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 Executive Summary 
 

This project has been delivered through the Future Transport Visions 
Group (FTVG), funded by the Rees Jeffreys Road Fund. 

 

Safety is the most cited benefit of connected and autonomous 
vehicles (CAVs), and yet it is also the most frequently cited concern. It 
is clear, therefore, that there is a disconnect between where we are 
now, and the self-driving future we have been promised.  

The role of infrastructure in delivering this future is self-evident, but 
very often neglected due to the uncertainty around the new and 
unique requirements CAVs might have of the road environment. 
However, there has been a chronic lack of funding for road 
maintenance for many years and this presents risks to safe CAV 
navigation where quality is lacking.  

In addition to the physical world humans are so used to navigating, 
CAVs will also have specific requirements of the digital environment. 
This adds a brand new dimension to asset management strategies, 
and there is a pressing need to consider the road network from the 
unique perspective of a CAV. This project and its outputs bridge the 
gap between our current understanding of infrastructure standards 
and the requirements of the future. It also highlights the need to bring 
many traditionally separate stakeholders closer together to ensure 
that the transition to autonomy is managed as safely as possible.  
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1.1 Introduction 
For the first time since the arrival of the automobile over 100 years ago, a new category 
of road user is set to revolutionise the world of mobility. There will be far reaching 
changes to the way that we move around, where we choose to live and what we 
choose to do whilst we travel.  

Connected and autonomous mobility (CAM) is experiencing significant investments 
made in the fields of vehicle autonomy, new mobility service models and artificial 
intelligence.  

42 40,000 40% 
billion pounds jobs created of vehicles 

Value of the UK CAM 
market by 2035 

Domestic jobs created 
by the autonomous 

vehicle market 

Vehicles sold in 2035 
with autonomous 

capability 

It is predicted that by 20351., the (CAM) market in the UK will be worth around £42 
billion, supporting more than 40,000 jobs nationally. Furthermore, 40% of new 
vehicle sales will feature highly automated functionality, enabling the driver to take 
the back seat for the first time and spend their in-vehicle time more productively. 

Aside from the economic benefits, there are significant opportunities for connected 
and autonomous vehicles (CAVs) to bring about societal progress in the form of an 
equitable and high quality mode of transport that can respond to user needs at a 
much lower cost than was possible before, thanks to the removal of a human driver. 
This will be especially beneficial to people with mental and physical disabilities who 
find it impactical to use traditional means of transport. 

There are also pertinent benefits promised for road safety. Road traffic accidents 
account for 1.35 million deaths annually worldwide and they are the leading killer of 
people aged 5 – 292. CAVs offer a potential solution because they help to remove a 
common element of 94% of crashes — human error3.  

CAVs are continuously aware and have a 360 degree field of vision. Their reaction 
times are unmatched by humans and they are not susceptible to the same panic, 
distractions, intoxication or fatigue experienced by human drivers. There is, however, 
much scepticism around the safety of CAVs and much of this concern is due to the 
highly variable quality of infrastructure and the vehicle’s ability to correctly interpret 
it. Road marking degradation, digital network blackspots and complex interactions 

 
1 https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/919260/connected-places-catapult-
market-forecast-for-connected-and-autonomous-vehicles.pdf 
2 https://www.who.int/violence_injury_prevention/road_safety_status/2018/en/ 
3 https://www.ntsb.gov/investigations/AccidentReports/Reports/HWY19FH008-preliminary.pdf 
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with unpredictable human agents in the road environment make for a highly 
precarious world for CAVs to navigate.  

Yet, our expectations of CAVs are extremely high, and rightly so. A human might be 
forgiven for making an ‘incorrect’ decision and panicking in the event of a potential 
collision because we are all innately irrational and imperfect. However, a CAV acts on 
code, which is binary, and necessarily forces a potential lifesaving decision to be made 
by nothing more than an algorithm trained on historic scenarios and digital rehearsals 
of real life.  

This places an enhanced importance on the quality of road infrastructure, both 
physical and digital, over the coming years whilst CAVs proceed on their long journey 
to technological maturity. They are still far from perfect, and the assurance 
underpinning their operation always has to be centred on safety. In the UK, a report 
found that road infrastructure is deteriorating at a rate that is greater than it can be 
repaired. To clear the existing backlog of repairs it would take 14 years at a cost of £11.8 
billion, not accounting for future deterioration that would occur elsewhere during the 
maintenance period4. 

This project will bridge the gap between vehicle capability, infrastructure quality and 
the resultant implications for CAV safety to ensure that in this key transitional period, 
they are operating in optimally safe environments. CAVs have been on the future 
mobility horizon for many years and trials are proving their efficacy, and weaknesses, 
in an ever-expanding variety of environments. It is becoming clear that it is no longer 
a question of when autonomous vehicles will arrive, but where, and we need to be 
ready for them.  

1.2 Aims 
This project aims to produce a methodology to assess the readiness of 
the road network for the arrival of connected and autonomous 
vehicles in the near future. This methodology will consider the 
prerequisite infrastructure and the level of quality required, in relation 
to the unique way in which CAVs perceive the road environment, as 
opposed to humans.  

The interaction between the technology onboard the vehicle and the physical and 
digital environments will be investigated in order to design index parameters that 
together produce an index score for a given road segment. The index score will 
indicate whether a road is highly suitable, through to less suitable for CAVs.  

This score will then be mapped to provide an indication of the readiness of the road 
network to inform long term asset management strategies, but also to enable the 
calculation of the safest, and therefore most suitable route for a CAV to take from 
point A to B. 

 

 
4 www.asphaltuk.org/wp-content/ uploads/ALARM_survey_2016.pdf 
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1.3 Objectives 
It is well understood how humans perceive their environment, but CAVs 
do this in a uniquely different way through a combination of sensors, 
high quality maps and telecommunications. Furthermore, whilst 
humans ‘think’ and can make complex moral judgements, CAVs can 
only act using the data on which their artificial intelligence has been 
trained through machine learning. 

This presents new challenges for the way in which we assess the safety of road 
environments. Whilst some CAV-infrastructure interactions can be derived from 
similar applications already in use, others will be very different. Where similarities in 
requirements are apparent, the ways in which they are interpreted and processed are 
quite different. 

This project will assess in detail the complexities of CAV sensors, artificial intelligence 
technology and the subsequent infrastructural requirements of the road 
environment. These requirements will be represented by a series of measurable 
parameters, which together provide an overall indication of suitability for a section of 
road for safe navigation by a CAV. 

Each index parameter will have an associated grading metric which enables a 
quantitative assessment of each aspect of road infrastructure that can be used to 
produce a resultant index score. By consulting with experts from a range of 
organisations within the field, a weighting will be produced for each aspect of CAV 
road-readiness which indicates the relative importance of each parameter. Through 
a combination of their respective insights, it is hoped that a representative consensus 
can be reached to produce an index which best depicts CAV road-readiness.  

Where a road scores poorly, remedial strategies can be identified, and by mapping 
the results of the index score at scale, network, routing and spatial insights can be 
derived to inform asset management and CAV routing strategies.  

1.4 Literature review 
The field of connected and autonomous mobility is rapidly advancing 
and there are a number of emergent studies which take various angles 
on assessing the readiness of the road network for CAVs, and also more 
generally in terms of asset management strategies.  

Below is a brief literature review of other studies relevant to this project.  

1. KMPG Autonomous Vehicles Readiness Index5 
Whilst sounding extremely similar to the work done in this project, the KPMG 
document takes a much less granular approach to assessing CAV readiness by 
assessing readiness by country, rather than by road. It looks at several parameter areas 
including legislation, technology, infrastructure and customer acceptance. It uses a 

 
5 https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html 
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research-led methodology to assess countries against each of these criteria and 
identifies that whilst the UK had a good political and legislative environment 
conducive to CAV development, it is very much lacking from an infrastructure 
perspective.  

This paper provided a good overview of the technological environment required for 
CAV introduction but did not go into a very high level of detail to describe the 
methodology it used to produce its findings concerning infrastructure readiness. It 
did, however, place an emphasis on the need for well-developed digital 
infrastructure, supporting other papers in highlighting connectivity as an important 
dimension for consideration alongside traditional physical attributes. 

2. Transport Systems Catapult - Future Proofing Infrastructure for 
Connected and Autonomous Vehicles6 

The idea for a Road Scoring Index initially came from the TSC paper which divided 
infrastructure requirements into distinct categories such as road marking quality, 
traffic management measures and road sign readability. It goes some way to begin 
quantifying some aspects of infrastructure quality but in most cases only provides 
qualitative descriptions of the improvements needed. There isn’t a great deal of 
emphasis on safety as it concerns some of the more practical implications of CAVs, 
such as the impact on bridge structures or the role of service stations. Nevertheless, 
this document proved very useful to identify the wider benefits of CAVs and provided 
some very useful insights on the road markings, road signs and traffic management 
index parameters which are later described in this report.  

This paper provided an excellent starting point to begin to understand how CAVs will 
bring new challenges for road infrastructure maintenance and design, and cited 
many sources that would prove to be very useful when writing in detail about specific 
index parameters. 

3. TRL Route Risk Tool7 
Transport Research Laboratory (TRL) has developed a tool to calculate the collision 
risk of specific routes, with the risk adjustable according to the use of various in-
vehicle technologies. Developed as part of the Driven autonomous vehicle project, 
users will be able to map routes across the UK and see the collision risk for each route.  

In addition, the impact of various vehicle technologies can be measured. The tool 
shows collision risks per vehicle kilometre for each assistive technology in operation 
and enables users to see how the risk changes as each technology is enabled. This 
enables a comparison of multiple routes based on the risk assessment. This approach, 
however, is not considerate of CAVs as a distinct technology and derives its risk rating 
from previous road safety records, rather than looking specifically at infrastructure. 

 
6 https://s3-eu-west-1.amazonaws.com/media.ts.catapult/wp-content/uploads/2017/04/25115313/ATS40-Future-Proofing-Infrastructure-
for-CAVs.pdf 
7 https://its-uk.org.uk/trl-launches-risk-assessment-device-for-the-future-of-road-transport/ 
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4. Autodrive - Paving the Way8 
The Autodrive report on future infrastructure for CAVs also took a predominately 
practical view of CAV implementation, identifying many of the same infrastructure 
aspects as the TSC paper. However, it had more of a focus on the connected aspects 
of CAVs and provided a good basis for understanding how cellular networks 
especially, will be challenged by the introduction of CAVs. 

Particularly useful in this paper, was the abundance of quotes from influential CAV 
experts which helped to create a broad yet succinct overview of infrastructure 
readiness in the UK. The consultation and comparison of views from multiple experts 
is what makes this paper very useful to understand what type of autonomous future 
we are likely to see.  

Where the paper lacks, is that it does not necessarily promote solutions, but instead 
identifies a lot of problems. Once again, this paper served as a useful starting point 
from which it was possible to read deeper into the technical challenges behind the 
problems that were identified. 

5. Austroads - Assessment of Key Road Operator Actions to Support 
Automated Vehicles9 

This paper provided an extremely useful bottom-up perspective which contrasts with 
the infrastructure-led approach taken by the other papers on review. The paper gave 
an in-depth understanding of how the CAVs functioned within the road environment 
and pointed out the many limitations of the sensor technology and processing 
algorithms used. 

This was instrumental in understanding the role of sensor fusion in providing 
redundancy between sensors in deteriorated road conditions. By understanding 
exactly how CAVs identify road signs using cameras and AI, for example, it was 
possible to much more accurately calibrate the index parameters to the 
technological capabilities of CAVs. 

Following on from the analysis of CAV capabilities and limitations, the document also 
provides some commentary on what the findings mean for the current state of the 
road infrastructure in Australia and New Zealand. This was useful as it provided a 
foundation for possible parameter metrics to assess road suitability. It did not share 
the same list of potential parameters as some other papers, possibly because it took 
a sensor-centric approach rather than a wider road infrastructure perspective. 

6. Bayless et al. - Connected vehicle insights: trends in roadway domain 
active sensing10 

This report analyses the merits and limits of active sensing technologies such as radar, 
LIDAR, and ultrasonic detectors and how the market for these technologies is 

 
8 http://www.ukautodrive.com/downloads/ 
9 https://wiscav.org/wp-content/uploads/2017/05/Austroads-Road_Agencies_Support_for_AVs.pdf 
10 https://trid.trb.org/view/1286021 
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evolving It shows how the technology is being applied to vehicles and highway 
infrastructure to improve traffic safety and prevent crashes and informs the likely 
direction of the connected and autonomous vehicle market, a key determinant in 
ensuring that the outputs of the project stay relevant in the coming years.  

1.5 Our contribution to the field 
A review of extant literature and similar studies suggests that this project is unique in 
offering a holistic assessment of road infrastructure quality with specific regard to 
sensor performance. Furthermore, whilst many papers and projects have identified 
the likely infrastructure requirements of CAVs, none have gone as far as quantifying 
them, or bringing together both physical and digital attributes into a single 
assessment.  

Whilst the TRL Route Risk Tool appears to perform a similar function, it considers 
safety only in relation to the historic safety record of a location, rather than through 
an assessment of the unique infrastructure quality on each road segment. The KMPG 
Autonomous Vehicle Readiness Index takes a more quantitative approach but only 
provides a high level, national view of readiness, rather than the street-by-street level 
of granularity offered by this project  

The deliverables of this study should be caveated by highlighting that the exact 
infrastructure requirements of CAVs cannot be known as each vehicle manufacturer 
keeps their full capabilities a closely guarded secret. However, an indication of more 
through to less suitable roads is still useful and is the key deliverable of this project.  



   
 

   

 

 

  

 

2. State of the art 
A review of the current ‘indications, inclinations and 
manifestations’ within the field of connected and 
autonomous mobility 
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2.1 Introduction 
This chapter will present a summary of the relevant technological advancements in 
the field of connected and autonomous mobility to date, and it will make predictions 
of the direction of the market in the next 5 to 10 years.  

These predictions will inform the assumptions behind the index scoring 
methodology and are important in ensuring that the outputs of the project remain 
relevant in the coming years as CAV technology becomes mainstream. 

The technological developments covered by this chapter will be categorised as 
Indications, Inclinations and Manifestations. These three stages reflect the degree 
of technical and commercial maturity, which in turn determine their relevance to the 
project. 

• Indications: Early stage technologies which have started to receive funding to 
produce a minimum viable product or proof of concept. These are typically 
many years away from maturity but have often received significant interest and 
venture capital funding. Such technologies are still relevant to the project as 
they are indicative of the longer-term direction of the market and therefore 
future mobility landscape. Some examples may include projects such as 
Hyperloop, autonomous aerial mobility and Magway delivery. 

• Inclinations: These technologies are starting to become more developed and 
are undergoing extensive trials to improve their efficacy. In just a few years, they 
will start to become mainstream and will attract significant investment as 
more people begin to spot the growth opportunities within the market. Such 
examples include autonomous vehicles, hydrogen powered vehicles and 
delivery droids. 

• Manifestations: Following years of investment and successful trialling, these 
technologies are beginning to be used by the general public on a regular basis 
to become part of the new normal within the mobility landscape. Such 
examples include electric scooters, mobility as a service (MaaS) applications 
and battery electric vehicles.  

This framework will allow us to structure the emergence of new CAV technologies to 
ensure that the resultant score produced by the index methodology can be 
calibrated to CAV capability. It is likely that as the connected aspects of autonomous 
vehicle technology become more developed, some of the physical parameters will 
begin to become less important.  

This is due in part to additional redundancy offered by more developed sensing and 
algorithmic processes that result in an overall more competent vehicle that can deal 
with a greater variety of infrastructure defects and challenges.  

2.2 Defining vehicle autonomy 
Before considering the maturity of the supporting technologies, it is first necessary to 
understand the function of the technology in question. CAVs are defined as vehicles 
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that are capable of navigating the road environment without human intervention 
through the use of equipment such as cameras, radar, ultrasonic and infrared sensors 
and LiDAR. Wireless connectivity also permits the vehicle to act more intelligently by 
communicating with the environment, other vehicles or online severs containing 
information on traffic, weather conditions, upcoming hazards and routing options. 

Vehicle automation has been used in the automotive industry for decades with 
electronic cruise control and anti-lock brakes being introduced in 1968 on a standard 
production car. Today, these technologies along with traction control and collision 
avoidance systems are commonplace safety features in most modern cars. By 
operating without driver input, they allow for a more comfortable and safer driving 
experience. 

It has become standard practice to classify differing levels of vehicle autonomy in 
accordance with the classification developed by the Society of Automotive 
Engineers. Levels 1 and 2 have been commonplace for some years now with many 
new vehicles increasingly including collision avoidance systems as standard. An 
update to this guidance was provided in May 2021 which more clearly delineated 
between what is driver assistance, and what is an automated driving function. 

Figure 2-1 - Levels of automation11 

 
As of May 2021, the government has recently announced ambitions to allow ‘hands-
free’ driving with automated lane-keeping controlling the position and speed of the 
vehicle up to speeds of 60km/h. The driver would still need to stay alert and intervene 
within 10 seconds when requested, meaning that this constitutes a Level 2 system. 
The progression to Level 3 would always not need the driver’s attention, and in theory 

 
11 https://www.nhtsa.gov/technology-innovation/automated-vehicles-safety 
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would allow the driver to do other things such as use their phone or watch a film until 
notified that they would soon be required to take control of the vehicle.  

Higher levels of automation that require lesser levels of human input necessarily 
require the vehicle to be able to navigate a much broader set of environments and 
scenarios to provide the minimum level safety to its passengers as the road 
environment changes. Level 4 automation goes a long way to achieving this and the 
vehicle can perform all the driving tasks without a human to remain in the loop.  

The main limitation of Level 4 automation is that the vehicle can only perform its 
stated function within a specific operational design domain (ODD). This could be 
based on road typologies, such as being limited to motorways or dual carriageways, 
certain regions or even specific routes. Limitations to ODDs usually arise due to the 
availability of supporting technologies such as high definition mapping, V2I 
technology or prior testing in a similar environment. 

The focus of this project is Level 4 automation as it is predicted to arrive in the next 
5 -10 years, and it places large demands on infrastructure quality due to the greater 
variety of operational design domains it is likely to encompass. Furthermore, it 
facilitates a shared-use model of CAV deployment which could have far-reaching 
benefits in the fight against climate change and contributing to the net zero agenda.  

Level 5 automation would allow a vehicle to travel anywhere that one might expect 
a human to be able to drive, and in some cases, places where you wouldn’t risk 
allowing a human to drive. At this level of automation, the vehicle would not need a 
steering wheel or a driver’s seat. Consequently, level 5 vehicles require extremely 
advanced capabilities and a proven safety record that provides assurance that the 
vehicle could appropriately handle any scenario that it may encounter, including 
numerous edge cases involving extreme weather conditions and encounters with 
non-conforming road users. Furthermore, it must be able to navigate unfamiliar 
environments safely, without relying on high definition maps as these would be 
difficult to keep up-to-date in sufficient detail for the entire road network. 

2.3 Connected and autonomous mobility timeline  
One of the first vehicle automation technologies was the development of cruise 
control and antilock brakes in 1968. Since then, technology has played an increasing 
role in improving vehicle safety and driver convenience (Figure 2-2). Recent 
technological innovations in sensor design, artificial intelligence and microprocessors 
have  enabled the development of systems that can fit inside a vehicle.  

It is only in the last decade that the higher echelons of autonomy have been realised. 
A combination of driving aids and a more complete set of sensors have already 
allowed vehicles to accumulate millions of ‘automated’ miles through beta 
applications of autonomous driving software such as Tesla’s Autopilot which is 
included as standard in many of its vehicles along with a suite of sensors that can be 
used to navigate autonomously. Tesla claims many of its vehicles will soon have full 
self-driving capability with just a software update required although, many experts 
are highly sceptical of these claims.  



   
 

   

 

Figure 2-2 - Autonomous technology timeline12 

 

 
12 http://smarttransport.solutions/2018/05/29/expected-timeline/ 



   
 

   

 

2.4 Indications 
Many of the indications within connected and autonomous mobility are 
underpinning technologies of Level 5 automation. Furthermore, level 5 will enable 
new use cases for CAVs to emerge due to the reduced reliance on human input and 
the ability to operate in a greater variety of operational design domains.  

Full self-driving technology (Level 5) 
Apple’s CEO Tim Cook recently stated13 that the development of a full self-driving car 
is the “mother of all AI projects”. This is reflective of a myriad of complexities in 
perfecting the technology to be able to perform to an acceptable standard in almost 
any situation. In order to be able to trust an AI with our lives when riding in a CAV, 
vehicle manufacturers must be able to account for a seemingly infinite number of 
edge-case scenarios.  

Additionally, it is not enough to simply sense an object, the AI must also be able to 
predict its intentions. Cars, pedestrians, cyclists, dogs (or any other animal for that 
matter) all react differently to the same stimuli, and there are further differences 
between the young and old, the experienced vs inexperienced. For a human driver, 
this is mostly intuitive and our capacity for empathy and situational awareness is 
innate. 

This is not the case for autonomous vehicles14, and they must also contend with the 
issue of false positives. A plastic bag drifting across the road is easily dismissed by a 
human driver, but to a vehicle’s machine vision and image processing algorithms, this 
is much less obvious and could trigger an emergency braking response - potentially 
endangering passengers and other road users. 

