Driving: State of the Art and Future Research Directions. In:
Meyer, G., Beiker, S. (Eds.), Road Vehicle Automation 4, 187-197. https://doi.org/10.1007/978-3-319-60934-8_16.

Favaro, F.M., Nader, N., Eurich, S.0., Tripp, M., Varadaraju, N., 2017. Examining accident reports involving autonomous vehicles in California. PLoS One 12,
e0184952. https://doi.org/10.1371/journal.pone.0184952.

Favaro, F., Eurich, S., Nader, N., 2018. Autonomous vehicles’ disengagements: Trends, triggers, and regulatory limitations. Accid. Anal. Prev. 110, 136-148. https://
doi.org/10.1016/j.aap.2017.11.001.

FHWA, 2015. Rumble Strips and Rumble Stripes [WWW Document]. URL https://safety.fhwa.dot.gov/roadway_dept/pavement/rumble strips/safety.cfm.

FTIA, 2021. Automated Driving on Motorways (AUTOMOTO): Study of Infrastructure Support and Classification for Automated Driving on Finnish Motorways.
Finnish Transport Infrastructure Agency, Helsinki.

Garcia, A., Camacho-Torregrosa, F.J., 2020. Influence of Lane Width on Semi- Autonomous Vehicle Performance. Transp. Res. Rec. J. Transp. Res. Board 2674,
279-286. https://doi.org/10.1177/0361198120928351.

Garcia, A., Llopis-Castell6, D., Camacho-Torregrosa, F.J., 2019. Influence of the design of crest vertical curves on automated driving experience, in: Transportation
Research Board 98th Annual Meeting.

Garcia, A., Camacho-Torregrosa, F.J., Padovani Baez, P.V., 2020. Examining the effect of road horizontal alignment on the speed of semi-automated vehicles. Accid.
Anal. Prev. 146, 105732. https://doi.org/10.1016/j.aap.2020.105732.

Garcia, A., Camacho-Torregrosa, F.J., Llopis-Castell, D., Monserrat, J.F., 2021. Smart Roads Classification. Special Project. World Road Association - PIARC, Paris.

Gavanas, N., 2019. Autonomous Road Vehicles: Challenges for Urban Planning in European Cities. Urban Sci 3, 61. https://doi.org/10.3390/urbansci3020061.

Gill, V., Kirk, B., Godsmark, P., Flemming, B., 2015. Automated Vehicles: The Coming of the Next Disruptive Technology. The Conference Board of Canada, Ottawa.

Gopalakrishna, D., Carlson, P., Sweatman, P., Raghunathan, D., Brown, L., Serulle, N.U., 2021. Impacts of Automated Vehicles on Highway Infrastructure (No. FHWA-
HRT-21-015). U.S. Department of Transportation Federal Highway Administration.

Gouda, M., Chowdhury, I., WeiB, J., Epp, A., El-Basyouny, K., 2021. Automated assessment of infrastructure preparedness for autonomous vehicles. Autom. Constr.
129, 103820. https://doi.org/10.1016/j.autcon.2021.103820.

Gruel, W., Stanford, J.M., 2016. Assessing the Long-term Effects of Autonomous Vehicles: A Speculative Approach. Transp. Res. Procedia 13, 18-29. https://doi.org/
10.1016/j.trpro.2016.05.003.

Guerrieri, M., Mauro, R., Pompigna, A., Isaenko, N., 2021. Road Design Criteria and Capacity Estimation Based on Autonomous Vehicles Performances. First Results
from the European C-Roads Platform and A22 Motorway. Transp. Telecommun. J. 22, 230-243. https://doi.org/10.2478/1tj-2021-0018.

Guhathakurta, S., Kumar, A., 2019. When and Where are Dedicated Lanes Needed under Mixed Traffic of Automated and Non-Automated Vehicles for Optimal System
Level Benefits?.

Gupta, A., Choudhary, A., 2018. A Framework for Camera-Based Real-Time Lane and Road Surface Marking Detection and Recognition. IEEE Trans. Intell. Veh. 3,
476-485. https://doi.org/10.1109/TIV.2018.2873902.

Gwak, J., Jung, J., Oh, R.D., Park, M., Rakhimov, M.A.K., Ahn, J., 2019. A Review of Intelligent Self-Driving Vehicle Software Research. KSII Trans. Internet Inf. Syst.
13, 5299-5320. https://doi.org/10.3837/tiis.2019.11.002.

Gyergyay, B., Gomari, S., Friedrich, M., Sonnleitner, J., Olstam, J., Johansson, F., 2019. Automation-ready framework for urban transport and road infrastructure
planning. Transp. Res. Procedia 41, 88-97. https://doi.org/10.1016/j.trpro.2019.09.018.

Harb, M., Stathopoulos, A., Shiftan, Y., Walker, J.L., 2021. What do we (Not) know about our future with automated vehicles? Transp. Res. Part C Emerg. Technol.
123, 102948. https://doi.org/10.1016/j.trc.2020.102948.

He, J., Tang, Z., Fu, X., Leng, S., Wu, F., Huang, K., Huang, J., Zhang, J., Zhang, Y., Radford, A., Li, L., Xiong, Z., 2019. Cooperative Connected Autonomous Vehicles
(CAV): Research, Applications and Challenges. IEEE, pp. 1-6. https://doi.org/10.1109/ICNP.2019.8888126.

Huggins, R., Topp, R., Gray, L., Piper, L., Jensen, B., Isaac, L., Polley, S., Benjamin, S., Somers, A., 2017. Assessment of Key Road Operator Actions to Support
Automated Vehicles. Austroads, Sydney.

International Transport Forum, 2015. Automated and Autonomous Driving. Regulation under uncertainty. OECD Publishing, Paris.

International Transport Forum, 2018. Safer Roads with Automated Vehicles?, International Transport Forum Policy Papers. OECD Publishing, Paris. https://doi.org/
10.1787/b2881ccb-en.

