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Executive Summary

The European Commission CEF funded project SLAIN (Saving Lives Assessing and Improving
TEN-T road Network safety) aims to extend the skills and knowledge base of partners in
performing network-wide road assessment. The European Road Assessment Programme
(EuroRAP) is the overall Project Coordinator of SLAIN with partners: Anas, FPZ, RSI Panos
Mylonas, RACC-ACASA, DGT Spain, SCT and TES (both Spain (Catalonia)) and iRAP.
The main areas to be covered within the SLAIN project are:
• The demonstration of a methodology of network-wide assessment.
• The assessment of the Safety Performance Management of the TEN-T core road
network and, if possible, beyond, in four European countries: Croatia, Italy, Greece and
Spain where road surveys (10,000 km of mapping) will be performed.
• Proposals for section-specific, economically viable crash countermeasures designed to
raise infrastructure quality to achieve significant reductions in severe injuries and
deaths.
• Review of some relevant factors associated with the preparation of the readiness of
Europe’s physical infrastructure for automation.
The deliverable D7.2 will provide a state-of-the-art summary review on the infrastructure
implications for automated vehicles and crash analysis literature review. This deliverable
presents the work and methodology undertaken to manage the outputs of the Grant
Agreement Activity 7 – Task 7.2.
The key activities and findings are summarised below:
•
•

•

•

More than 160 references/bibliographies have been collected and assessed covering
the period of 2013-2020) on physical infrastructure and CAVs.
There is no doubt that research on digital infrastructure and CAVs is well established
across EU and International Cooperation, whereas the research on the physical
infrastructure and CAVs is relatively scarce. For example, a TU Delft study titled
‘’Research report summarizing the scientific knowledge, research projects, test sites,
initiatives, and knowledge gaps regarding infrastructure for automated vehicles’’ [1],
reviewed FP7-H2020 European Commission projects from 2008 till 2017 on 1)
cooperative systems, 2) automated vehicles, 3) cooperative and automated vehicles,
and 4) vehicle platooning, and their relation to the physical road infrastructure. The
same study also focused on EU and International Cooperation pilots. It concluded that
all projects/pilot results focused ONLY on the digital infrastructure perspective.
The current state of the art evidence used scientific and technical papers, simulations,
and small pilot projects results. There is no clear published (or otherwise available)
knowledge at this point regarding the changes required in physical infrastructure to
scale up the changes required to make CAV operation possible.
The D7.2 state of the art review reaffirms that the road markings and traffic signs and
pilot results as analysed in SLAIN D7.1 are not the sole physical infrastructure
requirements for CAVs. All iRAP road risk attributes are relevant for Automated Driving
Systems (ADS) dynamic driving tasks. There is no sufficient research published (or
otherwise available) to come to a definitive conclusion on the extend of relevance
(e.g., exact specifications/parameters). This would require extensive research and
large-scale pilots. The available literature indicates a diversified view among different
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•

•

authors on the few road attribute parameters/specifications required for CAV
operation.
The scientific literature reaffirms that there is still a lot of research to be done in
relation to physical road attributes and ADS crash types/rates/patterns. When
evaluating safety features using data for collisions involving CAVs it is of particular
importance to understand how the crash occurrence and the safety features of ADS
relate to each other. Future research is needed to the effectiveness of individual
countermeasures (e.g., rumble strips, striping, adjustments to lane widths) with the
increase in CAV penetration rate.
Although technology is continuously being improved by CAV developers, the
automated driving system / dynamic driving tasks still need to be further developed to
bridge the gap between research and deployment.

Adjustment to the 52 attributes that are currently coded for the iRAP Star Rating process will
be required to use this data source to assess CAV readiness of roads (to support the new AiRAP survey approach). Stakeholder consultation in CEF SLAIN D7.1 has suggested that
development of a working group within the EuroRAP membership can facilitate the
contribution of different stakeholders to this process. Exchange of best practices with other
projects such as the CEDR MANTRA, CEDR DIRIZON and H2020 INFRAMIX projects, and
platforms such as the European ITS Platform (EU EIP), TN-ITS and the CEF SLAIN project would
promote the development of common and complementary recommendations.
The first results for the CAV readability pilots in four member states as discussed in CEF SLAIN
D7.1 generated several interesting findings for road marking and traffic signs aspects;
however, it is recommended that more large-scale trials need to be conducted under the
H2020 and CEF programme to test other relevant road attribute requirements and
performance that affect CAVs operation. Large scale testing of dynamic tasks in terms of
system readability and crash patterns is also required. In addition, large scale trials should also
focus on different configurations and combinations of the effects of road attributes with CAVs.
With respect to the remaining CEF SLAIN project Activity 7 tasks, the consortium will continue
working on Automatic coding methodology of the iRAP road attributes which will be available
in March 2021.
In conclusion, it is hoped that this report will help road authorities understand better the
relationship between road design attributes and CAV operation; the primary aim is of
achieving a reduction in road fatalities and injuries on European roads. Findings generated
could better inform future changes to road authorities’ guidelines and future road design
standards. This should be achieved in collaboration with vehicle manufacturers and
automotive suppliers to ensure the best possible outcome for harmonisation in conjunction
with industry developments. The report will also support European Commission CCAM
Platform WG3 on Physical and Digital Infrastructure to shape its future research priorities for
the next Work programme of Horizon Europe.
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1

Objectives

1.1 SLAIN project objectives
The European Commission CEF funded project SLAIN (Saving Lives Assessing and Improving
TEN-T road Network safety) aims to extend the skills and knowledge base of partners in
performing network-wide road assessment. The European Road Assessment Programme
(EuroRAP) is the overall Project Coordinator of SLAIN with partners: Anas, FPZ, RSI Panos
Mylonas, RACC-ACASA, DGT Spain, SCT and TES (both Spain (Catalonia)) and iRAP.
The main areas to be covered within the SLAIN project are:
• The demonstration of a methodology of network-wide assessment.
• The assessment of the Safety Performance Management of the TEN-T core road
network and, if possible, beyond, in four European countries: Croatia, Italy, Greece and
Spain where road surveys (10,000 km of mapping) will be performed.
• Proposals for section-specific, economically viable crash countermeasures designed to
raise infrastructure quality to achieve significant reductions in severe injuries and
deaths.
• Review of some relevant factors associated with the preparation of the readiness of
Europe’s physical infrastructure for automation.

1.2 SLAIN Activity 7 objectives
The objective of SLAIN Activity 7 is to perform a three-part study to show readiness of physical
infrastructure for automation. The SLAIN Activity 7 tasks are outlined below:

Task 7.1 Consultation exercise on road signs

Task 7.2: Technical review of road sign standards
Task 7.3: Survey of roads to collect 2,000 km sample of road lining and vehicle
camera signal drop-out
Task 7.4 Comparison of both data sets collected in Italy

Task 7.5 Crash Analysis systems literature

Task 7.6 Automatic Coding of the network for network wide road assessment

Figure 1: SLAIN Activity 7 tasks
SLAIN D7.2
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1.3 Aim of this deliverable
The deliverable D7.2 provides a state-of-the-art summary review on the infrastructure
implications for automated vehicles and crash analysis. This deliverable presents the work and
methodology undertaken to manage the outputs of the Grant Agreement related to the
Activity 7.2 Task.

1.4 Structure of the report
This report is structured in 9 sections.
•
•
•
•

•

•

•
•
•

Chapter 1 presents the SLAIN objectives and the aim and structure of report.
Chapter 2 provides the introduction.
Chapter 3 provides the methodology used for the state-of-the-art summary review on
the infrastructure implications for automated vehicles and crash analysis.
Chapter 4 focuses on the state-of-the-art summary review of automated driving
systems (ADS) capabilities and future requirements and challenges for the physical
road infrastructure. The following sections provide information on the ADS elements
such as sensing and perception, sensor fusion and AI algorithms, path planning and
motion control, as well as the need for the digital representation of the physical world.
Chapter 5 describes the summary review of CAV crash patterns. This part of the report
extends part of “Roads that Cars Can Read REPORT III: Tackling the Transition to
Automated Vehicles” [2] where it explored the connection between road
infrastructure and safety for both AVs and conventional vehicles.
Chapter 6 provides an analysis of 22 iRAP road attributes under the following
categories: Road Marking and Traffic Signs (including skid resistance), Roadway
(Carriageway and number of lanes, lane width, median, paved shoulder width, road
condition), Road Environment (curvature, grade, Street Lighting, Tunnels), Roadside
severity, Vulnerable Road Users (facilities for bicycles, facilities for motorcycles,
pedestrian crossing facilities, school zone warning, vehicle parking), Intersections
(Intersection and Traffic Lights), Speed and Intelligent Transport Systems
(ITS)/Roadworks. This section also investigates new advancements in this field.
Chapter 7 provides the conclusions of the report.
Chapter 8 provides the future research recommendations on road infrastructure
requirements for CAVs.
Chapter 9 outlines the bibliography and references.
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2 Introduction
In 2019, an estimated 22,800 road traffic fatalities were recorded in the 27 EU Member States.
This represents almost 7,000 fewer fatalities compared with 2010, a decrease of 23%. Almost
40% of road fatalities occur in urban areas [3]. However, fatality rates have stagnated in recent
years. It is estimated that road infrastructure and road surroundings are a contributing factor
in more than 30% of crashes. [4].
As a result of the third mobility package [5], the European Commission has already delivered
concrete measures on vehicles and infrastructure safety, and both were agreed upon by the
Parliament and Council in early 2019.
For vehicles, several safety features as part of the General Safety Regulation will be included
in all new vehicles, such as Intelligent Speed Assistance (ISA) to help drivers keep within the
speed limit, and other proven new technologies such as Automated Emergency Braking (AEB)
and Lane Keeping Assistance (LKA) were also included. The Commission expects that the
proposed measures will help save over 25,000 lives and avoid at least 140,000 serious injuries
by 2038. [6]. This will contribute to the EU's long-term goal of moving close to zero fatalities
and serious injuries by 2050 ("Vision Zero"). In addition to protecting people on European
roads, the new advanced safety features will help drivers get gradually used to new driving
assistance.
Advanced Driver Assistance Systems (ADAS) will help autonomous vehicles become a reality.
Blind spot detection can alert a driver as he or she tries to move into an occupied lane. Lane
departure warning and Lane Keeping Aid alerts the driver if the car is drifting outside its lane
and actively steers the car back into their own lane. Pedestrian detection notifies the driver
that pedestrians are in front or behind the car and Automatic Emergency Braking applies the
brakes to avoid an accident or pedestrian injury. As ADAS features are combined, we get closer
to autonomous vehicles.
However, one of the greatest challenges for advanced ADAS is environment detection,
perception, and prediction – the capability to perceive a vehicle’s environment using sensors.
ADAS systems in a vehicle use a variety of sensors and cameras to observe its surroundings,
to locate itself on the road and help it to drive safely. Cameras allow detection of road signs
and LiDAR and Radar sensors help to detect the edges of roads and identify lane markings. But
as technology evolves quickly, so too does the capability of ADAS systems and new features
could revolutionize the way CAVs read the environment.
Increasing degrees of automation offer significant potential to compensate for human errors
and offer new mobility solutions for the elderly and physically impaired. All this should
enhance public trust and acceptance of automated cars, supporting the transition towards
autonomous driving. For infrastructure, the European Commission identified the revision of
the Amendments to what was Directive 2008/96/EC on Road Infrastructure Safety
Management (the “RISM’’ Directive) as an element to contribute towards a better road safety
performance on European roads. The new regulatory framework addresses the readability
and detectability of road markings and road signs as a specific element to achieve a better
quality of infrastructure, facilitating driving conditions both for humans and machines.
SLAIN D7.2
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These developments have implications for road operators too. Road markings and road signs
need to be consistently inventoried; their condition needs to be reliable to allow use by
humans and automated vehicles. The infrastructure industry tends to operate with a
functional product timeline of decades, while the automotive industry works in years and the
technology industry works in months. These timelines make it hard to evolve infrastructure
design and policy in a way that enhances or complements automated driving systems without
running the risk of being superseded before any change can be implemented.
Governments and road authorities will need to consider where investment is needed to
ensure that safety is maintained, and the benefits of the technology can be fully appreciated.
The need to adapt the existing physical infrastructure and to deploy new digital infrastructure
for automated driving and transport are likely increasing as the (SAE) road vehicle automation
level gets higher, and even SAE L3 functions may already have impacts on the efficiency of the
transport system. In higher automation levels, the adaptation of physical infrastructure and
its link with the digital infrastructure is becoming a key issue for the deployment of CAVs.
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3 Methodology
In recent years, there have been many research papers and research reports relating to the
technologies and potential impacts of CAVs. Currently, the research into the impact of CAVs
and road design and physical infrastructure is still in its infancy. Even though some literature
reports and white papers containing ‘scattered views’ are slowly being released, there is
relatively little research being conducted yet to analyse in detail the relationship between
road design and physical infrastructure and the risk to occupants of CAVs. Another important
area that researches is only just emerging in is the relationship between road design and
physical infrastructure and its impact with operational (steering, braking, accelerating,
monitoring the vehicle and roadway) and tactical (responding to events, determining when to
change lanes, turn, use signals, etc.) aspects of the driving task (i.e., dynamic driving tasks), as
will be analysed in section 4.

Methodology

The methodology used for this report is divided into three main parts.

Review of Automated
Driving Systems
State of the Art

Review of CAV crash
patterns
Review of iRAP road
attributes

Figure 2: Methodology of the report
The first part of the report focuses on the state-of-the-art summary review of automated
driving systems (ADS) capabilities and future requirements and challenges for the physical
road infrastructure. The following sections provide information on the ADS elements such as
sensing and perception, sensor fusion and AI algorithms, path planning and motion control,
as well as the need for the digital representation of the physical world.
The second part of the report focuses on the review of CAV crash patterns. This part of the
report extends the “Roads that Cars Can Read REPORT III: Tackling the Transition to
Automated Vehicles” [2] where it explored the connection between road infrastructure and
safety for both AVs and conventional vehicles. The “Roads that Cars Can Read REPORT III:
Tackling the Transition to Automated Vehicles” report presents a knowledge base of current
SLAIN D7.2
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conventional vehicle collision patterns and countermeasures. It then postulates how the need
for some countermeasures might change with increased penetration of AVs on the roads.
Assuming a scenario 30 to 40 years in the future when at least 50% of vehicles on roads will
be AVs, estimates are made of possibilities for crash reduction totals if reductions for certain
crash types are as high as 60% to 80% (for example run-off and rear-end shunt crashes
respectively). In the report, EuroRAP Roads that Cars Can Read series, preliminary data from
crashes involving CAVs suggests that there is more to be learned from high-speed crashes
involving CAVs since most of the knowledge thus far is based upon low-speed impacts. Those
crashes suggest that other road-users need to understand and learn to predict the
manoeuvres of AVs, particularly at intersections.
The third part of the report provides with an analysis of 22 iRAP road attributes under the
following categories: Road Marking and Traffic Signs (including skid resistance), Roadway
(Carriageway and number of lanes, lane width, median, paved shoulder width, road condition),
Road Environment (curvature, grade, Street Lighting, Tunnels), Roadside severity, Vulnerable
Road Users (facilities for bicycles, facilities for motorcycles, pedestrian crossing facilities,
school zone warning, vehicle parking), Intersections (Intersection and Traffic Lights), Speed
and Intelligent Transport Systems (ITS)/Roadworks. This section will also investigate new
advancements in this field.
Overall, more than 160 references/bibliographies have been collected and assessed covering
the period of 2013-2020. The following database search engines were examined as part of
the review: Google Scholar, Web of Science, Research Gate, TRB, IEEE, as well as relevant
articles from the press using the following keywords and terms: “road infrastructure AND
automated vehicles OR self-driving vehicles”, “road design AND automated vehicles OR selfdriving vehicles”, “cooperative systems AND road infrastructure”, “digital infrastructure AND
automated vehicles”, “physical infrastructure and automated vehicles”, ‘’perception and
sensing’’, ’’sensor fusion’’, crash types, ’’CAVs’’, ‘’ADS’’ positioning, ’’automated driving task’’,
‘’dynamic driving task’’, ‘’upgrades’’, ‘’road investment’’, ‘’standardisation’’, ‘’regulation’’.
For all sections, the term CAVs [7] will be used to refer to vehicles with driving automation
systems at levels 3 or higher (that is, to vehicles equipped to use Automated Driving Systems
(ADS). AVs use technology to steer, accelerate, and brake with little to no human input
whereas Connected Vehicles use technology to either communicate with vehicles and road
infrastructure.
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4 Automated Driving Systems
To explore the state of art on the infrastructure implications for automated vehicles the
capabilities and future requirements for automated driving systems (ADS) needs to be
reviewed. This section focuses on the ADS elements such as sensing and perception, sensor
fusion and AI algorithms, path planning and motion control, as well as the need for the digital
representation of the physical world.
The standard way to discuss ADS is to talk about “self-driving levels”, as defined by SAE in
“J3016™: Taxonomy and Definitions for Terms Related to On-Road Motor Vehicle Automated
Driving Systems” [8] provides a taxonomy with detailed definitions for six levels of driving
automation, ranging from no driving automation (level 0) to full driving automation (level 5),
in the context of motor vehicles. These definitions of self-driving levels, along with additional
supporting terms and definitions provided in the document, can be used to describe the full
range of driving automation features equipped on motor vehicles in a functionally consistent
and coherent manner.
The J3131ADS functional architecture is shown in Figure 3.