Deep [machine] learning has distinct limits15 that prevent it from making sense of the 
world in the way humans do. Neural networks require huge amounts of training data 
to work reliably, and they don’t have the same flexibility or intuition as humans when 
facing a novel situation not included in their training data. A vehicle could be highly 
capable on the wide boulevards of the sun-drenched coast of California, but distinctly 
challenged on a UK rural B road due to the differences in infrastructure and 
environment. This could include factors such as driving on the opposite side of the 
road, different weather conditions such as snow or different road traffic laws that do 
not forbid ‘jaywalking’, to name but a few examples.  

2.5 Inclinations 
At present, Level 3 autonomy is set to become mainstream in the coming years and 
will soon be popularised thanks in part to the aforementioned legislative changes 
which will allow automated lane keeping technology to pilot the vehicle without a 
human driver needing to drive the vehicle directly. Within the framework of this 

 
13 https://www.cnbc.com/2017/06/25/apple-self-driving-cars-ceo-tim-cooks-mother-of-all.html 
14 https://www.economist.com/graphic-detail/2018/03/02/self-driving-cars-need-plenty-of-eyes-on-the-road 
15 https://bdtechtalks.com/2020/07/29/self-driving-tesla-car-deep-learning/ 
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chapter, it can be considered an Inclination which will shortly develop into a 
manifestation as more and more vehicles are sold with the technology installed. 

There are a number of supporting technologies which underpin this functionality 
which are outlined below. Some technologies covered here will be described later in 
this report in more detail in the Sensor review chapter.  

Solid state lidar16  
Lidar is widely regarded as a key enabling technology for autonomous vehicles. The 
full details of this sensor will be covered later in this report, but it is important in 
producing 3D maps of a CAV’s surroundings to provide an accurate measurement of 
distance that can be merged with the video feeds from the vehicle’s cameras. 
However, LiDAR is expensive, costing many thousands of pounds, and this is a 
significant barrier to wider adoption of autonomous vehicles. 

New ‘solid state’ lidar technology is promising to deliver significant savings, reducing 
the price from the thousands to the hundreds of pounds and making it commercially 
viable to include in a greater variety of vehicles. The new technology has no moving 
parts and will be small enough to fit more seamlessly into the design of a car than its 
bulky predecessors.  

Trajectory prediction17 
The long-term trajectory prediction of surrounding vehicles is essential for CAVs. 
Some paths are intuitive because generally, vehicles must obey road geometry and 
can only drive within the constraints of the road edge. However, at junctions and 
during more complex manoeuvres such as overtaking or swerving to avoid obstacles, 
a CAV must be able to predict the path of other vehicles to be able to take its own 
evasive action. It will take many years until a critical mass of vehicles are connected 
to enable a coordinated response to evasion. Consequently, for many years predictive 
analysis and anticipatory behaviour will be key safety features.  

Current systems operate by propagating an object’s state over time throughout a 
series of frames captured by the vehicle’s cameras. However, to gain a full situational 
awareness, a CAV must be able to anticipate the behaviour of other agents before 
they start to react. A child in the road, for example would cause a vehicle to swerve 
but an oncoming vehicle may not notice or act until the last second.  

A human driver would perceive this hazard and could infer from the environment 
(geometry or otherwise) what action surrounding vehicles might take, with some 
consideration for panic. For an artificial intelligence, this is a much more complex 
issue as it is highly unlikely that a representative scenario will have been used to train 
the vehicle, nor can it empathise to make a moral judgement on who to save, raising 
deep ethical questions that are beyond the scope of this study. 

 
16 https://www.automotiveworld.com/articles/lidars-for-self-driving-vehicles-a-technological-arms-race/ 
17 https://www.sciencedirect.com/science/article/pii/S0968090X15003447 
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V2I / V2V / V2X technology18 
V2I 

Also known as dedicated short range communication (DSRC), this technology 
enables the vehicle to communicate with roadside infrastructure including traffic 
signals, traffic management measures (‘smart cones’) and other roadside beacons 
that can be used to convey locally relevant information. Such solutions must be 
reliable, low latency and high throughput as they are a safety-critical technology.  

Digitisation of traffic signals is an especially important use case as current 
mechanisms require a digital signal to be broadcast in analogue (by the traffic light) 
to be read by a camera onboard the vehicle, which turns it back into a digital signal 
to be processed by the vehicle’s AI. This is highly inefficient, but in the coming years, 
V2I technology will be rolled out more widely to simplify and improve the process. 

V2V 

A similar technology allows vehicles to communicate with one another to state their 
intentions to change lane, speed or direction. It would also enable vehicles further 
down a road or around a blind corner to warn following vehicles of upcoming hazards 
that they have experienced. This would allow approaching vehicles to slow down 
more gradually and take preventative measures ahead of reaching the hazard. 

V2X  

Vehicle to everything technology goes beyond line-of-sight sensors such as cameras, 
radar and LiDAR, and covers V2V and V2I use cases such as collision warnings, speed 
limit alerts, electronic parking and toll payments. It can also include broader use 
cases such as the detection of Bluetooth signals emitted from mobile devices to 
detect the presence of nearby pedestrians.  

Crowd sourcing road condition data  
Google maps already shares user-generated congestion data to enable more efficient 
routing. However, applications such as Waze are enabling users to share location data 
on a publicly accessible online platform to warn other users of road closures, 
congestion and potential hazards on the road network. If integrated into CAVs, it 
would enable them to make appropriate routing adjustments and contribute data 
themselves.  

Possible applications include providing live feeds of road traffic collisions so that 
emergency services can determine the appropriate and proportionate response for 
the situation. It would also enable more dynamic hazards such as flooding, fallen 
trees or degraded road infrastructure to be reported earlier to provide an advanced 
warning to other vehicles that are approaching.  

 
18 https://www.auto-talks.com/technology/dsrc-
technology/#:~:text=DSRC%20(Dedicated%20Short%2DRange%20Communications,involving%20cellular%20or%20other%20infrastru
cture. 
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Artificial intelligence and sensor fusion19 
The artificial intelligence used by CAVs is trained using machine learning that 
iteratively improves itself by training on vast amounts of data and historic scenarios. 
The exact operation of the vehicle and its decision-making process is often hard to 
determine as the vehicle is acting upon algorithms developed by extensive neural 
networks. Part of this training process is concerned with fusing the outputs of 
multiple sensors into a synthesised output that is fed into the decision-making part 
of the artificial intelligence.  

Different sensors have different strengths and weaknesses and each supply different 
parts of the full picture. For example, cameras provide a high level of detail that is 
useful for object recognition and following lane markings, but it is susceptible to glare 
and  can struggle with depth perception, particularly in poor weather. Consequently, 
cameras are usually supplemented by other technologies such as radar and LiDAR, 
which despite offering much lower resolutions, are more resilient to atmospheric 
influences and provide the necessary redundancy to ensure safety.  

This technology is still in development and it is a key requirement for safe CAV 
operation. However, AI is advancing incredibly rapidly and there are significant year-
on-year improvements being made which are contributing to developing more 
competent CAVs.  

More detail on this technology will be provided in the Sensor review chapter. 

5G applications 
5G technology is rapidly advancing and is already widely deployed in places such as 
South Korea. Rollout has recently begun in major UK cities and it offers low latency, 
high bandwidth communications, potentially enabling a wide variety of additional 
functionality, including remote operation and use as a replacement for DSRC 
architecture. 

Such infrastructure installed along the road network would enable location-related 
services including updates for navigation, e.g. detailed road maps, plus updates in 
unexpected traffic situations, such as congestion, rain, or black ice. In combination 
with apps for the driver and cloud systems, information for maintenance or other 
status reports can be retrieved and sent. Furthermore, once reliable, more and more 
data processing may be done by supercomputers, rather than in-vehicle. Whilst this 
technology is quickly becoming mainstream, a very small proportion of vehicles are 
connected in this way, and the network is not yet extensive enough to realise the full 
potential of the technology. 

 

 

 

 
19 https://towardsdatascience.com/sensor-fusion-90135614fde6 
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2.6 Manifestations  
HD Mapping 
Many level 4 CAVs in operation today rely on highly-detailed mapping of their ODD. 
These maps are produced by LiDAR scanners and they detail the road geometry, as 
well as the position of fixed objects such as adjacent buildings, road signs and 
barriers. These maps enable a vehicle equipped with a LiDAR unit to determine its 
relative position to its environment, which is useful for lane keeping and performing 
accurate manoeuvres.  

Such maps can also be layered with locally relevant information such as speed limits, 
road layouts, and traffic regulation orders. A continuous connection would allow a 
vehicle to receive real-time updates as the road environment evolves over time. 
Where road geometry and layout has altered significantly, roadside beacons can 
communicate the new layout to approaching vehicles to enable them to tackle the 
complex challenges presented by roadworks, contraflow systems and diversions. 

Advanced driver assistance systems (ADAS) 
Advanced driver-assistance systems help human drivers perform driving tasks with 
enhanced safety and efficiency, and also provide a safety function in the event of 
human inattentiveness or failure to react to obstacles. When employed correctly, 
these systems increase vehicle safety and use automated vehicle technology such as 
sensors and cameras to detect obstacles and to intervene if necessary. 

ADAS technologies come in a variety of forms and can perform simple tasks such as 
adjusting the vehicle’s headlights when an oncoming vehicle is detected. More 
advanced systems include automated lane keeping, piloting the vehicle through 
traffic jams and automated parking assistance.  

2.7 Future CAV use cases  
Connected and autonomous vehicles are promising to offer a wide range of services 
to users of the future. The future mix of use cases will be dependent on a variety of 
influences, including: 

• upcoming legislation 

• the range of sensors included by automotive manufacturers in their vehicles 

• adoption by companies such as Uber and Lyft 

• the price of CAVs 

• the quality of the supporting infrastructure 

By acting early to anticipate the causes of market failures, authorities and technology 
providers can shape the future of CAVs for the better. A later section of this report will 
cover the Shared mobility use case in more detail, but the following section provides 
an overview of the prevailing service models and use cases in development currently. 
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Service models20  
One of the biggest concerns around connected and autonomous mobility is the 
prevalence of a private ownership model for CAVs, as opposed to a shared ownership 
model. Currently, CAVs are very expensive due to the high R&D costs and advanced 
sensors in the vehicle. This suggests that a shared ownership model such as an 
automated ride-hailing service might prevail, as users would split the cost between 
them with each trip that the CAV makes. Very few people would be able to afford the 
up-front costs in this initial phase, but over time as the technology manifests, it will 
become cheaper and more accessible to a greater number of people.  

At present, the only truly automated vehicles in operation take the form of 
autonomous shuttle services operating within a set environment and with a high 
degree of control. These trial services must also have an operator in the vehicle or 
acting remotely who is responsible for intervening in the event of a malfunction or 
potential collision. These vehicles rarely travel above 20kmph and are often 
constrained to a small number of fixed routes where the pre-requisite HD mapping 
and approvals are in place.  

This would be of little use to a private owner, however Elon Musk claims that his 
vehicles are equipped with the necessary technology to allow for full self-driving with 
just a software update. Tesla’s vehicles have already reached price parity with other 
premium saloons and are being  bought in large volumes, potentially paving the way 
for widespread private ownership of CAVs. Musk also claims that the vehicle could be 
loaned out during the day when not in use as a privately owned autonomous taxi 
service, enabling it to generate revenue and decrease the cost of ownership even 
further.  

The 25th hour  
The average time spent commuting per day in the UK is just under an hour (58.4 
minutes21) and for many people, this time is spent sitting idly in traffic. Whilst it is 
possible to listen to the radio or podcasts during this time, for 2 in 5 people, their 
commute is the worst part of their day22 which suggests that there is latent demand 
for more productive uses of travel time. For some, commuting by public transport 
offers this opportunity, but it is often crowded and there is no guarantee of having 
space to work. A CAV, however, offers all the comfort and convenience of a private 
car whilst allowing travel time to be spent more productively, be that working, resting 
or playing.  

This benefit could be a strong pull factor away from public transport; however, it may 
also entice existing car users who would be willing to use a shared mobility service 
such as an autonomous Uber, resulting in lower car ownership levels overall. 

 
20 https://www.mottmac.com/download/file?id=36413&isPreview=True 
21 https://www.tuc.org.uk/news/annual-commuting-time-18-hours-compared-decade-ago-finds-tuc 
22 https://assets.regus.com/pdfs/iwg-workplace-survey/iwg-workplace-survey-2019.pdf#_ga=2.54177128.1787702348.1552443082-
660454207.1552443082 
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2.8 International perspectives 
The mobility sector is evolving rapidly, and the following section 
highlights the regulatory landscape of autonomous vehicles testing and 
deployment internationally. The section also includes examples of AV 
operation in these countries: 

Australia 
 National Transport Commission (NTC) is responsible for the Australian Road Rules 
(ARRs) for nationwide implementation. Presently, the NTC is analysing options and 
concerns related to future autonomous vehicle integration, with plans to change 
driving laws to support the technology.  

New South Wales is trialling an automated shuttle bus at Sydney Olympic Park. 
Partners in the project, announced in 2017, include HMI Technologies, NRMA, Telstra, 
IAG and Sydney Olympic Park Authority. South Australia is conducting similar bus 
and shuttle trials 

Canada 
Canada has regulations for CAVs rolled out at all levels of government. The federal, 
provincial, and local government are collectively supporting the deployment of CAVs. 
Currently, most regulatory activity is focused at the federal level, in the provinces of 
Ontario, British Columbia and Quebec, as well as in a few municipalities. 

The City of Toronto, TTC and Metrolinx put out a public request for information, calling 
on those in the tech industry working on automated shuttles to share information on 
potential suppliers, related software, and solution providers so the city can 
understand what is available on the market, and any limitations. Toronto would have 
a vehicle that runs along a single route within the city.23 There will either be one or 
two vehicles on the route, depending on what the request for information research 
and allocated funding allows for. Toronto’s City Council has committed to review the 
potential of automated public transit within its municipal transit system. Toronto is 
the first city to devote full-time staff to AVs and is in the midst of a Three-Year 
Automated Vehicles Work Plan which will direct further investigations into the role 
that AVs will play within its transportation system and wider city planning.24  

China 
China is the pioneer in the testing and deployment of CAVs. China has released road 
safety laws that cover driverless vehicles nationwide. Local governments also released 
their own regulations.  

On the national level, the Ministry of Industry and Information Technology, Ministry 
of Public Security and Ministry of Transport created Regulations on the 

 
23https://www.ttc.ca/About_the_TTC/Commission_reports_and_information/Commission_meetings/2019/June_12/Reports/18_Automat
ed_Transit_ 
24 https://www.mondaq.com/canada/x/705898/cycling+rail+road 
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Administration of Road Testing of Autonomous Vehicles.25 These regulations are 
helping to progress the transformation and innovation of transportation, as well as 
regulate road testing of autonomous vehicles. 

Among the companies competing in the autonomous vehicles space, Baidu is widely 
regarded as one of the biggest players. Its open-source software development 
platform, Apollo, was launched in 2017. Not only has it gathered numerous partners, 
but it is also leading the race on autonomous vehicle commercialization. One of 
Baidu’s commercialised products is the Apolong L4 Autonomous Bus, developed in 
collaboration with King Long. These small autonomous shuttles are now operating 
commercially in enclosed campuses across 24 Chinese cities. The first batch of 100 
vehicles rolled off the production line in July of 2018. As of July 2019, the shuttles have 
already served more than 40,000 passengers.26 

Germany 
Home to many large automotive manufacturers, German is another leader in 
autonomous transportation. The country has a strategy in place for autonomous 
vehicles at the national level but must further expand these frameworks for it to be 
successful at the national level.27 

North Rhine Westphalia, which includes Cologne and Düsseldorf, has established a 
Zukunftsnetz Mobilität (future of mobility) network to support municipalities, many 
with the promotion of AVs among its tasks. 

Public transport providers in Berlin, Hamburg and Frankfurt, as well as the national 
railway company Deutsche Bahn, are testing autonomous buses in a range of 
settings, and there are more than 20 AV test sites nationwide. Some say that the 
highly devolved nature of government, with more than 11,000 municipalities, makes 
it difficult to set national standards and strategy. 

New Zealand 
The government of New Zealand is on board with the testing of semi and fully 
autonomous vehicles but does not have any specific regulations associated with self-
driving transportation. 

Whilst regulation does not exist for autonomous vehicles, there aren't any laws 
restricting the testing of this technology either. For these vehicles to be successful, 
however, regulations are necessary. 

In June 2019, HMI Technologies Ltd. (and its subsidiary Ohmio Automotion Ltd.) 
began testing a driverless shuttle at Christchurch Airport. The shuttle is designed to 
transport passengers and their luggage from the car park to the airport terminal, and 

 
25 https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/how-china-will-help-fuel-the-revolution-in-autonomous-
vehicles# 
26 https://www.techrepublic.com/article/autonomous-vehicles-how-7-countries-are-handling-the-regulatory-landscape/ 
27 https://www.bmvi.de/SharedDocs/EN/publications/strategy-for-automated-and-connected-
driving.pdf?__blob=publicationFile#:~:text=Germany%20is%20to%20set%20international,mobility%20data%20are%20clearly%20regul
ated. 
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around the airport itself. The testing appears to be ongoing, and Christchurch Airport 
has since purchased a 15-person Ohmio Lift shuttle. The KPMG Autonomous Vehicles 
Readiness Index Report records this as “the world’s first fully AV trial at an 
international airport.28 

United Kingdom 

The UK government is a strong proponent of automated vehicles, working be 
amongst the first to bring driverless cars to the roads. The government believes these 
cars can make transport safer, easier and more accessible. 

In 2018 the government passed the Automated and Electronic Vehicles Act 2018 
(AEVA 2018) which seeks to align insurance law to the developments of ‘intelligence’ 
led vehicles, and to provide a framework that permits the growth of electric vehicles 
or ultralow emission vehicles. In addition, there is a Code of Practice29 (first issued in 
July 2015 and updated in February 2019) which is to be used by trialling organisations 
in addition to complying with all relevant UK law. In addition to this specific 
legislation and Code of Practice, this is a converged area with many other applicable 
laws depending on the use case, for example, existing road safety legislation and data 
protection laws. 

United States of America 
Current federal law has little to say about connected vehicles or other Internet of 
things (IoT) devices, as there is no federal comprehensive AV legislation or regulations. 
Whilst the existing Federal Trade Commission (FTC) Act gives the Commission the 
power to restrict “unfair and deceptive trade practices,” this has generally not been 
applied to data privacy. As a result, it is primarily left up to the states to determine 
what, if any, data privacy and security regulations apply to autonomous vehicles.30 

A self-driving EasyMile shuttle began serving passengers between a commuter rail 
station and several small office complexes in Denver in January 2019. The shuttle 
carries up to six passengers, travels up to fifteen miles an hour, operates without any 
human controls and is open to the public. It is intended to help Denver’s Regional 
Transportation District (RTD) and start-up company EasyMile learn how to effectively 
deploy autonomous technology for public transportation.31 

India 

The Indian automotive industry is one of the largest in the world. It contributes about 
7.1% of India’s GDP, and is a major contributor towards manufacturing, job creation, 
exports as well as foreign inflows. The government of India has taken a clear stand 
against the introduction of driverless cars in India citing job losses as the primary 
reason. The government’s argument is that there are 4,000,000 drivers in the country 
with a shortfall of 2,500,000 drivers. The government does not want to put 

 
28 https://assets.kpmg/content/dam/kpmg/nz/pdf/February/Autonomous_Vehicles_Report_2018.pdf 
29 https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/776511/code-of-practice-
automated-vehicle-trialling.pdf 
30 https://www.dentons.com/en/pdf-pages/-/media/611f20c26f504cbe81cf848a46e5074e.ashx 
31 https://www.techrepublic.com/article/autonomous-vehicles-how-7-countries-are-handling-the-regulatory-landscape/ 
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employment opportunities for skilled drivers at stake and says the jobs of around 10 
million people may be at stake due to the introduction of this technology. 
Furthermore, the government believes that the infrastructure required - complete 
with organised driving conditions - for such a technology is still not available in the 
country.32 

However, the premier technological institutes in India are testing autonomous 
vehicles and they have also demonstrated the operation of autonomous vehicles in 
the heterogeneous traffic of south Asian cities.33 

Applicability of Road Scoring Index across the globe 
The road scoring index concept developed as part of this project can in principle be 
demonstrated in any city around the world. The applicability of the road scoring index 
globally will help cities to assess the readiness of their road networks towards 
autonomous vehicle deployment. It will help them evaluate the gaps in their road 
infrastructure and inform the ways a city can address these challenges.  

However, each city is unique in terms of its mobility patterns and road infrastructure. 
Therefore, for wider applicability, it would be necessary review the list of parameters 
for the estimation of the road scoring index with respect to the availability of data, 
type of traffic, road user behaviours and condition of other infrastructure in the city.  

Many cities in the global south have a highly heterogeneous traffic mix comprising of 
cycles, 2, 3 and 4 wheelers, buses, trams, and goods vehicles, many of which do not 
follow traffic codes in the same way as in many western nations. Consequently, it is 
likely that this aspect as part of the parameter list would need to be re-evaluated. 
Similarly, there will be various other parameters that could be critical in assessing the 
overall road scoring index for CAVs that are unique to different geographies, however 
they are beyond the scope of this study.  

 
32 https://www.dqindia.com/self-driving-cars-still-distant-dream-india/ 
33 https://www.youtube.com/watch?v=94YS_27zMrE 
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3.1 Introduction 
The global mobility ecosystem has been under a continual state of evolution for the 
past century, transitioning from a reliance on animal and human-powered vehicles 
to Internal combustion engine (ICE) vehicles, and now moving toward shared, electric 
and autonomous vehicles.  

The dream of self-driving vehicles has been a long time coming34 and with sustained 
technology development, increased investment and raising public awareness, there 
is enormous interest in the imminent mainstream use of autonomous vehicles on the 
streets35. 