International Transport Forum, 2019. Road Safety in European Cities - Performance Indicators and Governance Solutions. OECD Publishing, Paris.

Intini, P., Colonna, P., Berloco, N., Ranieri, V., 2019. Rethinking the main road design concepts for future Automated Vehicles Native Roads. Eur. Transp. - Trasp. Eur.
73, 1-28.

Issac, L., 2016. Driving Towards Driverless: A Guide for Government Agencies. WSP Parsons Brinckerhoff, New York.

Jaller, M., Otero-Palencia, C., Pahwa, A., 2020. Automation, electrification, and shared mobility in urban freight: Opportunities and challenges. Transp. Res. Procedia
46, 13-20. https://doi.org/10.1016/j.trpro.2020.03.158.

Jensen, M.B., Philipsen, M.P., Mogelmose, A., Moeslund, T.B., Trivedi, M.M., 2016. Vision for Looking at Traffic Lights: Issues, Survey, and Perspectives. IEEE Trans.
Intell. Transp. Syst. 17, 1800-1815. https://doi.org/10.1109/TITS.2015.2509509.

Johnson, C., 2017. Readiness of the road network for connected and autonomous vehicles. RAC Foundation -Royal Automobile Club for Motoring Ltd, London.

Johnson, B., Rowland, M., 2018. Infrastructure Victoria: Automated and Zero Emission Vehicles, Transport Engineering Advice. Arup, Melbourne.

Khastgir, S., Brewerton, S., Thomas, J., Jennings, P., 2021. Systems Approach to Creating Test Scenarios for Automated Driving Systems. Reliab. Eng. Syst. Saf. 215,
107610. https://doi.org/10.1016/j.ress.2021.107610.

Khoury, J., Amine, K., Abi Saad, R., 2019. An Initial Investigation of the Effects of a Fully Automated Vehicle Fleet on Geometric Design. J. Adv. Transp. 2019, 1-10.
https://doi.org/10.1155/2019/6126408.

Kim, E., Muennig, P., Rosen, Z., 2017. Vision zero: a toolkit for road safety in the modern era [WWW Document]. URL https://visionzero.ca/vision-zero-a-toolkit-for-
road-safety-in-the-modern-era/#median_barriers.

Kockelman, K., Boyles, S., Stone, P., Fagnant, D., Patel, R., Levin, M.W., Sharon, G., Simoni, M., Albert, M., Fritz, H., Hutchinson, R., Bansal, P., Domnenko, G.,
Bujanovic, P., Kim, B., Pourrahmani, E., Agrawal, S., Li, T., Hanna, J., Nichols, A., Li, J., 2017. An Assessment of Autonomous Vehicles: Traffic Impacts and
Infrastructure Needs—Final Report (No. FHWA/TX-17/0-6847-1).

Konstantinopoulou, L., Ljubotina, L., 2020. D7.2: Other initiatives to meet the needs of automated cars. SLAIN: Saving Lives Assessing and Improving TEN-T Road
Network Safety.

Konstantinopoulou, L., Jamieson, P., Cartolano, P.P., 2020. D7.1: Quality of horizontal and vertical signs. SLAIN: Saving Lives Assessing and Improving TEN-T Road
Network Safety.

Koopman, P., 2019. Edge Cases and Autonomous Vehicle Safety. In: Safety-Critical Systems Symposium, Bristol.

Koopman, P., Fratrik, F., 2019. How many operational design domains, objects, and events?, in: Preprint: Safe AI 2019: AAAI Workshop on Artificial Intelligence
Safety, Jan 27, 2019.

Kopelias, P., Demiridi, E., Vogiatzis, K., Skabardonis, A., Zafiropoulou, V., 2020. Connected & autonomous vehicles — Environmental impacts — A review. Sci. Total
Environ. 712, 135237. https://doi.org/10.1016/j.scitotenv.2019.135237.

KPMG International, 2020. 2020 Autonomous Vehicles Readiness Index.

KPMG, CAR, 2012. Self-driving cars: The next revolution.

Kulmala, R., Ulrich, S., Merja, P., Rdma, P., Aigner, W., Carsten, O., van der Tuin, M., Kristian, A., 2020. D5.1 Draft road map — road operator core business affected by
connectivity and automation. MANTRA: Making full use of Automation for National Transport and Road Authorities -NRA Core Business.

Kulmala, R., Ulrich, S., Penttinen, M., Rama, P., Aigner, W., Carsten, O., Der, M. van, Farah, H., Appel, K., 2020. D5.2 Road map for developing road operator core
business utilising connectivity and automation. MANTRA: Making full use of Automation for National Transport and Road Authorities - NRA Core Business.

26


https://doi.org/10.1007/978-3-319-60934-8_16
https://doi.org/10.1371/journal.pone.0184952
https://doi.org/10.1016/j.aap.2017.11.001
https://doi.org/10.1016/j.aap.2017.11.001
https://safety.fhwa.dot.gov/roadway_dept/pavement/rumble_strips/safety.cfm
https://doi.org/10.1177/0361198120928351
https://doi.org/10.1016/j.aap.2020.105732
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0455
https://doi.org/10.3390/urbansci3020061
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0285
https://doi.org/10.1016/j.autcon.2021.103820
https://doi.org/10.1016/j.trpro.2016.05.003
https://doi.org/10.1016/j.trpro.2016.05.003
https://doi.org/10.2478/ttj-2021-0018
https://doi.org/10.1109/TIV.2018.2873902
https://doi.org/10.3837/tiis.2019.11.002
https://doi.org/10.1016/j.trpro.2019.09.018
https://doi.org/10.1016/j.trc.2020.102948
https://doi.org/10.1109/ICNP.2019.8888126
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0025
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0025
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0405
https://doi.org/10.1787/b2881ccb-en
https://doi.org/10.1787/b2881ccb-en
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0975
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0200
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0200
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0450
https://doi.org/10.1016/j.trpro.2020.03.158
https://doi.org/10.1109/TITS.2015.2509509
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0260
http://refhub.elsevier.com/S1366-5545(22)00366-0/h1005
https://doi.org/10.1016/j.ress.2021.107610
https://doi.org/10.1155/2019/6126408
https://visionzero.ca/vision-zero-a-toolkit-for-road-safety-in-the-modern-era/#median_barriers
https://visionzero.ca/vision-zero-a-toolkit-for-road-safety-in-the-modern-era/#median_barriers
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0785
https://doi.org/10.1016/j.scitotenv.2019.135237
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0890
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0890