Figure 3: ADS functional architecture, Source: [9]
A Framework for Automated Driving Systems Testable Cases and Scenarios [10] sets out “The
elements of the ADS functional architecture include hardware and software components that
support the following:
• Sensing (e.g., radar, laser scanners, cameras, etc.)
• Perception (e.g., road feature classification, object segmentation and classification,
etc.)
• World modelling (e.g., persistent data mapping, dynamic obstacle tracking, and
SLAIN D7.2
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•

prediction, etc.)
Navigation and planning (e.g., path planning and motion control commands to
implement responses)

Thorn et al say further “The sensing and perception elements of the architecture specifically
support detection of relevant objects. World modelling supports the aggregation of perception
and other information to identify and understand events that may occur through interactions
with those objects. Navigation and planning support determination of the appropriate
response to those events and interactions, and the generation of control commands to
implement that response.”
In terms of sensing and perception systems, Francisca Rosique’s paper [11] describes in a very
detailed manner the ‘’systematic review of the perception systems and simulators for CAVs.
This work has been divided into three parts. In the first part, perception systems are
categorized as environment perception systems (see Table 1) and positioning estimation
systems’’. ‘’A CAV acquires knowledge of its surrounding in two stages. The first stage consists
of scanning the road ahead to detect possible changes in driving conditions (traffic lights and
signs, pedestrian crossings, and barriers, among others). The second stage relates to the
perception of other vehicles’’. A combination of both short- and long-range sensors are used
to evaluate the complete environment around the vehicle so it can track not only other
vehicles but all other objects in the road, including pedestrians and bicyclists. Sensors such as
LiDAR (light detection and ranging), radar, and cameras all work in conjunction to provide a
complete image of the surroundings. The use of different types of sensors provides
redundancy in the system. Integration of systems and components has the potential to reduce
size and power requirements, reduce cost, and ease installation (for retrofit). Sensors are
often combined and integrated to exploit the features of the different technologies, using
“sensor fusion” to gain a more accurate picture of the surrounding environment.
The combined system typically requires fewer modules and can reduce latency associated
with the exchange of sensor data between devices – an important factor for systems where
real-time functionality is critical. Combining sensor data can also reduce the frequency of false
alarms and inappropriate responses [12].
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Table 1: Environment Perception System- reworked by author, Source: [11]
As a subsequent step, sensory fusion or data fusion aims to improve the measurement of two
or more sources of data from sensors, beyond the individual measurement of each of them.
Sensory fusion is especially indicated when large amounts of disparate sensor data are
produced. Sensorial fusion applied to the measurement of redundant data reduces the
uncertainty of the measurement, increases the accuracy, and improves the integrity of the
system, improving fault tolerance. Obtaining a classification of the algorithms or fusion
techniques is an arduous and difficult task due to multidisciplinary and the large number of
case studies reported in the literature.
In a review carried out by Castanedo, [13] the report identified an extensive classification of
fusion methods according to different criteria such as: ‘’(1) relations between the input data
sources; (2) input/output data types and their nature; (3) abstraction level of the employed
data; (4) different data fusion levels, and (5) architecture types. According to the same report,
three categorizations are applied to both perception systems and location systems in
autonomous vehicles: (1) estimation methods based on Gaussian filters (e.g., Kalman filter (KF)
or particle filters (PF)), (2) probabilistic inference methods (i.e., Bayes theorem), and (3)
artificial intelligence methods based on machine learning algorithms’’.
According to a 3M report titled ‘’Machine vision and contrast: how automated vehicles see
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the roads’’ [14], there are four ways machine learning algorithms detect key features like
pavement markings or pedestrians. Each image is made up of a series of pixels. Each pixel is
represented by a number that contains location data and intensity. If the pixel is dark, the
computer will assign that pixel a value close to zero. If the pixel is light, it will assign a larger
value, with a maximum value of 255 for absolute white. Contrast is achieved when light pixels
are close to dark pixels (high numbers close to low numbers).
For a machine vision algorithm to detect a feature like a pavement marking, it needs to see
contrast between the pavement marking’s pixels and the road’s pixels. The following list is
part of the 3M example:
•

•

•

•

‘’Difference in Light and Dark Pixels. The simplest algorithms calculate the absolute
difference between the values of adjacent pixels. The algorithm looks for large
differences, which are interpreted to be features of interest such as the edges of
pavement markings. The algorithm then makes decisions about road lanes using this
information.
Edge Detection Scheme. A slightly more complex scheme calculates the rate of change
of the pixel values in the image, then creates a graph with a linear slope. The algorithm
is looking for a steep slope, indicating a more defined difference between light and
dark. Again, this method is used to find edges.
Corner Detection Scheme. This scheme uses some of the same calculations as the Edge
Detection Scheme. However, instead of simply calculating the pixel value rate of
change in one direction, the algorithm simultaneously considers the rate of change over
two directions. This helps the computer detect corners in its field of view, rather than
edges.
Convolutional Neural Network (CNN), a form of machine learning. These are the most
complex algorithms used by AVs and the direction many manufacturers are heading.
This method uses machine deep learning to train the vehicle’s computer how to detect
and classify objects—including pavement markings, other signs, pedestrians, etc.—in
its field of view’’.

On all these schemes, the vehicles’ systems are directly or indirectly performing a function
known in the industry as “thresholding”—looking for values that meet a certain threshold, or
minimum value.
In addition to sensor fusion, a level of accuracy is needed from GPS and other GNSS
technologies. If the perception sensor is not able to detect the physical features due to the
occlusion, there is no way to update the HD map and the map providers cannot easily keep
their maps up to date for such attributes, while up-to-date maps are a key asset for C-ITS
applications.
As reported by the EC, the C-ITS Platform Phase II [15] report mentioned that the deployment
of the C-ITS applications will have an important infrastructure component both in the
'physical' and 'digital' sense. Digital infrastructure will be an accurate, dynamic, and live digital
representation of the physical infrastructure (see Figure 4). This digitisation of infrastructure
could greatly support CAVs into understanding their surroundings and facilitate new
possibilities in dynamic traffic management.
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Figure 4: Digital Map process – reworked by the author, Source [15]
This does however raise new topics, such as the need to maintain a high-quality standard for
this digital representation, both in accuracy and timeliness of the updates, requiring an
increased collaboration between public and private sector, between road authorities and CITS service providers.
In an urban context, a wide range of physical infrastructure can be found and the task of
developing the digital infrastructure will be complex. Digital maps will play an important role
to provide on-board sensing for tactical driving i.e., up to date minute map information that
can provide information on incidents/crashes, lane closures, work zones, weather, and other
dynamic factors.
Other experiments conducted so far have clearly shown that digital prior knowledge of the
geometrical elements of a roadway are essential to enable faster and reliable localization of
vehicles during highly automated driving scenarios. The road planning authorities would need
to make available the digital road data with a standard degree of detail and a format that can
be processed (Open Drive). This data can be stored as a separate layer in the HD map. With
governments expanding into digital, systems for such digital storage and maintenance are
increasingly available. However, with a multitude of solutions this means that they are
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different in terms of GIS and data models applied. Therefore, a common exchange format is
needed, enabling creation of plug-ins to the existing (legacy) systems for extraction of
information on changes in road attributes. Immediate updates from authorities to map
makers only make sense if the second half of the data chain from map makers to end user
devices will also be in place. The ERTICO platform TN-ITS [16] working on this area is
concerned with the exchange of information on changes in static road attributes. The focus of
the platform is on-road attributes based on regulations. Few member states have recently
identified their roadmap [17] in the recent TN-ITS platform reflection paper.
All things considered, sensor coverage needs can vary depending on the level of driving task,
driving speed, road type, and other environmental factors. Reliability of these technologies is
becoming increasingly important as the required reaction times for safe operation reach levels
beyond human capabilities.
The degree and scope of sensor coverage must be defined depending on a variety of CAV use
cases [15]. Future research suggests that sensor fusion multicolour processing should be
further enhanced, rather than relying on grayscale or binary images, to improve the detection
algorithms.
The literature review process [13] also proposes that a public benchmarking dataset should
be created to assess the performance of algorithms. Considering the performance of
algorithms, the thresholding process is one of the most important elements in fusion
algorithms. In the study named “Algorithm and hardware implementation for visual
perception system in autonomous vehicle: A survey” the authors broadly classified upcoming
technical challenges into three categories: algorithm design, hardware design and system
validation, where the algorithm component is responsible for vehicle and pedestrian
detection, lane detection and drivable surface detection [18]. Although there have been major
improvements in the last decade, all aspects of the automated driving system, including
perception, localization, decision-making, and path planning algorithms still need to be further
developed to bridge the gap between research and deployment according to [19] paper.
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5 CAVs Crash Patterns
This chapter focuses on the review of CAV crash patterns. Much is known about the patterns
of fatalities and severe injuries for crashes involving conventional vehicles. While there
appears to be no global report on the total number of crashes involving CAVs, some cases
have made headlines.
This section extends the work in “Roads that Cars Can Read report III: Tackling the Transition
to Automated Vehicles” [2] where it explored the connection between road infrastructure and
safety for both CAVs and conventional vehicles.
The “Roads that Cars Can Read REPORT III: Tackling the Transition to Automated Vehicles”
report [2] presents a knowledge base of current conventional vehicle collision patterns and
countermeasures. It then postulates how the need for some countermeasures might change
with increased penetration of AVs on the roads. Assuming a scenario 30 to 40 years in the
future when at least 50% of vehicles on roads will be AVs, estimates are made of possibilities
for crash reduction totals if reductions for certain crash types are as high as 60% to 80% (for
example run-off and rear-end shunt crashes respectively). In the report, EuroRAP Roads that
Cars Can Read series, preliminary data from crashes involving CAVs suggests that there is more
to be learned from high-speed crashes involving CAVs since most of the knowledge thus far is
based upon low-speed impacts. Those crashes suggest that other road-users need to
understand and learn to predict the manoeuvres of AVs, particularly at intersections.
Human factors contribute to more than 90% of all crashes, so it is expected that CAVs, since
they are removing the human driver from the equation partially or completely, will be able to
significantly reduce crashes caused by human driver errors, including speeding, right of way
violations or inattentive driving.
According to the Tullio Giuffrè study [20] there will be different novel crash risk factors for
CAVs than the current condition with conventional vehicles including:
• environmental road surface and weather condition
• vehicle technical deficiency
• inappropriate load
• database deficiency
• new situation
• system failure
• cyber-attack
The study states that excessive speed by drivers (which is one of the crash risk factors for
conventional vehicles) will be prevented by a CAV as the emergency brake systems will reduce
the speed to minimize the severity of the collision. This group of these crash risk factors is also
related to the presence of the electronic components interconnected by Wi-Fi, infrared or
Bluetooth technology to ITS systems which will be present in the future road network. A
further variation of the determination of danger level is linked to the perception and reaction
time that will be close to 0 seconds with CAVs. This will result in a significant danger level
reduction as new road safety pattern.
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In addition to that, the greatest challenge is to predict the changes in characteristics and types
of crashes that will occur in the future. Those types of crashes are analysed and grouped
together within the report. The document ‘’ Accident data analysis - remaining accidents and
crash configurations of automated vehicles in mixed traffic - OSCCAR: future occupant safety
for crashes’’ presents the following results [21].
The Deliverable D1.1. of H2020 OSCCAR – Occupant Safety for Crashes in Cars project [21]
suggests that current crash data should be used to predict future traffic scenarios as well as
crash configurations to which CAVs will be exposed. The same document considers the
relationship of systems such as driver assist, active safety technologies and various other
automation systems with crash causation factors and finds the following:
•

•

•

•

‘’In the optimistic scenario, market penetration of CAVs is equal in its distribution with
conventional vehicles on roads within the European Union by, at the earliest, 2045.
Therefore, CAVs will still be faced with a crash situation comparable with the current
crash situation. It is assumed however, that crash configurations for CAVs may change.
Most crash scenarios for CAVs which were determined by either a bottom-up or a topdown approach predict a very similar distribution of crashes in analysed countries
within the EU. The most prominent crash scenario within urban areas is a collision while
turning into another road or crossing, while for motorways it is a front-to-rear-end
collision.
The top down-approach revealed that 25% of fatal crashes were caused by violation of
traffic rules, a type of crash for which it is assumed that it is inherently avoided by an
CAV. When CAV penetration reaches close to 100%, this could lead to a reduction of
290 000 casualties annually within EU countries.
A virtual simulation model has revealed a large collision avoidance potential if a driver
(as the main contributary factor of a crash) is replaced with a CAV in the same situation.
The Authors of the OSCCAR report expect that future CAV will be mostly involved in
collisions either caused by other traffic entities or by being pushed into a situation
where avoiding a collision becomes impossible’’.

In the “Crash Themes in Automated Vehicles: A Topic Modelling Analysis of the California
Department of Motor Vehicles Automated Vehicle Crash Database” report [22] CAV crash
reports obtained from the California Department of Motor Vehicles CAV crash databases were
inspected, with the aim to identify possible safety concerns and gaps related to different CAV
crashes. In this report, available databases were analysed based on probabilistic topic
modelling of open-ended crash reports. This form of analysis identifies five main themes
within each database, including: driver-initiated transition crashes, sideswipe crashes which
occurred during left-side overtakes and rear-end collisions. Many of the side-swipe collisions
were also associated with crashes caused by driver-initiated control takeover. The Authors of
this report also state that motorcycles were involved in a significant portion of the side-swipe
collisions.
“Rage against the machine?” Google's self-driving cars versus human driver’s research paper
[23] investigates Google car crashes, which were classified by type and severity based on
available crash reports released by Google. Crash rates expressed per million vehicle-miles
travelled (VMT) were severe enough to be classified as police-reportable cases. Afterwards,
these were compared with police-reported crash rates for conventional vehicles, classified by
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crash type. Research concluded that Google cars had a much lower rate of police reportable
crashes per million VMT, when compared with conventional vehicles in a period between the
years 2009 and 2015 (calculated crash rates for automated and conventional vehicles are 2.19
and 6.06 per million VMT, respectively) [23] However, this difference was not statistically
significant. The most common type of crash was a rear-end type crash, where a CAV was hit
by a conventional vehicle. CAVs shared responsibility for only one crash. Even though the
results are obtained only from test scenarios, they suggest that CAVs are safer than
conventional human-driven passenger vehicles. Furthermore, researchers have emphasised
that high/level automation vehicles are, in certain conditions, safer than conventional
vehicles. Nevertheless, they will still be vulnerable to crashes with other conventional motor
vehicles.
Schoettle and Sivak [24] have performed a preliminary analysis of the cumulative on-road
safety records of self-driving vehicles for three of the ten companies that are currently
approved for vehicle testing in California (Google, Delphi, and Audi). In the performed analysis,
the safety records of CAVs were compared with the safety records of all conventional vehicles
in the U.S. for 2013. Four main findings have been derived from the research. The first finding
was that the self-driving vehicles currently have a higher crash rate per million miles travelled
than conventional vehicles. Similar patterns were noticed between the number of injuries per
crash and the number of injuries per million miles travelled. The second finding states that
there is possibility that the actual crash rates for CAVs will be lower than those of conventional
vehicles. Thirdly, CAVs were not directly responsible for any of the crashes in which they have
participated in. Finally, the fourth finding was that the overall severity of injuries that have
been caused in crashes involving CAVs is lower when compared with crashes that involve only
conventional vehicles.
The results of the research performed by Schoettle and Sivak [25] indicates that during the
transition period, when CAV penetration will begin to have significant influence on traffic flow
characteristics, road safety might reduce, at least when considering the crashes between
conventional vehicles and AVs.
A collision between a 2015 Tesla Model S and a tractor trailer crossing an uncontrolled
intersection on a highway west of Williston prompted the National Highway Traffic Safety
Administration (NHTSA) to undertake a detailed report [26] on the design and performance of
any automated driving systems in use at the time of the crash. NHTSA’s examination did not
identify any defects in the design or performance of the AEB or Autopilot systems of the
subject vehicles nor any incidents in which the systems did not perform as designed.
Furthermore, the report analysed mileage and airbag deployment data supplied by Tesla for
all 2014 and 2016 Model S and 2016 Model X vehicles equipped with the Autopilot Technology
Package and discovered that the Tesla vehicle crash rate dropped by almost 40 percent after
Autosteer installation.
Blanco et al. [27] suggests that CAVs may be less often involved in more-severe road crashes,
when compared with other conventional types of crashes contained in the US national and
naturalistic dataset. However, the Authors also state that there is currently insufficient data
to draw this conclusion with strong confidence. The study comments that when CAV crashes
were analysed, it was revealed that none of the vehicles operating in autonomous mode were
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deemed at fault for the occurrence of the observed road crashes.
Lause [28] presents various methods that aim to estimate the safety benefits that CAVs have
to offer in terms of improving the existing level of road safety, as well as the changes that are
needed in CMFs (Crash Modification Factors) because of their adoption. This can mainly be
achieved by modifying and improving a ddSAFCAT software tool that enables the estimation
of safety benefits for vehicles at different levels of autonomy. This tool can estimate CAV
benefits and effectiveness of relevant countermeasures based on road crash data and the
level of CAV penetration. ddSAFCAT software was used to investigate how the effectiveness
of individual countermeasures (e.g., rumble strips, striping, adjustments to lane widths) will
change with the increase in CAV penetration rate.
Mobileye [29] states that the Responsibility-Sensitive Safety (RSS), a mathematical model for
CAV safety, is designed to formalize and contextualize human judgment regarding all possible
driving situations and dilemmas. Once that is done, a CAV can be programmed to follow safety
definitions, thereby making it possible for CAVs to effectively share the road with human
drivers for a couple of decades.
The RSS model defines Safe Distances, including Safe Longitudinal Distance in One-Way Traffic,
Safe Longitudinal Distance to Two-Way-Traffic, Lateral Safe Distance, Longitudinal Ordering
for Two Routes of Different Geometries and Safe Longitudinal Distance for Multiple
Geometries for all driving scenarios, i.e., from one-way traffic to junctions and multiple
geometry scenarios. Secondly, the model defines exactly what is a Dangerous Situation: the
model identifies a situation as dangerous if both the longitudinal and lateral distances
between two observed vehicles are below a defined minimum threshold. The third essential
definition in the model is the Proper Response. The Proper Response is a set of actions that
the vehicle must take to avoid a collision. Proper Response is defined for various situations
within the paper, and some of the examples include:
•
•
•
•

‘’Two cars driving in the same direction
Two cars driving in opposite directions where one car is driving in the wrong direction,
namely not in its lane
The lateral distance between two cars is not safe
One car performing overtaking of the other car at a non-safe longitudinal distance’’.

The report also studies Vulnerable Road Users (VRUs) pedestrians, bicyclists, etc. and crashes
caused by occlusion (i.e., crashes involving fully or partially hidden objects). Determining
responsibility in collisions involving pedestrians (or other road users) follow the same concepts
and ideas defined the vehicles. But although the concepts are similar, an adjustment to the
parameters that constitute the definitions of Safe Distance and Proper Response is needed.
Various pedestrian-related scenarios are studied, as well as obstruction and limited sensing
scenarios. Crashes related to pedestrians and other VRUs often take place in an obstructedview environment and under conditions of limited visibility (i.e., limited sensing, in the context
of a CAV).
Finally, various pre-crash responsibility assignments are presented and studied within the
paper, including One-Way-Traffic Scenarios, Cut-In and Drifting Scenarios, Two-Way Traffic
Scenarios, Multiple Geometry and Right-of-Way Scenarios, VRUs and Occlusion Scenarios. The
paper concludes that the combination of reducing risk of machine error and clarifying liability
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in a conclusive manner is critical to allow the industry to move forward in the development of
CAVs.
Concluding this section focused on potential CAV crash types and changes in these as
penetration increases. Initial research findings indicate that crash rates should reduce with
increasing CAV penetration into traffic flows in comparison to current typical collision rates
and patterns resulting from conventional vehicle operations with human drivers. However, at
this point there are not enough real-world studies or empirical data to prove this.
The analysis of existing ADS technology suggests that significant safety issues are present at
the point where control of the vehicle needs to transfer between the automatic systems and
the human driver, which occurs when the road conditions become too complex for these
automatic systems to cope with them. Therefore, studying the human driver behaviour when
these critical events occur, to ensure that transfer of control is safe is a task of high
importance.
Crashes related to pedestrians and other VRUs often take place in an environment where the
forward view is obstructed and/or under conditions of limited visibility. In the context of an
AV the impact of these situations (i.e., where sensor system performance may be limited) on
these types of crashes need to be further researched, particularly as these incidents may result
in high severity injuries to the VRUs.
The scientific literature reaffirms that there is still a lot of research to be done in relation to
physical road attributes and ADS crash types/rates/patterns. When evaluating safety features
using data for collisions involving CAVs it is of particular importance to understand how the
crash occurrence and the safety features of ADS relate to each other. A systematic approach
is required to be taken to increase the understanding of how overlapping safety features
interact when collisions involving CAVs do occur e.g., what the failure points are. There is also
a need for research on the cybersecurity of sensor fusion countermeasures for road safety to
prevent these from being hacked and controlled by malicious parties.
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6 iRAP Road Attributes
This chapter analyses the relationship between CAV dynamic driving tasks and the physical
infrastructure (using the iRAP road attributes grouped in sub-sections 6.1-6.8 as examples)
and considering the risk associated with different infrastructure elements.
In particular the chapter provides an analysis of 22 iRAP road attributes grouped as follows:
Road Marking and Traffic Signs (including skid resistance); Roadway (Carriageway and
number of lanes, lane width, median, paved shoulder width; road condition), Road
Environment (curvature, grade, Street Lighting, Tunnels); Roadside severity, Vulnerable Road
Users (facilities for bicycles, facilities for motorcycles, pedestrian crossing facilities, school zone
warning, vehicle parking); Intersections (Intersection and Traffic Lights), Speed and Intelligent
Transport Systems (ITS)/Roadworks (including new advancements in ITS).
Several methodologies, mostly based on the physical characteristics of a road, have been
proposed by road safety research to assess the safety performance of road infrastructure.
Among them is the international Road Assessment Program (iRAP) which includes a Star Rating
protocol. This is based on road inspection data and provides a simple and objective measure
of the level of safety ‘built-in’ to the roads for vehicle occupants, motorcyclists, pedestrians,
and bicyclists. 5-star roads (green) are the safest, and 1-star (black) are the least safe. iRAP
Star Rating involves recording more than 50 infrastructure attributes for each 100m segment
of the network. These attributes have a proven influence on the likelihood and/or severity of
a crash [30] for conventional vehicles.