Shared autonomous vehicles (SAVs) are a form of self-driving transportation that 
provides on-demand services and non-fixed routes for passengers. Intermediate 
modes of transport, such as shared vehicles or ride sharing, are starting to increase 
their market share at the expense of traditional modes of car, public transport, and 
taxi. However, SAVs are also considered a technology that can offer solutions to 
transportation challenges by improving passengers’ safety and efficiency while 
reducing traffic congestion and pollution36  

There are several benefits to the deployment of SAVs such as enhancing traveller 
safety by reducing crashes caused by human error (i.e., alcohol, exhaustion, loss of 
control). Furthermore, a traditional taxi service can only enable point-to-point 
travelling for an individual or group. Vacant taxis usually cruise along urban roads 
picking up customers37. This not only leads to heavy traffic, especially during peak 
times, but is also an economic burden.  

In contrast, SAVs are fleet services with dynamic ridesharing (DRS), which can 
transport multiple customers with the same pick-up location and nearly the same 
drop-off destination in the same vehicle. This can create cost efficiency (i.e. 
operational costs, fare reductions and labour costs) and reduce the number of 
vehicles on the road, leading to reduced traffic congestion, fuel consumption and 
pollution reduction.  

Despite SAVs’ great benefits, their adoption in the future is uncertain due to various 
consumer concerns such as security, safety, legal issues and privacy. Additionally, 
before the widespread deployment of SAVs, it is essential to evaluate the readiness 
of road infrastructure. 

3.2 Realising a sustainable future for CAVs 
It is widely regarded that we have reached a pivotal point in the development of 
vehicle autonomy. Whilst CAVs are promising to deliver an array of societal, 

 
34 https://rmi.org/wp-content/uploads/2019/06/Driving-A-Shared_-Electric_-Autonomous-Mobility-Future.pdf 
35 https://www.futureautonomous.org/pdf/full/Future%20of%20Autonomous%20Vehicles%202020%20-%20Final%20LR.pdf 
36 Ortúzar, J.D., and L.G. Willumsen. Modelling Transport, 4th ed. Wiley, Chichester, 2011 
37 https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/change-vehicles-how-robo-taxis-and-shuttles-will-
reinvent-mobility 
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environmental and economic benefits, we must also be realistic about their capacity 
to cause great harm38. There is a risk, that if not managed properly, CAVs could 
perpetuate trends for car ownership at the expense of the great efforts made over 
recent years to reduce our dependence on cars. For the very same reasons that CAVs 
can be a positive force for good, they can also incentivise travel by car instead of by 
more sustainable active mode or public transport alternatives.  

CAVs allow in-vehicle time to be used more productively, which could mean that 
users may choose to live further away from their place of work, encouraging urban 
sprawl. Furthermore, the comfort and convenience of private, door-to-door travel 
combined with the reduced cost, thanks to the removal of a human driver, could 
bring CAVs into closer competition with public transport to encourage modal shift 
back towards the private car.  

Consequently, the transition to autonomy must be managed carefully, with policies 
in place to ensure that the most sustainable modes of travel are incentivised. There is 
undoubtably a role for CAVs in providing a convenient and cost-effective shared 
alternative to private car ownership, but in order to be best-placed to maximise the 
benefits of CAVs and shared mobility, it is first necessary to understand the existing 
barriers to implementation. Assuring safety is paramount in the introduction of any 
new mode and therefore infrastructure quality is a core factor to understand 
before operators can confidently roll out a CAV mobility service.  

3.3 The CAV decarbonisation paradox39 
Connected Places Catapult outline a series of future scenarios which are useful to 
understanding the potential CAV decarbonisation paradox.  

• Scenario 1: The Platooning Plateau, explores the carbon impacts of introducing 
limited automation features to a fleet dominated by private ownership.  

• Scenario 2: Highway to the Middle Ground, explores the carbon impacts 
resulting from full automation on highways and a mixture of operating models 
for passenger transport. 

• Scenario 3: My CAV is my Castle, explores the carbon impacts of full 
automation operating along highways and in urban areas while private 
ownership continues to dominate.  

• Scenario 4: Autonomy as a Service, explores the carbon impacts of full 
automation operating along highways and in urban centres which facilitates a 
paradigm shift to shared mobility services . 

As this project targets Level 4 automation, we are principally concerned with the 
divergent impacts of Scenarios 3 and 4. The figure below shows the impacts of the 
prevalence of the different future automation scenarios. 

 
38 https://www.h2020-coexist.eu/stuttgart-what-happens-to-public-transport-if-cavs-are-used-for-car-sharing/ 
39 https://cp.catapult.org.uk/wp-content/uploads/2021/04/The-CAV-Decarbonisation-Paradox-Nov-2020-Final.pdf 
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Figure 3-1 – Carbon impacts of different future automation scenarios39 

 
In Scenario 3, private ownership dominates, with some shared ownership between 
households. However, journeys made using mobility as a service represent a 
negligible proportion of vehicle miles travelled. Highly automated vehicles are widely 
affordable, and the private ownership market is growing rapidly. The removed need 
for a driver means that one vehicle is able to serve multiple members of a 
family/community by making empty return trips, which increases vehicle miles 
travelled but reduces the number of vehicles manufactured. However, given that 
passengers do not need a driver’s licence, private car ownership is opened up to new 
demographics who would not previously have considered it. 

In Scenario 4, MaaS uptake is accelerated by fleets of Level 4 vehicles leading to CAVs 
replacing the need for many to own a private vehicle. Level 4 CAVs are significantly 
more expensive to purchase than conventional vehicles and compared with Level 3 
and Level 2. Due to their comfort, convenience and availability, CAVs are widely used 
and result in a decrease in car ownership.  Spaces in urban areas previously devoted 
to the private car can be repurposed to create 15 minute neighbourhoods by locating 
more housing in city centres and reducing commuting distances. Fleet operators can 
react quickly to user demand, and rightsizing of vehicles is common to cater for single 
and dual occupancy journeys, as many users are unwilling to share vehicles with 
strangers. 

3.4 Current market indications 
The high capital costs of CAVs currently in development are indicative of a shared use 
case emerging over a private ownership model in the early stages of CAV deployment. 
Automated shuttles currently available to buy cost between £200,000 and £250,000, 
far beyond the means of most people to afford. If operating as part of a commercial 
service, CAVs can create a revenue stream to pay for the high upfront costs.  
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However, Tesla is claiming that many of its vehicles are being shipped with all the 
hardware required for full self-driving capability. Legislation permitting, this could 
mean that CAVs could become a mass market product very quickly, risking a modal 
shift away from more sustainable modes and an increase in trips made by private car, 
albeit in an electric vehicle.  

This makes the future of vehicle autonomy very uncertain, though both Scenario 3 
and Scenario 4 remain distinct possibilities. As new innovations come to market, 
including cheaper sensors, 5G and more developed AI programmes, the balance 
between the two scenarios will likely shift.  

3.5 How the index can help 
Whilst it is not possible to influence the direction of the market for CAVs, it is possible 
to be better informed of our current state of preparedness for their arrival. One of the 
greatest uncertainties is around the issue of safety, and by understanding which parts 
of the road network are most suitable for CAVs, they can be deployed with greater 
confidence sooner. Safety assurance will be key for would-be operators such as Uber 
who would be liable for any incidents involving their vehicles.  

An earlier implementation is conducive to the prevalence of a shared use case, rather 
than private ownership, because it leverages the higher capital costs of CAVs in the 
earlier stages. This will enable shared and MaaS applications to popularise and 
capture the desired target markets before the arrival of privately owned CAVs.  

If managed correctly, the decreased car dependency can become ‘locked-in’ to the 
urban form as a result of street space becoming reallocated as private car use 
decreases.  

We believe that the CAV Road Scoring Index will be useful to reduce the friction 
against the deployment of CAVs in the most uncertain early phases which are key to 
promoting a shared use case. The outputs of the index could also provide a per-trip 
assessment of route risk to inform the costs of insurance coverage, to be built into 
each trip requested by a user as part of a shared-mobility or ride hailing service. This 
would provide a degree of reassurance to operators and enable them to select 
operating domains which reduce the likelihood of costly collisions. 

By understanding where CAVs should first be implemented and which parts of the 
road network need improving to facilitate their introduction, we will be better placed 
to manage the transition to autonomy appropriately in pursuit of achieving net zero 
carbon by 2050.  

 



   
 

   

 

 

  

 

4. Sensor review 
A review of the sensors and systems employed by 
connected and autonomous vehicles to safely 
navigate the road environment  
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4.1 Introduction 
This chapter forms the foundation of our research methodology as it provides an 
assessment of the technologies which allow a vehicle to navigate autonomously. It is 
through these technologies and sensors that the vehicle interacts with the 
infrastructure, and their capacity to sense their environment is directly linked to the 
quality of road infrastructure needed to ensure that CAVs are navigating in optimally 
safe environments. 

The sensor review has been split into three sections: physical environment sensors, 
digital environment sensors and artificial intelligence, which synthesises the data 
and ultimately translates sensor outputs into actions.  

To make this report more digestible, the Sensor Review chapter has been shortened. 
The full version can be found in Appendix A – Sensor review. 

4.2 Physical environment  
The physical environment is comprised of all the things that humans perceive when 
driving a vehicle. However, whilst there are naturally some similarities between CAVs 
and humans, there are also some significant differences. 

The human eye is highly evolved and can focus on objects with an extremely high 
level of acuity due to its adjustable focal length and corneal adjustments to light 
exposure. However, humans function quite poorly in low light conditions and where 
rain or fog occlude our vision.  Furthermore, we can only focus on one small part of 
our view at once, known as our foveal vision, and yet we are highly prone to 
distractions appearing in our peripheral vision. 

Despite this, humans have excellent situational awareness and we are able to 
empathise, predict and understand our environment in a way that no machine can. 
We derive an incredible amount of information from our surroundings and we almost 
effortlessly process it to carry out tasks such as walking and driving with relative ease.  

This is a very different task for CAVs. Whilst they use cameras to detect the visible 
spectrum, they process it frame-by-frame and using machine-learnt processes rather 
than through intuition and instinct. Furthermore, they employ a wide variety of other 
sensing methods to detect the environment around them in ways which are not so 
familiar to humans.  

This section will discuss each sensor in detail, outlining its strengths and weaknesses 
to provide a high-level technical overview of CAV operation. The figure below shows 
the suite of sensors which will be assessed. 

Figure 4-1 - Overview of CAV sensors40 

 
40 Texas Instruments (2015), Advanced Driver Assistance (ADAS) Solutions Guide 
[http://www.ti.com/lsds/ti/applications/automotive/adas/overview.page] 
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LiDAR 
Light Detection and Ranging uses lasers to determine the distances of objects from 
the sensor to produce a point cloud with range and reflectance values representative 
of the vehicle’s 3D surroundings. The light pulses are analysed when they reflect from 
surfaces to detect obstacles, road geometry and ranges, offering a much higher 
resolution than radar, and better performance in bad lighting conditions than passive 
visual (camera) sensors. Furthermore, by analysing the spatial geometry of objects, 
LiDAR can estimate the effects of driving over them, albeit with less object 
recognition capacity than cameras.  

Figure 4-2 - Point cloud output of LiDAR 

 

The figure below provides and  
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The value in Lidar is that it can produce range data natively, which is much better 
suited to input into convolutional neural networks than derived data from systems 
which may have been trained in an environment unlike the one a CAV is navigating41.  

Radar42 
This technology is commonly deployed on many vehicles on sale today as part of 
adaptive cruise control and automatic emergency braking systems and, unlike in 
more traditional applications, is not necessarily limited to radio waves. In CAVs, a 
combination of radar systems is often deployed in parallel to perform slightly 
different functions. The figure below shows the different frequencies and ranges of 
the various applications of radar technology  

Figure 4-3 – Automotive radar applications in CAVs 

 
Long range radar can be used to detect vehicles and obstacles in excess of 150m 
ahead but short and mid-range applications such as blind spot detection, rear 
collision warning and cross traffic alerts are also important to autonomous driving.  

Due to their technological maturity, radar sensors are relatively cheap and modern 
units have been miniaturised to fit in the front bumper of car. It is also a very resilient 
sensor in that it functions very well in poor weather, in any level of lighting and at 
longer ranges than some other sensors. The technology is less effective at detecting 
high levels of resolution, and is better-suited to detecting the presence, position and 
speed of an object rather than its shape or appearance.  

Passive visual (cameras) 
For most autonomous systems, cameras are the primary method of navigation and 
multiple cameras positioned around the vehicle enable it to have a continuous 360 
degree awareness. They are used primarily to follow road markings, detect objects 
and read traffic lights. Compared to other sensors, they provide the highest level of 
detail and are a key component feeding into the vehicle’s AI and enable it to 

 
41 https://arstechnica.com/cars/2019/08/elon-musk-says-driverless-cars-dont-need-lidar-experts-arent-so-sure/ 
42 Béchadergue, Bastien. (2017). Visible Light Range-Finding and Communication Using the Automotive LED Lighting. 
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distinguish between other vehicles, pedestrians, cyclists or any other object in the 
road environment. 

Figure 4-4 - CAV computer vision43 

 
However, this sensor is also plagued with multiple weaknesses. It operates very poorly 
in low light conditions and is adversely affected by poor visibility due to inclement 
weather or physical occlusion. Furthermore, much like humans, cameras suffer in 
high contrast lighting conditions, for example exiting a tunnel, or due to glare from 
the sun or the headlights of oncoming vehicles. Unlike humans, however, CAVs can 
track multiple objects at once and in all directions, with only processing power 
limiting the number of unique objects tracked. They can also exploit wavelengths 
invisible to the human eye, such as infrared, to provide better detection of hot objects 
such as cars and humans/animals when visibility is poor.  

Ultrasonic 

Ultrasonic sensors are commonly deployed on many vehicles currently in production 
as parking sensors. They function best over short ranges and are used to detect the 
proximity of nearby obstacles, particularly pedestrians and adjacent vehicles for the 
purposes of lane-keeping. They function in much the same way as radar in that they 
send out pulses of waves which are then detected by a receiver to determine the 
distance of an object from the vehicle. More innovative applications have allowed 
vehicles to park themselves in parking bays without driver assistance, and 
increasingly, they are also used in blind spot assistance.  

Modern ultrasonic sensors have a range of up to 11m44 and they are unaffected by 
lighting conditions and poor weather. They are very cheap to produce, and their small 
size allows them to be positioned in multiple locations around the vehicle for 360 

 
43 https://www.mobileye.com/our-technology/ 
44 https://www.electronicdesign.com/industrial-automation/article/21806202/ultrasonic-sensors-a-smart-choice-for-shorterrange-
applications 
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degree coverage. However, ultrasonic sensors are rather blunt instruments and they 
are unable to detect any useful degree of resolution or colour. Furthermore, their 
detection cycles are comparably long, so they are only suitable for detecting 
obstacles approaching at low speed. 

Sensor performance in poor weather 

Many of the sensors used by CAVs are liable to suffer in poor weather conditions. One 
of the main problems is attenuation by precipitation which essentially adds noise to 
the received signal, reducing the range and granularity of the data to be processed. 
Similar problems are experienced in very cold conditions where sensors could be at 
risk of getting covered in a layer of ice. To minimise signal attenuation, it is necessary 
for OEMs to make design considerations around sensor placement and housing to 
enhance survivability in the cold. 

Figure 4-5 - Visual impacts of heavy rain 

 
Passive visual sensors are particularly prone to such issues as they require a 
continuous and unobstructed view of the road environment. Additionally, they 
operate at much higher resolutions than other sensors due to their role in object 
recognition and are therefore most impacted when obstructed. As such, they need 
to be positioned in locations where they will not accumulate dirt and where they can 
be cleaned, for example by the vehicle’s windscreen wipers. 

For lower resolution devices that are more concerned with the presence rather than 
geometry of an object, they can often be located behind exterior panels to not only 
improve vehicle aesthetics, but also to provide added protection from the elements. 
By selecting materials and matrices with low attenuation properties at critical 
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wavelengths, it is possible to safely mount sensors internally whilst still allowing them 
to sense the external environment45.  

Conclusion 
As the section above has described, each sensor on a CAV has its own set of strengths 
and weaknesses. By being deployed as a suite, the sensors are able to perform 
complementary functions, each playing to its own strength across different ranges 
and spectra. Furthermore, there is also significant overlap between sensor 
capabilities. This is deliberate and allows the vehicle to validate its readings to 
minimise the instance of false positives which could cause the vehicle to act 
unpredictably. For example, without validation, a vehicle might perform an 
emergency stop to avoid hitting a plastic bag drifting across the road. 

The figure below demonstrates the relative strengths and weaknesses of each sensor 
covered in this section. 

Figure 4-6- Relative characteristics of physical environment sensors42 

 
The sensor comparison shows how redundancy is built-in through complementary 
functions, but it also points to the complexity of the task faced by the vehicle’s AI. The 
vehicle must intelligently fuse these data sources together, and as each sensor 
produces its own stream of data in a different format, it is an incredibly complex task. 
4.4 in this chapter provides an insight into sensor fusion and the complex role it plays 
in calibrating the assessment methodologies.  

 
45 https://patents.google.com/patent/US20170059697A1/en 

https://patents.google.com/patent/US20170059697A1/en
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4.3 Digital environment 
In addition to the suite of sensors that detect the physical environment, the role of 
the connected aspects of CAVs is becoming increasingly important.  

Positioning (GPS, IMU and RTK) 
GPS46 

Global positioning systems have become ubiquitous in recent years with many cars, 
most phones and even watches shipping with GPS chips. The Global Navigation 
Satellite System (GNSS) is designed to provide GPS coverage across the entire planet 
and only requires a line of sight to satellites which can then triangulate the position 
of the GPS unit. However, the GPS chips in our smartphones are quite basic and only 
offer locational data accurate to around 4.9m in ideal conditions. By contrast, CAVs 
use dedicated systems with much more complex dual receivers which are able to 
account for distortions to signals as they travel through the atmosphere. Dual band 
receivers are able to roughly half the average position error to 2.75m and are generally 
more robust in harsh environments.  

Despite recent improvements in GPS receiver accuracy and the declining costs of the 
technology, there still remain many areas where GPS accuracy is greatly reduced due 
to obstacles that block signals. This is common in locations such as valleys, tunnels 
and near large buildings, especially in large cities through ‘urban canyons’. Large, flat 
surfaces such as nearby building facades can create additional signal paths which 
confuse the triangulation calculations done by the receiver and lead to further 
inaccuracies. In some locations, the reference maps themselves are simply wrong or 
uncalibrated47.  

Inertial Measurement Units (IMUs) 48 

To account for discrepancies and inaccuracies in localisation data, CAVs make use of 
IMUs which track vehicle trajectories and dynamics to calibrate GPS data feeds. 
Inconsistencies in vehicle velocity, direction and position can create potentially 
dangerous consequences for CAVs if their location is not correctly calibrated, because 
the vehicle is unable to continually adjust its parameters or detect events such as 
skids. A good GPS signal paired with a well-calibrated IMU can produce centimetre 
level accuracy for positioning and speed measurements. Highly precise location is 
only useful, however, if there are equally accurate maps to complement. 

Real-Time Kinematics49 

An additional calibration method employed by CAVs is real-time kinematics, which 
works by referencing location databases containing precise locations of key road 
features such as road signs. By accurately measuring the distance of the CAV from 

 
46 https://medium.com/@mikehorton/is-dual-band-a-gps-superpower-f7ad6f047d98 
47 https://www.gps.gov/systems/gps/performance/accuracy/ 
48 https://www.oxts.com/technical-notes/why-use-ins-with-autonomous-vehicle/ 
49 https://www.vboxautomotive.co.uk/index.php/en/how-does-it-work-rtk 
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known features (using LiDAR or roadside radio antennae), the vehicle can determine 
its position and calibrate its other sensors accordingly to account for discrepancies 
caused by blocked or reflected GPS signals.  

Cellular network50 
4G 

For autonomous vehicle technology to be applied at scale, many 
experts agree that large-scale adoption of 5G is required. The current 
4G network is fast enough to download HD content and relay data 
containing information on congestion, routing and weather 
conditions but it suffers from poor latency and is not suitable for 
safety-critical functions such as piloting or conveying data to be 
processed by an external AI.  

5G 

The fifth-generation wireless technology (5G) is expected to connect 
almost everything around us with an ultra-fast, highly reliable, and 
fully responsive network. 5G will allow us to leverage the full potential 
of advanced technologies such as artificial intelligence and the 
Internet of Things (IoT) by facilitating the transmission of much larger 
packets of data and with much lower latencies. In places such as 
South Korea, 5G is already commonplace and increasingly it is being 
rolled out in cities across the UK.  

Despite the obvious utility of 5G, the existing network coverage is very 
limited, and for the highest throughput applications, known as 
mmWave, antennae currently only have a range of a few hundred 
metres51. This makes 5G-enabled network-wide navigation a distant 
reality for most places until rollout is far more advanced than it is 
currently. 

6G 

Discussions around the next generation of mobile systems have 
already started and promise to deliver an even greater range of 
mission-critical functions to CAVs and with greater reliability. Though 
6G is still in its conceptualisation stage, indicative KPIs published by 
leading telecoms operators  suggest peak data rates of up to 1 Tbps 
peak data rate, 0.1 ms latency, 10 times more energy efficiency and 
100 devices per square metre density.52.  