O. Tengilimoglu et al. Transportation Research Part E 169 (2023) 102989

Kuutti, S., Fallah, S., Katsaros, K., Dianati, M., Mccullough, F., Mouzakitis, A., 2018. A Survey of the State-of-the-Art Localization Techniques and Their Potentials for
Autonomous Vehicle Applications. IEEE Internet Things J 5, 829-846. https://doi.org/10.1109/JI0T.2018.2812300.

Lawson, S., 2018. Roads that Cars Can Read: Report III - Tackling the Transition to Automated Vehicles.

Lengyel, H., Tettamanti, T., Szalay, Z., 2020. Conflicts of Automated Driving With Conventional Traffic Infrastructure. IEEE Access 8, 163280-163297. https://doi.
org/10.1109/ACCESS.2020.3020653.

Lin, X., Li, M., Shen, Z.-J.M,, Yin, Y., He, F., 2021. Rhythmic Control of Automated Traffic—Part II: Grid Network Rhythm and Online Routing. Transp. Sci. 55,
988-1009. https://doi.org/10.1287 /trsc.2021.1061.

Litman, T.A., 2020. Autonomous Vehicle Implementation Predictions: Implications for Transport Planning. Victoria Transport Policy Institute, Victoria.

Liu, Y., Tight, M., Sun, Q., Kang, R., 2019. A systematic review: Road infrastructure requirement for Connected and Autonomous Vehicles (CAVs). J. Phys. Conf. Ser.
1187, 042073 https://doi.org/10.1088/1742-6596/1187/4/042073.

Lu, X., 2018. Infrastructure Requirements for Automated Driving. Delft University of Technology.

Lu, X., Madadi, B., Farah, H., Snelder, M., Annema, J.A., Arem, B. Van, 2019. Scenario-Based Infrastructure Requirements for Automated Driving, in: CICTP 2019.
American Society of Civil Engineers, Reston, VA, pp. 5684-5695. https://doi.org/10.1061/9780784482292.489.

Liicken, L., Mintsis, E., Porfyri, K., Alms, R., Flotterod, Y.-P., Koutras, D., 2019. From Automated to Manual - Modeling Control Transitions with SUMO, in: EPiC Series
in Computing 124-144. https://doi.org/10.29007/sfgk.

Lutin, J., Kornhauser, A.L., Lerner-Lam, E., 2013. The Revolutionary Development of Self-Driving Vehicles and Implications for the Transportation Engineering
Profession. ITE J 83, 28-32.

Lyon, B., Hudson, N., Twycross, M., Finn, D., Porter, S., Maklary, Z., Waller, S.T., 2017. Automated vehicles: do we know which road to take?. Infrastructure
Partnerships Australia, Sydney.

Madadi, B., 2021. Design and Optimization of Road Networks for Automated Vehicles. TU Delft University of Technology.

Madadi, B., van Nes, R., Snelder, M., van Arem, B., 2019. Assessing the travel impacts of subnetworks for automated driving: An exploratory study. Case Stud. Transp.
Policy 7, 48-56. https://doi.org/10.1016/j.cstp.2018.11.006.

Mahmassani, H.S., 2016. 50th Anniversary Invited Article—Autonomous Vehicles and Connected Vehicle Systems: Flow and Operations Considerations. Transp. Sci.
50, 1140-1162. https://doi.org/10.1287 /trsc.2016.0712.

Makridis, M., Mattas, K., Ciuffo, B., Alonso, M., 2018. Connected and Automated Vehicles on a freeway scenario. Effect on traffic congestion and network capacity. In:
Proceedings of 7th Transport Research Arena TRA 2018, April 16-19, 2018, Vienna, Austria.

Malekzadeh, M., Papamichail, I., Papageorgiou, M., Bogenberger, K., 2021. Optimal internal boundary control of lane-free automated vehicle traffic. Transp. Res. Part
C Emerg. Technol. 126, 103060. https://doi.org/10.1016/j.trc.2021.103060.

Malysheva, E.V., 2020. Impact of Automated Vehicles on Urban Form. IOP Conf. Ser. Mater. Sci. Eng. 753, 032013. https://doi.org/10.1088/1757-899X/753/3/
032013.

Manivasakan, H., Kalra, R., O'Hern, S., Fang, Y., Xi, Y., Zheng, N., 2021. Infrastructure requirement for autonomous vehicle integration for future urban and suburban
roads — Current practice and a case study of Melbourne, Australia. Transp. Res. Part A Policy Pract. 152, 36-53. https://doi.org/10.1016/j.tra.2021.07.012.

Marr, J., Benjamin, S., Zhang, A., Wall, J., Yee, D., Jones, C., 2020. Implications of Pavement Markings for Machine Vision. Austroads, Sydney.

Martinez, M., 2019. Ford rethinks Level 3 autonomy [WWW Document]. Automob. News Eur. URL https://europe.autonews.com/automakers/ford-rethinks-level-3-
autonomy (accessed 4.9.21).