Figure 5: iRAP Road Attributes, Source [31]
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Figure 5 shows many of the iRAP road attributes such as roadside barriers, speed limit signs
and other traffic signs; quality of pavements, intersections, horizontal curvature; presence of
adequate vehicle lanes, separate bicycle and motorcycle lanes, shoulders, sidewalks;
adequate lighting, sight distance, grades, safety barriers, traffic signals and control devices,
pedestrian crossings, etc. Inadequacy of these attributes among other issues can have
negative impacts on road user safety. It is important to note that these attributes are
important for conventional road vehicles and not CAVs.
There are, however, some limitations; this report does not analyse all 52 attributes. For
example, the six types of flow attributes for motorcycles, bicycles and for pedestrians and
property access points have not been included. Some attributes have been grouped together,
for example carriageway and number of lanes and three types of speed attributes, intersection
type, channelisation and quality. The tunnels attribute has also been added in the list, as it is
within the pilot on road markings and traffic signs in the four Member States. iRAP is
responsible for the model development and is currently working on an extensive list of road
attributes for ITS [31] under its innovation framework. For this reason, in section 6.8, an
indicative example is given on road works warning/ITS and the impact on the safety of the
road network. iRAP intends to develop a dedicated report on ITS related attributes and its
relevance to risk factor in 2021.

6.1 Delineation
The following section is divided to sub-section 6.1.1 – Road Markings, sub-section 6.1.2 -Traffic
Signs and sub-section 6.1.3- Shoulder and centreline rumble strips.
6.1.1 Road Markings
As discussed in CEF SLAIN 7.1 [32] road markings are one of the most well-researched road
attributes which impact all CAV use cases. Different methods and devices for inventory/survey
of condition data of road markings across Europe has been extensively researched in several
European Commission (EC) projects but these conclude that comprehensive inventory of
these assets is not common across road operators/agencies.
Research on road marking configurations include assessment of line width, lane width and
continuity which has an impact on the performance (consistency) of machine-vision lane
detection. Research also identified that 1) the accuracy and range of the scanner used and 2)
the accuracy of the point cloud generated affect the detectability of lines. Early results showed
that for detection distances of 40m to 80m, 6-inch-wide road markings with adjacent 2-inchwide contrast striping provide the optimal pattern in terms of ADS camera detection. For
detection distances less than 40m, 1inch wide contrast striping provides similar results to 2inch-wide contrast striping. In addition, to this, researchers commonly agree that road
markings have a width of 150mm/ 6 inches wide / 15cm.
The CEF SLAIN D7.1 [32] report showed that the width of lines was not as important as its
condition; also, proximity of the line to materials such as concrete shoulder and concrete
safety barriers which have similar properties to lines from a machine learning perspective
made these harder for CAV systems to identify them.
SLAIN D7.2

29

Version 1.2

Other early research also showed that road marking improvement gives a positive benefit-tocost ratio (BCR) with respect to crash/casualty cost savings which result, but more trials would
be needed to test CAV crash patterns in relation to road marking deterioration. Furthermore,
researchers commonly agree that improving maintenance and design standards can generate
significant network-wide safety and performance gains.
6.1.1.1 Skid Resistance
The Skid Resistance/Grip attribute records the general characteristics of the road surface
about grip. Formally, it relates to the force developed when a tyre that is prevented from
rotating slides along the pavement surface [30].
Reasonable levels of skid resistance are required where there are road users who are
susceptible to varying levels of skid resistance. Motorcycles, bicycles, and pedestrians are
affected by dramatic changes in skid resistance of surfaces. CAVs can adjust vehicle speed
more predictively through V2V and V2I communications to avoid sharp braking [13] thus
reducing the stopping distance design standard. The requirement for the coefficient of friction
(represented by the polished stone value (PSV) and the texture depth) can therefore be
relaxed, so that less skid-resistance materials are possible for use in the surface course in the
future.
Measuring the skid resistance of road markings is usually carried out via the standardized
Secure Reliable Transport (SRT) pendulum apparatus. It is recommended to take several
measurements over the selected length to realize a representative SRT value. To date, several
studies have investigated the potential of continuous measurement systems and their
correlation to the hand-held device. The report titled Friction assessment of road markings: a
comparison of different methods and development of a model for mobile assessment [33]
reported on two studies for mobile assessment methods and estimation of road marking
friction. In the first study, three different mobile methods, Road Friction Tester (RFT), Traction
Watcher One (TWO) and Road Marking Tester (RMT), were compared with the handheld
method Portable Friction Tester (PFT). In the second study, a prediction model for friction in
higher speeds was developed, based on measurements of the coefficient of retroreflected
luminance and the texture of the road marking.
Another study in Germany titled Dynamic Measurement of skid resistance of road markings
[34] investigated the correlation between standardized SRT pendulum apparatus and
continuous measuring methods (GripTester, ViaFriction and SKM) for the continuous
evaluation of the skid resistance of road markings. The studies have shown that the mobile
devices have the potential to measure the skid resistance of road markings, but more
investigation is required. The mobile systems do not provide sufficient accuracy to meet the
standards. The proposed models to predict friction at traffic speed are also not robust enough
to be useful in practice.
The report ‘Skid Resistance Determination for Pavement Management and Wet-Weather
Road Safety’ [35] indicates that approximately 20% of all road crashes occurred during wet
weather, and that the skid resistance of wet pavement has a major influence on the
occurrences of wet-weather crashes. Monitoring of wet pavement skid resistance has been
an integral part of a typical pavement management system. It is shown in the report that the
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single-point minimum skid resistance threshold is inadequate to offer a complete description
of the skid resistance performance of the pavement sections in question for effective
management of a road network. It is unable to assess the risk involved in an actual wetweather condition where the pavement surface water-film thickness and vehicle speed are
different from standard test conditions. This limitation of the current system of specifying a
minimum skid resistance threshold can be overcome by adopting a theoretically sound
approach to represent pavement skid resistance under different conditions of water film
thickness and vehicle speed. The paper describes the theoretical basis of the approach and
the development of a mechanistically derived three-dimensional finite-element skid
resistance simulation model to predict skid resistance. The application of the proposed
approach and the skid resistance prediction procedure in pavement management system and
wet weather driving safety assessment are presented.
The Yuchuan Du et al [36] paper presents a dynamic method to estimate pavement friction
level using computer vision. The results showed the great correlation between pavement
texture and skid resistance. The TLDKNet (deep neural network based on domain knowledge)
yielded the best performance with an accuracy of 90.67% and only 2.67% underestimation
error, showing that it is sufficiently conservative about safety. Based on the proposed method
of estimation, a framework for anti-skid driving control is developed regarding the carfollowing behaviour and turning movements. The report indicated that future research should
focus on the impact of the data volume and the performance of various training structures on
multi-classification problem, as well as expanding the dataset and attempting to divide the
skidding level into more detailed divisions.
Washburn S. and Washburn L. [37] concluded in their work that for now, there are at least
two CAV factors that will remain unchanged and slow down changes in infrastructure, namely
vehicle performance and visibility. Although CAVs are very likely to have a much better
response time than the driver, for now there is no indication that the way energy is transferred
to the surface of the road will change. That is, vehicles will continue to use rubber wheels and
drive on paved or concrete surfaces, and that is exactly the first limitation: the friction factor.
The stopping distance of the vehicle or the acceleration of the vehicle is considered when
designing the deceleration and acceleration lanes (merge lanes). The coefficient of friction is
also considered when designing curves, where the maximum centripetal force that the vehicle
can withstand must be calculated. Although there is room for improvement in design, because
by today's standards the design manuals use a lower coefficient of friction than the maximum
to adapt the infrastructure for vehicles with lower performance and use a slightly poorer road
condition for the calculation, it is questionable if the human body can withstand the maximum
values of acceleration and deceleration. Also, during sudden deceleration and acceleration,
energy consumption and the level of vehicle emissions are called into question.
In conclusion, there is a thorough research analysis of the relationship of skid resistance with
CAVs. The failure to estimate friction on the road is a significant cause of roadway departure
crashes. This would need research not only on the requirement for the coefficient of friction
skid resistance but also speed and maximum values of acceleration and deceleration. Future
research should focus on analysing the estimate friction on the road and the impact of those
on road traffic crashes.
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6.1.2 Traffic Signs
As discussed in CEF SLAIN 7.1 [32], traffic signs are one of the most well-research road
attributes which impact all CAVs use cases, especially for speed recognition systems (e.g.,
Intelligent Speed Assistance). Traffic sign recognition systems common errors are in quality,
status, quantity, visibility, perception, recognizability, clarity, and interpret-ability of the
boards at the permitted speed. All the issues identified with regards to CAV readability of
traffic signs could be addressed by the adoption of harmonised regulation and standardisation
of sign types, symbols used, shapes, heights, locations, and orientations. The RISM Directive
would provide clarity on the harmonization of traffic signs at EU level. This needs to be
accompanied with regulatory (traffic rules) and standardisation activities (CEN). Different
vehicle categories have different traffic rules. Similar patterns (e.g. advertising or similar
shapes) would be identified as sign. So cameras and sensors will not capture it. To ensure
consistency in signing, a comprehensive and systematic traffic signs asset inventory system is
essential; this could be linked with survey of road condition (or survey/monitoring of other
infrastructure assets). This would enable a road authority to better understand the location
and form of the assets on their network and help to reduce the costs for their maintenance.
According to the CEF SLAIN 7.1 [32], machine learning techniques used by CAV require
algorithms to be trained using labelled examples. The more diverse the range of sign types
and formats used the larger the training set that is required. Similarly, the wider area that a
CAV needs to search to look for signs, the wider the field that needs to be scanned and the
greater the amount of data that needs to be processed before the interpretation/detection
task can be undertaken.
6.1.3 Shoulder and Centreline Rumble Strips
Shoulder Rumble Strips (also referred to as raised profile edge lines or audible edge lines) can
be used to delineate the edge of paved roads. Centreline Rumble Strips (also referred to as
raised profile centre lines or audible centre lines) can be used to delineate the centre of paved
roads. As well as providing visual delineation, Centreline Rumble Strips can also be heard and
felt by drivers and riders [30]. They can be produced in reflective or non-reflective grades and
because they have a 3D profile, they are more visible in wet weather which is important for
motorcyclists which try to avoid road markings when it is wet.
Simon Sternlund et al [38] studied the effectiveness of centreline rumble strips (CLRS) on two
lane carriageways in Sweden on injury crash risk for cars equipped with electronic stability
control (ESC) and cars without ESC. For ESC-equipped cars, the analysis showed a reduction in
CLRS-sensitive crashes by 40% (19–56%, confidence interval [CI] 95%) where CLRS had been
implemented, and a reduction by 29% (11–44%, CI 95%) for cars without ESC-equipment. The
report recommended that future research consider a combination of vehicle and road
interventions as these may contribute to lane keeping in difficult road conditions, for example,
by implementing (non-visual) reference points in the road that are detectable for in-vehicle
lane support systems. Further research on road interventions that are supporting in-vehicle
systems is needed.
The same author studied later in 2019 the effectiveness or centreline rumble strips based on
Swedish crash database (STRADA) and National Road Database (NVDB) in the period from
2011 to 2016. The data included the road type, speed limit, road width and rumble strips on
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two-lane carriageways wider than 7m while the road was not covered in ice or snow. The
analysis included 7,490 crashes where the driver was injured, and 39% of vehicles were
equipped with ESCl. Then, the crashes that involved lane departure prior to possible loss of
control, were selected as relevant. [39]

Centerline rumble strips crash reduction estimates
60%
50%
40%

40%
29%

30%
20%
10%
0%
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No ESC

Figure 6: Crash reductions of centreline rumble strips on Swedish two-lane carriageways,
Source [39]
The conducted analysis has shown that the target crashes can be significantly reduced with
centreline rumble strips for cars with and without ESC, as seen from Figure 6. The effectiveness
of centreline rumble strips in reducing drift out of the lane head-on crashes is 40% for cars
with ESC, on at least 7m wide roads with speed limit of 80 and 90 km/h where the road is dry
or wet. On the other hand, in the same circumstances and in the same road conditions, the
CLRS effectiveness in crash reduction for vehicles without ESC is 29%. In more detail:
• Injured people involved in the CLRS-sensitive crashes with ESC comprised 41% of injured
drivers in all head-on and single-car crashes of the studied crashes
• Injured people involved in the CLRS-sensitive crashes without ESC comprised 36% of
injured drivers in all head-on and single-car crashes of the studied crashes
• Applying 40% effectiveness on 41% of the broader population results in a 16% crash
reduction
• Applying 29% effectiveness on 36% of the broader population results in a 10% crash
reduction
• The estimated effectiveness of CLRS for head-on crashes with ESC is 41%
• The estimated effectiveness of CLRS for single-car crashes with ESC 39% is
• No statistically significant effect of CLRS was shown for head-on crashes without ESC
• CLRS on roads with a posted speed limit of 70 km/h showed no significant effect. [39]
D. Torbic et al [40] primary research was to develop guidance for the design and application
of shoulder and centreline rumble strips as an effective motor vehicle crash reduction
measure, while minimizing adverse effects for motorcyclists, bicyclists, and nearby residents.
The key unresolved issues associated with centreline rumble strips that should addressed in
future research are as follows according to D. Torbic et al:
• Assess the impact of noise produced by rumble strips on adjacent residents,
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•
•
•
•
•
•
•
•
•

Determine the visibility/ retro reflectivity of pavement markings installed on milled
shoulder/centreline rumble strips,
Determine the impact of rumble strips on pavement performance,
Determine the minimum level of stimuli (i.e., sound or vibration) necessary to alert a
drowsy or inattentive driver,
Determine optimum dimensions of shoulder/ centreline rumble strips necessary for
effective vehicular warning with least potential for adverse effects,
Better quantify the safety effectiveness of shoulder rumble strips in varying conditions,
Determine the optimal longitudinal gaps in rumble strips to provide accessibility for
bicyclists while maintaining the effectiveness in reducing lane departures,
Determine the optimal placement of shoulder rumble strips on rural two-lane roads,
Better quantify the safety effectiveness of rumble strip applications on different types
of roads,
Better quantify the safety effectiveness of centreline rumble strips in varying
conditions.

N. Persaud et al [41] evaluated a potential engineering countermeasure for crashes—
installation of rumble strips along the centrelines of undivided rural two-lane roads to alert
distracted, fatigued, or speeding motorists whose vehicles are about to cross the centrelines
and encroach into opposing traffic lanes. An empirical Bayes before–after procedure was
employed to properly account for regression to the mean while normalizing for differences in
traffic volume and other factors between the before and after periods. Overall results
indicated significant reductions for all injury crashes combined (14%, 95% confidence interval
(95% CI) = 5–23%) as well as for frontal and opposing-direction sideswipe injury crashes (25%,
95% CI = 6–44%)—the primary target of centreline rumble strips. The present study covered
a wide spectrum of designs, but it was not possible to assess any differences in crash effects
associated with various rumble strip designs because of small sample sizes that result from
disaggregate analyses and because rumble strips were installed on roads with a variety of
geometric configurations, traffic volumes, and environmental conditions. The report found
that Introducing listed parameters in future research is advisable.
The T. Sayed et al, [42] study presents the results of a comprehensive before-and after
statistical evaluation of the effectiveness of rumble strips using data provided by the British
Columbia Ministry of Transportation and Infrastructure. To account for potential confounding
factors and to produce accurate results, data were collected for three distinct groups of sites:
a treatment group, comparison group, and reference group. Overall, the results showed that
‘’shoulder and centreline rumble strips can significantly reduce severe collisions and specific
collision types: (a) the installation of rumble strips reduced all injury collisions by a statistically
significant 18.0%; (b) shoulder rumble strips reduced off-road right collisions by a statistically
significant 22.5%; and (c) centreline rumble strips (RAU2 sites) showed a statistically significant
reduction of 29.3% in off-road left and head-on collisions. RAU2 sites with both centreline and
shoulder rumble strips showed a statistically significant reduction of 21.4% in off-road right,
off-road left, and head-on collisions combined’’.
A new research project coming from the European Continent, SAFE STRIP funded by the
European Commission aims to introduce a disruptive technology that will achieve to embed
C-ITS applications in existing road infrastructure, including novel I2V and V2I, as well as
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VMS/VSL functions into low-cost, integrated strips markers on the road; to make roads selfexplanatory and forgiving for all road users (trucks, cars and vulnerable road users, such as
powered two-wheeler riders) and all vehicle generations (non-equipped, C-ITS equipped,
autonomous), with reduced maintenance cost, full recyclability and added value services, as
well as supporting real-time predictive road maintenance functions.
Expected impacts from the use of the integration of these low-cost micro/nano sensor
networks in infrastructure elements for the users include the following benefits:
• For the equipped vehicles, information provided by the system will integrate into their
own interface and may also use them to enhance the functionality or to coordinate
their decisions with the infrastructure. In addition, advanced cooperation can be
achieved to spot missed objects or inaccurate descriptions by mutual information of
the driver’s intentions by the on-board intelligent system estimation and SAFE STRIP.
•

The non-equipped vehicles may implement with the use of mainstream aftermarket
devices (e.g., smartphones or tablets) advanced C-ITS functions to provide basic driver
assistance systems through SAFE STRIP interface.

•

All these are provided at an infrastructure cost of no more than 50% of the cost of a
standard top-class tape for road marking. The infrastructure cost of SAFE STRIP would
be 50%-95% less than the typical infrastructure installation that are now used. [43]

•

Additionally, SAFE STRIP aims to tackle the bad performance of the ITS impact on safety
and traffic efficiency in Europe, which is limited by the lack of personalisation
functions, the poor pavement condition of the continuously aging infrastructure and
the –abnormal- traffic flow discontinuities created by the old toll collection systems.
[44]

Overall, as presented in TRB [45], the targeted impacts of the system are summarised as
follows:
• Reduction of highway fatal crashes ≈ 5% - 8%
• Reduction of fatal crashes at specific traffic scenarios (i.e., merging/intersections) ≈
15% - 30%
• Cost saving for infrastructure ≈ 50%-95%
• Cost saving for driver/rider ≈ 95% - 100%
In conclusion, rumble strips are highly relevant for CAVs. Research has showed that shoulder
rumble strips shoulder and centreline rumble strips can significantly reduce severe collisions
and specific collision types in off-road right, off-road left, and head-on collisions combined.
Future research should focus on the effects of centreline rumble strips in different types of invehicle systems and different types of road environments under different weather conditions,
taking into consideration noise and its relationship with road markings.