Vehicle to infrastructure (V2I) technology  

 
50 https://www.machinedesign.com/mechanical-motion-systems/article/21837614/5gs-important-role-in-autonomous-car-technology 
51 https://www.zdnet.com/article/why-5g-is-a-crucial-technology-for-autonomous-vehicles/ 
52 https://arxiv.org/pdf/2010.00972.pdf 
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The presence of additional roadside infrastructure can make automated driving 
much safer. V2I technology can locally communicate specific information to CAVs to 
enable them to more easily navigate the roadworks. DSRC beacons located at the 
roadside can communicate local maps of the roadworks to a CAV to ensure that the 
desired route through more complex environments such as traffic management 
measures and large junctions is taken.  

Experiments of this kind are already underway on the A2/M2 corridor in the UK 
looking at a connected Road Works Warning system. This uses a combination of 
permanent roadside hardware that communicates data to vehicles about the site to 
vehicles alongside temporary infrastructure containing DSRC beacons. An example 
of how this might function is shown below. 

Figure 4-7 - V2I communication for roadworks53 

 
 

4.4 Artificial intelligence and sensor fusion  
Artificial intelligence 
Artificial intelligence is perhaps one of the most important technologies facilitating 
the development of autonomous vehicles. Autonomous navigation is made possible 
through the fusion of multiple simultaneous data streams which are fused using AI, 
based on algorithms developed through machine learning. This type of data 
processing is extremely complex and requires vast computational power. The data is 
used to train convolutional neural networks through supervised deep learning which 
iteratively improve with every detection of an edge case scenario on the road. Access 
to larger datasets such as those collected by Tesla in its Autopilot beta allow for 

 
53 http://www.telematicsvalley.org/assets/Guide-about-technologies-for-future-C-ITS-services-v1-0.pdf 
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deeper neural networks to be developed which will have accounted for more and 
more edge cases54.  

Object recognition is key area of AI that is essential for CAV operation. Cameras need 
to be able to distinguish between a child running into the middle of a road and a 
piece of debris. Additionally, different road users exhibit different behaviours, so it is 
useful to be able to differentiate between a pedestrian, a cyclist and a motorcyclist 
so that a CAV knows how to approach and what degree of caution to exercise55. 

Sensor fusion  
A key application of AI is its role in sensor fusion. In order to be safe, CAVs need a high 
degree of inbuilt redundancy that enables the vehicle to continue to effectively sense 
its surroundings even if it is not through the primarily intended method. A good 
example of where sensor fusion failed is the 2019 Florida accident involving a Tesla 
and a truck. A Tesla was travelling in its ‘Autopilot’ mode when it approached an 
intersection where a white-sided truck was driving across its path. The cameras in the 
Tesla were unable to distinguish the bright sky from the white side of the truck and 
did not detect it as an obstruction56 

It is thought that in the case of the trailer passing in front of the Tesla, it misidentified 
the trailer as an overhead gantry, essentially routing the vehicle straight underneath 
it, as experienced by a Tesla driver in a similar scenario who was able to hack the code 
behind Autopilot (see Figure 4-8).  

Figure 4-8 – Tesla’s Autopilot routing into a trailer57 

 

 
54 Tesla Autonomy Day: https://www.youtube.com/watch?v=Ucp0TTmvqOE 
55 Intentions of Vulnerable Road Users – Detection and Forecasting by Means of Machine Learning:  
https://arxiv.org/pdf/1803.03577.pdf 
56 https://www.ntsb.gov/investigations/AccidentReports/Reports/HWY19FH008-preliminary.pdf 
57 https://www.theverge.com/2019/5/17/18629214/tesla-autopilot-crash-death-josh-brown-jeremy-banner 

https://www.youtube.com/watch?v=Ucp0TTmvqOE
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What is interesting about this incident is that it is not a failing of hardware. The radar 
units attached to the front of the vehicles will have undoubtedly detected the 
obstruction, however this input was overridden in sensor fusion by the visual feeds 
being sent from the camera which evidently detected no obstacle, only ‘sky’. Many 
commentators believe that with LiDAR operating alongside passive visual sensors, an 
additional validation channel would have been available, and the incident would not 
have occurred. It should be noted that only Tesla has full access to Autopilot’s logic 
and source code, so the exact cause of the crash is not fully known.  

Tesla has since rectified this error, but it is proof of just one of an almost unlimited 
number of edge-case scenarios. However, this crash occurred in 2019 at a time when 
all vehicles are legally required to be fully supervised by a human driver and full self-
driving technology had not yet been rolled out or approved.  

4.5 Assumptions  
The future of autonomy is still uncertain and there is a broad range of competitors all 
vying for market dominance across a number of supporting sectors. From sensor 
manufacturers, artificial intelligence developers and cyber security standards 
through to the automotive manufacturers themselves, new breakthroughs are 
constantly being announced, each with the potential to shift the course of the future 
of the industry.  

Additionally, there are policy implications as new legislation is introduced, governing 
how and where autonomous vehicles should operate as well as defining the 
minimum standards for safe operation.  

Given this uncertainty, it is necessary to outline a number of assumptions to broadly 
define the policy and technological environments that we expect CAVs to be 
entering into over the next 5 to 10 years. Furthermore, these assumptions will provide 
a context for the index to enable it to benchmark quality against ideal standards.  

Minimum standards vs ideal standards 
It is not possible to gauge the exact capabilities of each CAV, and capabilities vary 
between each make and model. Because of this limitation, rather than producing an 
index which grades each road segment as ‘safe’ through to ‘not safe’, it is more useful 
to produce a higher level methodology to assess roads against ideal standards.  

This is an important distinction because the outputs of the project are not therefore 
permissive in the sense that it recommends avoiding certain roads. Instead it 
suggests that poorly scoring roads may indeed still be safe, albeit less safe than roads 
with ‘ideal’ infrastructure. Where roads produce low scores, it is suggested that 
remedial measures are put in place. These measures are diverse and could range from 
resurfacing, improving mobile phone networks and installing V2I technology, 
through to a vehicle simply approaching a given road segment at a lower speed or 
with more caution.  
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This method of scoring will allow local authorities to prioritise their scheduled road 
maintenance and upgrades to be best prepared for the arrival of CAVs in the near 
future.  

We shouldn’t expect a CAV to drive where humans would not 
The index parameters that will later be quantified in this report are calibrated to 
produce a level of safety that exceeds human performance. The expectation is that 
CAVs are likely to outperform humans in many aspects of driving but that they 
realistically will not be expected to operate on our roads if they are not capable of 
consistently exceeding human standards of safe driving. Much like humans, it is also 
expected that where conditions necessitate it, a CAV will slow down to the 
appropriate speed for safe navigation, e.g. in rain/snow, blind corners or poor visibility.  

Consequently, edge-case scenarios such as road traffic collisions, extreme weather 
conditions or other similar externalities will not be accounted for.  

Geographical applicability 
The index parameters are calibrated to roads in developed countries such as those 
commonly found in the UK, France, US and Canada which assume relatively high 
standards of road maintenance and road infrastructure provision. It also makes 
assumptions that people follow the rules of the road and obey road markings. 

Data requirements 
Although CAVs are connected, it is not envisaged that they will require a continuous 
stream of data. Instead it is assumed that CAVs will cache information such as speed 
limits of roads and receive the occasional communication along the length of their 
route.  

This means that areas with no mobile phone signal would not be prohibitive to CAVs, 
but instead graded as less suitable as it is expected that they will still be able to 
uphold minimum safety standards. However, where superior telecommunications 
infrastructure is available, such as 5G, it can be exploited to provide an additional 
degree of safety above that of the accepted baseline. 

Connected infrastructure  
CAVs will be able to exploit new digitally enabled infrastructure that can 
communicate with CAVs to convey a wide range of information in real time. Vehicle 
to infrastructure (V2I) technology will prove useful in many use cases such as at busy 
junctions, in the event of an emergency and as a traffic management solution in areas 
undergoing roadworks.  

Dedicated Short-Range Communication (DSRC) beacons will be able to make 
typically difficult and challenging situations such as roadworks more manageable 
thanks to localised and specific information being communicated to the vehicle.  

Sensor suite 
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Whilst there are varied approaches to CAV technology, for the purposes of this index, 
CAVs will be assumed to employ the full suite of sensors including LiDAR, radar, 
ultrasonic, infrared and passive visual sensors. It is assumed that each sensor will work 
in conjunction with others to provide a degree of redundancy through sensor fusion, 
enabled by the power of rapidly advancing developments in AI. Where there is 
supplementary digital infrastructure, this will provide an additional degree of safety. 

4.6 Omissions 
Roads not considered 
Certain environments are beyond the scope of this study, they include: 

• Non-standard environments such as pedestrianised areas or areas not subject 
to DMRB standards 

• Private roads and car parks 

• Unsurfaced roads 

Poor weather conditions  
This methodology cannot be applied in environments where the road surface is 
obscured due to heavy snow, flooding or other occlusion. Furthermore, where 
visibility is reduced to levels where humans would no longer be able to drive safely, it 
is not expected a CAV would be able to either.  

This is not a perfect assessment 
This methodology can only provide a high level of indication for the reasons outlined 
earlier in this chapter. Furthermore, as well as not being able to perfectly account for 
vehicle capability, this index is not able to fully represent every attribute of the 
physical and digital road infrastructure used by CAVs.  Doing so would be a highly 
complex task due to the wide variety of road environments in the UK. 

 



   
 

   

 

 

  

 

5. Methodology 
Approach to research and justification for methods 
used 
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5.1 Research context  
Timescales 
The index will look into the near future (5 -10 years) to assess the readiness of the 
physical and digital infrastructure during the key initial phases of CAV 
implementation. Whilst it would be desirable to build a road network that is designed 
specifically for CAVs, it would be largely unfeasible given the huge expenditure 
necessary to adapt all of our roads. This index will therefore consider the road 
environment to remain largely unchanged and therefore imperfect, mostly requiring 
the vehicle technology to adapt to the level of infrastructure quality. 

Accessing expertise 
The main players in the field have large, vested financial interests in 
becoming the predominant CAV manufacturer meaning that industry 
knowledge is often quite closely guarded. Consequently, there is not a 
great amount of published material available to consult on the exact 
requirements of CAVs, so this information has to be pieced together 

through alternate means. The CAV community is, however, rapidly growing and 
outside of the closely guarded development projects there is a great deal of expertise 
in academia, first tier OEM suppliers, technical journalism and in public trials of CAV 
technology.  

As such it was decided that an expert consultation would be the best method of 
research which would require reaching out to people at the forefront of thinking and 
development in CAVs.  

Before consulting with experts, it was necessary to develop an understanding of how 
CAVs in testing have been interacting with the physical and digital environment. This 
was achieved by conducting an extensive desk study and by talking at length with 
experts in the field. It was also important to understand the expectations of the 
direction of the CAV industry in the near future to ascertain what technology is likely 
to be used in the vehicle and how it uses that technology to navigate the road 
environment. Such information on cutting edge progress necessitated speaking with 
people with close involvement in the development of CAVs. 

5.2 Expert interviews 
Expert interviews can provide fast access to a new or unknown field and they are an 
easy way to obtain specific information gained in praxis. Experts can be defined as 
people who are responsible for the development and implementation of the specific 
area of interest, in this case CAVs, and people who have privileged access to 
information valuable to the research objectives.  

It should however be considered that experts are not neutral, and indeed this was the 
case with many of the issues presented in this research. Being exposed to a variety of 
opinions and counter-opinions helped to clearly frame the technological debate, but 
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it can add much uncertainty to the strength of the prevalent ideas. This meant it was 
necessary to consult widely and with proponents of all sides of the discussion  

Selecting participants 
When selecting interview participants, experts generally had 
specialisms that fitted into three broad categories: technical, process 
and explanatory knowledge. Technical experts had knowledge 
pertaining to specific aspects of the research such as sensor 
performance in adverse weather conditions or how AI can facilitate 

sensor fusion. Process experts were able to provide insight into the implementation 
process itself and how CAVs were likely to be introduced and accepted by society 
during the initial phases of the introduction to the roads. Explanatory experts tended 
to be more generalist in the field and were able to provide broader contexts for CAV 
operation and the debates around the technology which enables them.  

As more and more interviews were conducted, consensus on certain aspects and 
typologies started to emerge which corroborated findings presented in the literature. 
It also provided more up to date insights on slightly more dated articles, something 
which is very valuable in such a rapidly advancing field.  

Interview preparation 
It was important to consider the questioning style and content as well as the 
relevance to the expert when planning an interview. This was especially true of 
interviews with technical experts who may not have had a broader knowledge of the 
future of CAVs, but were very knowledgeable on one particular aspect of their 
operation.  

Questions were kept open to encourage a degree of monologuing and paternalistic, 
explanatory discussion to maintain the possibility of opening new avenues of 
discussion that had not previously been considered. Prior to interviewing, developing 
a quasi-expertise in the specific areas of questioning allowed for more intelligent and 
precise questions to be asked which facilitated a much deeper interrogation of the 
subject. 

5.3 Surveys 
There were degrees of disagreement between experts on the various 
parameters of the index, especially on their relevant importance. 
Strong arguments on both sides essentially hinged upon differing 
opinions on the market direction of CAVs in the near future and the 
subsequent importance placed on different aspects of road 
infrastructure.  

In order to produce a representative consensus, a survey was created in which 
respondents could grade each aspect of infrastructure in the road environment in 
terms of importance; from not important, to critical. An explanation accompanied 
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each aspect to ensure that each expert was identically briefed on the expected 
function of the index parameter in question. 

Before grading the parameters, an information page was presented which set out the 
context of the research, detailing aspects such as the timeframe over which the index 
was expected to be relevant, the sensor suite on board the vehicle and the level of 
vehicle performance expected. This reduced the possibility of subjectivity in 
interpreting the survey questions.  

Along with a ranking system, the respondents were also asked to give a degree of 
confidence in their answer. Due to the varied backgrounds of the respondents, it is 
expected that there may be some areas in which they are more knowledgeable than 
others. When attempting to develop consensus on an emergent field, the degree of 
confidence is essential since it is unlikely that any one individual can judge all 
parameters with absolute certainty. 

5.4 Workshops 
Alongside the interviews and surveys, we were interested to see how 
discussions between people working in different CAV-related fields 
would shape the consensus view on each index parameter. For example, 
many people working in the automotive industry and academia are 

incredibly optimistic about the future of autonomy, but others working in local 
authorities could be more sceptical knowing the state of the current road network 
and the costs of bringing it up to the higher standards expected by CAVs.  

Two workshops were held on the 11th and 13th May 2021.  They included attendees from 
a wide range of organisations including transport consultancies, academic 
institutions, local authorities and technical backgrounds relating to CAV technology. 

Agenda 
The workshops began with introductions amongst attendees to ensure a friendly and 
collaborative atmosphere for the rest of the session. This was followed by a project 
briefing in which the aims and objectives of the study were set out to provide some 
context to the study in addition to the materials sent in advance and on the project 
website.  

The core part of the workshop was structured around the index parameters which 
make up the methodology. A brief description of each was provided and discussion 
on the relative importance followed. Following on from the discussions around each 
parameter, attendees were encouraged to vote using the online Menti tool.  

The floor was then opened to encourage more open discussion around the project 
and some of the wider implications. Subject matter was not always directly relevant 
to the project but provided a useful broader context for the study and some potential 
future applications.  

Outputs 



 

 
CAV Road Scoring Index 

 

| P a g e  53 
 

 

The voting activity hosted on Menti was designed to complement the surveys so that 
the results could be combined and compared to produce a consensus view of the 
relative importance of each of the index parameters. Not only would this increase our 
sample size, but it would also allow us to include more discussion around each of the 
parameters and their respective assessment methodologies.  

Ideally, we would have liked to have used the Delphi method to get respondents to 
be more reflective of their inputs but there was neither the time nor the engagement 
to take this approach.  

5.5 Calculating the index score 
Once the parameter weightings had been collected, each of the 
respective parameter scores were ranked and averaged. Where 
consensus is clear, conclusions can be drawn and backed up with 
existing literature to form a clear idea of the relationship between 
vehicle capability and infrastructure. Where there is low certainty or 

disagreement across many expert inputs on a parameter, more discussion around 
the parameter (see next chapter) was needed to include clarifying remarks made by 
experts and how they contrast with or support the relevant literature in the field.  

To produce the aggregate index score for a given road segment, each index 
parameter was graded according to the taxonomies detailed in the “The index 
parameters” section of this report which are graded from 1 to 3, from less suitable 
through to more suitable for CAVs to navigate. Each parameter represents an aspect 
of the interaction between CAVs and the road infrastructure and the suitability of the 
infrastructure type for safe navigation.  

In the survey and workshops, respondents scored each aspect of infrastructure as not 
important, somewhat important, moderately important, very important or critical, 
corresponding to weightings of 1 to 5, respectively. These weightings were 
corroborated and adjusted to give a number from 0 to 1 using the Relative 
Importance Index method. The validation of this score can be assessed through the 
degree of confidence the experts gave for each category. 

The equation for calculating the weighting of each parameter is as follows: 

 
Where w is the weighting given to each parameter by the respondent from 1 to 5 
(as described above) and A is the highest weight assignable in the survey (5) and N 
is the total number of respondents.  

 

 

5.6 The index in action 
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Ideal conditions, M11 Motorway, Cambridgeshire 
In the image below, a near ideal environment for CAV operation is depicted (as 
assessed by this index). The road is a motorway and it is subject to very high standards 
of maintenance meaning that road marking and signage quality is very high and 
could be easily read by cameras on board a CAV. There is some meteorological fog 
visible at the top of the image, but visibility remains excellent and would not 
compromise sensor performance. The road is located relatively near a major city, so 
cellular network coverage is very good and there are no obstructions such as large 
buildings to affect GPS signal quality.  

Access to this road is highly controlled given that it is a motorway. This means that 
no vulnerable road users (VRUs) such as pedestrians, cyclists or moped drivers can 
access the area. Consequently, the traffic mix is predominantly cars, trucks and 
motorcycles, all travelling at similar speeds which makes for good, predictable 
conditions for CAVs.  

The traffic mix is reflected in the road accident rates and severity. Motorways operate 
at high speeds, but they are designed for such a purpose so accident rates on this 
road are very low. Given the high speeds, when accidents do occur, they have the 
potential to be very serious, but they are relatively rare given that speed deltas are low 
and vulnerable road users are not permitted to access the road. There are some 
roadworks present which are well marked, and the intended vehicle route is clear. 
There is, however, no presence of smart infrastructure or roadside beacons to 
maximise safety.  

Figure 5-1- Ideal conditions for CAVs 

 

M11 motorway, Cambridgeshire 

Figure 9 - Image of the M11 motorway, Cambridgeshire (AutoExpress, 2019)  
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Poor conditions, Rural B Road, Cheshire 
The road pictured is an example of a road with infrastructure that is poorly suited to 
CAVs. As a route that carries little traffic, it is of low priority for maintenance which 
has resulted in the degradation of the road markings. The road also has poor drainage 
with numerous puddles and patches of standing water that can further affect road 
marking legibility. If not controlled, vegetation at the side of the road has the 
potential to obstruct road signs. 

This photo was taken on a rainy day with some fog present. Heavy rain has the 
potential to affect the ability of sensors to detect their environment accurately due 
to reduced visibility. Due to the rurality of the location, mobile signal is poor which 
means that the CAV may have trouble receiving updates. GPS signal can be expected 
to be good given that there are few obstructions that would affect signal quality.  

Rural roads are some of the most dangerous and often have higher than average rates 
of accidents. Unlike the motorway in the previous example, anybody can access this 
road and consequently, there are instances of pedestrians and cyclists getting 
injured.  

Overall, this road would score very low as it performs poorly across the majority of 
index parameters. It is still expected that a CAV would be able to navigate down the 
road, but other roads could be given preference and such poor quality roads should 
be avoided wherever possible. 

Figure 5-2 - Poor conditions for CAVs 
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5.7 Study area 
An area in the west of Leeds was selected as the study area as it is local to some 
members of the project team, allowing for primary data capture if necessary. 
Furthermore, the area has a varied mix of road types, ranging from motorway and  
dual carriageway, through to tight urban streets. The network is also highly 
permeable, allowing for different routing considerations and comparisons.  

The study area spans from Kirkstall in the west, which is fairly low-rise, to the centre 
of Leeds where the urban density is much higher. In between, there is a dense 
network of roads across an area with relatively low levels of car ownership, as much 
of it is home to students and families on lower incomes. This makes the area a key 
target market for potential shared mobility solutions using CAVs in the future. It is 
also a complex area to navigate from a CAV perspective due to the prevalence of 
pedestrians, cyclists and may areas of degraded road infrastructure. Consequently, it 
is a good testbed and provides for a wide range of asset and environmental 
conditions to create useful comparisons.  

Figure 5-3 - Study area

 

In total, the study area comprises of approximately 41km of road network. The size of 
this network was limited by the cost of the asset condition data, which is relatively 
expensive, given the granularity of data needed to produce an accurate and 
representative assessment. Furthermore, many of the parameters require manual 
data input, which is a time consuming process given that there are 11 parameters and 
approximately 699 separate links within the study area. 



   
 

   

 

 

 

  

 
6. The index parameters  

Detailed explanations of the component parameters 
which inform the calculation of the overall index 
score 
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6.1 Introduction 
In this section, the index parameters will be discussed in detail to explore how CAVs 
interact with each aspect of the digital and physical infrastructure in the road 
environment. A combination of academic literature, technical articles and expert 
consultation has been used to inform the index and to decide the thresholds for each 
level in the taxonomy.  

Please refer to Appendix B – Parameter Descriptions for the full descriptions and 
justifications for the index parameter scorings. 