Martinez-Diaz, M., Soriguera, F., Pérez, 1., 2019. Autonomous driving: a bird’s eye view. IET Intell. Transp. Syst. 13, 563-579. https://doi.org/10.1049/iet-its.2018.
5061.

McCarthy, J., Bradburn, J., Williams, D., Piechocki, R., Hermans, K., 2016. Connected & Autonomous Vehicles: Introducing the Future of Mobility. Atkins, London.

McDonald, D.R., 2021. How Autonomous Vehicles May Influence Vertical Curves, At-Grade Railroad Crossings, and Ramp Terminals, in: Transportation Research
Board 100th Annual Meeting.

McDonald, S.S., Rodier, C., 2015. Envisioning Automated Vehicles within the Built Environment: 2020, 2035, and 2050. In: Meyer, G., Beiker, S. (Eds.), Road Vehicle
Automation 2, Lecture Notes in Mobility. Springer International Publishing, Cham, pp. 225-233. https://doi.org/10.1007/978-3-319-19078-5_20.

McDonald, N.C., Khattak, A.J., Combs, T.S., Shay, E., 2018. Connected and Automated Vehicles and Safety of Vulnerable Road Users: A Systems Approach.
Collaborative Sciences Center for Road Safety, Chapel Hill.

Meneguette, R.1., De Grande, R.E., Loureiro, A.A.F., 2018. Autonomous Vehicles, in: Intelligent Transport System in Smart Cities. pp. 37-52. https://doi.org/10.1007/
978-3-319-93332-0_3.

Merat, N., Jamson, A.H., Lai, F.C.H., Daly, M., Carsten, O.M.J., 2014. Transition to manual: Driver behaviour when resuming control from a highly automated vehicle.
Transp. Res. Part F Traffic Psychol. Behav. 27, 274-282. https://doi.org/10.1016/j.trf.2014.09.005.

Mesionis, G., Brackstone, M., Gravett, N., 2020. Microscopic Modeling of the Effects of Autonomous Vehicles on Motorway Performance. Transp. Res. Rec. J. Transp.
Res. Board 2674, 697-707. https://doi.org/10.1177/0361198120949243.

Milakis, D., van Arem, B., van Wee, B., 2017. Policy and society related implications of automated driving: A review of literature and directions for future research.
J. Intell. Transp. Syst. 21, 324-348. https://doi.org/10.1080/15472450.2017.1291351.

Milakis, D., Snelder, M., Van Arem, B., Van Wee, B., De Almeida Correia, G.H., 2017. Development and transport implications of automated vehicles in the
Netherlands: Scenarios for 2030 and 2050. Eur. J. Transp. Infrastruct. Res. 17, 63-85. https://doi.org/10.18757 /ejtir.2017.17.1.3180.

Mocanu, L, Nitsche, P., Saleh, P., 2015. Highly Automated Driving and its Requirements on Road Planning and Design, in: 25th World Road Congress.

Montanaro, U., Dixit, S., Fallah, S., Dianati, M., Stevens, A., Oxtoby, D., Mouzakitis, A., 2019. Towards connected autonomous driving: review of use-cases. Veh. Syst.
Dyn. 57, 779-814. https://doi.org/10.1080/00423114.2018.1492142.

Morando, M.M., Tian, Q., Truong, L.T., Vu, H.L., 2018. Studying the Safety Impact of Autonomous Vehicles Using Simulation-Based Surrogate Safety Measures. J. Adv.
Transp. 2018, 1-11. https://doi.org/10.1155/2018/6135183.

NACTO, 2020. Blueprint for Autonomous Urbanism. National Association of City Transportation Officials. New York City.

Nitsche, P., Mocanu, L., Reinthaler, M., 2014. Requirements on tomorrow’s road infrastructure for highly automated driving. IEEE, pp. 939-940. https://doi.org/10.
1109/ICCVE.2014.7297694.

Noorvand, H., Karnati, G., Underwood, B.S., 2017. Autonomous Vehicles: Assessment of the Implications of Truck Positioning on Flexible Pavement Performance and
Design. Transp. Res. Rec. J. Transp. Res. Board 2640, 21-28. https://doi.org/10.3141/2640-03.

Nowakowski, C., Shladover, S.E., Chan, C.-Y., 2016. Determining the Readiness of Automated Driving Systems for Public Operation: Development of Behavioral
Competency Requirements. Transp. Res. Rec. J. Transp. Res. Board 2559, 65-72. https://doi.org/10.3141/2559-08.

(degérd, 1., Klein-Paste, A., 2021. Do We Need a Change in Road Winter Maintenance to Accommodate for Automated Vehicles? A State-of-the-Art Literature Review
Considering Automated Vehicle Technology’s Usage of Road Infrastructure During Winter. Transp. Res. Rec. J. Transp. Res. Board 2675, 656-666. https://doi.
org/10.1177/03611981211012415.

Osichenko, D., Spielhofer, R., 2018. Future challenges for the Road Asset Management. In: Lakusic, S. (Ed.), Road and Rail Infrastructure V, pp. 979-985. https://doi.
org/10.5592/CO/CETRA.2018.708.

Othman, K., 2021. Impact of Autonomous Vehicles on the Physical Infrastructure: Changes and Challenges. Designs 5, 40. https://doi.org/10.3390/designs5030040.

Ozan, E., 2019. QR Code Based Signage to Support Automated Driving Systems on Rural Area Roads. In: Springer Proceedings in Mathematics and Statistics,
pp. 109-116. https://doi.org/10.1007/978-3-030-14973-4_10.

Pape, D., Habtemichael, F., 2018. Infrastructure Initiatives to Apply Connected- and Automated-Vehicle Technology to Roadway Departures (No. FHWA-HRT-18-
035). U.S. Department of Transportation Federal Highway Administration.

Parkin, J., Clark, B., Clayton, W., Ricci, M., Parkhurst, G., 2016. Understanding interactions between autonomous vehicles and other road users: A Literature Review.
University of the West of England, Bristol.