6.2 Roadway
The following section is divided to sub-section 6.2.1 - carriageway and number of lanes, subSection 6.2.2 - lane width and paved shoulder, sub-section 6.2.3 – median and sub-section
6.2.4 road condition.
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6.2.1 Carriageway and Number of Lanes
The efficiency of the transport infrastructure is determined by its capacity [46], as stated by
the report on ‘’The Effect of Autonomous Vehicles on Traffic’’. On highways, the capacity is
dependent to a large degree on the maximum possible flow of traffic on the road sections as
well as the capacity of entry, merging and exit lanes at grade-separated traffic intersections.
In the urban road network, and on country roads with through-roads, the capacities at
intersections are the crucial factor.
The same report [46], claims that ‘’when a transport infrastructure is used by CAVs, the
capacity will differ from that of a transport infrastructure used by human drivers, either in the
capacity of the route section of the intersection or the traffic flow. While the capacities of the
intersections and the traffic signals are relevant to the performance of urban road networks,
on highways the capacities of open stretches of road are of principal importance. In city traffic,
a capacity increase of about 40 % could be achieved with purely autonomous traffic, while
capacities could be increased on highway sections by about 80 %. The significant difference in
the growth potential is due to the average speed at which vehicles drive when using the traffic
infrastructure. When capacity is reached, the speeds on highways are about 80 km/ h. On
urban main roads, the platoon starting at green, which determines capacity at traffic signals,
moves at an average of 20 km/h. Because of this difference in speeds, CAVs have a very
different impact on the capacity of transportation infrastructure elements. Lane capacity can
also reduce the pressure of upgrading the current infrastructure network resulting from rapid
global urbanization expansion. However, this increased traffic capacity could potentially lead
to an overuse of road infrastructure and premature damage in the early service lifetime can
be the consequence. For instance, it was found in this study that if the capacity is increased by
100%, the pavement rut depth can be increased by an average of 38% in each time’’.
Another study by Aki Lumiaho and Fanny Malin in their 2016 survey [47] for the Finnish
Transport agency states that the narrowing of the existing lanes allows the marking of an
additional lane, which increases the capacity of the road. As a negative consequence of the
increase in road capacity, there may be a need for more frequent renovation of the wearing
asphalt layer of the road due to more vehicles that would use the road, which may ultimately
increase maintenance costs for the road infrastructure manager.
As the automation level evolves and the market penetration of CAV increases, the road may
be shared by different levels of CAVs, which requires not only the preservation of the current
facilities for lower-level CAVs [48] but also the construction of additional infrastructure for full
CAVs.
However, the co-existing infrastructure will undoubtedly bring about road right issues, which
prompts further consideration of the expansion needs of the CAV-segregated facilities as
mentioned in the report ‘’ Effects of Next-generation Vehicles on Travel Demand and Highway
Capacity’’ [49]: Including:
• ‘’Specific routes with reinforced surface materials.
• Safe refuge areas with devices that prevent head-on-collisions (e.g., central barriers)
• Other structures like shared-CAVs gathering stations, service stations or even charging
roads’’.
The single lane overtake is largely inspired by narrow road traffic systems with one lane per
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side of travel. In such traffic systems, the addition of a slow vehicle can almost block a
complete road as discussed by the study ‘’Motion Planning of Autonomous Vehicles on a Dual
Carriageway without Speed Lanes’’ [50]. It is important for CAV to have some way of
overtaking and allowing itself and the other vehicles to drive efficiently. The same study
explains that ‘’Even in countries with organized traffic, human drivers tend to take any
opportunity to overtake in such scenarios. On many occasions, all vehicles collectively decide a
strategy. A lane-following law-abiding AV can be troublesome in such situations, if such a
behaviour is not modelled. Another source of motivation is obtained from zones in traffic
systems, which a vehicle may use for overtaking. Similarly, such behaviours are common in
countries with unorganized traffic and are usually taken with great caution’’.
This study ‘’ Motion Planning of Autonomous Vehicles on a Dual Carriageway without Speed
Lanes’’ [50] details the problem of motion planning for CAVs in a dual carriageway setting.
Experimental evaluations were carried out by means of simulations. In particular, the single
lane overtaking behaviour was tested in various scenarios. In all cases, the vehicle either
successfully completed the overtaking action or was able to cancel doing the same. No
collisions were recorded using this method, and the vehicles apparently behaved in a similar
fashion to actual vehicles on the road performing such overtaking.
Maksat Atagoziyev et al [51] propose the algorithm for scheduling lane changes of CAVs. The
trajectories of all vehicles on a specified road segment are fully determined to ensure traffic
safety and a fast completion of all lane changes. Various case studies illustrate the
functionality of the algorithm. The authors recommend integrating proposed lane change
scheduling algorithm with the traffic management methods that generally neglect individual
vehicle manoeuvres.
Simon Sternlund et al [38] studied the effectiveness of centreline rumble strips (CLRS) on two
lane carriageways in Sweden on injury crash risk for cars equipped with electronic stability
control (ESC) and cars without ESC. The results of the study are: ‘’For ESC-equipped cars, the
analysis showed a reduction in CLRS-sensitive crashes by 40%v (19–56%, confidence interval
[CI] 95%) where CLRS had been implemented, and a reduction by 29% (11–44%, CI 95%) for
cars without ESC-equipment. Future research recommends that a combination of vehicle and
road interventions may contribute to lane keeping in difficult road conditions, for example, by
implementing (non-visual) reference points in the road that are detectable for in-vehicle lane
support systems’’. According to the [38] further research on road interventions that are
supporting in vehicle systems is needed.
Later in 2019, the same author studied the effectiveness of centreline rumble strips based on
the Swedish crash database (STRADA) and National Road Database (NVDB) in the period from
2011 to 2016. The data included the road type, speed limit, road width and rumble strips on
two-lane carriageways wider than 7m while the road was not covered in ice or snow. The
analysis included 7,490 crashes where the driver was injured, and 39% of vehicles were
equipped with Electronic Stability Control. Then, the crashes that involved lane departure
prior to possible loss of control, have been selected as relevant. [39]
According to the ERTRAC roadmap [52], highly automated (Level 4) commercial vehicles are
mainly operating in dedicated areas: Hub-to-hub, on Open Roads or in/through Urban areas.
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These vehicles could be either vehicles with a driver-cabin for selective manually driven and
automated operation or cab-less vehicles for unmanned operation with remote monitoring
and control. In both cases, the integration with the freight logistics flow, road traffic network
and operators are important to consider. The CEDR DRAGON [53] project covered a use case
which specifically contained the automated control of freight movements on a dual
carriageway road at night during specified times, without drivers, on a dedicated lane closed
to other traffic.
To break down the complexity of deploying multi-branded truck platooning on public roads
different platooning Levels were defined in the European Commission H2020 ENSEMBLE
project, in the report ‘’Functional specification for white-label truck’’ [54]. The Platooning
Levels facilitate a stepwise approach to deployment of platooning on public roads, where the
“first” Platooning Level defined in ENSEMBLE can be deployed. The idea of Platooning Levels
has emerged since the commonly accepted automation levels of the SAE J3016 have
shortcomings when applied to platooning. This includes: Platooning level A which is triggered
by drivers in dedicated areas (e.g., highway); Platooning Level B where the road would have
dedicated areas (e.g., highway); and Platooning Level C mentions dedicated areas (e.g.,
highway + parking).
Dedicated Lanes (DLs) have been also proposed as a potential scenario for the deployment of
Automated and/or Connected Vehicles (CAVs) on the road network according to the study by
[55]. Following the developed conceptual framework, the necessary building blocks for
investigating the impacts of different design configurations, utilization policies, and the design
of their access/egress on traffic safety and efficiency are: ‘’(1) to specify the types of vehicles
with certain capabilities allowed to drive on DLs; (2) to incorporate existing algorithms of CAVs,
which reflect more realistically their behaviour, in both driving simulator experiments and
microscopic simulation; (3) to translate the empirical data regarding human behavioural
adaptation collected from field tests and driving simulator studies to mathematical models
and implement them in traffic flow simulation platform. It is also recommended to develop
automated lane change algorithms, considering connectivity between CAVs which can be also
implemented in driving simulators and traffic flow simulation platforms. Finally, it is
recommended that future research investigate the combined effects of traffic safety and
efficiency in designing DLs while considering driver behaviour adaptation and control
transitions between manual and automated operation’’.
CAVs are more likely to operate continuously in the middle of the carriageway by using a LaneKeeping-system (LKS) which will accelerate the appearance of rutting and other pavement
deteriorations (e.g. potholes, cracking) So, certain areas beneath the CAV operation track
need to be strengthened consequently according to the study ‘’Readiness of the road network
for connected and autonomous vehicle’’ [56]. In CAV-dedicated lanes, higher stiffness, and
more deformation-resistance materials (e.g., asphalt concrete) can be considered for the
surface layer. The maintenance frequency for the remaining pavement layers can also be
increased in the future. Here a correlation can be seen among the road condition and CAV
dedicated lanes.
The experts working on the street design in urban environment, ‘complete streets’ [57], give
two schools of thought with respect to dedicated lanes. ‘’The first is based on providing a
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separated lane for CAVs. However, this approach would require building tunnels and bridges,
especially at crossings. The second approach is based on the concept of ‘self-organization’, i.e.,
there would be no lanes, no kerbs, no delineation, and no regulation. However, this could be
the most challenging scenario for CAVs. The space use would be changed and redefined, for
example, drop-off and pick-up areas for CAVs replacing street parking, virtual traffic controls
replacing the existing physical controls and fewer physical traffic signals’’. This available new
space can be allocated for other modes of travel like cyclists and pedestrians. City centres are
already being identified as possible CAV-only areas according to the [58].
The paper by Hwapyeong [59] discussed the impact on the safety of a dedicated lane. The
safety of mixed traffic was either improved or worsened depending on the market penetration
rate of CAVs. When the CAV dedicated lane was deployed on the innermost lane, efficiency
improved in all market penetration rate of CAVs, and safety improved when the ratio of AVs
was low. In particular, the same paper claimed that the frequency of dangerous situations
such as the inverse time-to-collision (ITTC) = 0.49 decreased drastically in the merging section.
The same paper concluded that the CAV dedicated lane has significant advantages in relation
to safety in merging and diverging sections of highways when the ratio of CAVs is under 40%.
McDonald Shannon and Caroline Rodier, in their paper entitled “Envisioning Automated
Vehicles within the Built Environment: 2020, 2035, and 2050”, define several points by which
CAVs will affect transport infrastructure. The changes require a reclassification of motorways
and a change in design-related standards. According to the authors of the study, the following
changes could be achieved with the advent of CAVs:
•

•

‘’High-speed lanes reserved for CAVs could be constructed on motorways, in
combination with reserved export ramps. These ramps would allow vehicle export
speeds of up to 100 miles per hour. The authors also suggest shortening the length of
the export ramp, increasing the slope, and integrating the export ramp with the main
roads.
Businesses could gather their headquarters in the vicinity of export ramps, and ramps
could be connected to parking areas that would also be travel destinations’’.