6.2 Road surface / road marking quality 
Overview 

Road markings are key to CAV navigation and they are a primary method of 
discerning the geometry of the carriageway, acting as rails for the vehicle. Modern 
image processing algorithms are able to extract detailed information about the road 
environment such as the vehicle’s relative position on the road and lane curvature. 
Furthermore, the vehicle can understand lane discipline, knowing when it is 
appropriate to cross over the lane boundaries and exercise discretion to avoid 
obstacles or overtake slower road users such as cyclists.  

A CAV’s requirements of the road surface are similar those of humans in that they 
require clearly distinguishable and legible features. However, whilst lane keeping is a 
relatively simple process for a human driver, it can be a complex task for a CAV where 
lanes merge, end suddenly or become ambiguous. Furthermore, bituminous lines, 
temporary road studs and other surface defects can create confusing linear features 
that could be mistaken for a road edge. Features such as potholes58 can also confuse 
the vehicle’s ability to calibrate odometry with other locational feeds. 

Data availability 
As with any analysis conducted at scale, the quality of an assessment is only as good 
as the data that is available to inform it. As part of our expert consultation, we 
engaged in conversations with Gaist, an asset management specialist, who provide 
high detailed roadscape data to clients. They have an up-to-date national bank of 
high resolution imagery which is automatically processed to provide analyses of road 
asset condition, as well as roadside assets such as signs and lighting columns.  

Figure 6-1 - Raw road condition data59 

 
58 https://ieeexplore.ieee.org/abstract/document/8302386 
59 Survey imagery provided by Gaist 
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The data includes a wide range of road defects including surface cracking, potholes 
and rutting, to different types of degradation of road markings including transverse, 
longitudinal and hatched lining features. By requesting an analysis of the carriageway 
condition assessed against DMRB standards, it was possible to use this as a 
standardised assessment methodology to grade the parameter from poor to ideal 
standards. 

The data arrives in the format of a series of polygons, which were merged with the 
base network using a spatial join in QGIS and weighted according to the meterage of 
different grades of asset condition along the length of each link. 

Figure 6-2 - Road surface condition data59 
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Scoring 
A number of polygons make up the lengths of each road segment, so a representative 
average was calculated which is cognisant of the length multiplied by rating of the 
polygon. 

Table 6-1 - Road surface quality scoring 

Score Description 

3 Road surface quality rating of 4 to 5 

2 Road surface quality rating of 2 to 3  

1 Road surface quality rating of 0 to 1 

 

6.3 Road sign visibility 
Whilst it is expected that much of the safety-critical information for autonomous 
vehicle navigation can be sent wirelessly, in the absence of a continuous cellular 
connection, road signs will still play an important role in informing the decisions a 
CAV has to make60. Additionally, there is no guarantee that information conveyed by 
temporary signage such as that used in roadworks or temporary diversions will be 
communicated to the vehicle wirelessly, so they remain necessary. 

Data availability  
Gaist, who provided the road marking quality data, also provide digital assessments 
of road signs. However, this granularity of data is very expensive and given the 
decreasing importance placed on road signs, it was not deemed good value to 
purchase the road sign condition data alongside the surface quality data. 
Furthermore, in a sample dataset received, only a very small minority of road signs 
scored lower than ideal standards and many of these were regulatory (e.g. parking 
signs), not safety critical.  

Scoring 
Instead, a different assessment methodology is proposed for road signs which is 
considerate of the increasing trend for digitisation of the road environment. Where a 
road sign or traffic order is correctly attributed in digital mapping, it can be assumed 
to receive a perfect score. Where a road sign is present and unobstructed but not yet 
mapped, it will receive a medium score. Finally, where a road sign is damaged, 
obstructed or otherwise unreadable, it will receive the lowest score. Road signs such 
as directional signs or those which are not safety-critical are not included in this study.  

Due to the location of the study area (central Leeds) it can be assumed that road signs 
are sufficiently up to date and mapped to a quality that is acceptable to CAVs. 

 
60 https://s3-eu-west-1.amazonaws.com/media.ts.catapult/wp-content/uploads/2017/04/25115313/ATS40-Future-Proofing-
Infrastructure-for-CAVs.pdf 



 

 
CAV Road Scoring Index 

 

| P a g e  61 
 

 

However, where road works are present, the roads affected will receive lower scores. 
Where this parameter becomes most influential is in more rural locations where 
there are more common incidences of obstruction, neglect and out-of-date 
mapping.  

Table 6-2 - Road sign scoring 

Score Description 

3 Road signs included in digital mapping 

2 Road signs present and readable  

1 Road signs damaged, obstructed or otherwise unreadable  

 

6.4 Cellular network coverage  
The connected aspect of CAVs is a key enabler for improved safety because it allows 
the transmission of safety information such as detailed route information, upcoming 
hazards, and communication with digital roadside infrastructure. At the time of 
writing, 5G cellular networks are just emerging and promise to deliver far more 
versatile applications thanks to higher network throughput speeds, lower ping times 
and the ability to support thousands of times the amount of traffic.  

This makes 5G vastly superior to the precedent 3G and 4G networks that are 
widespread across the UK currently. However, some roads still have problems with 
signal coverage, with many areas, especially rural, are not sufficiently covered by 
mobile phone masts. However, this is rapidly changing, in 2018 it was estimated that 
only 20% of roads had full 4G coverage61. By the end of 2020, EE claimed that it 
provided coverage on 94% of Great Britain’s roads62. 

Data availability 
Mobile network providers provide high-level indications of network coverage, but 
these are subject to a number of different environmental and technological 
influences. More detailed assessments are conducted by carriers including measures 
of signal strength and latency but rarely published. The best publicly available data 
sources are the user-generated reports of cellular network blackspots as they feature 
real data at a high level of locational accuracy.  

In order to inform this index parameter, the high level maps provided by the carriers 
have been used in conjunction with user-generated reports to add detail to the 
coverage where it is available.  

An example of the two sources for the study areas is included below. 

 
61 http://www.ukautodrive.com/wp-content/uploads/2019/05/UK-Autodrive_Final-Report_May-2019.pdf 
62 EE coverage, https://newsroom.ee.co.uk/ee-connects-94-of-all-roads-through-expansion-of-award-winning-4g-network/ 
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Figure 6-3 - Vodafone 5G coverage 
in Leeds63 

Figure 6-4 - User-generated 
coverage reports64 

  

Scoring 
Given the range of use cases enabled by 5G, areas with coverage are considered the 
ideal standard for CAVs. Beyond this, 4G coverage is considered to be acceptable for 
normal CAV operation, and network blackspots are considered to be less suitable. A 
more detailed assessment including signal strength and measured latency would 
have been desirable but there are significant data limitations and little published. 

 Table 6-3 - Cellular network coverage scoring 

Score Description 

3 5G coverage 

2 4G coverage  

1 Network blackspots  

 

6.5 Location accuracy 
Good location accuracy is essential for a CAV to position itself on HD maps for 
navigation and can also assist with safety critical functions such as good lane keeping. 
Location data is predominantly obtained through the use of the Global Navigation 
Satellite System (GNSS) and a GPS receiver which can achieve sub metre accuracy 
readings through the combination and comparison of dual frequencies.  

IMUs enable an even higher level of granularity when paired with a GPS receiver to 
allow for more precise localisation applications such as road positioning (Stephenson 
et al., 2011). Maps of equally high resolution are needed for an accurate GPS fix to be 

 
63 https://www.vodafone.co.uk/network/status-checker?awc=1257_1620680195_0398588091eea9f7870551ba44156999&cid=aff-
UK_20_7_P_X_A_J_D_CBU_BAU_Drive_3G.co.uk+Limited_Native_PAYM_NA_NA_BAU_NA_NA_NA&affid=204909&vfadid=1257_2
04909 
64 https://www.nperf.com/en/map/GB/-/24751.EE-/signal/?ll=53.80931808188657&lg=-1.566840998150807&zoom=13 
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useful. Better GPS readings are achieved in locations where more satellites can be 
referenced for triangulation. 

Data availability  
Whist centimetre level accuracy is theoretically possible in some locations, where the 
distance between CAV and receiver is greater or impeded, accuracy will drop 
significantly. Additionally, even if a communication link can be entirely solved, full 
RTK performance will not always be available to match, due to environmental factors 
such as trees along the road.  

GPS coverage is usually very reliable and globally accessible anywhere there is open 
sky. However, as discussed, there are local environmental factors such as buildings, 
trees and tunnels that will affect the accuracy. The exact level of accuracy achieved 
by the vehicle is difficult to discern because is it dependent on the RTK and IMU units 
on board the vehicle. It makes more sense, therefore, to assess the environmental 
factors which might impede GPS signals to make a judgement on the suitability of a 
road segment.  

Scoring 
Areas with low-rise development where multi-path and signal blocking is unlikely will 
receive the highest score. Where there are higher buildings, such as in urban centres 
or where there is significant vegetation cover, a medium score will be assigned. Areas 
such as valleys, urban canyons, tunnels and other significant obstructions will receive 
the lowest score.  

Table 6-4 - Location accuracy scoring 

Score Description 

3 Open sky, low rise development 

2 High-rise development, vegetation cover  

1 Valleys, urban canyons, tunnels etc   

 

6.6 Visibility  
Visibility can be affected by a range of factors such as rain, fog and dust which can 
compromise sensor performance. Many of the primary sensors for navigation in a CAV 
rely on humanlike methods of perception which mean that the vehicle is likely to 
suffer from similar recognition problems to humans in deteriorated conditions. 

Conversely, these issues might also be resolved or minimised using methods 
unavailable to humans with the added benefit of a more comprehensive suite of 
sensors. Some sensors enable CAVs to see beyond the visual spectrum using special 
cameras, radar and LiDAR.  
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An important assumption to recall when considering visibility is that when navigating 
an environment with reduced visibility, CAVs will slow down to a safe speed to avoid 
being short of reaction time when encountering potential hazards. 

Data availability 
Visibility is a dynamic parameter within the index which can vary throughout the day 
as weather conditions change. Whilst different in nature to the other parameters, it 
is a significant consideration because of the effect that reduced visibility has on the 
vehicle’s ability to perceive the physical infrastructure around it. This may mean that 
whilst the road surface is in good condition, it may not be legible to a CAV due to rain 
or fog.  

As a dynamic parameter, the data informing it will come from meteorological sources 
such as the Met Office65. In the use of this tool, this parameter can be adjusted to 
demonstrate the impact a poorly performing parameter can have on the overall road 
network, potentially moving some roads beneath a pre-agreed threshold for 
intervention.  

Scoring 
As discussed, visibility is most important when travelling at speed because it leaves 
less time for a vehicle to react to stimuli in the physical environment. As such, in an 
urban context where speeds are generally very low, it is assumed that vehicle speeds 
rarely exceed thresholds where reduced visibility due to rain or fog would cause a 
serious issue for CAVs. Consequently, most urban roads are likely to score well in all 
but the most serious conditions.  

However, on high-speed roads, visibility is a much more important factor and the full 
effective range of the sensors will need to be deployed to ensure that the maximum 
reaction time is available. At 70mph, it takes approximately 5 seconds to cover 150m, 
which is the maximum perceptive range of the LiDAR sensors on most CAVs. On 
many roads, visibility will not often exceed this distance due to functional limitations 
such as road curvature and other vehicles obstructing the view of the road ahead. 
Anything less than this and the vehicle could be performing at reduced capacity. 

Table 6-5 - Visibility Scoring 

Score Description 

3 >150m and/or low speed urban setting 

2 100 – 150m (50mph+) 

1 <100m  (50mph+) 

 

6.7 Roadworks / Traffic management  

 
65 https://www.metoffice.gov.uk/weather/forecast/gcwfhf1w0#?date=2021-05-11 
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CAVs rely on detailed high-definition maps to navigate, which they compare with 
sensor outputs to determine their location and the direction in which to proceed. 
Roadworks and emergency traffic control measures can create challenging 
conditions for CAVs because they alter the road environment, sometimes 
substantially, bringing the need to ignore typical methods of navigation and 
positioning such as road markings. If a CAV fails to read the temporary signage and 
infrastructure, the lives of construction workers, emergency personnel and other road 
users could be put at risk.  

However, the presence of additional infrastructure can make automated driving 
much safer. V2I technology can locally communicate specific information to CAVs to 
enable them to more easily navigate the works. DSRC beacons located at the 
roadside can communicate local maps of the roadworks to a CAV to ensure that the 
desired route through the works is taken.  

To assess this index parameter in terms of infrastructure quality, the optimum 
standard will have to include DSRC beacons to facilitate CAV routing through the 
zone. Beyond this, given the highly variable nature of traffic management measures 
and scenarios, relatively arbitrary measures of clearly demarcated routes and 
intelligibility to CAVs will be used. 

Table 6-6 - Roadworks / traffic management scoring 

Score Description 

3 No roadworks, or V2I infrastructure present  

2 Clearly marked routes and signage 

1 Only basic cones and signage 

 

6.8 Road environment complexity  
During the consultation, experts disagreed over which road environments should be 
prioritised for CAV implementation during the very first stages, but identified strong 
arguments for both urban and extra urban use cases. If CAVs are likely to be safer 
than human drivers, then the strongest use case from a safety perspective would be 
in highly populated areas where the most incidents occur.  

Conversely, when introducing new and unproven technologies a degree of caution 
should be exercised meaning that the safest and most controlled road environments, 
commonly agreed to be motorways, should be prioritised. The likely outcome is that 
the CAV market will demand that CAVs are able to navigate all road scenarios and as 
such will be introduced everywhere. Given that safety is paramount and a desired 
function of this project, this index parameter will take a more risk averse approach of 
introducing CAVs into the most controlled environments first. 
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This parameter serves as a proxy for the number of decision points, and therefore 
degree of risk, that the vehicle is exposed to. Decision points can vary in frequency 
and in severity and include all aspects of driving such as:  

• negotiating junctions and roundabouts,  

• braking or turning to avoid obstacles,  

• changing lane or exiting a road.  

Different road environments present different types of decision points or hazards, 
however this parameter is purely concerned with the frequency. 

Table 6-7 - Road environment complexity 

Score Description 

3 Motorway or dual carriageway 

2 Extra-urban road 

1 Urban road 

 

6.9 Road traffic collision risk 
As CAVs become more prevalent on the road it will be necessary in the early stages 
of introduction to exercise a degree of caution to avoid too many instances of CAVs 
encountering edge case scenarios that have not yet been given full consideration by 
CAV manufacturers and programmers. It is likely that with a new type of road user, 
new types of road traffic collisions (RTCs) will occur. This is a known unknown that 
will only be rectified with more extensive testing, and as CAVs begin to penetrate the 
mass market.  

To minimise the risks posed in the transition period into autonomy, road segments 
with lower rates of RTCs should be prioritised until our confidence in CAVs is such 
that we are certain of their ability to deal with edge case scenarios. Additionally, more 
pragmatically from a routing point of view, it makes sense to favour roads with a 
better safety record where it is convenient.  

This index parameter will categorise roads in accordance with the severity of accident 
that is present. Different locations displayed varying patterns of RTCs; as such it has 
been necessary to provide a consistent measure that accounts for severity of the 
collision (Slight, Serious to Fatal).  

Data for the years 2016 to 2020 has been used from CrashMap.co.uk. 

Table 6-8 - Road traffic collision risk scoring 

Score Description 

3 Slight / no RTCs on road segment 
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2 Severe RTC on road segment 

1 Fatal RTC on road segment 

 

6.10 Road access 
Different roads have different permissions and frequencies regarding what type of 
road user is able/likely to access the road environment. Vulnerable road users such as 
pedestrians and cyclists typically travel much slower than motorised vehicles and do 
not have a metal cage around them to act as protection, placing them at greater risk 
of injury. The evidence is clear that traffic mix has a significant impact on the 
likelihood of road accidents, with most accidents happening in areas where all road 
users are permitted, predominantly urban areas and rural roads, and the least 
occurring in areas where only motor vehicles are permitted, for example motorways.  

The over-representation of VRUs in road casualty statistics necessitates special 
consideration to protect pedestrians and cyclists especially. It can be argued that as 
the weaker party, they do not opt into the road safety risk equation, but rather they 
are implicated by the faults of motorists who have opted in by using their vehicles 
and taking to the road. Prioritising these road users in the index helps to produce a 
more socially equitable road environment which is especially important during a 
period of relative uncertainty during CAV implementation.  

For the purposes of this index, the traffic mix will be divided into three broad 
categories to represent the interactions between road users in different road 
environments. The optimum traffic mix for CAVs is to share the road with other motor 
vehicles exclusively, i.e. on a motorway. In this scenario there is to be little 
differentiation in speed between road users, to the degree that vehicle platooning is 
possible. This factor combined with the absence of VRUs makes such an environment 
very suitable for CAV implementation.  

Table 6-9 - Road access scoring 

Score Description 

3 Only cars, trucks and motorcycles permitted 

2 Mixed traffic but with low frequency of VRUs 

1 Open access to all road users  

 

6.11  Surface water and cats eyes 
Independent of lane marking and road surface quality, the ability to read a road 
surface is also affected by the amount of water on the road. Sufficiently deep water 
could also cause damage to non-watertight electronics, so the detection of standing 
water and a CAV’s ability to read road markings in the wet should be considered.  
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A CAV stands its best chance of successfully reading road markings when the road 
surface is dry and non-reflective. After periods of rainfall, a road surface with poor 
drainage will experience standing water which is reflective and can occlude road 
markings. This is especially true at night when there is less ambient lighting and 
vehicle headlights can produce high-intensity reflections from wet road surfaces. 
Passive visual sensors are particularly susceptible to experiencing issues with glare, 
which can mean that from an image processing perspective, light sources can bleed 
into each other. This effect is compounded in the wet and when faced with bring 
headlights of an oncoming vehicle. 

The presence of cat’s eyes (small reflective studs delineating the lane boundary) on a 
road can improve the readability of lane markings by providing a reference point with 
a much higher reflectance, and therefore contrast, than the surrounding road surface. 
It is assumed that in such conditions, the vehicle would it its headlights for improved 
visibility.  

Table 6-10 - Surface water and cat's eyes scoring 

Score Description 

3 Dry road surface 

2 Wet road surface with cat’s eyes 

1 Wet road surface with no cat’s eyes 

 

6.12 Junction type66 
Inevitably, when navigating the road network, CAVs will encounter junctions. 
Junctions vary significantly in their complexity and each type presents a different set 
of challenges to a CAV. This parameter methodology assumes junctions to fit broadly 
into four categories: 

1. Signalised 

2. Priority controlled 

3. Roundabouts 

4. Shared spaces 

Signalised junctions are the most legible to CAVs because there is no need to 
negotiate priority with other road users or to predict their intentions. A CAV can 
therefore proceed with confidence and certainty that it is highly unlikely to 
encounter an obstacle in its path once it sees a green light.  

For the purposes of this index, signalised and V2I-enabled junctions are assumed to 
be the ideal standards for safe navigation given their inherent intelligibility to CAVs. 

 
66 Enabling “Automation-Ready” Transport Planning  https://www.h2020-coexist.eu/wp-content/uploads/2020/04/05815-POLIS-CoExist-
document-05.pdf 
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Roundabouts and shared spaces are considered the most complex for CAVs and 
priority junctions lie in between.  

Table 6-11 - Junction type scoring 

Score Description 

3 Signalised and/or V2I 

2 Priority controlled 

1 Roundabout or shared space 
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7. Results 

Presentation of the research findings from academic 
literature, expert interviews, surveys and workshops 
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7.1 Introduction  
As part of assessing the weightage of each indicator, interviews of experts were 
undertaken through two knowledge sharing sessions scheduled on 11th and 13th of 
May 2021. An online survey was also floated to collect responses from people who 
were not available to attend these sessions and the wider audience. 

Figure 7-1 - Parameter weightings 

 

Table 7-1 - Parameter weightings and certainty 

Parameter  Weighting  Certainty  

Road marking quality 0.76 84.05% 

Road Sign Visibility 0.66 84.82% 

Cellular network coverage 0.74 75.60% 

Location accuracy 0.83 82.90% 

Visibility 0.86 82.23% 

Roadworks and traffic management measures 0.77 81.75% 

Road environment complexity 0.76 82.75% 

Road traffic collision risk 0.85 86.0% 

Road access 0.73 84.04% 

Surface water and cat's eyes 0.67 80.40% 

Junction type 0.74 82.5% 
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7.2 Workshops 
Figure 7-2 – Workshop advertisement 

 
The knowledge sharing session focused discussion related to each of the parameters 
of the road scoring index and responses from the participants were collected to 
estimate the weightage of each parameter in the road scoring index. Two sessions 
were conducted on 11th and 13th of May 2021 at 16:00 PM (UK Time).  

7.3 Surveys 
• Designed to integrate with previous work and workshops 

• Additional comments discussion  

7.4 Discussion  
As part of the knowledge sharing session, we were able to discuss the road scoring 
index with several experts from the autonomous vehicle industry. Some of theThe key 
takeaways from the sessions were: 

• Potential of smart signages in enabling ease in operation of autonomous vehicles. 

• Vehicle to pedestrian interaction to ensure safety of people on road.  

• Discussion on challenges of divided and undivided carriageway for autonomous 
vehicles operation. 

• How autonomous vehicles can operate while passing through tunnels where there 
is limited/no light for cameras to work properly. 

• Potential of CAVs in reducing road collisions and fatalities. 
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• How advancement in road infrastructure can help in seamless movement of CAVs 
at junctions. 

• The prospective of CAVs for use in shared mobility in London 

• Applicability of autonomous vehicles globally with different road infrastructure 
and heterogeneous traffic. 