Paulsen, J.T., 2018. Physical Infrastructure Needs for Autonomous & Connected Trucks. Norwegian University of Science and Technology.

27


https://doi.org/10.1109/JIOT.2018.2812300
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0245
https://doi.org/10.1109/ACCESS.2020.3020653
https://doi.org/10.1109/ACCESS.2020.3020653
https://doi.org/10.1287/trsc.2021.1061
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0075
https://doi.org/10.1088/1742-6596/1187/4/042073
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0320
https://doi.org/10.1061/9780784482292.489
https://doi.org/10.29007/sfgk
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0645
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0645
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0470
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0470
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0370
https://doi.org/10.1016/j.cstp.2018.11.006
https://doi.org/10.1287/trsc.2016.0712
https://doi.org/10.1016/j.trc.2021.103060
https://doi.org/10.1088/1757-899X/753/3/032013
https://doi.org/10.1088/1757-899X/753/3/032013
https://doi.org/10.1016/j.tra.2021.07.012
https://europe.autonews.com/automakers/ford-rethinks-level-3-autonomy
https://europe.autonews.com/automakers/ford-rethinks-level-3-autonomy
https://doi.org/10.1049/iet-its.2018.5061
https://doi.org/10.1049/iet-its.2018.5061
http://refhub.elsevier.com/S1366-5545(22)00366-0/h1020
https://doi.org/10.1007/978-3-319-19078-5_20
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0915
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0915
https://doi.org/10.1007/978-3-319-93332-0_3
https://doi.org/10.1007/978-3-319-93332-0_3
https://doi.org/10.1016/j.trf.2014.09.005
https://doi.org/10.1177/0361198120949243
https://doi.org/10.1080/15472450.2017.1291351
https://doi.org/10.18757/ejtir.2017.17.1.3180
https://doi.org/10.1080/00423114.2018.1492142
https://doi.org/10.1155/2018/6135183
https://doi.org/10.1109/ICCVE.2014.7297694
https://doi.org/10.1109/ICCVE.2014.7297694
https://doi.org/10.3141/2640-03
https://doi.org/10.3141/2559-08
https://doi.org/10.1177/03611981211012415
https://doi.org/10.1177/03611981211012415
https://doi.org/10.5592/CO/CETRA.2018.708
https://doi.org/10.5592/CO/CETRA.2018.708
https://doi.org/10.3390/designs5030040
https://doi.org/10.1007/978-3-030-14973-4_10
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0640
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0640
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0905
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0905
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0810

O. Tengilimoglu et al. Transportation Research Part E 169 (2023) 102989

Peiris, S., Berecki-Gisolf, J., Chen, B., Fildes, B., 2020. Road Trauma in Regional and Remote Australia and New Zealand in Preparedness for ADAS Technologies and
Autonomous Vehicles. Sustainability 12, 4347. https://doi.org/10.3390/su12114347.

Pendleton, S., Andersen, H., Du, X., Shen, X., Meghjani, M., Eng, Y., Rus, D., Ang, M., 2017. Perception, Planning, Control, and Coordination for Autonomous Vehicles.
Machines 5, 6. https://doi.org/10.3390/machines5010006.

PIARC, 2021. Automated Vehicles: Challenges and Opportunities for Road Operators and Road Authorities. World Road Association (PIARC).

Pike, A.M., Whitney, J., Hedblom, T., Clear, S., 2019. How Might Wet Retroreflective Pavement Markings Enable More Robust Machine Vision? Transp. Res. Rec. J.
Transp. Res. Board 2673, 361-366. https://doi.org/10.1177/0361198119847620.

Poe, C.M., 2020. Connected roadway classification system development (No. NCHRP 20-24(112)).

PSC, CAR, 2017. Planning for Connected and Automated Vehicles. Public Sector Consultants & Center for Automotive Research, Michigan.

Rana, M.M., Hossain, K., 2021. Connected and Autonomous Vehicles and Infrastructures: A Literature Review. Int. J. Pavement Res. Technol. https://doi.org/10.
1007/542947-021-00130-1.

Rashidi, T.H., Najmi, A., Haider, A., Wang, C., Hosseinzadeh, F., 2020. What we know and do not know about connected and autonomous vehicles. Transp. A Transp.
Sci. 16, 987-1029. https://doi.org/10.1080/23249935.2020.1720860.

Razmi Rad, S., Farah, H., Taale, H., van Arem, B., Hoogendoorn, S.P., 2020. Design and operation of dedicated lanes for connected and automated vehicles on
motorways: A conceptual framework and research agenda. Transp. Res. Part C Emerg. Technol. 117, 102664. https://doi.org/10.1016/j.trc.2020.102664.
Reddy, N., Farah, H., Huang, Y., Dekker, T., Van Arem, B., 2020. Operational Design Domain Requirements for Improved Performance of Lane Assistance Systems: A

Field Test Study in The Netherlands. IEEE Open J. Intell. Transp. Syst. 1, 237-252. https://doi.org/10.1109/0J1TS.2020.3040889.

Reid, T.G.R., Houts, S.E., Cammarata, R., Mills, G., Agarwal, S., Vora, A., Pandey, G., 2019. Localization Requirements for Autonomous Vehicles. SAE Int. J. Connect.
Autom. Veh. 2, 12-02-03-0012. https://doi.org/10.4271/12-02-03-0012.

Riedmaier, S., Ponn, T., Ludwig, D., Schick, B., Diermeyer, F., 2020. Survey on Scenario-Based Safety Assessment of Automated Vehicles. IEEE Access 8,
87456-87477. https://doi.org/10.1109/ACCESS.2020.2993730.

Robinson, T.L., Wallbank, C., Baig, A., 2017. Automated Driving Systems : Understanding Future Collision Patterns: Development of Methodology and Proof of
Concept (No. No. PPR851). Transport Research Laboratory.