Traditional service stations provide drivers places to stop, to refresh, and to refuel. Service
stations could provide suitable high capacity and more suitable safe harbour areas.
Safe Harbour for CAV is a ‘’vehicle location or condition to which an ADS or User-in-Charge
may bring a vehicle to minimise the risk of a crash when a given trip cannot or should not be
completed. This term has been used to communicate the ‘minimum risk condition (MRC)’
defined by more simply and can be considered equivalent. Thus, a minimum risk manoeuvre
(MRM) is the driving manoeuvre that the vehicle must execute to take it from the current
driving condition to reach safe harbour’’ [60]. In the future, the frequency and the design
standard of safe harbours needs to be reconsidered to accommodate CAVs and may also need
the introduction of regulations to avoid misuse.
In conclusion, carriageways and number of lanes are a critical road attribute for CAVs. There
are numerous factors that influence road capacity for CAVs such as road type, traffic flow,
speed limit, road geometry and lane width, weather, and road condition. CAVs will have a
different impact on the capacity of transportation infrastructure elements depending on the
speed limits of different driving environments.
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Another important finding is that CAV dedicated lanes have significant advantages in relation
to safety in merging and diverging sections of highways. The integration with the freight
logistics flow, such as truck platoons are important to consider especially on dedicated lanes.
Aa positive relationship can be seen among dual carriageways and CAV path planning such as
lane change and overtaking and Electronic Stability Control (ESC). CAV equipped with ESC on
dual carriageways will have considerable a reduction on injury crash risk. Motorways with
high-speed lanes reserved for AVs would need to consider reserved export ramps. CAV with
equipped lane-keeping-system (LKS) would also impact the deterioration of the road
condition, especially on dedicated lanes. Besides the factors mentioned above, the road
capacity can also be enlarged by better utilization of the existing infrastructures such as
service stations.
6.2.2 Lane Width and paved shoulder width
Lane Width is the distance from the centre of the shoulder marking to the centre of the
adjacent lane marking or the centreline marking [30].
CAV systems use artificial vision, recording the oncoming road and using the centre and edge
line road markings to automatically facilitate keeping the vehicle within the lane. In addition
to alignment and road markings, lane width has emerged as one of the geometric parameters
that might cause disengagement and therefore must be assessed. The objective of the
research ‘’Influence of Lane Width on Semi-Autonomous Vehicle Performance’’ [61] studied
the impact of lane width on CAV vehicle performance. The automatic lateral control of this
type of vehicle was tested along 81 lanes of an urban arterial road comprising diverse widths.
Results of that study showed that ‘’the CAV tended to fail on narrow lanes. There was a
maximum width below which human control was always required—referred to as the ‘human
lane width’—measuring 2.5 m. A minimum width above which automatic control was always
possible—the ‘automatic lane width’—was established to be 2.75 m. Finally, a lane width of
2.72 m was found to have the same probability of automatic and human lateral control,
namely the ‘critical lane width’. Following a similar methodology, these parameters could be
determined for other vehicles, enhancing the interaction between CAVs and road
infrastructure, and thus supporting rapid deployment of autonomous technology without
compromising safety’’.
A 2015 study for PennDOT, Hayeri et al [62] states that there is a possibility that in the future
the width of the lane will be reduced, as the lane keeping systems will guarantee that the
vehicle will maintain its current position. The study proposes to reduce the standard width of
the lane, shoulder, median and lanes along the road where there is no infrastructure. Thus, it
will be possible to add another lane that could be used vehicle platooning. Emergency stop
lanes will remain mandatory, but there is also the possibility of reducing their width, according
to the same author.
In a 2015 study for Main Roads Western Australia, Andrew Somers and Kamal Weeratunga
also concluded that lanes could be narrower in the future, because sensor-assisted AVs will
maintain their position inside the lane more easily than conventional vehicle drivers.
Lane narrowing is also confirmed by Aki Lumiaho and Fanny Malin in their 2016 survey [47]
for the Finnish Transport agency. The aim of the research was to develop an action plan for
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the Finnish Transport Agency in the period between 2016 and 2020 in the field of autonomous
and AVs. The authors in their research also state that the narrowing of the existing lanes allows
the marking of an additional lane, which increases the capacity of the road. As a negative
consequence of the increase in road capacity, there may be a need for more frequent
renovation of the wearing asphalt layer of the road due to more vehicles that would use the
road, which may ultimately increase maintenance costs for the road infrastructure manager.
[63] published an article in the journal ITE in 2013 and emphasized that increasing the share
of CAVs in traffic flow will allow narrowing of lanes in design. CAVs can be much more precise
in their positioning on the road, and it is possible that due to the specific pattern of wear of
the pavement structure, it will be necessary to introduce changes in the design of the wearing
layer of the road. Although there is a digital background that could very accurately guide
autonomous vehicles to drive on the road, it is possible that the virtual axes of the road will
shift slightly over time. If the horizontal signalization is poorly visible due to the wear or due
to weather conditions such as snow, it is necessary to provide alternative ways of indicating
traffic signs. In a paper from 2015, Carsten O. and Kulmala R. stated that road infrastructure
managers could install fixed markers, posts, which could be recorded on digital maps and
would serve to guide traffic [64].
There has been little systematic research on wheel wander performance of CAVs so far.
However, it can be envisioned that automatic steering control could be more accurate than
manual control and thus be able to reduce the wheel wander distance [65]. According to the
author, this reduced wheel wander may require a reduced width of road lane, which can save
space and infrastructure related costs from an economic and environmental point of view.
However, it may also impose extra damage potential on the practical roads. For example,
accelerated rutting damage was evident in the case studies performed over flexible
pavements.
Scanlon [66] showed that the roadway infrastructure influences the prospective effectiveness
of LDW and LKA. ‘’This study used 478 real-world drift-out-of-plane crashes from the 2012
NASS-CDS database which represented 147,662 crashes in the US for simulation. Departure
angle, departure velocity, road radius of curvature, shoulder width, and driver reaction time
were replicated. The study concluded that supporting and intervening lane keeping systems,
i.e., LDW and LKA, have a higher safety potential if all roadways are equipped with lane
markings or expanded shoulders. The systems could prevent up to 78% of drift-out-of-lane road
departure crashes if lane markings were present and the shoulders were expanded to 3.6 m. It
was also concluded that even though providing expanded shoulders would be less practical
than providing lane markings, missing lane markings could possibly be addressed by an invehicle road edge detection algorithm. When lane markings were added to the roads, LDW
could prevent 32%-36% of crashes and 27%-31% of seriously injured drivers. When only
shoulder widths were expanded, LDW could prevent 50%-54% of crashes and 44%-48% of
seriously injured drivers. When both lane markings were present and the shoulders were
expanded, LDW could prevent 72%-78% of crashes and 60%- 65% of seriously injured drivers’’.
In conclusion, the studies referenced above shows that the magnitude for safety potential of
LDW differ depending on crash severity and study population, within a range of approximately
15‒50% reduction in fatal crashes. To precisely estimate the safety potential of lane support
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systems such as LDW, the main challenge is to identify the target population. A precondition
for narrowing down crash data to the true target population involves accessing detailed precrash data relevant to LDW. The level of detail of Swedish mass data of injury crashes (i.e.,
STRADA) is lower than in-depth data of fatal crashes which are rich in detail and should
preferably be used to estimate the potential safety benefits of LDW.
Lane and paved shoulder width both impact CAV vehicle performance. Research concludes
that in the future the width of the lane could be reduced, as the lane keeping systems will
guarantee that the vehicle will maintain its current position. A recommendation of a lane
width of 2.72 m was found to have the same probability of automatic and human lateral
control, namely the critical lane width. In addition to that, CAVs equipped with LDW and LKA
systems are highly dependent on roadway characteristics, such as lane markings and lane and
shoulder width. Both have a positive effect in the reduction on crashes and seriously injured
drivers.
6.2.3 Median
The median type refers to the road infrastructure that separates opposing traffic flows. [30].
The way in which opposing flows are separated affects the likelihood of severe crashes
occurring for conventional vehicles. Physical barriers restrict the movement of errant vehicles
across the median and physical medians reduce the potential for head-on impacts by making
it less likely that they reach opposing traffic before they recover. Safety barriers are assumed
to entirely remove that risk. By increasing width of the median, the risk is reduced because
the potential severity of a crash is reduced as the opportunity for braking increases.
As a result of the new strategies in Sweden stated by Simon Sternlund, [39], many of the
straight and wide 90 and 110 km/h roads were transformed into 100 km/h 2+1 roads, and
equipped with flexible median barriers, such as wire rope barriers, which consequently
increased traffic flow capacity as well as overall safety. ‘’The fatality rate was reduced by 75‒
80% on 13 m wide converted and improved roads. Implementation of median barriers on
narrower road stretches (9 m wide) has resulted in a reduction of 63% in fatal and severe
injuries and 28% in injury crashes. Median barriers and side guard rails mitigate the negative
consequences of lane and road departure. However, where the road remains undivided,
rumble strips or in-vehicle lane support systems such as LDW, LKA and Emergency Lane
Keeping (ELK), have the potential to play an important role to reduce unintentional lane
drifting and reduce crashes. There is no research, yet which focus on divided roads and
medians/safety barriers and its impact on crashes, CAV performance and speed’’, the study
concluded.
Based on the outcomes of the CEF SLAIN D7.1 [32] from a CAV readability perspective width
of line was not as important as the condition of the line itself or proximity of the line to
materials such as concrete shoulder and concrete safety barriers which have similar properties
to lines from a machine learning perspective. Furthermore, installation of cable median
barriers may present challenges since CAVs may have greater difficulty detecting smaller
objects as stated in Vision zero: a toolkit for road safety in the modern era study. [67].
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6.2.4 Road Condition
Road Condition records the degree to which the road has an even surface and if it adversely
affects the travel path of vehicles, motorcycles, and bicycles [30].
In 2015, within the SENSOR project [68], Lawson et al (2015) reported on 4,869 pedestrian
crossings in 14 countries in south-east Europe and 2,151 (44%) were described as poor quality.
The European Road Assessment Programme (EuroRAP) released three position papers [2, pp.
EuroRAP, 2018]. These papers discussed that the markings would need to counter problems
of poor visibility due to road condition (a wet or icy surface, road gradient and curvature, lane
widths) or marking condition (faded markings, low contrast etc.). These problems are likely to
be exacerbated in the future as systems seek to sample shorter road lengths ahead to read
curves or the presence of something like a turning lane. The reports suggest an “establishment
of an intervention and maintenance policy to ensure that road markings on Europe’s roads
remain visible to the driver and the intelligent vehicle at all times, irrespective of weather
conditions”.
The SENSOVO project [69] delivered proof-of-concept of a fleet probing strategy for the
collection of data on road surface distress. Collecting information with a selection of CAN-bus
data available in modern cars and trucks allows indicating the presence of surface distress
quite accurately. From SENSOVO: ‘’It was found in the project that camera is a promising tool
that can be mounted on a small fleet of vehicles (owned by the road administrator for instance)
and can detect several types of surface distress. The huge amount of data collected by a fleet
can be mapped and transformed in “scores” for road sections giving an indication on road
surface quality. The project showed that this information can be used for rapid communication
to road users who can then adapt their driving style. When treated statistically over a longer
period, the same information can indicate the evolution of road surface distress and can give
an overview of road surface quality on the whole road network. Hence, the data can also be
an input for pavement management on network level by a road manager. However, several
difficulties still need to be overcome, such as the lack of standards for CAN-bus data formats,
fine tuning of the ToF camera image interpretation techniques, data mining on large sets of
fleet probing data and the implementation of an appropriate business model’’.
Vladimir V. Vantsevich et al [70] developed a mathematical model, which would allow design
engineers to control the interaction between a wheel and road surface in three dimensions.
The use of mathematical apparatus developed within the paper makes it possible to
implement a multi-criteria optimization of the circumferential wheel forces based on a
simultaneous consideration of criteria of the tractive and velocity properties and the handling
of a vehicle. It is a way for both increasing the efficiency of both existing and developing new
systems. Further research on applying mathematical model from the paper, on both
increasing the efficiency of existing systems and developing new ones, is needed.
In the Bellone, Mauro et al [71] work, an extension of the use of the Unevenness Point
Descriptor to pavement distress detection and avoidance has been proposed. The results
showed that the evolution of pavement distress detection is promising and may help to
drastically reduce fatal traffic casualties, as a high percentage of road crashes is related to
road irregularities. The results demonstrated the validity of the system since: ‘’(i) it generates
safe and free-collision paths in case of uneven pavement; (ii) it can directly work on a 3D-based
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space reconstruction avoiding digital elevation model (DEM) processing; (iii) even though no
robot geometric shape has been considered, the Unevenness Point Descriptor (UPD)-based
travers ability index allows the planner to generate feasible paths thanks to the pre-sizing of a
specific parameter for the calculation of the UPD. This approach has been demonstrated to be
promising and may help to drastically reduce fatal traffic casualties, as a high percentage of
road crashes are related to pavement distress’’. The report suggested that as further research,
it would be possible to develop a reactive technique which might consider the irregularity for
a proper navigation also considering kinematic or dynamic constraints of the robot/AV.
C, Johnson [56] report states that CAVs are more likely to operate continuously in the middle
of the carriageway by using a Lane-Keeping-system (LKS) which will accelerate the appearance
of rutting and other pavement deteriorations (e.g., potholes, cracking) So, certain areas
beneath the CAV operation track will need to be strengthened consequently. In CAVdedicated lanes, higher stiffness, and more deformation-resistance materials (e.g., asphalt
concrete) can be considered for the surface layer. The maintenance frequency for the
remaining pavement layers can also be increased in the future. Here the author sees a
correlation among the road condition and CAV dedicated lanes.
‘’To facilitate automated driving also on snowy and icy roads, winter maintenance and
especially snow removal and de-icing need to be enhanced in countries and regions with
frequent occurrence of ice and snow on roads’’. VTT's 5G-Safe project [72] aims to prevent
traffic crashes and avoid casualties by delivering 5G-enabled time-critical road safety services
to vehicles. Here, accurate weather and road maintenance information (esp. local road
weather data) plays a key role together with direct incident/crash event information.
The VTT project also found that 5G technology opens new possibilities from the perspective
of road maintenance. [72]. ‘’The new technology provides an extremely efficient way to collect
information on the condition of roads. The data can be used to alert road maintenance
providers to a range of issues requiring their attention, such as snow build-up, potholes or
fallen trees. Road maintenance contractors are currently responsible for collecting this
information themselves and therefore need to drive around to inspect roads visually. This is
highly labour-intensive work. If monitoring could be crowdsourced to all road users, road
maintenance contractors could work considerably more efficiently and cut their costs. Having
access to comprehensive and reliable data would allow road maintenance contractors to
prioritise the most urgent jobs. Issues could be identified at an earlier stage and fixed more
promptly. More efficient maintenance could improve the entire road network and therefore
increase road safety’’.
In conclusion, road condition is one of the most important road attributes for CAV. There are
numerous factors that influence road condition for CAVs such as poor visibility due to road
condition (wet or icy surface, road gradient and curvature, lane widths) or marking condition
(faded markings, low contrast etc.). Early research shows a positive relation among early
detection of pavement distress and reduction of fatal traffic casualties. In addition, to that,
there is a correlation among the road condition and CAV dedicated lanes, as this will accelerate
the appearance of rutting and other pavement deteriorations. Research recommends
proactive monitoring of the road condition via new technologies.
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6.3 Road environment
The following section is divided to sub-section 6.3.1 - grade, sub-Section 6.3.2 - curvature, subsection 6.2.3 – street lighting and sub-section 6.2.4 tunnels.
6.3.1 Grade
Grade is a measure of the gradient of the road along its length. It refers to both upward and
downward gradients [30] . The road design information, such as bank angle and road slope,
can significantly affect the trajectory tracking performance of the CAV, so this information
needs to be considered in the trajectory planning and tracking control for off-road CAV.
Boyuan Li et al [73] results are presented to verify the proposed integrated trajectory planning
and control method and prove that the proposed integrated method has better overall
tracking control and dynamics control performance than the conventional method both in the
highway scenario and off-road scenario. ‘’Simulation results have proved that the proposed
trajectory planning and control method can successfully control the motion of CAVs and
achieve the spatiotemporal-based desired trajectory while satisfying the target ending
position and velocity. In the highway scenario, the proposed method has better overall position
tracking control performance and can better achieve the desired longitudinal and lateral
velocity compared with the conventional potential field method. In addition, the 4WIS 4WID
vehicle showed better tracking control performance than traditional vehicle based on twowheel model. Further research is needed on actual trajectory tracking performance, roll
stability and pitch stability performance when using the proposed trajectory planning
method’’.
In conclusion, early research concludes that the grade of the road has influence over the actual
trajectory tracking performance, roll stability, and pitch stability performance of ADS.
Research is not available on CAV crash patterns and grade of the road.
6.3.2 Curvature
Curvature is a measure of the horizontal alignment of a road [30]. It is widely recognised in
the research literature that the curvature of a road is related to the risk of death or serious
injury.
The paths followed by CAVs are generally made up of line and circular-arc segments [74]. For
most CAVs the steering functions required to keep the position and heading of the car
continuously aligned with such paths have discontinuities at the line-arc-line transitions
points, because the curvature of the path is discontinuous at these points.
For applications where continuous-curvature paths are desired, two types of curves are
proposed: ‘’polar polynomials in place of circular-arc segments, and Cartesian polynomials in
place of arc-arc or arc-line-arc segments for lane change manoeuvres. Both curves have
computationally simple, closed-form expressions that provide continuous curvature and
precise matching of the boundary conditions at the line-curve junctions on the paths’’. Winston
Nelson [74] studied the use of curves in place of circular arcs for the reference path generator
on an experimental CAV and has improved its tracking accuracy during and following turns,
particularly at higher speeds. Future research is needed to further explore how the curvature
pattern for any curved path can be used in manner presented within paper to show how well
it meets various objectives and constraints of the motion.
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During Partouche’s project [75], implementation of Intelligent Speed Adaptation system
within CAVs is shown with the goal of adapting their speed when arriving on curves, using the
GenSoYager FNN. Results have shown that the GenSoYager was able to correctly adapt its
speed according to the curvature of the road, in the same way that humans do. The learning
process from a human training set has been a success for a simple test, and results are
encouraging for the continuation of the project. Additional research is needed according to
Partouche, specifically on improving the system to be more robust and in how the system can
anticipate the curves in more human-like manner.
In addition to that, a Lu Yang et al paper [76] presented an integrated active steering control
(ASC) and direct yaw control (DYC) strategy for improving path following performance of the
vehicle subject to the uncertain tyre-ground adhesion and road curvature conditions.
‘’Simulation results compared with ASC (active steering control) strategy, under the uncertain
tire-ground adhesion and varied road curvature cases, confirm the feasibility and efficiency of
the presented strategy and methods even subject to the uncertain tyre-ground adhesion and
varied road curvature. Future research is needed according to Lu Yang et al in-tyre cornering
effects and nonlinearity of vehicle system when designing the control system’’.
With respect to the quality of the curve, Xiujian Yang, Shuqiao Chen [77] studied one of the
key techniques to estimate a vehicle’s stability limit in critical cornering situations when
designing vehicle stability control systems. This study aimed to ‘’investigate the dynamics
mechanism of road vehicles at losing cornering stability in critical situations. In this work, the
non-linear dynamics mechanism of destabilisation in two operating cases, steady-state
cornering, and non-steady-state cornering, are discussed. For the steady-state cornering
destabilising case, the non-linear dynamics feature is characterised by two phases
qualitatively. For the non-steady-state cornering destabilising case, the dynamics mechanism
is elucidated from the viewpoint of system state evolution. The results presented in the paper
may be helpful for the analysis and design of vehicle stability control strategies’’.
Motorway entrance ramp management is chosen in the paper ‘’Autonomous Vehicle Social
Behavior for Highway Entrance Ramp’’ [78] as a difficult scenario in which vehicles
(autonomous or not) need to exhibit social behaviour, and the intention-integrated
Prediction- and Cost Function-Based algorithm (iPCB) framework is proposed to enable an AV
to perform cooperative social behaviour. To evaluate the performance of the proposed iPCB
framework for autonomous motorway driving entrance ramp management, case tests
focused on qualitative analysis were implemented. A statistical test which ran the algorithm
through 10,000 randomly generated scenarios was used for quantitative performance
evaluation. The result of the [78] showed that ‘’the number of potentially unsafe scenarios
was found to be greatly reduced by using the iPCB algorithm due to its ability to react earlier
to merging vehicles based on their intention’’. This test also verifies that the iPCB algorithm
framework is beneficial across a wide range of entrance ramp scenarios. To further improve
AV social behaviour on entrance ramps, real data should be collected to better formulate the
intention estimation and prediction model. It was also recommended that the model be
extended to deal with different road geometries and more complicated surrounding vehicle
traffic. Additionally, road tests need to be performed on the Carnegie Mellon University
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autonomous driving platform to test its performance in the real world, according to the same
paper.
Pomerleau, D., Jochem, T. [79] developed the Ralph vision system which helps drivers steer,
by sampling an image, assessing the road curvature, and determining the lateral offset of the
vehicle relative to the lane centre. Ralph has performed well under extensive tests, including
a coast-to-coast, 2,850-mile drive. Ralph assumes that the road’s curvature between the
foreground and the background is nearly constant, so it can project where the road will be
and, hence, what the new template should look like when the vehicle is centred in its lane. In
places where the road’s appearance changes dramatically, such as the entrance to a tunnel or
an on-ramp to a highway, Ralph uses this technique to quickly create a template appropriate
for the new road appearance. The results of the work of Pomerleau and colleagues indicate
that Ralph can accurately estimate a vehicle’s lateral position on the road along with the
curvature of the road ahead, under a wide variety of conditions. Research is needed according
to the same author in ways to develop techniques that will let Ralph reliably determine error
bounds as it estimates the location of the road ahead.
In conclusion, road curvature plays an important role for CAVs, especially with their
relationship to the type of curve (e.g., circular-arc segments), speed, CAV lateral position and
performance at losing cornering stability. Early research gives positive results on accurately
reading road curvature by machine vision systems. Research is not available on CAV crash
patterns and road curvature.
6.3.3 Street Lighting
The Street Lighting attribute records the presence of lighting that is sufficient to provide
illumination for vehicle occupants, motorcyclists, pedestrians, and bicyclists. [30]. This subject
was reviewed extensively by Turner et al [80]. They report medium confidence in an overall
reduction of 35% in night-time crashes for installing new lighting where no lighting was
present, based on eight studies. Such crashes may represent 30-50% of all conventional
crashes.
Ye W et al [81] examined the patterns and associated factors of road traffic injuries (RTIs)
involving CAVs and discussed the public health implications and challenges of autonomous
driving. In the paper ‘’Approaching autonomous driving with cautious optimism: analysis of
road traffic injuries involving autonomous vehicles’’ ‘’133 reports documented 24 individuals
injured in 19 crashes involving AVs, with the overestimated incidence rate of 18.05 per 100
crashes. 70.83% of the injured were AV occupants, replacing vulnerable road users as the
leading victims. Crashes in poor lighting even with streetlights on led to a notably greater
number of victims than those in daylight (31.58% vs 6.76%, p=0.010). Autonomous and
conventional driving modes had similar rates (16.05% vs 11.54%). The movement preceding
collision of CAVs and other vehicles made no difference to the population distribution of
injuries. Moreover, road type, collision type, weather, roadway condition and severity of CCAV
damage did not significantly affect injury distributions among road users. Driving CAVs in poor
lighting is associated with RTIs in autonomous mode versus in conventional mode, probably
resulting in higher odds of injuries’’.
Ensuring that the visibility of road markings, signals and signs is suitable for CAVs to perform
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effectively may require improved street lighting, either through better illumination or more
closely spaced lights according to the paper ‘’Road Transport Automation as a Public-Private
Enterprise. EU–US Symposium on Automated Vehicles. White Paper’’ [82].
Jörg Wallaschek et al [83] made a summary of the systems and explanation of interactions
with the surrounding environment in the report ‘’Autonomous vehicle front lighting systems’’.
The report concluded that future research would be needed on light-based assistance systems
that will be able to use the high potential of LED-arrays to create a highly variable light
distribution is needed to optimise CAV-related road safety in poor lighting condition.
In conclusion, driving CAVs in poor lighting is associated with road traffic injuries in
autonomous mode versus in conventional mode, probably resulting in higher odds of injuries.
Ensuring that the visibility of road markings, signals and signs is suitable for CAVs to perform
effectively may require improved street lighting, either through better illumination or more
closely spaced lights. The research concluded that future research would be needed on lightbased assistance systems that will be able to use the high potential of LED-arrays to create a
highly variable light distribution is needed to optimise CAV-related road safety in poor lighting
condition.
6.3.4 Tunnels
When a vehicle equipped with an artificial vision system enters or exits a tunnel, the camera
may temporarily suffer from reduced visibility, or even get completely blind due to quick
changes in environmental illumination.
The Bertozzi [84] paper presents a vision-based system that detects approaching tunnels
entrances or exits. The proposed system allows other ADAS (Advanced Driver Assistance
Systems) to act on camera parameters to effectively avoid the tunnel blindness effect.
Information regarding approaching tunnel entrance can be helpful for other sensors as well
and for sensor fusion systems. In terms of path planning, this system can also inform GNSSbased systems (Global Navigation Satellite System), which usually do not receive any signal in
tunnels, and trigger dead reckoning techniques.
A paper ‘’High Precision Positioning and Accident Detection System for Vehicles in Traffic
Tunnel’’ was presented by Fang, Fuzhu [85] involving a high precision positioning system with
IEEE 802.15.4-2011 UWB as air-interface. Based on Decwave’s UWB chip, the system can
provide centimetre level positioning precision. However, when utilizing the UWB chip in the
tunnel positioning system, efficient solutions must be found to overcome the limitation of the
chip’s transmitting range in a scenario of long tunnel, and to enlarge the system capacity which
might decrease seriously as the demand of high positioning rate in a scenario of vehicles with
high speed. On the other hand, tunnels are prone to traffic crashes while there is usually lack
of surveillance system in tunnels located in remote areas. Aiming at this application, the
presented system also implements a functionality of crash detection.
When it comes to positioning, CAV’s mostly rely upon GPS, which can be quite inaccurate in
tunnels. A fuzzy logic system can be added to the existing lane‐positioning system to increase
vehicle position detection in GPS shadow areas, such as tunnels according to the paper
‘’Tunnel lane‐positioning system for autonomous driving cars using LED chromaticity and fuzzy
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logic system’’ [86].
Godsmark P argued that as the amount of CAV increases, the segregated infrastructures,
including bridges as mentioned by the paper ‘’Automated vehicle: The Coming of the Next
Disruptive Technology’’ [87], tunnels and underpasses [88] (also agreed by C, Johnson) are also
needed to be provided to reduce conflicts between different traffic flows. The current bridge
designs, particularly long-span bridges, has not catered for the ‘platooning’ needs of heavy
trucks. Therefore, the inadequate design standard needs to be updated according to the paper
‘’Future Proofing Infrastructure for Connected and Autonomous Vehicles’’ [89].
In conclusion, the tunnel attribute is very relevant and requires further research into detection
and perception of tunnels under adverse weather and lighting conditions as well as sensor and
GPS capabilities.

6.4 Roadsides (Roadside Severity – Object and distance)
The Roadside Severity – Object attribute records the nearest object that could result in death
or injury to vehicle occupants, motorcyclists and bicyclists if struck. The object recorded is the
same as that referred to in Roadside Severity – Distance. [30].
In a report titled ‘’Road Data as Prior Knowledge for Highly Automated Driving’’ [90], stated
that vehicles need to recognize and record the roadway and the associated driving area
elements with the help of sensors (stereo cameras, radar, LiDAR, laser scanners etc.) in highly
automated driving processes. This information then needs to be converted into a digital 3D
model in real time. The vehicle can then locate and orient itself and move in a so-called
obstacle-free and restricted 3D area. ‘’Localizing the vehicle precisely in the surroundings is
often difficult for several reasons: the volume of data needing to be processed in real time, the
accuracy of the object recognition process and the multiple disturbances like the weather,
daytime and night-time or the traffic situation etc. To gradually solve the object recognition
problems in real time when relying on the available sensors and disturbances, the vehicle
should have a detailed prior knowledge of the traffic infrastructure on the planned route before
the journey starts; this can take place through highly developed maps (HD maps with separate
layers) within its navigation system’’ [90].
A report by Umar Zakir et al [91] ‘’ A review on threat assessment, path planning and path
tracking strategies for collision avoidance systems of autonomous vehicles’’ suggested that for
the path re-planning strategy, the selected approach should be able to provide reliable lane
change and lane keeping navigation to the host vehicle during the dynamic driving task. In
addition, it should: provide an emergency trajectory which does not intercede with the
obstacles, possess small usage of memory space and space range during the re-planning
action, include the consideration of moving obstacle, consider the risk of lane departure and
should be able to operate in complex high nonlinearity scenario. As per Umar Zakir et al he
stated that further research on unified method and path planning strategies are needed. The
method needs more precise model information and future prediction modelling.
C. Wöhler, J.K. Anlauf [92] on his paper ‘’Real-time object recognition on image sequences
with the adaptable delay neural network algorithm - applications for autonomous vehicles
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researched the real-time object recognition on image sequences with the adaptable delay
neural network algorithm - applications for autonomous vehicles’’ suggests that the results of
ATDNN algorithm are promising, all the described recognition tasks were performed in a large
variety of real-world scenarios, in a computationally highly efficient and reliable manner.
Further research on image sequence analysis systems opposed to an analysis of a single image
in the context of pedestrian recognition is needed.
The report ‘’Future Highways - Automated Vehicles’’ [37] stated that in terms of visibility
length, when V2X communication is considered, it is questionable whether the vehicle will
always know what is behind the curve, whether the vehicle will be notified of a landslide or
the presence of wildlife. Such situations are a problem with sharp curves and convex curves
of the road and represent yet another limitation in changes in the geometry of road
infrastructure.
Waymo recently developed a tool dubbed “Content Search” under the paper ‘’ Waymo’s SelfDriving Technology Gets Smarter, Recognizes Billions of Objects Thanks to Content Search’’
[93], which functions similarly to how Google Image Search and Google Photos operate. These
systems match queries with the semantic content within images, generating representations
of the objects that make image retrieval based on natural language queries easier. If Content
Search is presented with a truck or tree, it will return other trucks or trees that Waymo’s AVs
have encountered. As a Waymo vehicle drives around its records images of objects around it,
then it stores these objects as embeddings/mathematical representations. This means that
the tool can make a comparison between object categories and rank responses by how like
the provided object the stored object images are. This is like how the embedding similarity
matching service operated by Google works.
In conclusion, roadside severity – object detection is still regarded as a hazard for CAVs. Even
though there is no related crash research available, there are a lot of studies on objectrecognition. Accuracy of the object recognition process (via prior HD map) and the multiple
disturbances like the weather, daytime and night-time or the traffic situation are regarded as
few of the challenges to further work on. In addition, further research is needed to work on
AI algorithms and image processing.