• Adaptability of machine learning and AI developed for one road environment to 
others elsewhere in the world.
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8. Analysis and mapping 
Insights from the application of the index score 
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8.1 Introduction 
This section of the report presents the results of the mapped index score as informed 
by the outputs of Chapter 7 - Results. By mapping the data, it is possible to gain 
spatial insights into the readiness of the road network and the resultant severance 
impacts for CAVs as they begin to enter into the road environment. Areas of the 
network that score poorly should be considered for remedial action 

• Priority maintenance and lane marking enhancements 

• Cellular signal boosting 

• V2I technology enhancements 

• Lower road speeds (for roads 50mph+) 

• Rerouting for CAVs (in extreme cases) 

In this analysis, parameter testing has been undertaken to demonstrate the impacts 
of inclement weather on network readiness, by adjusting the visibility and road 
surface reflectivity/cat’s eyes parameters. 

The maps below have been made in QGIS by combining the 11 different data sources 
feeding into the final index score for each section of road.  

A total of 699 different links were analysed, covering 40.62km of road network. The 
highest scoring section of road achieved a score of  2.266 (99.01%) out of a maximum 
weighted average score of 2.289, whereas the lowest scoring section of road scored 
1.409 (61.56%).  

The mean score across the study area was 1.821 (79.56%) and the median score was  
1.803 (78.78%). Finally, the standard deviation of the index scores was 0.101 

Figure 8-1 - Index Score Distribution 

  

8.2 Presentation of maps 
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Figure 8-2 - Connected and Autonomous Vehicle Road Scoring Index (Roads) 
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Figure 8-3 - Connected and Autonomous Vehicle Road Scoring Index (Junctions)  
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8.3 Analysis of maps 
CAV Road Scoring Index (Roads) 
Figure 8-2, shows the study area for this project between Kirkstall and Leeds City 
Centre. The colour coding shows the roads that are the least, through to most suitable 
for safe CAV navigation. The M621 motorway which snakes through the centre of 
Leeds and A65 running along the south-western edge some of the highest quality 
infrastructure in the study area. This is likely due them being key arterial routes into 
Leeds which are regularly maintained and have a 5G signal along their length with 
segregation and relatively low environmental complexity compared to the denser 
areas towards the centre of Leeds. 

However, whilst infrastructure quality is generally very good on key routes in the city 
centre, there are additional factors which produce a lower resultant score. The heavy 
presence of vulnerable road users and the concomitant prevalence of RTCs is a 
significant contributor in this regard and RTCs especially, are weighted heavily in the 
index calculations. One of the lowest scoring areas, Hyde Park Corner, is currently 
undergoing maintenance meaning it features roadworks and it is also the site of a 
fatal road traffic collision. These factors, in conjunction with the poor standard of road 
surface infrastructure at the junction, make it amongst the poorest performing roads 
in the study area.  

Overall, the road environment quality is quite high, however there are a number of 
locations on key arterial routes which are significantly less suitable for CAVs. As such, 
these locations should be considered for priority maintenance and for the 
introduction of additional measures such as V2I technology at junctions where there 
are RTC hotspots.  

CAV Road Scoring Index (Junctions) 
The junctions across the study area are considered separately from the road network. 
The inclusion of the junctions parameter becomes useful when comparing two 
different routes rather than individual links in isolation. When comparing routes, a 
path along multiple links will pass through a number of junctions of varying degrees 
of suitability. The average score of all of the junctions along the planned route can 
then be fed into the index score methodology, multiplied by its associated weighting 
denoting its relative importance as a parameter.  

Signalised (green) roundabouts are considered as multiple chained signalised 
junctions as the signal staging may not guarantee direct passage through multiple 
sets of signals. Across this area of Leeds, there are relatively few roundabouts (red) and 
no shared spaces, meaning that it is rare to find a junction scoring less than 2 (yellow) 
out of a maximum of 3. Finally, there are currently no known junctions in Leeds with 
V2I capability. 

In some locations, junction nodes were located very close together. Where multiple 
roads meet and the junction could be considered to function as a single junction, the 
nodes have been rationalised. This is mainly true of staggered priority junctions 
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(especially in the dense network through Hyde Park) and some signalised junctions 
where each arm had a separate node. Furthermore, divergent road junctions are not 
considered as leading vehicles will have priority. 

Sensitivity Testing 
Two of the parameters in the index methodology, ‘Visibility’ and ‘Surface water and 
cat’s eyes’ were altered to simulate heavy rain and reduced visibility below 150m. A 
comparison demonstrating the change in index scores is presented below.  

.Figure 8-4 - CAV RSI - Heavy Rain 
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Figure 8-2 - Connected and Autonomous Vehicle Road Scoring Index (Roads) 

 
There is a notable drop in infrastructure quality across the network when the visibility 
reduces due to heavy rain. In many cases, this reduction in road suitability is enough to 
demote the road to a lower suitability category. The Visibility parameter is heavily 
dependent on speed, meaning that lower speed roads are less affected by reductions in 
visibility, given that there may still be ample reaction time and braking distance at such 
speeds. 

Conversely, routes along the M621 (currently 30mph in sections) and the A660 were more 
resilient to adverse weather effects due to the presence of cat’s eyes, meaning that the 
centre of the road is still discernible when the road surface is highly reflective due to 
water on the surface.  

Study area analysis 
Whilst the Index is showing variation in infrastructure quality, there is a degree of 
similarity between links because all of the roads are located within relatively dense urban 
areas with similar speed limits, signal coverage and infrastructure quality. As such, the 
scoring taxonomy from least suitable through to most suitable has been adjusted so that 
it is stratified in accordance with the range of scores within the study area, rather than 
against the maximum and minimum scores achievable. 
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Presenting the map in this way allows for more granular differences in infrastructure 
quality to be analysed and it keeps the outputs of the index relevant to the area under 
investigation. If, in a subsequent study, an area including rural roads was analysed, it is 
likely that there would be comparably more homogeneity throughout urban areas, and 
significantly lower scores on roads with poorer digital connectivity and lower-priority 
maintenance schedules. Furthermore, the effects of inclement weather and reduced 
visibility analysed in the sensitivity test would be far more adverse, due to the lack of cat’s 
eyes and higher speed limits (and subsequent requirements for visibility) on some of the 
less-frequented roads. 

Many of the roads running through the centre of the study area experience high levels of 
pedestrian activity and the high frequency of junctions makes them complex 
environments to navigate with multiple and simultaneous decision points. On such 
roads, there are also correspondingly high rates of RTCs. 

Generally, it can be seen that the greater the degree of segregation, the higher the 
suitability  for CAVs. This correlates with a cautious approach to CAV implementation 
and prioritises safer routes where one is less likely to encounter those edge-case 
scenarios.  

The 11 parameter layers are representative of the ‘swiss cheese’ model used in risk analysis 
and management. Whilst it is unlikely that a failing of one signal parameter would lead 
to an accident given the inbuilt redundancy in the vehicle’s design, a simultaneous 
combination of multiple factors could present a serious hazard to the vehicle’s occupants 
and nearby road users. By taking a holistic approach to assessing road readiness, a more 
complete picture of CAV suitability, and therefore safety, can be derived. 
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9. Conclusion 

Summary and final remarks on the project 
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9.1 Introduction 
This project has demonstrated a methodology to assess the suitability of road 
infrastructure across an area of western Leeds, UK for safe CAV navigation. The 
analysis has been undertaken by taking a detailed look into how CAVs navigate and 
their unique requirements of the physical and digital road environment.  

A total of 11 separate parameters were developed, each looking at a unique aspect of 
CAV navigation and graded in terms of quality against ideal standards. These 
standards were developed by assessing the art-of-the-possible within the connected 
and autonomous mobility sector currently, and in the next 5 to 10 years. The relative 
importance and specific grading metrics of the parameters were informed through 
extensive expert consultation in order to benchmark infrastructure standards against 
current CAV capabilities.  

The mapped outputs of this project provide a unique and previously unseen insight 
into the readiness of the road network for the arrival of CAVs in the near future. The 
uses of these maps are varied, from prioritising road maintenance, to spatial planning, 
and informing trip-tailored CAV insurance premiums as a route risk tool for shared 
mobility services.  

9.2 Limitations 
As previously stated, it is not possible to produce an index that is exactly 
representative of a CAV’s requirements of infrastructure because exact capabilities 
are unknown, and requirements vary by make and model of CAV. Furthermore, the 
fusion of different data feeds using AI adds further complexity to understanding the 
specific requirements of each sensor because there is a degree of redundancy and 
overlap built-in through sensor fusion. 

There may be some additional infrastructure requirements that have not been 
captured by this methodology. However, in order to be useful, this project can only 
consider parameters which can be easily measured and using data that is relatively 
easily acquired. Cost was an additional factor impacting on granularity, especially for 
the more detailed aspects of the infrastructure assessments of road surface and road 
sign condition. Beyond a point, there are diminishing returns from assessing 
infrastructure quality in great detail, especially given the discrepancies between 
manufacturers. This was especially true of road signs, which were mostly present and 
in excellent condition across the study area. 

As discussed, there is a degree of uncertainty between the exact abilities of different 
vehicles. As such, the index was kept relatively high-level in its assessment to be 
usefully applicable to as many CAVs as possible. More accurate assessments would 
be possible in close collaboration with vehicle manufacturers who have more exact 
knowledge of their vehicle’s specific requirements of the road environment, but these 
are closely guarded secrets.  
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9.3 Next steps 
A key next step for this project would be to expand the scope beyond the testbed 
areas of Leeds assessed in this project. This would enable comparisons between a 
greater variety of road types beyond the mostly urban roads in our testbed. 
Furthermore, a larger study area would allow detailed insights at a network level, 
enabling the index to be plugged into modelling applications to demonstrate how 
infrastructure quality affects traffic flows at different levels of CAV penetration and in 
different states of congestion.  

Additionally, an ultimate end goal for this project would be to develop a fully dynamic 
index which is cognisant of changing weather conditions, hazards in the road and 
real-time updates of infrastructure quality. Such an application would be data-
intensive, but with an ever-growing fleet of CAVs on the road, it may be possible to 
generate this data automatically using the sensors on board the vehicle and 
throughout the road environment. 
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For more information on this project, please don’t hesitate to contact: 
 

Lawrence Penn: Lawrence.Penn@hotmail.co.uk 
Ramit Raunak: Raunak.Ramit28@gmail.com
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Appendix A – Sensor 
review 
Physical environment  
LiDAR 
Light Detection and Ranging uses lasers to determine the distances of objects from 
the sensor to produce a point cloud with range and reflectance values representative 
of the vehicle’s 3D surroundings. The light pulses are analysed when they reflect from 
surfaces to detect obstacles, road geometry and ranges, offering a much higher 
resolution than radar and better performance in bad lighting conditions than passive 
visual sensors. Furthermore, by analysing the spatial geometry of objects, LiDAR can 
estimate the effects of driving over them, albeit with less object recognition capacity 
than cameras.  

Figure 0-1 - Point cloud output of LiDAR 

 
LiDAR mainly complements the ability of passive visual sensors as they both operate 
in similar spectral ranges, except LiDAR sensors cannot detect colour and they come 
at a considerably higher cost. This is beginning to change with the development of 
solid-state LiDAR, which is smaller, cheaper and more reliable due to it having fewer 
moving parts. Despite the costs, Original Equipment Manufacturers (OEMs) usually 
include LiDAR to add redundancy to the sensor suite, with the notable exception of 
Tesla. One reason for this is LiDAR’s superior range-finding ability. Whilst it is possible 
to derive distances through a pair of cameras alone, matching pixels from one image 
with the correct pixels in another is not always straightforward, especially in 
occlusions and textureless regions.  
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The value in Lidar is that it can produce range data natively, which is much better 
suited to input into convolutional neural networks than derived data from systems 
which may have been trained in an environment unlike the one a CAV is navigating67.  

Radar68 
Radar was invented prior to World War II the technology was used extensively by the 
British to detect incoming squadrons of enemy aircraft. It works by emitting radio 
waves which are reflected by approaching objects and subsequently detected by a 
receiving unit. The time taken for the radio waves to return can be used to calculate 
the distance of an object from the vehicle. Furthermore, the Doppler effect can be 
exploited to detect a change in frequency of the returning waves and therefore the 
closing speed of the object69 

The technology is commonly deployed on many vehicles on sale today as part of 
adaptive cruise control and automatic emergency braking systems and is not 
necessarily limited to radio waves. In CAVs, a combination of radar systems is often 
deployed in parallel to perform slightly different functions. The figure below shows 
the different frequencies and ranges of the various applications of radar technology  

Figure 0-2 – Automotive radar applications in CAVs 

 
Long range radar can be used to detect vehicles and obstacles in excess of 150m 
ahead but short and mid-range applications such as blind spot detection, rear 
collision warning and cross traffic alerts are also important to autonomous driving.  

Due to their technological maturity, radar sensors are relatively cheap and modern 
units have been miniaturised to fit in the front bumper of car. It is also a very resilient 
sensor in that it functions very well in poor weather, in any level of lighting and at 
longer ranges than some other sensors. The technology is less effective at detecting 

 
67 https://arstechnica.com/cars/2019/08/elon-musk-says-driverless-cars-dont-need-lidar-experts-arent-so-sure/ 
68 Béchadergue, Bastien. (2017). Visible Light Range-Finding and Communication Using the Automotive LED Lighting. 
69 Marsden, G., Mcdonald, M., & Brackstone, M. (2001). Towards an understanding of adaptive cruise control. Transportation Research 
Part C, 9(1), 33–51. https://doi.org/10.1016/S0968-090X(00)00022-X 
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high levels of resolution, and is better-suited to detecting the presence, position and 
speed of an object rather than its shape or appearance.  

Passive visual (cameras) 
For most autonomous systems, cameras are the primary method of navigation and 
multiple cameras positioned around the vehicle enable it to have a continuous 360 
degree awareness. They are used primarily to follow road markings, detect objects 
and read traffic lights. Compared to other sensors, they provide the highest level of 
detail and are a key component feeding into the vehicle’s AI and enable it to 
distinguish between other vehicles, pedestrians, cyclists or any other object in the 
road environment. 

Figure 0-3 - CAV computer vision70 

 
Passive visual sensors are also small and extremely cheap to manufacture so multiple 
units can be positioned discretely and at low cost to produce a more detailed 
understanding of a CAV’s surroundings. Whilst in theory they can detect objects at 
great ranges, they tend to only usefully sense objects within 50m with sufficient 
acuity. When deployed in pairs, cameras can produce stereoscopic vision which, 
through much the same way as humans, can sense depth by accounting for the 
parallax effect and matching pixels between two slightly different perspectives. This 
adds a valuable extra channel to complement radar and LiDAR distance 
measurements and aids in sensor fusion between the different streams of data.  

However, this sensor is also plagued with multiple weaknesses. It operates very poorly 
in low light conditions and as adversely affected by poor visibility due to weather 
conditions or physical occlusion. Furthermore, much like humans, cameras suffer in 
high contrast lighting conditions, for example exiting a tunnel, or due to glare from 
the sun or the headlights of oncoming vehicles. Unlike humans, however, CAVs can 
track multiple objects at once and in all directions, with only processing power 

 
70 https://www.mobileye.com/our-technology/ 
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limiting the number of unique objects tracked. They can also exploit wavelengths 
invisible to the human eye such as infrared to provide better detection of hot objects 
such as cars and humans/animals when visibility is poor.  

Ultrasonic 
Ultrasonic sensors are commonly deployed on many vehicles currently in production 
as parking sensors. They function best over short ranges and are used to detect the 
proximity of nearby obstacles, particularly pedestrians and adjacent vehicles for the 
purposes of lane-keeping. They function in the much the same way as radar in that 
they send out pulses of waves which are then detected by a receiver to determine 
the distance of an object from the vehicle. More innovative applications have allowed 
vehicles to park themselves in parking bays without driver assistance, and 
increasingly they are also used in blind spot assistance.  

Modern ultrasonic sensors have a range of up to 11m71 and they are unaffected by 
lighting conditions and poor weather. They are very cheap to produce, and their small 
size allows them to be positioned in multiple locations around the vehicle for 360 
degree coverage. However, ultrasonic sensors are rather blunt instruments and they 
are unable to detect any useful degree of resolution or colour. Furthermore, their 
detection cycles are comparably long, so they are only suitable for detecting 
obstacles approaching at low speed. 

Sensor performance in poor weather 
Many of the sensors used by CAVs are liable to suffer in poor weather conditions. One 
of the main problems is attenuation by precipitation which essentially adds noise to 
the received signal, reducing the range and granularity of the data to be processed. 
Similar problems are experienced in very cold conditions where sensors could be at 
risk of getting covered in a layer of ice. To minimise signal attenuation, it is necessary 
for OEMs to make design considerations around sensor placement and housing to 
enhance survivability in the cold. 

Figure 0-4 - Visual impacts of heavy rain 

 
71 https://www.electronicdesign.com/industrial-automation/article/21806202/ultrasonic-sensors-a-smart-choice-for-shorterrange-
applications 
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Passive visual sensors are particularly prone to such issues as they require a 
continuous and unobstructed view of the road environment. Additionally, they 
operate at much higher resolutions than other sensors due to their role in object 
recognition and are therefore most impacted when obstructed. As such, they need 
to be positioned in locations where they will not accumulate dirt and where they can 
be cleaned, for example by the vehicle’s windscreen wipers. 

For lower resolution devices that are more concerned with the presence rather than 
geometry of an object, they can often be located behind exterior panels to not only 
improve vehicle aesthetics, but also to provide added protection from the elements. 
By selecting materials and matrices with low attenuation properties at critical 
wavelengths, it is possible to safely mount sensors internally whilst still allowing them 
to sense the external environment72.  

Conclusion 
As the section above has described, each sensor on a CAV has its own set of strengths 
and weaknesses. By being deployed as a suite, the sensors are able to perform 
complementary functions, each playing to its own strength across different ranges 
and spectra. Furthermore, there is also significant overlap between sensor 
capabilities. This is deliberate and allows the vehicle to validate its readings to 
minimise the instance of false positives which could cause the vehicle to act 
unpredictably. For example, without validation, a vehicle might perform an 
emergency stop to avoid hitting a plastic bag drifting across the road. 

The figure below demonstrates the relative strengths and weaknesses of each sensor 
covered in this section. 

 
72 https://patents.google.com/patent/US20170059697A1/en 

https://patents.google.com/patent/US20170059697A1/en
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Figure 0-5- Relative characteristics of physical environment sensors42 

 
The sensor comparison shows how redundancy is built-in through complementary 
functions, but it also points to the complexity of the task faced by the vehicle’s AI. The 
vehicle must intelligently fuse these data sources together, and as each sensor 
produces its own stream of data in a different format, it is an incredibly complex task. 
4.4 in this chapter provides an insight into sensor fusion and the complex role it plays 
in calibrating the assessment methodologies.  

Digital environment 
In addition to the suite of sensors that detect the physical environment, the role of 
the connected aspects of CAVs is becoming increasingly important.  

Positioning (GPS, IMU and RTK) 
GPS73 

Global positioning systems have become ubiquitous in recent years with many cars, 
most phones and even watches shipping with GPS chips. The Global Navigation 
Satellite System (GNSS) is designed to provide GPS coverage across the entire planet 
and only requires a line of sight to satellites which can then triangulate the position 
of the GPS unit. However, the GPS chips in our smartphones are quite basic and only 
offer locational data accurate to around 4.9m in ideal conditions. By contrast, CAVs 
use dedicated systems with much more complex dual receivers which are able to 

 
73 https://medium.com/@mikehorton/is-dual-band-a-gps-superpower-f7ad6f047d98 
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account for distortions to signals as they travel through the atmosphere. Dual band 
receivers are able to roughly half the average position error to 2.75m and are generally 
more robust in harsh environments.  

Despite recent improvements in GPS receiver accuracy and the declining costs of the 
technology, there still remain many areas where GPS accuracy is greatly reduced due 
to obstacles that block signals. This is common in locations such as valleys, tunnels 
and near large buildings, especially in large cities through ‘urban canyons’. Large, flat 
surfaces such as nearby building facades can create additional signal paths which 
confuse the triangulation calculations done by the receiver and leading to further 
inaccuracies. In other locations, the reference maps themselves are simply wrong or 
uncalibrated74.  

Inertial Measurement Units (IMUs) 75 

To account for discrepancies and inaccuracies in localisation data, CAVs make use of 
IMUS which track vehicle trajectories and dynamics to calibrate GPS data feeds. 
Inconsistencies in vehicle velocity, direction and position can create potentially 
dangerous consequences for CAVs as their location is not correctly calibrated 
meaning that the vehicle is unable to continually adjust its parameters or detect 
events such as skids (OXTS, 2016). A good GPS signal paired with a well calibrated IMU 
can produce centimetre level accuracy for position and speed. Highly precise location 
is only useful, however, if there are equally accurate maps to complement. 

Autonomous vehicles must not only understand vehicle dynamics in terms of 
position, orientation, direction and velocity of the vehicle, but also whether changes 
in the relationship between these factors is leading to an unsafe situation either for 
occupants of the vehicle, bystanders, or other road users. 

In addition to understanding position, orientation and velocity, CAVs must also be 
able to detect when changes in the relationship between these factors is leading to 
an unsafe situation. A key metric in this regard is the slip angle which measures the 
angle between a rolling wheel’s actual direction of travel and the direction towards 
which it is pointing. Failure to detect just a 0.5 degree discrepancy could lead to 
skidding, spins or even cause the vehicle to roll over. Such events can be detected by 
the physical environment sensors but often not until it is too late for the vehicle to 
make corrections.  