Roper, Y., Rowland, M., Chakich, Z., McGIll, W., Nanayakkara, V., Young, D., Whale, R., 2018. In: Implications of traffic sign recognition (TSR) systems for road
operators (No. AP-R580-18). Austroads, Sydney.

Rosique, F., Navarro, P.J., Fernandez, C., Padilla, A., 2019. A Systematic Review of Perception System and Simulators for Autonomous Vehicles Research. Sensors 19,
648. https://doi.org/10.3390/519030648.

Russell, S.M., Blanco, M., Atwood, J., Schaudt, W.A., Fitchett, V.L., Tidwel, S., Center for Automated Vehicle, S., National Highway Traffic Safety, A., 2018.
Naturalistic Study of Level 2 Driving Automation Functions (No. Report No. DOT HS 812 642). National Highway Traffic Safety Administration, Washington, DC.

SAE International, 2018. Surface vehicles recommended practice. J3016. Taxonomy and Definitions for Terms Related to Driving Automation Systems for On-Road
Motor Vehicles, June 2018.

SAE International, 2021. Surface vehicles recommended practice. J3016. Taxonomy and Definitions for Terms Related to Driving Automation Systems for On-Road
Motor Vehicles, April 2021.

Saeed, T.U., 2019. Road infrastructure readiness for autonomous vehicles. Purdue University, West Lafayette, Indiana.

Sarker, A., Shen, H., Rahman, M., Chowdhury, M., Dey, K., Li, F., Wang, Y., Narman, H.S., 2020. A Review of Sensing and Communication, Human Factors, and
Controller Aspects for Information-Aware Connected and Automated Vehicles. IEEE Trans. Intell. Transp. Syst. 21, 7-29. https://doi.org/10.1109/TITS.2019.
2892399.

Sayed, S.M., Sunna, H.N., Moore, P.R., 2020. Truck Platooning Impact on Bridge Preservation. J. Perform. Constr. Facil. 34, 04020029. https://doi.org/10.1061/
(ASCE)CF.1943-5509.0001423.

Schoettle, B., 2017. Sensor Fusion: a Comparison of Sensing Capabilities of Human Drivers and Highly Automated Vehicles (No. SWT-2017-12). The University of
Michigan Sustainable Worldwide Transportation, Ann Arbor.

Schwall, M., Daniel, T., Victor, T., Favaro, F., Hohnhold, H., 2020. Waymo Public Road Safety Performance Data. CoRR abs/2011.0.

Shahar, A., Brémond, R., Villa, C., 2018. Can light emitting diode-based road studs improve vehicle control in curves at night? A driving simulator study. Light. Res.
Technol. 50, 266-281. https://doi.org/10.1177/1477153516660146.

Shladover, S.E., 2018. Connected and automated vehicle systems: Introduction and overview. J. Intell. Transp. Syst. 22, 190-200. https://doi.org/10.1080/
15472450.2017.1336053.

Shladover, S.E., Bishop, R., 2015. Road Transport Automation as a Public—Private Enterprise. In: Transportation Research Board Conference Proceedings.
Transportation Research Board, pp. 40-64.

Singh, P., Islam, M.A., 2020. Movement of Autonomous Vehicles in Work Zone Using New Pavement Marking: A New Approach. J. Transp. Technol. 10, 183-197.
https://doi.org/10.4236/jtts.2020.103012.

SMMT, 2019. Connected and Autonomous Vehicles: 2019 Report. The Society of Motor Manufacturers and Traders, London.

Somers, A., 2019. Infrastructure Changes to Support Automated Vehicles on Rural and Metropolitan Highways and Freeways: Project Findings and Recommendations
(Module 5). Austroads.

Soteropoulos, A., Berger, M., Ciari, F., 2019. Impacts of automated vehicles on travel behaviour and land use: an international review of modelling studies. Transp.
Rev. 39, 29-49. https://doi.org/10.1080/01441647.2018.1523253.

Soteropoulos, A., Mitteregger, M., Berger, M., Zwirchmayr, J., 2020. Automated drivability: Toward an assessment of the spatial deployment of level 4 automated
vehicles. Transp. Res. Part A Policy Pract. 136, 64-84. https://doi.org/10.1016/j.tra.2020.03.024.

Stanciu, S.C., Eby, D.W., Molnar, L.J., St. Louis, R.M., Zanier, N., Kostyniuk, L.P., 2018. Pedestrians/Bicyclists and Autonomous Vehicles: How Will They
Communicate? Transp. Res. Rec. J. Transp. Res. Board 2672, 58-66. https://doi.org/10.1177/0361198118777091.

Stead, D., Vaddadi, B., 2019. Automated vehicles and how they may affect urban form: A review of recent scenario studies. Cities 92, 125-133. https://doi.org/10.
1016/j.cities.2019.03.020.

Tao, Z., 2016. Autonomous road vehicles localization using satellites, lane markings and vision. University of Technology of Compiegne.

Taylor, S., Berry, D., Oxworth, 1., Benitez, J., Desai, A., van Vulpen, E., Ding, S., 2018. Operational deployment of semi-AVs & C-ITS on Eastlink: phase 1, in: 28th
ARRB International Conference — Next Generation Connectivity, Brisbane, Queensland.

Tengilimoglu, O., Wadud, Z., 2022. Evaluating the mileage and time efficiency of ridesourcing services: Austin, Texas case. Transp. Lett. 14, 478-491. https://doi.org/
10.1080/19427867.2021.1892936.

Thulaseedharan, N.P., 2020. Impact of truck platooning Texas bridges. Texas A&M University.

Timmer, J., Pel, B., Kool, L., van Est, R., Brom, F., 2015. Converging roads: linking self-driving cars to public goals. Rathenau Instituut, Hague.