6.5 Vulnerable Road Users
The following section is divided: into sub-section 6.5.1 – Pedestrian and Pedestrian Crossing
Facilities; sub-section 6.5.2 – Bicycles and facilities for bicycles; sub-section 6.5.3 –
Motorcycles and facilities for motorcycles; sub-section 6.5.4 School zone warning and 6.5.5
Vehicle parking.
6.5.1 Pedestrian and Pedestrian Crossing Facilities
The pedestrian crossing quality attribute records how well the crossing can be seen by drivers
or if there are warning signs [30]. In their review of iRAP risk factors, Turner et al [80] refers
readers to work on delineation risk and comments that the Pedestrian Crossing Quality
attribute is like the attribute Quality of Curve in that it relates to the extent to which signs and
markings help the driver see the feature and make the necessary judgements. The risk factor
of 1.5 has been selected (rather than the lower values of 1.2-1.4 in earlier versions of the iRAP
models) because it is recognised that a poor-quality pedestrian crossing is likely to have a
larger and more direct effect on safety, that is for conventional vehicles.
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Pedestrian detection is essential for improving pedestrian safety in an intelligent traffic
system. As reported previously, in 2015, within the SENSOR project [68], Lawson et al (2015)
reported on 4,869 pedestrian crossings in 14 countries in south-east Europe and 2,151 (44%)
were described as poor quality.
Furthermore, another study titled ‘’Automated Vehicles and Pedestrian Safety: Exploring the
Promise and Limits of Pedestrian Detection’’ [94] focused on U.S. pedestrian fatalities. The
study investigated the potential for CAVs in reducing pedestrian fatalities by analysing nearly
5,000 pedestrian fatalities recorded in 2015 in the Fatality Analysis Reporting System. The
work virtually reconstructed the pedestrian fatalities under a hypothetical scenario that
replaced the vehicles involved with automated versions equipped with state-of-the-art (as of
December 2017) sensor technology.
Lenard, James et al [95] in their paper ‘’Typical pedestrian accident scenarios for the
development of autonomous emergency braking test protocols’ ’also analysed typical
pedestrian crash scenarios for the development of autonomous emergency braking test
protocols. Common crash scenarios were successfully generated from two databases using
cluster analysis, an objective and computationally reproducible technique. The two sets of
clusters showed strong commonalities even though computed from independent sets of
crashes. The report stated that this approach, which is neither mechanical nor guaranteed to
work for any set of clusters, struck a good balance between minimising the number of
proposed tests and covering the greatest diversity of crash circumstances. The report found
that further research involving wider representativeness of the results by analysing crash data
from other countries in a similar manner is desirable.
The ‘’SafeVRU: A Research Platform for the Interaction of Self-Driving Vehicles with Vulnerable
Road Users’’ [96] paper presents a research platform for the interaction of self-driving vehicles
with Vulnerable Road Users (VRUs, i.e., pedestrians and bicyclists). The paper details the
design of the full stack of vehicle localization, environment perception, motion planning, and
control, with emphasis on the environment perception and planning modules. The simulation
and real-world results of the SafeVRU illustrate the ability of the vehicle to plan and execute
collision-free trajectories in the presence of VRUs.
The paper ‘’External Human-Machine Interfaces on Automated Vehicles: Effects on Pedestrian
Crossing Decisions’’ [97] suggests that the safety (i.e., not crossing when unsafe) and efficiency
(i.e., crossing when safe) of pedestrians’ interactions with CAVs could increase if CAVs display
their intention via an external Human-Machine Interface (eHMI). The Koen de Clercq et al
method involved twenty-eight participants who experienced an urban road environment from
a pedestrian’s perspective using a head-mounted display.
The results of the [97] were the following: For yielding vehicles, the feel-safe percentages were
higher for the Front brake lights, Knight-Rider, Smiley, and Text, as compared with Baseline.
For nonyielding vehicles, the feel-safe percentages were equivalent regardless of the presence
or type of eHMI, but larger vehicles yielded lower feel-safe percentages. The Text eHMI
appeared to require no learning, contrary to the three other eHMIs. Conclusion: An eHMI
increases the efficiency of pedestrian-CAV interactions, and a textual display is regarded as the
SLAIN D7.2

51

Version 1.2

least ambiguous. This research supports the development of CAVs that communicate with
other road users. The report indicated that future research could examine eHMIs that change
from a neutral state into a cue that the vehicle will not yield.
The paper titled ‘’A crosswalk pedestrian recognition system by using deep learning and zebracrossing recognition techniques’’ [98] study proposed a real‐time pedestrian recognition
system that ensures high accuracy by using a deep learning classifier and zebra‐crossing
recognition techniques. The proposed study was designed to improve pedestrian safety and
reduce crashes at intersections. Environmental feature vectors were first used to detect zebra
crossings and to determine crossing areas. An adaptive mapping technique was then used to
map the pedestrian waiting area based on the crossing area. A dual camera mechanism was
used to maintain detection accuracy and improve system fault tolerance. Finally, you‐only‐
look‐once (YOLO) model was used to recognize pedestrians at intersections. A system
prototype was implemented to verify the feasibility of the proposed system. ‘’The results of
the paper revealed that the proposed scheme outperforms the conventional histogram of
oriented gradients and Haarcascade schemes. Moreover, this experiment showed that, when
pedestrians are partially obscured, the YOLO model exhibited considerable fault tolerance,
which is not provided by other schemes. An early warning system can be further studied for
pedestrians on pedestrian crossings based on the results of this study, and recognition
capabilities of the YOLO can be improved. Although the YOLO model exhibited satisfactory
results, special purpose data sets, such as the Caltech and INRIA data sets, were not used for
training. In addition, according to the author vehicle detection and vehicle tracking can be
included in future research’’.
The Michael Julian et al [99] study titled ‘’Driverless Vehicles’ Potential Influence on Cyclist and
Pedestrian Facility Preferences’’ seeks to establish a new and equally important line of inquiry
that addresses the same implications for bicyclists and pedestrians. The study developed a
stated-preference survey that had respondents select their preferred facility in a variety of
hypothetical scenarios with and without the presence of driverless vehicles and on street
types of varying motorized traffic volumes and speeds. A Random Parameters Logit Model
was estimated to analyse the links between facility preferences, socio-demographic, street
types, and the existence of driverless vehicles. ‘’The model results suggested that increases in
motorized traffic volumes and speeds correlate with a greater preference for separated
facilities. The presence of driverless vehicles amplifies this preference. Controlling for other
factors, under driverless vehicle conditions, the odds of selecting protected facilities, such as
buffered bicycle lanes and bicycle tracks, were more than double the odds found under current
conditions. The study concluded with recommendations for infrastructure and policy and
suggestions for future research in this nascent field of study’’.
The research paper ‘’Automated Vehicles and Pedestrian Safety: Exploring the Promise and
Limits of Pedestrian Detection’’ by Tabitha S Combs [100] involved the following activities: (1)
establish functional ranges of state-of-the-art pedestrian sensor technologies, (2) use data
from the Fatality Analysis Reporting System to identify pedestrian fatalities recorded in each
state in the U.S. and District of Columbia in 2015, and (3) assess the maximum numbers of
pedestrian fatalities that could have been avoided had involved vehicles been replaced with
CAVs equipped with the described sensors. The research was conducted from July to
December 2017.
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‘’The results of the research showed that sensors’ abilities to detect pedestrians in advance of
fatal collisions vary from <30% to >90% of fatalities. Combining sensor technologies offers the
greatest potential for eliminating fatalities but may be unrealistically expensive. Furthermore,
whereas initial deployment of AVs will likely be restricted to freeways and select urban areas,
non-freeway streets and rural settings account for a substantial share of pedestrian fatalities.
The report recommended future research to successfully detect pedestrians in advance of most
fatal collisions, the current costs and operating conditions of those technologies substantially
decrease the potential for CAVs to radically reduce pedestrian fatalities in the short term’’.
C. Wöhler, J.K. Anlauf [92]’s paper ‘’Real-time object recognition on image sequences with the
adaptable delay neural network algorithm - applications for autonomous vehicles researched
the real-time object recognition on image sequences with the adaptable delay neural network
algorithm (ATDNN) - applications for CAVs’’ concluded that all the described recognition tasks
were performed in a large variety of real-world scenarios, in a computationally highly efficient
and reliable manner. Further research on image sequence analysis systems opposed to an
analysis of a single image in the context of pedestrian recognition was proposed by the author.
In conclusion, pedestrian crossing facilities are highly relevant fot CAV as it is important for
sensors’ abilities to detect pedestrians crossing in advance of a potentially fatal collision
especially in urban and regional areas, as these account for a substantial share of pedestrian
fatalities. Real-time object recognition studies have so far released satisfactory results for
pedestrians using pedestrian crossings. Future research should focus on sensing and detection
capabilities for pedestrian crossing facilities.
6.5.2 Bicycles and Facilities
SWOV’s paper [101] ‘’Safe interaction between cyclists, pedestrians and automated vehicles’’
studied the safe interaction between bicyclists, pedestrians, and CAVs. The report provides an
overview of current knowledge, theoretically and empirically, about the interaction of
pedestrians and bicyclists with (partly) CAVs. Furthermore, it identifies what is needed to
know to ensure that an automated driving system, particularly during the transition period,
does not compromise the safety of pedestrians and bicyclists. The author concluded that
automated driving systems have mainly focused on the detection and recognition of
pedestrians and bicyclists by the vehicle and even though good progress has been made, many
difficulties are yet to be overcome (e.g., reliable operation in adverse weather conditions).
The analysis detailed in report ‘’Driverless Vehicles’ Potential Influence on Cyclist and
Pedestrian Facility Preferences’’ [99] relies on a web based stated preference survey of 1,312
bicyclists and pedestrians that measures behaviour and facility preferences under current and
driverless conditions. The study outlines appropriate bicycle and pedestrian facilities for
various situations in a driverless environment, based on survey respondents’ stated
preferences and a review of the literature. Figure 7 presents preferred, acceptable, and
unacceptable bike and pedestrian facilities for each street type from the report.
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Figure 7: Pedestrian and Cyclist facilities, Source [99]
The report suggests that CAVs could ultimately bring about changes to the built environment
that both positively and negatively affect pedestrians and bicyclists. For instance, the author
predicts that more efficient use of roadways, narrower car-travel lanes, and less on-street
parking may open more space for bicycle lanes or pedestrian amenities.
The objective of the Pavlos Tafidis et al [102] study titled ‘’Can Automated Vehicles Improve
Cyclist Safety in Urban Areas ‘’ was to verify whether the anticipated implementation of CAVs
can actually improve bicyclists’ safety. For this purpose, the microscopic traffic flow simulation
software PTV VISSIM combined with the surrogate safety assessment model (SSAM) were
utilized. The findings of the analysis show a notable reduction in the total number of conflicts
between cars, but also between cars and bicyclists, compared with the current situation,
assuming a 100% market penetration scenario for CAVs. Moreover, the severity level of
conflicts also decreased because of the lack of human-driven vehicles in the traffic streams.
While it was assumed that the cyclists’ behaviour would be the same after the implementation
of CAVs, this relationship should be researched further, according to Pavlos Tafidis et al.
In addition to that the Michael Julian et al [99] study ‘’Driverless Vehicles’ Potential Influence
on Cyclist and Pedestrian Facility Preferences’’ seeks to establish a new and equally important
line of inquiry that addresses the same implications for bicyclists and pedestrians. The study
developed a stated-preference survey that had respondents select their preferred facility in a
variety of hypothetical scenarios with and without the presence of driverless vehicles and on
street types of varying motorized traffic volumes and speeds. A Random Parameters Logit
Model was used to estimate and analyse the links between facility preferences, sociodemographics, street types, and the existence of driverless vehicles. ‘’The model results
suggested that increases in motorized traffic volumes and speeds correlated with a greater
preference for separated facilities. The presence of driverless vehicles amplifies this preference.
Controlling for other factors, under driverless vehicle conditions, the odds of selecting
protected facilities, such as buffered bicycle lanes and bicycle tracks, were more than double
the odds found under current conditions. The study concluded with recommendations for
infrastructure and policy and suggestions for future research in this nascent field of study’’.
A 2017 study by the IEEE Spectrum [103] ‘’The Self-Driving Car's Bicycle Problem’’ found that
out of all forms of transportation that autonomous cars interact with, self-driving car
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technology has the most difficulty with bicycles. The reason for this challenge is that bicycles
are smaller than other forms of transportation. At the same time, bicyclists are also nimbler
and more unpredictable than cars or trucks. In Fairley’s words: “These two factors mean that
on-board driverless technology is going to struggle to keep up with the human elements of
bicycle transportation. Coupled with the fact that how self-driving vehicles interpret their
environment, on-board technology tends to think that bicycles are two objects as the bicycle
(bottom) is not a standard piece of how a human (top) relates to their algorithm.” This means
that driverless technology will need new and innovative ways to understand their
environment.
In conclusion, facilities for bicycles are one of the most difficult road attributes to be detected
by CAV. Research shows that CAVs could ultimately bring about changes to the road design by
opening more space for bicycle lanes or building buffered bicycle tracks depending on the
operating environment (cities, motorways). Simulations show a notable reduction in the total
number of conflicts between cars and bicyclists, compared with the current situation and this
needs to be further researched in large scale field trials. Further research is also needed on
object recognition due to the unpredictable bicyclist user behaviour and due to size of the
bicycle.
6.5.3 Powered two-wheelers (PTW) and facilities
Powered two-wheelers (PTW) rider fatalities accounted for 18% of the total number of road
deaths in the EU countries in 2015 [104].
The facilities for motorcycles attribute record the presence of purpose-built facilities for
motorised two wheelers. [30]. Technological innovations in the field of infrastructure are
naturally part of the answer to improving motorcycle safety from an infrastructure design
point of view. Yet, in the position paper [105] ‘’Improving infrastructure safety for powered
two-wheelers A joint Position Paper by the Federation of European Motorcyclists’ Associations
and the European Union Road Federation’’ the most significant gains can be achieved by
implementing solutions which are available today and are proven to be cost-effective. These
are: ’the installation of motorcycle protection systems in guardrails, maintaining the skid
resistance of pavement markings and ensuring that roads surfaces are properly maintained
can make an important contribution to the safety or riders and help achieve better progress
towards reaching the EU’s goal of reducing fatalities’’.
There were several major projects (e.g., SAFERIDER, ROSA, RIDERSCAN), funded by the
European Commission, which have focused on the capacity to enhance vehicle safety with
electronic devices [104]. These projects gave indications on the potential to be gained by
developing and implementing intelligent transport systems, and on some of the challenges
when considering the specificity of PTWs (e.g., risk of interference with riders' actions). [104].
In 2016, a test was carried out by the Netherlands Vehicle Authority (RDW), requested by the
Federation of European Motorcyclists’ Associations (FEMA), the Royal Dutch Motorcyclists
Association (KNMV) and the Motorcycle Action Group (MAG) in the Netherlands. This test, on
the capabilities of ACC (Adaptive Cruise Control) to detect motorcycles showed unsatisfactory
results in the ‘Adaptive cruise control and motorcycle recognition’ indicative study ‘’ Adaptive
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Cruise Control & Motorcycle Recognition [106]. Over the course of six separate test days, it
was observed that the ACC systems of the Jeep Grand Cherokee, Hyundai Ioniq Electric, Skoda
Octavia Combi, Volvo V40, VW Golf Variant, and Tesla Model S detect motorcycles worse than
cars when the motorcyclist is riding more than 1.20 metres from the centreline of the
vehicle/lane.
The US research by John F. Lenkeit of Dynamic Research, Torrance, CA [107], found that
existing forward collision warning systems give “inadequate results” for motorcycles in 41
percent of test cases, versus under 4 percent for cars.
In conclusion, ‘’powered two-wheelers (PTW) are currently like moving pins for connected and
autonomous vehicles (CAV) since it has been evidenced in public and in research in various
cases that CAV sensors and algorithms are not capable to detect and identify PTWs, as
concluded by the VTT press release ‘’Motorcycles to be made smarter and safer with
digitalisation’’ [108].
6.5.4 School Zone crossings
The University of North Carolina (UNC) Highway Safety Research Center was commissioned to
undertake a detailed review of the iRAP pedestrian model and provide summary research and
recommendations on the risk factors appropriate for the pedestrian Star Rating to reflect the
needs, and effective interventions, at schools from a conventional vehicle perspective [31].
Key findings include:
•
•

‘’School Zone “25 mph When Flashing” devices have been found to reduce average
vehicle speeds significantly during flashing periods.
School Zone High‐visibility crosswalks have been shown to significantly reduce
collisions’’.