Real-Time Kinematics76 

An additional calibration method employed by CAVs is real-time kinematics, which 
works by referencing location databases containing precise locations of key road 
features such as road signs. By accurately measuring the distance of the CAV from 
known features (using LiDAR or roadside radio antennae), the vehicle can determine 
its position and calibrate its other sensors accordingly to account for discrepancies 
caused by blocked or reflected GPS signals.  

 
74 https://www.gps.gov/systems/gps/performance/accuracy/ 
75 https://www.oxts.com/technical-notes/why-use-ins-with-autonomous-vehicle/ 
76 https://www.vboxautomotive.co.uk/index.php/en/how-does-it-work-rtk 
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It is also possible to receive correctional data via cellular networks. This method 
requires a continuous internet connection but has the advantage of not needing 
base/reference stations placed at regular intervals and is therefore better suited to 
roaming navigation.  

Cellular network77 

4G 

For autonomous vehicle technology to be applied at scale, many experts agree that 
large-scale adoption of 5G is required. The current 4G network is fast enough to 
download HD content and relay data containing information on congestion, routing 
and weather conditions but it suffers from poor latency and is not suitable for safety-
critical functions such as piloting or conveying data to be processed by an external 
AI.  

5G 

The fifth-generation wireless technology (5G) is expected to connect almost 
everything around us with an ultra-fast, highly reliable, and fully responsive network. 
5G will allow us to leverage the full potential of advanced technologies such as 
artificial intelligence and the Internet of Things (IoT) by facilitating the transmission 
of much larger packets of data and with much lower latency. In places such as South 
Korea, 5G is already commonplace and increasingly it is being rolled out in cities 
across the UK.  

Some experts think that when adopted at the full scale, 5G will offer internet speeds 
up to 100 times faster than the previous generation. This present exciting possibilities 
for CAVs, particularly relating to V2V and V2X connectivity for collision avoidance, 
traffic signal communication and real-time cloud services.  

Despite the obvious utility of 5G, the existing network coverage is very limited, and for 
the highest throughput applications, known as mmWave, antennae currently only 
have a range of a few hundred metres78. This makes 5G-enabled network-wide 
navigation a distant reality for most places until rollout is far more advanced than it 
is currently. 

6G 

Discussions around the next generation of mobile systems have already started and 
promise to deliver an even greater range of mission-critical functions to CAVs and 
with greater reliability. Though 6G is still in its conceptualisation stage, indicative KPIs 
published by leading telecoms operators  suggest peak data rates of up to 1 Tbps 
peak data rate, 0.1 ms latency, 10 times more energy efficiency and 100 devices per 
square metre density.  

 
77 https://www.machinedesign.com/mechanical-motion-systems/article/21837614/5gs-important-role-in-autonomous-car-technology 
78 https://www.zdnet.com/article/why-5g-is-a-crucial-technology-for-autonomous-vehicles/ 
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The full transformative potential of 6G technology is not yet known and the potential 
use cases of 5G are still being realised. However, it is likely that 6G networks will be 
able to support advanced uses cases, such as remote driving, edge driving and digital 
twins of CAVs79.  

Vehicle to infrastructure (V2I) technology  

The presence of additional roadside infrastructure can make automated driving 
much safer. V2I technology can locally communicate specific information to CAVs to 
enable them to more easily navigate the works. DSRC beacons located at the 
roadside can communicate local maps of the roadworks to a CAV to ensure that the 
desired route through more complex environments such as traffic management 
measures and large junctions is taken.  

Experiments of this kind are already underway on the A2/M2 corridor in the UK 
looking at a connected Road Works Warning system. This uses a combination of 
permanent roadside hardware that communicates data to vehicles about the site to 
vehicles alongside temporary infrastructure containing DSRC beacons and. An 
example of how this might function is shown below. 

Figure 0-6 - V2I communication for roadworks80 

 
 

Artificial intelligence and sensor fusion  
Artificial intelligence 
Artificial intelligence is perhaps one of the most important technologies facilitating 
the development of autonomous vehicles. Autonomous navigation is made possible 
through the fusion of multiple simultaneous data streams which are fused using AI 

 
79 https://arxiv.org/pdf/2010.00972.pdf 
80 http://www.telematicsvalley.org/assets/Guide-about-technologies-for-future-C-ITS-services-v1-0.pdf 
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based on algorithms developed through machine learning. This type of data 
processing is extremely complex and requires vast computational power. The data is 
used to train convolutional neural networks through supervised deep learning which 
iteratively improve with every detection of an edge case scenario on the road. Access 
to larger datasets such as those collected by Tesla in its Autopilot beta allow for 
deeper neural networks to be developed which will have accounted for more and 
more edge cases81.  

Object recognition is key area of AI that is essential for CAV operation. Cameras need 
to be able to distinguish between a child running into the middle of a road and a 
piece of debris. Additionally, different road users exhibit different behaviours, so it is 
useful to be able to differentiate between a pedestrian, a cyclist and a motorcyclist 
so that a CAV knows how to approach and what degree of caution to exercise82. 

Sensor fusion  
A key application of AI is its role in sensor fusion. In order to be safe, CAVs need a high 
degree of inbuilt redundancy that enables the vehicle to continue to effectively sense 
its surroundings even if it is not through the primarily intended method. A good 
example of where sensor fusion failed is the 2019 Florida accident involving a Tesla 
and a truck. A Tesla was travelling in its Autopilot mode when it approached an 
intersection where a white-sided truck was driving across its path. The cameras in the 
Tesla were unable to distinguish the bright sky from the white side of the truck and 
did not detect it as an obstruction83 

It is thought that in the case of the trailer passing in front of the Tesla, it misidentified 
the trailer as an overhead gantry, essentially routing the vehicle straight underneath 
it, as experienced by a Tesla driver in a similar scenario who was able to hack the code 
behind Autopilot (see Figure 4-8).  

What is notable about this incident is that it is not a failing of hardware. The radar 
units attached to the front of the vehicles will have undoubtably detected the 
obstruction, however this input was overridden by the visual feeds being sent from 
the camera which evidently detected no obstacle, only ‘sky’. Many commentators 
believe that with LiDAR operating alongside passive visual sensors, an additional 
validation channel would have been available, and the incident would not have 
occurred. It should be noted that only Tesla has full access to Autopilot’s logic and 
source code, so the exact cause of the crash is not fully known.  

Figure 0-7 – Tesla’s Autopilot routing into a trailer84 

 
81 Tesla Autonomy Day: https://www.youtube.com/watch?v=Ucp0TTmvqOE 
82 Intentions of Vulnerable Road Users – Detection and Forecasting by Means of Machine Learning:  
https://arxiv.org/pdf/1803.03577.pdf 
83 https://www.ntsb.gov/investigations/AccidentReports/Reports/HWY19FH008-preliminary.pdf 
84 https://www.theverge.com/2019/5/17/18629214/tesla-autopilot-crash-death-josh-brown-jeremy-banner 

https://www.youtube.com/watch?v=Ucp0TTmvqOE
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Tesla has since rectified this error, but it is proof of just one of an almost unlimited 
number of edge-case scenarios. However, this crash occurred in 2019 at a time when 
all vehicles are legally required to be fully supervised by a human driver and full self-
driving technology had not yet been rolled out or approved.  

Uncertainty in operation between manufacturers 
Autonomous vehicle manufacturers keep their industry secrets very closely guarded, 
making it extremely difficult to understand the exact capabilities of any one vehicle. 
Whilst it is possible to gauge the performance of the sensors on board the vehicle 
(most are standard and produced by Tier 2 OEMs such as Bosch), it is not possible to 
fully understand the logic applied by the artificial intelligence and algorithmic 
processes which fuse their outputs.  

Indeed, the manufacturers themselves will not be fully cognisant of the logic applied 
by the vehicle because its algorithms are buried deep inside the neural networks and 
machine learnt processes which guide the vehicle. A CAV could have the best sensors 
available on the market with extremely high resolution outputs, but it would still 
navigate very poorly if its AI cannot effectively process the outputs and translate them 
into safe vehicular navigation.  

As such, given the uncertainly around AI, it is not possible to produce a Road Scoring 
Index which specifies the exact infrastructure quality requirements of a vehicle. 
Furthermore, each manufacturer will employ slightly different algorithms, different 
sensors and each vehicle will have its own unique handling characteristics. With its 
omission of LiDAR, Tesla vehicles will be different still, as they will have a different set 
of strengths and vulnerabilities.  
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Appendix B – Parameter 
Descriptions 

 

Introduction 
In this section, the index parameters will be discussed in detail to explore how CAVs 
interact with each aspect of the digital and physical infrastructure in the road 
environment. A combination of academic literature, technical articles and expert 
consultation has been used to inform the index and to decide the thresholds for each 
level in the taxonomy.  

As previously identified, the index parameters will likely change with future 
developments in sensor technology and AI. The thresholds below are designed to be 
relevant during the initial phases of CAV introduction over the next 5 to 10 years. The 
index assumes that the road environment will be essentially identical to how it is 
currently, with the exception of the addition of limited V2I capability and 5G rollout.  

Road surface / road marking quality 
Overview 

Road markings are key to CAV navigation and they are a primary method of 
discerning the geometry of the carriageway, acting as rails for the vehicle. Modern 
image processing algorithms are able to extract detailed information about the road 
environment such as the vehicle’s relative position on the road and lane curvature. 
Furthermore, the vehicle can understand lane discipline, knowing when it is 
appropriate to cross over the lane boundaries and exercise discretion to avoid 
obstacles or overtake slower road users such as cyclists.  

A CAV’s requirements of road markings are similar those of humans in that they 
require clearly distinguishable and legible features. However, whilst lane keeping is a 
relatively simple process for a human driver, it can be a complex task for a CAV where 
lanes merge, end suddenly or become ambiguous. Furthermore, bituminous lines, 
temporary road studs and other surface defects can create confusing linear features 
that could be mistaken for a road edge.  

Infrastructure requirements 
Road marking degradation  

On main roads such as motorways, the quality of road markings is usually very good 
because high priority roads undergo regular maintenance and are frequently 
monitored for defects. By contrast, low volume rural roads may not have been 
maintained for many years and often feature poor standards of road marking 
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visibility. In such conditions, a CAV would be forced to rely on secondary methods of 
navigation such as LiDAR sensing and GPS data in combination with HD maps which 
may compromise on safety85.  

Figure 0-1 - Example of a poor quality road marking86 

 
Concerns over road marking deterioration have been voiced by many within the CAV 
community. Elon Musk, the CEO of Tesla, publicly criticised the lack of visible road 
markings87, two years before a fatal accident involving a Tesla under autonomous 
control that incorrectly followed a slip road lane marking into a barrier because the 
painted markings on the highway’s edge had faded. CAV AI has since improved but 
the incident stands as a testament to the need for good road marking quality that is 
intelligible to the vehicle. There is therefore a clear need to uphold road marking 
standards and to ensure that the standard is consistent across the road network. 
Autonomous vehicles have a high requirement on road markings because they lack 
the same deductive contextual understanding that humans are able to form in the 
absence of clear road markings.  

Somewhat counterintuitively, as CAVs become more ubiquitous and as their 
machine learnt understanding of the road network increases, the requirement on 
road markings is likely to decrease. Furthermore, digitally altered deep-fake 
simulation environments can alter the legibility of road markings to train the AI in 
conditions where road maintenance is below standard, or in poor weather 
conditions88. More developed digital infrastructure such as improved GPS accuracy 
may also reduce importance of road markings but such technology is not yet 
implemented. For the purposes of this index, road markings remain highly 
important89 .  

The DMRB states that “markings with less than 70% of the intended surface area 
remaining shall be considered to be inadequate at indicating the prohibition, 
requirement or guidance associated with the relevant marking”. These standards 
together start to help to produce a framework for the assessment of road marking 
quality but don’t fully consider the condition of a road marking90. 

Visual Assessment Scoring  

 
85 
http://publications.iowa.gov/21899/1/IADOT_RB28_015_UIPPC_McGehee_Review_Automated_Vehicle_Technology_Policy_Implemen
tation_Implications_V1_2016.pdf  
86 Researcher’s own photo, Leeds 
87 https://www.washingtonpost.com/news/innovations/wp/2015/10/14/elon-musk-vents-about-californias-lane-markings-confusing-
teslas-autopilot/?utm_term=.13a4f4fd9ddd 
88 https://www.autonomousvehicleinternational.com/news/v2x-news/deepfake-technology-harnessed-to-train-autonomous-ai.html 
89 https://www.racfoundation.org/wp-content/uploads/2017/11/CAS_Readiness_of_the_road_network_April_2017.pdf 
90 DMRB - Volume 8, Section 2 

http://publications.iowa.gov/21899/1/IADOT_RB28_015_UIPPC_McGehee_Review_Automated_Vehicle_Technology_Policy_Implementation_Implications_V1_2016.pdf
http://publications.iowa.gov/21899/1/IADOT_RB28_015_UIPPC_McGehee_Review_Automated_Vehicle_Technology_Policy_Implementation_Implications_V1_2016.pdf


 

 
CAV Road Scoring Index 

 

| P a g e  99 
 

 

The figure belowError! Reference source not found. shows the DMRB Visual 
Assessment Scoring scheme for road markings that doesn’t consider the reflectivity, 
but rather the evidence of wear or deterioration. The table differentiates between 
critical and non-critical defects, assigning them a score from 0 to 50. Whilst this 
method is somewhat subjective, it provides a useful qualitative insight that can be 
plugged into the index to provide a more complete view of road marking quality. For 
example, a road marking might achieve the necessary level of retro-reflectivity, but 
parts of it are simply not there anymore due to deterioration over time.  

Figure 0-2- Visual Assessment Scoring taxonomy91 

 
The DMRB also sets out maintenance guidelines for the defects listed in the figure 
above. A critical defect is defined as a defect that requires immediate remediation at 
the time of inspection or within 24 hours of notification if reasonably practical. Non-
critical defects are only required to be repaired within 6 months. The reality in the UK 
is quite different and many defects can take far longer to be repaired. To repair local 
roads alone, £12 billion would be needed and it would take up to 14 years to complete 
all of the works. This is due to a funding gap that only seems to be widening92. 

Retro-reflectivity93 

The European Road Assessment Programme (ERAP) and the European Car 
Assessment Programme (ECAP) published the Roads That Cars Can Read series of 
papers which attempt to specify the quality of road markings needed for CAVs. It 
found that the ideal standard for retro-reflectivity was 150 mcd/lux/m2 and that it 
would be clearly sensed by the cameras onboard the vehicle. The Design Manual for 
Road and Bridges (DMRB) shares this maintenance standard and adds stipulations 
for lit and unlit areas. In lit areas the design requirement is reduced to 100 mcd/lux/m2 

due to more favourable ambient lighting conditions providing better visibility. In wet 
conditions the contrast ratio between the road markings and the road surface is 
reduced. To account for this, the EuroRAP documents stipulate that in such 
conditions, the road markings should ideally be of good enough quality to give a 
retro-reflectivity of at least 35 mcd/lux/m2. 

 
91 DMRB – Volume 8 Section 2 
92 https://www.localgov.co.uk/Road-maintenance-spending-at-lowest-level-in-a-decade/44564 
93 https://www.eurorap.org/wp-content/uploads/2015/03/roads_that_cars_can_read_2_spread1.pdf 
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Obtaining this type of data at the scale required conduct this project would prove to 
be extremely costly and it would not be scalable to produce a network-wide 
assessment at a later date. Consequently, whilst the reflectiveness of road markings 
is a contributory factor to their overall quality, completeness is a better proxy for the 
purposes of this analysis. 

Other defects 

Other defects beyond road markings can also present a challenge to autonomous 
navigation. Potholes, bituminous lines, cracking, rutting and a wide variety of further 
imperfections on the road surface can affect a CAVs ability to navigate safely because 
they may alter the way the vehicle reacts to control inputs or cause the vehicle to 
change direction unexpectedly. Consequently, as well as road markings which act as 
the ‘rails’ for autonomous navigation, it is necessary to consider the impacts of 
additional defects alongside.  

Data availability 
As with any analysis conducted at scale, the quality of an assessment is only as good 
as the data that is available to inform it. As part of our expert consultation, we 
engaged in conversations with Gaist, an asset management specialist, who provide 
high detailed roadscape data to clients. They have an up-to-date national bank of 
high resolution imagery which is automatically processed to provide analyses of road 
asset condition, as well as roadside assets such as signs and lighting columns.  

Figure 0-3 - Raw road condition data94 

 
The data includes a wide range of road defects including surface cracking, potholes 
and rutting, to different types of degradation of road markings including transverse, 
longitudinal and hatched lining features. By requesting an analysis of the road 
condition assessed against DMRB standards, it was possible to use this as a standards 
assessment methodology to grade the parameter from poor to ideal standards. 

 
94 Survey imagery provided by Gaist 
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The data arrives in the format of a series of polygons, which were merged with the 
base network using a spatial join and weighted according to the meterage of 
different grades of asset condition along the length of each link. 

Figure 0-4 - Road surface condition data94 

 

Scoring 
A number of polygons make up the lengths of each road segment, so a representative 
average was calculated which is cognisant of the length multiplied by rating of the 
polygon. 

Table 0-1 - Road surface quality scoring 

Score Description 

3 Road surface quality rating of 4 to 5 

2 Road surface quality rating of 2 to 3  

1 Road surface quality rating of 0 to 1 

 

Road sign visibility 
Whilst it is expected that much of the safety critical information for autonomous 
vehicle navigation can be sent wirelessly, in the absence of a continuous cellular 
connection, road signs will still play an important role in informing the decisions a 
CAV has to make95. Additionally, there is no guarantee that information conveyed by 

 
95 https://s3-eu-west-1.amazonaws.com/media.ts.catapult/wp-content/uploads/2017/04/25115313/ATS40-Future-Proofing-
Infrastructure-for-CAVs.pdf 
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temporary signage such as that used in roadworks or temporary diversions will be 
communicated to the vehicle wirelessly, so they remain necessary. 

Infrastructure challenges 
Lighting 

Road signs are sensed using passive visual sensors which use image processing 
algorithms to first detect the presence and location of the sign and then to analyse 
the data to discern the meaning of the sign. Over time however, the reflectivity of 
signs can deteriorate as they are exposed to sunlight, dirt and other forms of 
weathering. This can make sign detection more complex as different levels of 
reflectivity in varying states of illumination can make colours appear very differently 
to computer vision. A faded red sign may appear pink to a camera in bright sunlight 
whereas a newer sign in poorly lit conditions might look more like a deep maroon96. 

Digital signs 

Furthermore, information is increasingly being displayed using digital signs in the 
form of variable message signs and dot matrix signs on motorway gantries. These 
offer a much more flexible and visible way of communicating information, however, 
for CAVs they present challenges in low light conditions where the luminance of 
individual LEDs can cause a glare and bleeding effect between pixels, making the 
sign difficult to comprehend. Further challenges are presented where the digital 
refresh rates of signs are incompatible with the cameras onboard CAVs, causing 
partial or intermittent visibility of signs which can be difficult to interpret using an AI9.  

Figure 0-5 - Digital signage on a motorway97 

 
Vegetation and obstruction98 

A more straightforward, but every bit as challenging complication is the issue of 
simple obstruction; most often by vegetation at the side of the road.  In the UK this is 
most likely to be a problem during the summer months when growth rates are 

 
96 Jiménez, F. (2018). Intelligent vehicles : enabling technologies and future developments 
97 https://www.roads.org.uk/blog/matrix-signs-reloaded 
98 DMRB - CM 125 Maintenance of traffic signs 



 

 
CAV Road Scoring Index 

 

| P a g e  103 
 

 

higher, and trees have regained their leaves. Signs which are located beneath trees 
are also more likely to suffer from algal growth which will shorten their required 
maintenance cycle. 

Given the infrequency of inspection periods, a sign may not be inspected for up to 2 
years with normal inspection periods occurring annually6. The reality is that many 
signs located on less-frequented routes can stay in states of disrepair for much more 
significant periods meaning that there is a risk that information required for safe 
operation may not be communicated to a CAV. This is especially true of dirty signs at 
night given the significantly reduced rates of light transmission through reflective 
sheeting which has been soiled by passing traffic or other environmental factors.  

Figure 0-6 - Examples of road sign defects 

 

Infrastructure requirements99 100 
Design  standards 

Current guidelines detailed by the British Standards Institute state that when retro-
reflectivity drops below 80% of the design standard of the sign as new, intervention 
is required. CAVs in testing have been designed to be able to read the current road 
environment in accordance with multiple existing standards and those in 
development. It is therefore deduced that anything below 80% will be potentially 
difficult for image processing algorithms to read, making this aspect of the 
infrastructure less suitable for CAVs. 

The end of road signs? 

In many respects, road signs are a relatively simple challenge for image processing 
algorithms because they are standardised in their design. Despite this, there are few 
instances where safety critical information would not be communicated to a CAV 

 
99 British standards Institution and Transport Systems Catapult, (2017), https://s3-eu-west-1.amazonaws.com/media.ts.catapult/wp-
content/uploads/2016/03/23141343/CAV-standards-strategy-summary-report.pdf  
100 Traffic Signs Manual, 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/773421/traffic-signs-manual-chapter-
05.pdf 
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through HD mapping. Most features such as speed limits, stop signs, give way signs 
and road/lane geometry will all be known by the vehicle. Furthermore, many signs 
such as directional signs with place names will not be relevant because the vehicle 
will be using its on-board navigation systems. 