Tohme, R., Yarnold, M., 2020. Steel Bridge Load Rating Impacts Owing to Autonomous Truck Platoons. Transp. Res. Rec. J. Transp. Res. Board 2674, 57-67. https://
doi.org/10.1177/0361198120902435.

Transport Systems Catapult, 2017. Future Proofing Infrastructure for Connected and Automated Vehicles.

UK Autodrive, Gowling WLG, 2018. Paving the Way: Building the Road Infrastructure of the Future for the Connected and Autonomous Vehicles.

Ulrich, S., Kulmala, R., Appel, K., Aiger, W., Tenttinen, M., Laitinen, J., 2020. D4.2 Consequences of automation functions to infrastructure, Mantra. MANTRA: Making
full use of Automation for National Transport and Road Authorities - NRA Core Business.

Urano, K., Hiroi, K., Kato, S., Komagata, N., Kawaguchi, N., 2019. Road Surface Condition Inspection Using a Laser Scanner Mounted on an Autonomous Driving Car.
IEEE, pp. 826-831. https://doi.org/10.1109/PERCOMW.2019.8730820.

Van Brummelen, J., O’Brien, M., Gruyer, D., Najjaran, H., 2018. Autonomous vehicle perception: The technology of today and tomorrow. Transp. Res. Part C Emerg.
Technol. 89, 384-406. https://doi.org/10.1016/].trc.2018.02.012.

28


https://doi.org/10.3390/su12114347
https://doi.org/10.3390/machines5010006
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0580
https://doi.org/10.1177/0361198119847620
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0610
https://doi.org/10.1007/s42947-021-00130-1
https://doi.org/10.1007/s42947-021-00130-1
https://doi.org/10.1080/23249935.2020.1720860
https://doi.org/10.1016/j.trc.2020.102664
https://doi.org/10.1109/OJITS.2020.3040889
https://doi.org/10.4271/12-02-03-0012
https://doi.org/10.1109/ACCESS.2020.2993730
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0060
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0060
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0800
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0800
https://doi.org/10.3390/s19030648
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0195
https://doi.org/10.1109/TITS.2019.2892399
https://doi.org/10.1109/TITS.2019.2892399
https://doi.org/10.1061/(ASCE)CF.1943-5509.0001423
https://doi.org/10.1061/(ASCE)CF.1943-5509.0001423
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0355
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0355
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0940
https://doi.org/10.1177/1477153516660146
https://doi.org/10.1080/15472450.2017.1336053
https://doi.org/10.1080/15472450.2017.1336053
https://doi.org/10.4236/jtts.2020.103012
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0275
https://doi.org/10.1080/01441647.2018.1523253
https://doi.org/10.1016/j.tra.2020.03.024
https://doi.org/10.1177/0361198118777091
https://doi.org/10.1016/j.cities.2019.03.020
https://doi.org/10.1016/j.cities.2019.03.020
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0515
https://doi.org/10.1080/19427867.2021.1892936
https://doi.org/10.1080/19427867.2021.1892936
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0885
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0345
https://doi.org/10.1177/0361198120902435
https://doi.org/10.1177/0361198120902435
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0325
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0325
https://doi.org/10.1109/PERCOMW.2019.8730820
https://doi.org/10.1016/j.trc.2018.02.012

O. Tengilimoglu et al. Transportation Research Part E 169 (2023) 102989

Vissers, L., van der Kint, S., Van Schagen, 1., Hagenzieker, M., 2016. Safe interaction between cyclists, pedestrians and automated vehicles. What do we know and
what do we need to know? (No. R-2016-16). SWOV, Hague.

Vujic, M., Mandzuka, S., Dedic, L., 2020. Autonomous Vehicles in Urban Traffic, pp. 564-569. https://doi.org/10.1007/978-3-030-46817-0_66.

Wadud, Z., 2017. Fully automated vehicles: A cost of ownership analysis to inform early adoption. Transp. Res. Part A Policy Pract. 101, 163-176. https://doi.org/10.
1016/j.tra.2017.05.005.

Wadud, Z., Huda, F.Y., 2019. Fully automated vehicles: the use of travel time and its association with intention to use. Proc. Inst. Civ. Eng. - Transp. 1-15. https://doi.
org/10.1680/jtran.18.00134.

Wadud, Z., MacKenzie, D., Leiby, P., 2016. Help or hindrance? The travel, energy and carbon impacts of highly automated vehicles. Transp. Res. Part A Policy Pract.
86, 1-18. https://doi.org/10.1016/j.tra.2015.12.001.

Wang, X., Qin, D., Cafiso, S., Liang, K.K., Zhu, X., 2021. Operational design domain of autonomous vehicles at skewed intersection. Accid. Anal. Prev. 159, 106241.
https://doi.org/10.1016/j.aap.2021.106241.

Washburn, S.S., Washburn, L.D., 2018. Future Highways - Automated Vehicles.

Weeratunga, K., Somers, A., 2015. Connected vehicles: are we ready? Main Roads Western Australia.

Welde, Y., Qiao, F., 2020. Effects of Autonomous and Automated Vehicles on Stopping Sight Distance and Vertical Curves in Geometric Design. In: Resilience and
Sustainable Transportation Systems. American Society of Civil Engineers, Reston, VA, pp. 715-724. https://doi.org/10.1061/9780784482902.084.

Wevolver, 2020. 2020 Autonomous Vehicle Technology Report.

Xing, Y., Lv, C., Chen, L., Wang, Huaji, Wang, Hong, Cao, D., Velenis, E., Wang, F.-Y., 2018. Advances in Vision-Based Lane Detection: Algorithms, Integration,
Assessment, and Perspectives on ACP-Based Parallel Vision. IEEE/CAA J. Autom. Sin. 5, 645-661. https://doi.org/10.1109/JAS.2018.7511063.