The full research on pedestrian safety by UNC Highway Safety Research Center has been
documented in a study for the FHWA [109]. A CAV entering a school zone is subjected to
lower speed limits and must respond appropriately to ensure the safety of its passengers and
other road users. Geofencing would be an important countermeasure. This will specially help
cities to translate their zoning urban planning into traffic management related data,
preventing routing through residential areas or close to hospitals and schools.
Service providers can relate to these zones and apply virtual delays on top, so that the routing
algorithm proposes an alternative way, more in line with the public's authority expectations.
In conclusion, the school zone warning is another important road attribute which needs to be
detected by CAVs. No related research on this topic was identified and it is recommended that
future research on sensing and identification of school zone warnings (e.g., traffic signs, speed
limits) as well as school zone warning supervisor (people helping kids cross the road) is
undertaken. Additionally, research should be undertaken into the impact of school zone on
CAV crashes.
6.5.5 Vehicle Parking
Designing Parking Facilities for Autonomous Vehicles report [110] states that parking is an
important part of transportation planning because a typical vehicle spends 95% of its lifetime
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in a parking spot. The increasing need to store vehicles has transformed a lot of valuable realestate into parking garages in many countries. Realizing the high social cost of parking
provision, CAV developers are rethinking how to reduce the parking footprint by converting
traditional parking lots into automated parking facilities that can store more CAVs (compared
with regular vehicles) in smaller areas.
The same study [110] argued that to increase CAV car-park space efficiency is to stack the
CAVs in several rows, one behind the other is discussed. While this type of layout reduces
parking space, it can cause blockage if a certain vehicle is barricaded by other vehicles and
cannot leave the facility. The results showed that CAV carparks can decrease the need for
parking space by an average of 62% and a maximum of 87%. This revitalization of space that
was previously used for parking can be socially beneficial if carparks are converted into
commercial and residential land-uses.
The Jae Kyu Suhr et al paper [111] titled ‘’A Universal Vacant Parking Slot Recognition System
Using Sensors Mounted on Off-the-Shelf Vehicles’’ proposes a parking slot recognition method,
which is an essential component of autonomous driving. The paper states that compared with
previous methods, the proposed method is more useful and practical because it can be fully
automated, recognize various types of parking, and operate under unfavourable lighting
conditions. ‘’The proposed method was quantitatively evaluated using a dataset obtained
during the day, night, and underground, and it outperformed previous methods by showing a
95.24% recall and a 97.64% precision. Experimental results showed that the proposed method
recognizes various types of parking slot markings under a variety of lighting conditions and
outperforms the previous methods. Future research is required according to the Jae Kyu Suhr
et al paper with the aim on expanding the parameters to on-street parking type and similar
parking systems within urban areas’’.
Another issues, is detection of parked vehicle within the object recognition environment. An
analysis of the use case Highway Chauffeur (HC) System [112] found 21 collisions occurred
against a regularly stopped vehicle. These crashes were considered addressable by the L3
system and potentially preventable.
In conclusion, the presence of parking and the action of parking is itself a hazard to other road
users or an obstruction to signs and road markings. Even though there is not a lot of research
on crash patterns and parking as an obstacle it would be useful to investigate further. Future
research would be needed in the detection and perception systems of parking as an obstacle
to sighting distance and parking slot recognition method under a variety of lighting conditions.

6.6 Intersections
The following section is divided to sub-section 6.5.1 Intersections and sub-section 6.6.2 -Traffic
Lights.
6.6.1 Intersections
At present, roundabouts essentially reduce the severity of crashes by transforming dangerous
side collisions into passing collisions. However, with the advent of CAVs, signalized
intersections may be safer because of their more predictable elements, Roads that Cars Can
Read stated [2]. Other studies including ‘’V2V - Intersection Management at Roundabouts
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confirm that roundabouts are safer for CAVs to operate. [113]. In terms of achieving smoother
traffic flow, roundabouts may be preferred due to shorter delays and queuing times.
Automated vehicle: The Coming of the Next Disruptive Technology states that this benefit is
predicted to extend as the merging action is easier to achieve with the CAV’s computer
programmers [87].
A research paper by Morando [114] investigated safety impacts which are explored through
the number of conflicts extracted from a VISSIM traffic microsimulation model using the
Surrogate Safety Assessment Model (SSAM). These results suggested that ‘’CAVs improve
safety significantly with high penetration rates, even when they travel with shorter headways
to improve road capacity and reduce delay. For the signalised intersection, CAVs reduce the
number of conflicts by 20% to 65% with the CAV penetration rates of between 50% and 100%.
For the roundabout, the number of conflicts is reduced by 29% to 64% with the 100% CAV
penetration rate. The report suggests that future research should focus on different patterns
in conflicts by penetration rates between the two case studies as it is suggested that safety
impacts of CAVs might vary with different networks. Thus, it is important for future research
to conduct further investigations with various network settings and traffic conditions’’.
The report ‘’Autonomous vehicles will force authorities to reassess yellow-light formulas’’
[115] found that to raise the level of safety at signalized intersections, it will be necessary to
increase the duration of the yellow signal by an additional 2 to 4 seconds to allow CAVs
sufficient time to enter the intersection and for possible collision avoidance manoeuvres.
Prolongation of the yellow signal, on the other hand, reduces the intersection capacity and
can lead to traffic jams.
The Offer Grembek et al [116] paper focuses on the Intersection channelisation road attribute.
The paper developed a design of the intelligent intersection, motivated by the analysis of a
crash at an intersection in Tempe, AZ, between an automated Uber Volvo and a manual Honda
CRV and culminates in a proposal for an intelligent intersection infrastructure. The intelligent
intersection also serves as a software-enabled version of the ‘protected intersection’ design
to improve the passage of bicyclists and pedestrians through an intersection. The paper
recommended that further research on an optimal way of communicating between an
intersection system and the driver/CAV is needed.
In terms of intersection channelisation, the F.H.A - US department of technology [117]
documented the annual national frequencies and costs of crashes that could be targeted for
12 of the currently identified V2I safety application areas. These analyses also provided
information on crash scenarios and the associated costs that are unaddressed by these 12
safety applications. These unaddressed crashes can be explored to identify other potential
applications. ‘’These application areas could potentially target a significant number of crashes
and their associated crash costs (more than $200 billion annually). When combined, the costs
would total more than $200 billion, and the overlap among some of the application areas is
accounted for in the total. While the study compared specific Cooperative Intersection Collision
Avoidance Systems, it did not identify the potential benefits of other V2I for safety application
areas. The results also did not identify contributing factors or specific locations (e.g.,
urban/rural) where the CICAS applications could be most effective. The paper recommended
that future research to cover these fields is needed’’.
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In conclusion, the road attribute for intersection is highly relevant for CAVs. Early studies show
a reduction in crash rates. For the signalised intersection, CAVs reduce the number of conflicts
by 20% to 65% with the CAV penetration rates of between 50% and 100%. For the roundabout,
the number of conflicts is reduced by 29% to 64% with the 100% CAV penetration rate.
6.6.2 Traffic lights
Traffic lights are an important road feature on approaching an intersection. In autonomous
driving literature, the general problem of identifying traffic lights and their states is known as
Traffic Light Recognition (TLR). Although TLR is widely addressed in literature, there are still
some challenges to be faced. Most methods focus on locating and/or recognizing all traffic
lights in a scene and do not attribute any special meaning to the traffic lights that are relevant
for the given context, i.e., the traffic lights in the vehicle’s route and what the driver should
obey. Other challenges include recognition in adverse conditions (e.g., rain, snow), early
recognition (detecting traffic lights at greater distances), and recognition in different
illumination settings (including night images). An extensive literature review on this topic is
detailed in ‘’Vision for looking at traffic lights: Issues, survey and perspectives’’ [118].
The first study focuses on traffic light detection using HD maps [119] with a recognition rate
of more than 90%, but there were cases where recognition became difficult. The study gave
the following results: ‘’There are cases where it was relatively difficult to determine the lighting
colour of the lamp due to the influence of the surrounding brightness. For example, in the case
of receiving the sunlight from behind the vehicle, all lamps appeared to be lit. Moreover, there
were cases where yellow and red lighting colours could be visually recognized to the same
colour in the images. These cases were a false-positive detection. In addition to the issues of
software-based recognition algorithms, it was difficult to view the traffic light in the image in
severe sunshine as a hardware performance limit’’.
The same author, recommended for safety deceleration, to recognize the current state of
traffic lights at distances over 100 m and added that ‘’The required recognition distance can
be estimated by calculating the braking distance from the vehicle to the stop line after
smoothly recognizing the traffic light state. In studies on vehicle control, the deceleration
without discomfort to passengers is approximately 0.1 G (=0.098 m/s2). For example, when
the vehicle decelerates by 0.1 G while traveling at a velocity of 50 km/h, the braking distance
is approximately 98 m. Furthermore, the recognition distance may increase further when
considering the case where the traffic light is located at a position away from the stop line.
Recognizing traffic light in the ranges exceeding 100 m is required to make a natural
intersection approach in automated driving’’.
In addition to this, the green light optimal speed advisory (GLOSA) through C-ITS is providing
speed advice to drivers approaching traffic lights, thus reducing the number of sudden
acceleration or braking incidents [120]. When the car approaches a group of relevant traffic
lights, there are two types of error that could occur. The first is predicting the traffic lights are
red or off when they are green, which represents an inconvenience since it will cause the car
to slow down to a stop when it could have proceeded. The second type of error is predicting
green traffic lights while facing red ones (or off). This is by far the worst since it could lead the
car into the middle of a busy intersection and cause crashes.
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In a study by Possati [121] ‘’ Traffic Light Recognition Using Deep Learning and Prior Maps for
Autonomous Cars’’ the second error of predicting green traffic lights while facing red ones was
observed. To deal with this issue, the study proposed a deep learning model solution to
integrate recognition with prior maps which record position, direction, and other properties
of the traffic lights. With prior maps, a CAV can be aware of the presence of traffic lights in its
vicinity and can also fuse the map and real-time sensors’ data (e.g., camera image) for robust
location and recognition of the relevant traffic lights in a scene. The proposed system was
evaluated on five test cases (routes) in the city of Vitória. Results showed that the proposed
technique can correctly identify the relevant traffic light along the trajectory. Future research
by Lucas Possati, recommended improving the detector’s performance to obtain more reliable
results. As future work, it is the aim to reduce the search space for traffic lights by proposing
Return on Investment in the input image based on prior maps annotations (which is common
in literature). This approach has two main potential advantages: saving processing time by
keeping the input image resolution as is, or, alternatively, enabling the use of higher resolution
images to improve the system’s performance.
Another very interesting study is ‘’Deep Traffic Light Detection for Self-driving Cars from a
Large-scale Dataset’’ [122] which proposed a new computational method for accurately
detecting traffic lights from a raw input image in a real-time manner. By generating a largescale traffic lights dataset with over 71,771 images (over 60 hours) with human annotated
bounding boxes and demonstrating the effectiveness by conducting a real-world experiment
with an instrumented vehicle. The proposed traffic light detector was tested with an
instrumented vehicle on public roads in Bay Area, California, USA (over 6 kilometres). The test
scenario comprised the following features as per [122]: (1) The vehicle traversed 17 traffic
light-controlled intersections where the vehicle followed the rules to stop on red and go on
green. (2) Different lighting conditions (day vs. night), weather (rainy vs. sunny), and different
road traffic congestion levels were tested. A visualization to show which traffic lights were
detected and the final decision was created. Examples from the visualizer during the on-road
driving test were provided in the report. The study recommends that these real-world
experiments support that the proposed traffic light detector can be successfully operated in a
real-time manner.
Researchers at the Massachusetts Institute of Technology (MIT) [123], the Swiss Institute of
Technology (ETHZ), and the Italian National Research Council (CNR) have developed slot-based
intersections that could replace traditional traffic lights, that could mean that this road
attribute could be eliminated in the long run. This idea is based on a scenario where sensorladen vehicles pass through intersections by communicating and remaining at a safe distance
from each other, rather than grinding to a halt at traffic lights. This approach based on slotbased intersections is flexible and can be designed to accommodate pedestrian and bicycle
crossings with vehicular traffic.
In conclusion, this road attribute is highly relevant for CAVs. Several studies showed evidence
of locating and/or recognizing all traffic lights in a scene but found some issues in
understanding the context of the sign (green, yellow, red) due to the dynamic nature of the
traffic light. Other challenges included recognition in adverse conditions (e.g., rain, snow),
early recognition (detecting traffic lights at greater distances), and recognition in different
illumination settings (including night images). Another interesting research paper focused on
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integrating recognition with prior HD maps which record position, direction, and other
properties of the traffic lights. Ensuring the vehicle is also connected through C-ITS such as
green light optimal speed advisory (GLOSA) can provide additional reassurance for speed
advice to drivers approaching traffic lights, thus reducing the number of sudden acceleration
or braking incidents and crashes. It would be interesting to investigate another open area for
research in eliminating traffic lights attribute in the long run.

6.7 Speed
Speed has been identified as a key risk factor in road traffic injuries, influencing both the risk
of a road crash as well as the severity of the injuries that result from crashes.
Bauer and Mayr [124] developed a road database system that considers for each location on
the road the geometrical characteristics as in road construction planning, such as the
curvature of the road. This detailed data of the road is needed to develop a Velocity Profile
Planning Module, which adapts the speed of the vehicle based on the road design
characteristics.
For the use case Highway Chauffeur (HC) System [112] addressed in the paper, the driving
speed cannot exceed the mandatory limit. Therefore, in many of the 422 crashes discussed in
the paper it appeared that:
• ‘’234 crashes occurred with no other fostering element apart from the speeding one,
thus they are considered both addressable and most likely avoidable with the HC
system.
• 24 collisions took place while the driver of the other vehicle appeared distracted or
showed an indecisive behaviour. This type of crash was considered addressable, as well
as the 16 that were rear-end collisions, since the speeding contribution can be
prevented.
• 60 collisions occurred against an obstacle on the road. These crashes were considered
addressable by the SAE L3 system and potentially preventable.
• 21 collisions occurred against a regularly stopped vehicle. These crashes were
considered addressable by the SAE L3 system and potentially preventable.
• 61 collisions occurred against an element part of an infrastructure. Even these crashes
were considered addressable by the SAE L3 system and potentially preventable when
erasing the speeding factor. It should be noted that the crashes considered in the
analysis are the ones included in the Operational Design Domain (ODD), thus no factor
such as a wet road can concur to the event.
• Out of the 422 collisions caused or fostered by distraction or an indecisive behaviour,
416 (around 99%) resulted as addressable and presumably avoidable if one of the two
vehicles involved is an HC. The number of crashes addressed in this case amounted to
around 6.5% out of the 6,408 included in the ODD’’.
In the same report [112] skidding or road departure due to speeding was also considered. In
this case, the main external factors are the avoidance of an obstacle or a vehicle (297 events)
and events not involving any object to be avoided (306 events). All these crashes (623 events)
were considered addressable by the Highway Chauffeur system. The report stated that it is
useful to remember that all these crashes occurred in the intended operating environment,
thus with a dry road surface and no adhesion compromised (namely, with no other concurring
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factor in the dynamics of the event). This category represented 10% of the 6,408 events.
The simulation studies of ASFINAG research [125] found that if the average traffic speed can
be increased from 10 km/h to 50 km/h by using CAVs, the maximum rut depth in pavement
can be decreased by up to 50%. In this sense, a significant delay of the potential for pavement
rutting damage can be expected because of the increased traffic speed by using CAVs in the
future, which is a very positive finding. Future work underlined by [125] concern the
completeness and inclusiveness of the data used for the evaluation, either accessing limitedaccess database or employing a totally different dataset to validate, verify or tune the results
presented in this study. Besides, works capable of also considering the crash-related events
occurring in adverse weather conditions could improve and enhance the output of this
analysis.
A paper detailing speeds around traffic calming is ‘’Electronic speed bump for vehicles with
autonomous driving capabilities’’ [126] CAVs will need to manoeuvre over speed bumps on
the road autonomously when operating in a SAE 3-5 mode. Successfully and smoothly
navigating a speed bump requires the vehicle to slow down to an appropriate speed, pass over
the bump, and speed up afterward. Such slow-down and speed-up increases the wear and
tear of the vehicle suspension and chassis, reduces fuel efficiency, and results in higher traffic
latency. An alternate approach for managing vehicle speeds is to use a radar to impose
appropriate speed limits and corresponding speed bumps within a given section of the road.
According to the author, neither standard speed bumps nor radar-imposed speed restrictions
are currently based on industry standards pertaining to their operation and handling by
vehicles driving in autonomous modes.
In conclusion, speed is one of the most crucial road attributes for CAVs, especially Intelligent
Speed Assistance which will be included in all new vehicles as part of the General Safety
Regulation, to help drivers keep within the speed limit. Early research has shown that ADS
can adapt the speed of the vehicle based on the road design characteristics. It is recommended
that research is undertaken into speed profiles in different types of CAV use cases at different
operating environments specially to understand crash patterns and relationships with other
road attributes.

6.8 Cooperative Intelligent Transport Systems (C-ITS)
The use of a range of C(ITS) solutions (e.g., ramp metering, incident detection, weather
monitoring, VMS / advance warning, lane keeping, hard-shoulder running, variable speed
limits and managed motorways) are helping to reduce crash rates on motorways. An example
is provided in this section on Road works. iRAP includes road works as an attribute [30] where
major or minor works are in progress for conventional vehicles. Incidents and roadworks will
change the road layout, which require CAVs to interpret real-time changes, such as merginglanes suggestions provided by temporary signs and cones.
The report titled ‘’A systematic review: Road infrastructure requirement for Connected and
Autonomous Vehicles (CAVs)’’ [127] states that in the UK there are two websites which provide
real-time information on traffic crashes and roadworks (roadworks.org and www.waze.com).
According to the author this example of both websites provides the cause and time of crashes,
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but the lack of accurate on-site layout imaging still makes it difficult for CAVs to distinguish
real-time changes from historical maps, thus making it hard to navigate.
iRAP is currently working on an extensive list of road attributes for C-ITS [31] under its
innovation framework.

6.9 iRAP Road Attributes Advancements
Big data and artificial intelligence can play a lead role in building the social and economic
business case for safer roads and create the scale of change needed to save millions of lives.
The accelerated and intelligent collection and coding of road attribute data has the potential
to reduce the time and effort required to undertake road safety assessments, reduce the
costs, and improve accuracy. Together with iRAP’s Star Rating models, Ai-RAP [31] has the
potential to put this road safety data at the fingertips of road authorities, policymakers,
investors, and road users worldwide.
Ai-RAP captures the advances in artificial intelligence, machine learning, vision systems LIDAR,
telematics, and other data sources to deliver critical information on road safety, crash
performance, investment prioritisation and Star Rating of roads for all road users.
iRAP and its partners across the world are already using the common global specification for
recording of road features that impact road safety to streamline and benchmark performance.
The accelerated and intelligent coding of these attributes can provide significant savings and
deliver the scale and frequency of data collection to support comprehensive performance
tracking over time. This will support decision-making and investment prioritisation on the
scale needed to deliver a world free of high-risk roads.
The accelerated and intelligent collection of road attribute information could take many
forms. Ai-RAP will be structured in a way to maximise the value and accessibility of data and
provide maximum flexibility for new and innovative ways of sourcing the required data.
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Figure 8: Ai-RAP innovation framework, Source [31]
iRAP encourages innovation and the sharing of success and where possible, collaboration.
Some developments are commercial in nature and will lead to a range of Ai-RAP Accredited
Suppliers who can offer services or data. Other developments are within the RAP Programme
Charitable Partnerships that work in a spirit of mutual benefit for all and will be provided for
global partners to freely use.
Together, with a focus on saving lives worldwide, more and more attributes will be certified
as part of the Ai-RAP Conversion Pipeline. Each attribute will make a great contribution to road
safety individually and together they will ultimately provide KPI metrics for all countries at the
attribute level, light, and full star rating level and ultimately through improved Ai-RAP
predictive modelling of crash risk worldwide.
Adjustment to the 52 attributes that are currently coded for the iRAP Star Rating process, to
use this data source to assess CAV readiness of roads will be required (to support the new
survey approach). Stakeholder consultation in CEF SLAIN D7.1 has suggested that
development of a working group within the EuroRAP membership can facilitate the
contribution of different stakeholders to this process. Exchange of best practices with other
projects such as the CEDR MANTRA, CEDR DIRIZON and H2020 INFRAMIX projects, and
platforms such as the European ITS Platform (EU EIP), TN-ITS and the CEF SLAIN project would
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promote the development of common and complementary recommendations.
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7 Conclusions
The deliverable D7.2 provides a state-of-the-art summary review on the infrastructure
implications for automated vehicles and crash analysis. This deliverable presents the work and
methodology undertaken to manage the outputs of the Grant Agreement related Activity 7.2
Task.

7.1 Generic findings
The key findings are summarised below:
•
•

•

•

•

•

More than 160 references/bibliographies have been collected and assessed covering
the period of 2013-2020) on physical infrastructure and CAVs.
There is no doubt that research on digital infrastructure and CAVs is well established
across EU and International Cooperation, whereas the research on the physical
infrastructure and CAVs is relatively scarce. For example, a TU Delft study titled ‘’
Research report summarizing the scientific knowledge, research projects, test sites,
initiatives, and knowledge gaps regarding infrastructure for automated vehicles’’ [1],
reviewed FP7-H2020 European Commission projects from 2008 till 2017 on 1)
cooperative systems, 2) automated vehicles, 3) cooperative and automated vehicles,
and 4) vehicle platooning, and their relation to the physical road infrastructure. The
same study also focused on EU and International Cooperation pilots. It concluded that
all projects/pilot results focused ONLY on the digital infrastructure perspective.
The current state of the art evidence used scientific and technical papers, simulations,
and small pilot projects results. There is no clear published (or otherwise available)
knowledge at this point regarding the changes required in physical infrastructure to
scale up the changes required to make CAV operation possible.
The D7.2 state of the art reaffirms that the road markings and traffic signs and pilot
results as analysed in SLAIN D7.1 are not the sole physical infrastructure requirements
for CAVs. All iRAP Road Attributes are relevant for Automated Driving Systems (ADS)
dynamic driving tasks. There is no sufficient research published (or otherwise
available) to come to a definitive conclusion on the extend of relevance (e.g., exact
specifications/parameters). This would require extensive research and large-scale
pilots. The available literature indicates a diversified view among different authors on
the few road attribute parameters/specifications required for CAV operation.
The scientific literature reaffirms that there is still a lot of research to be done in
relation to physical road attributes and ADS crash types/rates/patterns. When
evaluating safety features using data for collisions involving CAVs it is of particular
importance to understand how the crash occurrence and the safety features of ADS
relate to each other. Future research is needed to the effectiveness of individual
countermeasures (e.g., rumble strips, striping, adjustments to lane widths) with the
increase in CAV penetration rate.
Although technology is continuously improving by CAV developers, the automated
driving system / dynamic driving tasks still need to be further developed to bridge the
gap between research and deployment.

7.2 Conclusions on iRAP Road Attributes
The assessment of the iRAP road attributes (which code and capture the form of relevant
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physical road features) and their relationship to ADS /dynamic driving tasks and impact on
road fatalities are summarised below:
7.2.1 Delineation
•

Road Markings

Road markings are one of the most well-researched road attributes which impact all CAV use
cases. Different methods and devices for inventory/survey of condition data of road markings
across Europe has been extensively researched in several European Commission (EC) projects
but these conclude that comprehensive inventory of these assets is not common across road
operators/agencies.
The current state of the art on road marking configurations include assessment of line width,
lane width and continuity which has an impact on the performance (consistency) of machinevision lane detection. This state of the art also identified that 1) the accuracy and range of the
scanner used and 2) the accuracy of the point cloud generated affect the detectability of lines.
Early results showed that for detection distances of 40m to 80m, 6-inch-wide road markings
with adjacent 2-inch-wide contrast striping provide the optimal pattern in terms of ADS
camera detection. For detection distances less than 40m, 1inch wide contrast striping provides
similar results to 2-inch-wide contrast striping. In addition, to this, researchers commonly
agree that road markings have a width of 150mm/ 6 inches wide / 15cm.
In the CEF SLAIN D7.1 [32] report showed that the width of lines was not as important as its
condition; also, proximity of the line to materials such as concrete shoulder and concrete
safety barriers which have similar properties to lines from a machine learning perspective
made these harder for CAV systems to identify them.
Other early research also showed that road marking improvement gives a positive benefit-tocost ratio (BCR) with respect to crash/casualty cost savings which result, but more trials would
be needed to test CAV crash patterns in relation to road marking deterioration. Furthermore,
researchers commonly agree that improving maintenance and design standards can generate
significant network-wide safety and performance gains.
•

Skid resistance / grip

There is thorough research which analyses the relationship between skid resistance and CAV
operation. The failure to estimate friction on the carriageway is identified as a significant cause
of roadway departure crashes for CAVs. This needs further research not only on the required
values for the coefficient of friction and skid resistance for CAV safe operation, but also the
interaction with speed and CAV acceleration and deceleration performances, and the impact
of these factors on road traffic crashes.
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•

Traffic Signs

All the issues identified with regards to CAV readability of traffic signs could be addressed by
the adoption of harmonised regulation and standardisation of sign types, symbols used,
shapes, heights, locations, and orientations. It is important to understand what effect
operational inconsistencies in the design and presentation of road signs (included in the
Convention on Road Signs and Signals (1968)) has on the interpretation of the signs by a CAV
detection system.
To ensure consistency in signing, a comprehensive and systematic traffic signs asset inventory
system is essential; this could be linked with survey of road condition (or survey/monitoring
of other infrastructure assets). This would enable a road authority to better understand the
location and form of the assets on their network and help to reduce the costs for their
maintenance.
This road attribute is one of the most well-researched features which impacts all CAV use
cases, especially for speed limit recognition systems (e.g., Intelligent Speed Assistance).
According to the CEF SLAIN 7.1 [32], machine learning techniques used by CAV require
algorithms to be trained using labelled examples. The more diverse the range of sign types
and formats used the larger the training set that is required. Similarly, the wider area that a
CAV needs to search to look for signs, the wider the field that needs to be scanned and the
greater the amount of data that needs to be processed before the interpretation/detection
task can be undertaken.
The first results for the CAV readability pilots in four member states as discussed in CEF SLAIN
D7.1 generated several interesting findings for road marking and traffic signs aspects;
however, it is recommended that more large-scale trials need to be conducted under the
H2020 and CEF programme to test other relevant road attribute requirements and
performance that affect CAVs operation. Large scale testing of dynamic tasks in terms of
system readability and crash patterns is also required. In addition, large scale trials should also
focus on different configurations of road markings (retro reflectivity, weather condition
impacts etc).
•

Centreline rumble strips

Rumble strips are highly relevant for CAV operations. Research is provided in Section 3.2.14,
it showed that shoulder rumble strips and centreline rumble strips can significantly reduce the
risk of severe collisions and the specific collision types: off-road right, off-road left, and headon collisions. Future research should focus on the detectability of centreline rumble strips in
different types of in-vehicle systems; again, effects of different types of road environments
with weather conditions, need to be addressed as does the noise generated and the
relationship with road markings.

7.2.2 Roadway
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•

Carriageway and the number of lanes

Carriageway segregation and the number of lanes is critical road attributes for CAVs. An
important finding is that the presence of CAV dedicated lanes has significant advantages in
relation to safety at merging and diverging sections of highways. The integration with the
freight traffic, such as truck platoons is important to consider especially where dedicated CAV
lanes are present. CAV path planning tasks, such as lane changes and overtaking are easier
processes on dual carriageway which promotes safety. Where present on CAVs, Electronic
Stability Control (ESC) will function better on dual carriageways and importantly this should
lead to a considerable reduction in the occurrence of injury crashes. In the case of Motorways
with dedicated high-speed lanes for CAVs, reserved exit ramps should be considered. CAV with
equipped Lane-Keeping-System (LKS) would also negatively impact on the deterioration of the
road condition, especially in dedicated lanes.
•

Lane width and paved shoulder width

Research concludes that in the future the width of the lane could be reduced, as LKS will
guarantee that the vehicle will maintain an optimal central position. A recommendation of a
lane width of 2.72 m was found to have the same optimal probability of automatic and human
lateral control, this therefore being the ‘critical’ lane width for safe operation. In addition,
CAVs equipped with Lane Departure Warning (LDW) and Lane Keeping Aid (LKA) systems are
highly dependent on roadway characteristics, such as lane markings (presence/clarity) and
lane and shoulder width.
Based on the outcomes of the CEF SLAIN D7.1 [32] report the width of lines was not as
important as the condition (visibility/clarity) of line marking. The proximity of the line to road
elements such as concrete shoulder and concrete safety barriers, which have similar visual
properties to lines from a machine learning perspective, make these harder for CAVs to
identify.
•

Median and side guard rails

Median barriers and side guard rails mitigate the negative consequences of lane and road
departure. However, where the road is undivided, rumble strips or in-vehicle lane support
systems such as LDW, LKA and Emergency Lane Keeping (ELK), have the potential to play an
important role to reduce unintentional lane drifting and reduce crashes. Furthermore,
installation of cable median barriers may present challenges since CAV systems may have
greater difficulty detecting smaller objects (as stated in Vision zero: a toolkit for road safety in
the modern era study) [67].
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•

Road condition

Road condition is one of the most important road attributes for CAV operations. This includes
wet or icy surfaces that influence the visibility of features such as road gradient, curvature,
and lane widths. The condition of road markings as (wear/fading, low contrast etc.) is also
important. New research shows that the early detection of pavement distress has a positive
relationship with the reduction of fatal traffic casualties. In addition, there is a correlation
between road condition in CAV dedicated lanes and safe operation; greater wearing in these
lanes will accelerate the appearance of rutting and other pavement deteriorations. The
research recommends proactive more frequent monitoring of the road condition via new
technologies.
7.2.3 Road environment
•

Curvature

Road curvature plays an important role for CAV operation especially regarding the type of
curve (e.g., circular-arc segments), and the interaction of speed, lateral position, and the
vehicle’s safe cornering performance. Early research gives positive indications that curvature
can be accurately read by machine vision systems. Research is not available that addresses
CAV crash patterns in relation to road curvature.
• Grade
New research on the grade of the road and the actual trajectory tracking performance, roll
stability and pitch stability performance of ADS has been analysed. The road design
information, such as bank angle and road slope, can significantly affect the trajectory tracking
performance of the CAV, so this information needs to be considered in the trajectory planning
and tracking control for off-road CAV. Research is not available on CAV crash patterns and
grade of the road.
•

Street lighting

Driving CAVs in poor lighting is associated with road traffic injuries in autonomous mode
versus in conventional mode, probably resulting in higher odds of injuries. Ensuring that the
visibility of road markings, signals and signs is suitable for CAVs to perform effectively may
require improved street lighting, either through better illumination or more closely spaced
lights. The research concluded that future research would be needed on light-based assistance
systems that will be able to use the high potential of LED-arrays to create a highly variable
light distribution is needed to optimise CAV-related road safety in poor lighting condition.
•

Tunnels

In conclusion, the tunnel attribute is very relevant and requires further research into detection
and perception of tunnels under adverse weather and lighting conditions as well as sensor and
GPS capabilities.
7.2.4 Roadside severity – driver’s side distance
Object detection is still regarded as a challenge for CAVs, especially for moving objects such
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as bicycles and pedestrians; determining the reasonable safety clear zone for objects is also
difficult. Even though there is no related crash research available, there are a lot of studies on
object-recognition aspects. Accuracy of the object recognition process (via prior HighDefinition map) and the multiple possible challenges such as the weather, time of day or the
traffic situation need further research. In addition, further work is needed to develop and
optimise the AI algorithms and related image processing required.
7.2.5 Vulnerable Road Users
•

Pedestrians and Pedestrian crossings and facilities

The presence of pedestrian crossings and facilities are highly relevant for CAV safe operation;
it is important that sensor systems can detect pedestrian crossings (empty crossing versus one
with a pedestrian) to reduce the risk of a collision. Real-time object recognition studies have
so far indicated satisfactory results for the detection of pedestrians using crossings.
•

Powered two-wheelers and Facilities for powered two-wheelers

In conclusion, facilities for motorised two wheelers is potentially a relevant road attribute for
CAV. Research to date is however inconclusive and more research is needed about the sensing
and detection of powered two-wheelers as well as relevant facilities. Future research is
needed on the potential for the occurrence of crashes between CAV and powered twowheelers in traffic flows as well as CAV sensors and algorithms to detect and identify PTWs.
•

Bicycles and Facilities for Bicycles

Facilities for bicycles is an important road attribute for CAV. Research shows that CAVs could
ultimately bring about changes to the road design by opening more space for bicycle lanes or
for the building of segregated bicycle tracks, depending on the operating environment.
Simulations with CAVs indicate a potentially notable reduction in the total number of conflicts
that may occur between cars and bicyclists compared with the current situation; this needs
further research and large-scale field trials. Further research is also needed on object
recognition due to the unpredictable bicyclist user behaviour and due to size of the bicycle.
•

Vehicle parking

The presence of parking and the action of parking is a hazard to other road users and can be
an obstruction to signs and road markings. There is little research on crash patterns relating
to parking (as an obstacle) so it would be useful to investigate this further. Future research is
needed on the detection and perception systems relating to parking as an obstacle to sight
distance and parking slot recognition, method under a variety of lighting conditions.
• School zone warning and supervisor
The school zone warning is another important road attribute which needs to be detected by
CAVs. No related research on this topic was identified and it is recommended that future
research on sensing and identification of school zone warnings (e.g., traffic signs, speed limits)
as well as school zone warning supervisor (people helping kids cross the road) is undertaken.
Additionally, research should be undertaken into the impact of school zone on CAV crashes.
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7.2.6 Intersection
• Intersection
The road attribute for intersections is also highly relevant for CAVs. At the signalised
intersections, CAVs might reduce the number of conflicts by between 20% to 65% with these
vehicles making up between 50% and 100% of the traffic. At roundabouts, the number of
potential conflicts could be reduced by between 29% to 64% with 100% CAV penetration in
the fleet.
•

Traffic Lights

This road attribute is highly relevant for CAVs. Several studies showed evidence of locating
and/or recognizing all traffic lights in a scene but found some issues in understanding the
context of the sign (green, yellow, red) due to the dynamic nature of the traffic light. Other
challenges included recognition in adverse conditions (e.g., rain, snow), early recognition
(detecting traffic lights at greater distances), and recognition in different illumination settings
(including night images). Another interesting research paper focused on integrating
recognition with prior HD maps which record position, direction, and other properties of the
traffic lights. Ensuring the vehicle is also connected through C-ITS such as green light optimal
speed advisory (GLOSA) can provide additional reassurance for speed advice to drivers
approaching traffic lights, thus reducing the number of sudden acceleration or braking
incidents and crashes. It would be interesting to investigate another open area for research in
eliminating traffic lights attribute in the long run.
7.2.7 Speed
Speed is one of the most crucial road attributes for CAVs, especially as Intelligent Speed
Assistance (ISA) will be included in all new vehicles as part of the EU General Safety Regulation
(GSR) Directive, to help drivers to keep within the speed limit. Initial research showed that
ADS can adapt the speed of the vehicle based on the road design characteristics. It is
recommended that research is undertaken into the effects of different speed profiles in
different types of CAV use cases on roads with different operating environments, specially to
understand crash patterns and relationships with a wide range of other road attributes.
7.2.8 (Cooperative-)Intelligent Transport Systems)/ Roadworks
The use of a range of C(ITS) solutions (e.g., ramp metering, incident detection, weather
monitoring, VMS / advance warning, lane keeping, hard-shoulder running, variable speed
limits and managed motorways) are helping to reduce crash rates on motorways. Future
research is needed to assess the potential impact of ITS systems in the sensing, perception,
and mapping/positioning of CAVs. iRAP is currently also working on an extensive list of road
attributes for ITS technologies under its innovation framework [31]. The Roadworks warning
sign just gives a non-conclusive result with regards to the impact of ITS attributes on the safety
of the road network.
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8 Future Research Recommendations
Number iRAP Road Attribute
1

2

3
4
5
6
7
8
9
SLAIN D7.2

Future Research Recommendation
Future research is needed in large scale trials to test crash patterns and road markings drop out, as well as
cost benefit analysis on crash benefits versus capital and maintenance costs. Research is needed to verify
and determine the optimal retro reflectivity level in dry weather conditions and wet and rainy conditions.
Road Markings
Research should also focus on detectability of colour of lines (white vs yellow), detect lines in tunnels due to
low light levels and specific road marking lines such as wrong way driver’s road markings and dashed lines.
Future research should focus on CAV readability of sign types, symbols used, shapes, heights, locations, and
orientations. This needs to be accompanied with regulatory and standardisation activities. Future research
Traffic Signs
is needed on AI algorithms for CAV readability training using labelled examples. Future research needs to
look at the recognition of signs influenced by weather, environmental conditions, visibility, and noticeability.
Further research is needed to examine crash patterns and CAV readability of signs.
Future research should focus on analysing the estimated friction on the road and the impact of it on CAV
Skid Resistance
traffic crashes.
Future research should include evaluating the effectiveness of centreline rumble strips in reducing real-world
Shoulder
and
injury crashes of CAVs and should focus on the effects of centreline rumble strips in different types of inCentreline Rumble
vehicle systems and different types of road environment under different weather conditions, noise, and
Strips
relationship with road markings.
Carriageway
and Future research needs to investigate the effects of traffic safety on carriageway, road capacity, dedicated
Number of Lanes
lanes or segregated lanes and safe harbour areas while considering ADS systems for vehicles and trucks.
Lane width and
Future research should focus on the study of the impact of lane and paved shoulder width on CAV
paved
shoulder
performance.
width
Median
Future research should focus on the impact of medians on CAV performance.
Future research should focus on the relationship of road condition and CAV crash patterns as well as
Road Condition
investigating new technologies for proactive monitoring of the road condition.
Future research should focus on the grade of the road and actual trajectory tracking performance, roll
Grade
stability and pitch stability performance of ADS.
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10

Curvature

11

Street Lighting

12

Tunnels

13

Roadside Severity –
object and distance

14

Pedestrian
and
Pedestrian Crossings

15

Bicycles
and
Facilities for Bicycles

16
17
18

19

20
SLAIN D7.2

Powered
wheelers
facilities
School
Warning

Future research is needed to further explore how CAV steering functions takes the curvature pattern into
account particularly at higher speeds and cornering situations to improve traffic safety.
Future research on the correlation of crashes and street lighting during day and night-time involving
vulnerable road users is required. Future research on light-based assistance systems to optimise CAV-related
road safety in poor lighting conditions is required.
Future research is needed in the detection and perception of tunnels under adverse weather and lighting
conditions as well as sensor and GPS capabilities.
More research is required in evaluating the effectiveness of the roadside object and distance detection in
reducing real-world injury crashes of CAVs. Further research is needed to work on AI algorithms and image
processing.
Future research should focus on sensing and detection capabilities for pedestrian crossing facilities to reduce
the risk of fatal collisions in urban and regional areas.
Future research is needed to study the safe interaction between bicyclists, pedestrians, and CAVs during
different weather conditions. Further research is also needed on object recognition due to the unpredictable
bicyclist user behaviour and due to size of the bicycle.

twoFuture research is needed on the potential for the occurrence of crashes between CAV and powered twoand
wheelers in traffic flows as well as CAV sensors and algorithms to detect and identify PTWs.

Zone Future research should focus on sensing and perception of school zone warning and school zone warning
supervisor as well the impact on school zone on CAV crashes.
Future research would be needed in the detection and perception systems of parking as an obstacle to sight
Vehicle Parking
distance and parking slot recognition method under a variety of lighting conditions.
Future research is needed in the sensing and perception of intersections, roundabouts, and the impact on
crashes. Future research should focus on the potential difference in crash patterns at different fleet
Intersections
penetration rates of CAVs with various network design formats (e.g., Junction types, slip roads/weaving lanes
grade separated junctions and controlled junctions, U turn opportunities, gaps in median and traffic
conditions)
Further research is required in understanding CAV crash patterns with and without traffic lights. Future
Traffic Lights
research is required on traffic light recognition in adverse conditions (e.g., rain, snow), early recognition
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21

Speed

22

(C)-ITS

SLAIN D7.2

(detecting traffic lights at greater distances), and recognition in different illumination settings (including night
images). A further recommendation would focus on understanding CAV crash patterns with and without
traffic lights.
Future research is needed on the correlation between crash patterns and the speed of the CAV vehicle.
Future research is needed on the correlation between road design characteristics and the speed of the CAV
vehicle.
Future research is needed in analysing the impact of ITS roadside measures in the sensing, perception, and
mapping/positioning of CAVs.
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