Xu, S., Peng, H., 2020. Design, Analysis, and Experiments of Preview Path Tracking Control for Autonomous Vehicles. IEEE Trans. Intell. Transp. Syst. 21, 48-58.
https://doi.org/10.1109/TITS.2019.2892926.

Yarnold, M.T., Weidner, J.S., 2019. Truck Platoon Impacts on Steel Girder Bridges. J. Bridg. Eng. 24, 06019003. https://doi.org/10.1061/(ASCE)BE.1943-5592.
0001431.

Ye, L., Yamamoto, T., 2018. Impact of dedicated lanes for connected and autonomous vehicle on traffic flow throughput. Phys. A Stat. Mech. its Appl. 512, 588-597.
https://doi.org/10.1016/j.physa.2018.08.083.

Ye, Y.Y., Hao, X.L., Chen, H.J., 2018. Lane detection method based on lane structural analysis and CNNs. IET Intell. Transp. Syst. 12, 513-520. https://doi.org/10.
1049/iet-its.2017.0143.

Ye, W., Wang, C., Chen, F., Yan, S., Li, L., 2021. Approaching autonomous driving with cautious optimism: analysis of road traffic injuries involving autonomous
vehicles based on field test data. Inj. Prev. 27, 42-47. https://doi.org/10.1136/injuryprev-2019-043402.

Ye, X., Wang, X., Liu, S., Tarko, A.P., 2021. Feasibility study of highway alignment design controls for autonomous vehicles. Accid. Anal. Prev. 159, 106252. https://
doi.org/10.1016/j.aap.2021.106252.

Yeganeh, A., Vandoren, B., Pirdavani, A., 2022. Impacts of load distribution and lane width on pavement rutting performance for automated vehicles. Int. J. Pavement
Eng. 23, 4125-4135. https://doi.org/10.1080/10298436.2021.1935938.

Zang, S., Ding, M., Smith, D., Tyler, P., Rakotoarivelo, T., Kaafar, M.A., 2019. The Impact of Adverse Weather Conditions on Autonomous Vehicles: How Rain, Snow,
Fog, and Hail Affect the Performance of a Self-Driving Car. IEEE Veh. Technol. Mag. 14, 103-111. https://doi.org/10.1109/MVT.2019.2892497.

Zhang, Y., 2013. Adapting Infrastructure for Automated Driving. Tampa Hillsborough Expressway Authority, Tampa.

Zhao, G., Liuy, L., Li, S., Tighe, S., 2021. Assessing Pavement Friction Need for Safe Integration of Autonomous Vehicles into Current Road System. J. Infrastruct. Syst.
27, 04021007. https://doi.org/10.1061/(ASCE)IS.1943-555X.0000615.

Zhou, F., Hu, S., Xue, W., Flintsch, G., 2019. Optimizing the Lateral Wandering of Automated Vehicles to Improve Roadway Safety and Pavement Life. Texas A&M
Transportation Institute.

Zmud, J.P., Sener, L.N., 2017. Towards an Understanding of the Travel Behavior Impact of Autonomous Vehicles. Transp. Res. Procedia 25, 2500-2519. https://doi.
0rg/10.1016/j.trpro.2017.05.281.

29


https://doi.org/10.1007/978-3-030-46817-0_66
https://doi.org/10.1016/j.tra.2017.05.005
https://doi.org/10.1016/j.tra.2017.05.005
https://doi.org/10.1680/jtran.18.00134
https://doi.org/10.1680/jtran.18.00134
https://doi.org/10.1016/j.tra.2015.12.001
https://doi.org/10.1016/j.aap.2021.106241
https://doi.org/10.1061/9780784482902.084
https://doi.org/10.1109/JAS.2018.7511063
https://doi.org/10.1109/TITS.2019.2892926
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001431
https://doi.org/10.1061/(ASCE)BE.1943-5592.0001431
https://doi.org/10.1016/j.physa.2018.08.083
https://doi.org/10.1049/iet-its.2017.0143
https://doi.org/10.1049/iet-its.2017.0143
https://doi.org/10.1136/injuryprev-2019-043402
https://doi.org/10.1016/j.aap.2021.106252
https://doi.org/10.1016/j.aap.2021.106252
https://doi.org/10.1080/10298436.2021.1935938
https://doi.org/10.1109/MVT.2019.2892497
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0445
https://doi.org/10.1061/(ASCE)IS.1943-555X.0000615
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0650
http://refhub.elsevier.com/S1366-5545(22)00366-0/h0650
https://doi.org/10.1016/j.trpro.2017.05.281
https://doi.org/10.1016/j.trpro.2017.05.281

	Implications of automated vehicles for physical road environment: A comprehensive review
	1 Introduction
	2 Background
	2.1 Levels of on-road vehicle automation
	2.2 Role of infrastructure on deployment paths of automated driving
	2.3 The concept of road classification for automated driving

	3 Materials and method
	4 Findings and interpretation of the identified literature
	4.1 Road alignments
	4.2 Road cross-sectional elements
	4.2.1 Lane width
	4.2.2 Shoulders and emergency bays
	4.2.3 Median (central reservation) and barriers

	4.3 Pavement/road surface
	4.3.1 Skid resistance on the road surface

	4.4 Road markings
	4.4.1 Rumble strips and road studs

	4.5 Traffic signs and control signals
	4.6 Junctions and roundabouts
	4.7 Parking facilities: pick-up and drop-off locations, service stations
	4.7.1 On-street parking

	4.8 Structural elements
	4.8.1 Bridge design
	4.8.2 Tunnels and underpasses

	4.9 Facilities for vulnerable road users
	4.9.1 Speed limit adaptation

	4.10 Roadside equipment or street furniture
	4.11 Road lighting
	4.12 Drainage systems
	4.13 Assessment and maintenance of road infrastructures

	5 Summary of findings and recommendations
	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Appendix A Data availability
	References