Indeed, the Zenzic Connected and Automated Mobility Roadmap suggests that road 
signs may start to become redundant as early as 2027101. Zenzic says that the 
transition, development and widespread adoption of digital road infrastructure will 
be informed by new standards, following agreed models for the digitisation of sign 
assets, as well as the specification of new safety services. In the next 10 years, this will 
include identifying common approaches to safety and design standards and in the 
next five years, defining the mapping requirements for digital road infrastructure.  

However, there are some exceptions, for instance where road works are present, and 
a speed limit has been enforced. It is possible that the HD mapping has not yet been 
updated and they vehicle will need to rely on physical cues from the road 
environment to ensure that it is abiding by the rules of the road and not endangering 
other road users. In this sense, road signs may retain a degree of relevance, acting as 
a back-up system where other measures fail and therefore are still relevant to this 
index. 

Data availability  
Gaist, who provided the road marking quality data, also provide digital assessments 
of road signs. As mentioned previously, this granularity of data is very expensive and 
given the low importance placed on road signs in this study, it was not deemed good 
value to purchase the road sign condition data alongside the surface data. 
Furthermore, in a sample dataset received, only a very small minority of road signs 
scored lower than ideal standards and many of these were regulatory (e.g. parking 
signs), not safety critical.  

Scoring 
Instead, a new assessment methodology is proposed for road signs which is 
considerate of the increasing trend for digitisation of the road environment. Where a 
road sign or traffic order is correctly attributed in digital mapping, it can be assumed 
to receive a perfect score. Where a road sign is present and unobstructed but not yet 
mapped, it will receive a medium score. Finally, where a road sign is damaged, 
obstructed or otherwise unreadable, it will receive the lowest score. Road signs such 
as directional signs or those which are not safety critical are not included in this study.  

Due to the location of the study area (central Leeds) it can be assumed that the road 
signs is sufficiently up to date and mapped to a quality that is acceptable to CAVs. 
However, where road works are present, the roads affected will receive lower scores. 
Where this parameter becomes most influential is in more rural locations where 
there are more common incidences of obstruction, neglect and out of date mapping.  

 
101 https://zenzic.io/roadmap/ 
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Table 0-2 - Road sign scoring 

Score Description 

3 Road signs included in digital mapping 

2 Road signs present and readable  

1 Road signs damaged / obstructed / unreadable  

 

Cellular network coverage  
The connected aspect of CAVs is a key enabler for improved safety because it allows 
the transmission of safety information such as detailed route information, upcoming 
hazards, and communication with digital roadside infrastructure. At the time of 
writing, 5G cellular networks are just emerging and promise to deliver far more 
versatile applications thanks to higher network throughput speeds lower ping times 
and the ability to support thousands of times the amount of traffic.  

This makes 5G vastly superior to the precedent 3G and 4G networks that are 
widespread across the UK currently. However, some roads still have problems with 
signal coverage, with many areas, especially rural, are not sufficiently covered by 
mobile phone masts. However, this is rapidly changing, in 2018 it was estimated that 
only 20% of roads had full 4G coverage102. By the end of 2020, EE claimed that it 
provided coverage on 94% of Great Britain’s roads103. 

It is not envisaged that CAVs will initially require a continuous data stream to be able 
to operate, as the vast majority of processing is done on board the vehicle. They will 
however have the facility to fetch data throughout a journey which can aid in safe 
and efficient navigation. These are relatively small data packets which should be 
easily deliverable by most modern 4G networks where there is good coverage. HD 
maps used by a CAV will likely be cached prior to departure and relevant information 
for a given radius of travel can be downloaded during a vehicle’s downtime or when 
a suitable network connection is available.  

As with many aspects of CAVs, there is debate over the extent to which vehicles will 
require connectivity in order to function safely. The reality will largely be dependent 
on market forces resulting from how much progress is made in producing CAVs with 
low connectivity dependency. If Telsa’s modus operandi predominates then the 
requirement will be low, as per what many in the industry are predicting. This 
assessment therefore assumes a highly perceptive vehicle which is well equipped to 
contend with the road environment in the absence of a connection. 

Infrastructure requirements 
During the expert consultation, respondents did not agree on the exact level of 
cellular connectivity dependency. However, there was some agreement on what 

 
102 http://www.ukautodrive.com/wp-content/uploads/2019/05/UK-Autodrive_Final-Report_May-2019.pdf 
103 EE coverage, https://newsroom.ee.co.uk/ee-connects-94-of-all-roads-through-expansion-of-award-winning-4g-network/ 
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metrics should be assessed. Most agreed that signal strength was a good indicator of 
performance, but many also stipulated that other metrics such as latency and 
network throughput speeds were also important. However, in general, where 
network coverage was good, the other metrics were also satisfied, except for in 
specific situations such as football matches where a large number of people are 
accessing one part of the network, causing it to become congested.  

As CAVs develop in the future and as 5G rolls out across the country, higher level 
connected functions of CAVs will start to become enabled. Such functions include 
real-time vehicle to vehicle communication, enabling vehicles to ‘see’ around corners, 
in which leading vehicles communicate hazards they encounter to those that follow. 
Connectivity will also enable the centralisation of traffic information so that when a 
CAVs detects a hazard such as a fallen tree in the road, vehicles who later follow the 
same route will already know of the presence of a hazard and can drive accordingly.  

For many of these higher level functions realised over the next 5 to 10 years, good 
levels of cellular connectivity with very low response times will be needed to allow 
subsequent vehicles to react in good time to the hazards communicated. Many 
sources cite that a 200ms latency speed is required for safe connected vehicle 
technology operations. In ideal conditions, 4G can deliver this latency, but this is not 
reliable across the network. 5G networks are expected to deliver latencies well below 
this, potentially as low as 1ms, with real world speeds of around 25ms, making latency 
completely imperceptible104 and opening up a huge variety of new use cases. 

Data availability 
Mobile network providers provide high-level indications of network coverage, but 
these are subject to a number of different environmental and technological 
influences. More detailed assessments are conducted by carriers including measures 
of signal strength and latency but rarely published. The best publicly available data 
sources are the user-generated reports of cellular network blackspots as they feature 
real data at a high level of locational accuracy.  

In order to inform this index parameter, the high level maps provided by the carriers 
have been used in conjunction with user-generated reports to add detail to the 
coverage where it is available.  

An example of the two sources for the study areas is included below. 

Figure 0-7 - Vodafone 5G coverage 
in Leeds105 

Figure 0-8 - User-generated 
coverage reports106 

 
104 https://5g.co.uk/guides/4g-versus-5g-what-will-the-next-generation-bring/ 
105 https://www.vodafone.co.uk/network/status-checker?awc=1257_1620680195_0398588091eea9f7870551ba44156999&cid=aff-
UK_20_7_P_X_A_J_D_CBU_BAU_Drive_3G.co.uk+Limited_Native_PAYM_NA_NA_BAU_NA_NA_NA&affid=204909&vfadid=1257_2
04909 
106 https://www.nperf.com/en/map/GB/-/24751.EE-/signal/?ll=53.80931808188657&lg=-1.566840998150807&zoom=13 
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Scoring 
Given the range of use cases enabled by 5G, areas with coverage are considered the 
ideal standard for CAVs. Beyond this, 4G coverage is considered to be acceptable for 
normal CAV operation, and network blackspots are considered to be less suitable. A 
more detailed assessment including signal strength and measured latency would 
have been desirable but there are significant data limitations and little published. 

 Table 0-3 - Cellular network coverage scoring 

Score Description 

3 5G coverage 

2 4G coverage  

1 Network blackspots  

 

Location accuracy 
Good location accuracy is essential for a CAV to position itself on HD maps for 
navigation and can also assist with safety critical functions such as good lane keeping. 
Location data is predominantly obtained through the use of the Global Navigation 
Satellite System (GNSS) and a GPS receiver which can achieve sub metre accuracy 
readings through the combination and comparison of dual frequencies.  

IMUs enable an even higher level of granularity when paired with a GPS receiver to 
allow for more precise localisation applications such as road positioning (Stephenson 
et al., 2011). Maps of equally high resolution are needed for an accurate GPS fix to be 
useful. Better GPS readings are achieved in locations where more satellites can be 
referenced for triangulation. 

Infrastructure requirements 
It goes without saying that more advanced CAV applications require higher levels of 
location accuracy. Positioning requirements can be classified into four categories:  
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1. which road; 

2. which lane; 

3. where in lane; and  

4. active control. 

‘Which road' level accuracy can be attained with a regular GPS chip as found in mobile 
phones and requires a resolution of 5m or less. ‘Which lane’ needs a level of accuracy 
below around 1.5m, which when used in conjunction with other sensors can reliably 
determine lane position. Some of the more advanced applications need 0.5m level 
granularity. At this ‘where in lane’ level of accuracy, some passive monitoring 
applications are enabled such as road condition monitoring and reporting and 
collision avoidance. 

When combined with RTK and IMUs, GPS can achieve decimetre level accuracy 
which allows for active control of the CAV through GPS positioning. It is likely that 
this functionality will act as a redundancy measure for instances when lane markings 
or the road edge cannot be discerned. Such an application would in theory enable a 
CAV to navigate a rural B road which has no road markings.  

Data availability  
Whist centimetre level accuracy is theoretically possible in some locations, where the 
distance between CAV and receiver is greater or impeded, accuracy will drop 
significantly. Additionally, even if a communication link can be entirely solved, full 
RTK performance will not always be available to match, due to environmental factors 
such as trees along the road.  

GPS coverage is usually very reliable and globally accessible anywhere there is open 
sky. However, as discussed there are local environmental factors such as buildings, 
trees and tunnels that will affect the accuracy. The exact level of accuracy achieved 
by the vehicle is difficult to discern because is it dependent on the RTK and IMU units 
on board the vehicle. It makes more sense, therefore, to assess the environmental 
factors which might impede GPS signals to make a judgement on the suitability of a 
road segment.  

Scoring 
Areas with low-rise development where multi-path and signal blocking is unlikely will 
receive the highest score. Where there are higher buildings, such as in urban centres 
or where there is significant vegetation cover, a medium score will be assigned. Areas 
such as valleys, urban canyons, tunnels and other significant obstructions will receive 
the lowest score.  

Table 0-4 - Location accuracy scoring 

Score Description 

3 Open sky, low rise development 
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2 High-rise development, vegetation cover  

1 Valleys, urban canyons, tunnels etc   

 

Visibility  
Visibility can be affected by a range of factors such as rain, fog and dust which can 
compromise sensor performance. Many of the primary sensors for navigation in a CAV 
rely on humanlike methods of perception which mean that the vehicle is likely to 
suffer from similar recognition problems to humans in deteriorated conditions. 

Conversely, these issues might also be resolved or minimised using methods 
unavailable to humans with the added benefit of a more comprehensive suite of 
sensors. Some sensors enable CAVs to see beyond the visual spectrum using special 
cameras, radar and LiDAR.  

An important assumption to recall when considering visibility is that when navigating 
an environment with reduced visibility, CAVs will slow down to a safe speed to avoid 
being short of reaction time when encountering potential hazards. 

Infrastructure requirements  
For applications such as road sign and object recognition, visibility is a key inhibitor 
of detection rate success When travelling at 35mph advanced driver assistance 
(ADAS) technologies are capable of reading road signs 15 seconds before reaching it 
in clear weather. In heavy fog when visibility is reduced to 100m, this reduces to 4 
seconds.  

Figure 0-9 - Road sign detection with decreasing visibility107 

 
107 Impact of reduced visibility from fog on traffic sign detection: https://ieeexplore.ieee.org/abstract/document/6856535 
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Some argue that visibility is too much of a human concept to be applied directly to 
CAVs given the different methods by which piloted and autonomous vehicles 
perceive the road environment.  

Firstly, it is envisaged that in the future the connected aspect of CAVs will help to 
overcome many of the challenges presented by poor visibility. The ability to 
communicate information through V2V and V2I infrastructure will negate the need 
to perceive a hazard or event first-hand with the same degree of prior notice. 
Moreover, sensors such as radar are not impeded by fog or rain to the same degree 
that a human is and would therefore be able to sense the presence of objects much 
further into the distance. It is worth noting however that the lower resolution of radar 
still necessitates LiDAR and passive visual applications for the identification of objects 
and for road navigation, which are affected by visibility. 

The visibility requirements of a CAV are largely predicated on the range performance 
of the sensors. LiDAR and long range radar operate over the largest distances, sensing 
objects up to 150m away.108 109  

Passive visual sensors and higher LiDAR functions work at much closer ranges of 
around 50m110. Given the need for long-range sensors to detect at range, the visibility 
on a road segment should ideally not drop below this 150m when travelling at speed 
to assure safe CAV operation. Visibility below this distance is considered to be very 
poor and may even result in road closures if sustained. However, given that CAVs can 
detect the presence of other vehicles in ways much more effective humans who rely 
on sight alone, there is not the same need to visually identify a shape to be aware of 
its presence. 

 
108 Béchadergue, Bastien. (2017). Visible Light Range-Finding and Communication Using the Automotive LED Lighting. 
109 https://www.omron.com/media/press/2018/09/c0913.html 
110 https://wiscav.org/wp-content/uploads/2017/05/Austroads-Road_Agencies_Support_for_AVs.pdf 
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For low speed applications such as in urban centres, visibility is of less importance 
because at such low speeds the CAV is only concerned with the environment in its 
more immediate vicinity, and stopping distance is greatly reduced so the probability 
of an incident is low. Additionally, other sensors such as short range radar and 
ultrasonic sensors perform a more substantial role in collision avoidance, making the 
probability of a collision low111. 

Data availability 
Visibility is a dynamic parameter within the index which can vary throughout the day 
as weather conditions change. Whilst different in nature to the other parameters, it 
is a significant consideration because of the effect that reduced visibility has on the 
vehicle’s ability to perceive the physical infrastructure around it. This may mean that 
whilst the road surface is in good condition, it may not be legible to a CAV due to rain 
or fog.  

As a dynamic parameter, the data informing it will come from meteorological sources 
such as the Met Office112. In the use of this tool, this parameter can be adjusted to 
demonstrate the impact a poorly performing parameter can have on the overall road 
network, potentially moving some roads beneath a pre-agreed threshold.  

Scoring 
As discussed, visibility is most important when travelling at speed because it leaves 
less time for a vehicle to react to stimuli in the physical environment. As such, in an 
urban context where speeds are generally very low, it is assumed that vehicle speeds 
rarely exceed thresholds where reduced visibility due to rain or fog would cause a 
serious issue for CAVs. Consequently, most urban roads are likely to score well in all 
but the most serious conditions.  

However, on higher speed roads, visibility is a much more important factor and the 
full effective range of the sensors will need to be deployed to ensure that the 
maximum reaction time is available to a CAV. At 70mph, it takes approximately 5 
seconds to cover 150m, which is the maximum perceptive range of the LiDAR sensors 
on most CAVs. On many roads, visibility will not often exceed this distance due to 
functional limitations such as road curvature and other vehicles obstructing the view 
of the road ahead. Anything less than this and the vehicle will be performing at 
reduced capacity. 

Table 0-5 - Visibility Scoring 

Score Description 

3 >150m and/or low speed urban setting 

2 100 – 150m (50mph+) 

 
111 Fildes, B., Keall, M., Bos, N., Lie, A., Page, Y., Pastor, C., ... & Tingvall, C. (2015). Effectiveness of low speed autonomous 
emergency braking in real-world rear-end crashes. Accident Analysis & Prevention, 81, 24-29. 
112 https://www.metoffice.gov.uk/weather/forecast/gcwfhf1w0#?date=2021-05-11 
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1 <100m  (50mph+) 

 

Roadworks / Traffic management  
CAVs rely on detailed high definition maps to navigate, which they compare with 
sensor outputs to determine the location and direction in which to proceed. 
Roadworks and emergency traffic control measures can create challenging 
conditions for CAVs because they alter the road environment, sometimes 
substantially, bringing the need to ignore typical methods of navigation and 
positioning such as road markings. If a CAV fails to read the temporary signage and 
infrastructure, the lives of construction workers, emergency personnel and other road 
users could be put at risk.  

Construction environments are typically less predictable and less regulated than 
ordinary road environments and as such, need special consideration as non-standard 
environments. Vehicles are often required to depart from the traditional lanes 
painted on the road and HD mapping and asked to follow temporary road studs or 
cones. The works may also necessitate entering into a contraflow system (see figure 
below) in which the vehicle travels on the opposite side of the road. CAVs are 
programmed to follow strict road rules which sometimes directly contradict what is 
being asked of vehicles in a roadworks zone. 

Figure 0-10 – Example of a contraflow system113 

 
However, the presence of additional infrastructure can make automated driving 
much safer. V2I technology can locally communicate specific information to CAVs to 
enable them to more easily navigate the works. DSRC beacons located at the 
roadside can communicate local maps of the roadworks to a CAV to ensure that the 
desired route through the works is taken.  

 
113 https://www.team-bhp.com/forum/street-experiences/177521-contraflow-lane-reversal-possible-bangalores-orr.html 
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Experiments of this kind are already underway on the A2/M2 corridor in the UK 
looking at a connected Road Works Warning system. This uses a combination of 
permanent roadside hardware that communicates data to vehicles about the site to 
vehicles alongside temporary infrastructure containing DSRC beacons and sensors.  

An example of how V2I infrastructure might function in this scenario is shown below 
in the figure below. 

Figure 0-11 - V2I and traffic management114 

 
In the event of an emergency, traffic management measures often need to be 
deployed to safely divert traffic around the affected area. Similar roadside beacons 
could be deployed here to not only alert vehicles in advance of the hazard but also 
on how to proceed around the incident. Relevant information might include which 
lanes are obstructed and the advisory speed limit approaching the area and the 
timeframe over which the information is relevant. 

To assess this index parameter in terms of infrastructure, the optimum standard will 
have to include DSRC beacons to facilitate CAV routing through the zone. Beyond 
this, given the highly variable nature of traffic management measures and scenarios, 
relatively arbitrary measures of clearly demarcated routes and intelligibility to CAVs 
will be used. 

Table 0-6 - Roadworks / traffic management scoring 

Score Description 

3 No roadworks, or V2I infrastructure present  

2 Clearly marked routes and signage 

1 Only basic cones and signage 

 
114 http://www.telematicsvalley.org/assets/Guide-about-technologies-for-future-C-ITS-services-v1-0.pdf  
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Road environment complexity  
During the consultation, experts disagreed over which road environments should be 
prioritised for CAV implementation during the very first stages but identified strong 
arguments for both urban and extra urban use cases. If CAVs are likely to be safer 
than human drivers, then the strongest use case from a safety perspective would be 
in highly populated areas where the most incidents occur.  

Conversely, when introducing new and unproven technologies a degree of caution 
should be exercised meaning that the safest and most controlled road environments, 
commonly agreed to be motorways, should be prioritised. The likely outcome is that 
the CAV market will demand that CAVs are able to navigate all road scenarios and as 
such will be introduced everywhere. 

CAVs with high levels of autonomy will be expected to be able to navigate an 
infinitely varied road environment. Scenarios range from the most computationally 
demanding domains, busy urban centres contending with a very high number of 
decision points, through to travelling at high speed along less demanding motorways 
or dual carriageways with only infrequent junctions and lane changes to navigate.  

Equally disparate, is the extra-urban road environment in which unexpected hazards 
such as wild animals, degraded road infrastructure and tight, sinuous roads require 
extra caution. This index parameter serves as a metric to reflect these differences 
between road types. 

Figure 0-12 - Road casualties by road type and severity 

 
This parameter serves as a proxy for the number of decision points, and therefore 
degree of risk, that the vehicle is exposed to. Decision points can vary in frequency 
and in severity and include all aspects of driving such as:  

• negotiating junctions and roundabouts,  
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• braking or turning to avoid obstacles,  

• changing lane or exiting a road.  

Different road environments present different types of decision points or hazards, 
however this parameter is purely concerned with the frequency. 

Urban environments will be the most complex for CAVs given the sheer number of 
road users and population within the vicinity. Whilst such roads are often low speed, 
they present frequent, varied and often simultaneous challenges to CAVs. Second 
most complex will likely be rural roads given the unpredictable standards of 
infrastructure and potential for VRUs such as cyclists. Whilst hazards will be present, 
they will not be as frequent as in urban areas. The least complex and therefore safest 
road environments will be motorways and dual carriageways. 

Table 0-7 - Road environment complexity 

Score Description 

3 Motorway or dual carriageway 

2 Extra-urban road 

1 Urban road 

 

Road traffic collision risk 
As CAVs become more prevalent on the road it will be necessary in the early stages 
of introduction to exercise a degree of caution to avoid too many instances of CAVs 
encountering edge case scenarios that have not yet been given full consideration by 
CAV manufacturers and programmers. It is likely that with a new type of road user, 
new types of road traffic collisions (RTCs) will occur. This is a known unknown that 
will only be rectified with more extensive testing, and as CAVs begin to penetrate the 
mass market.  

New types of accident are likely to arise from difficulties in integrating robot and 
human behaviours in a shared road environment. Many predict that as the proportion 
of CAVs increases, road safety will improve, but in the interim,  there will be 
uncertainty. Whilst the number of solo crashes may decrease due to the removal of 
human error, a CAV can only control its own actions and is still at risk of being involved 
in an incident caused by another road user or other factors extraneous to the CAV.  

To minimise the risks posed in the transition period into autonomy, road segments 
with lower rates of RTCs should be prioritised until our confidence in CAVs is such 
that we are certain of their ability to deal with edge case scenarios. Additionally, more 
pragmatically from a routing point of view, it makes sense to favour roads with a 
better safety record where it is convenient.  

This index parameter will categorise roads in accordance with the severity of accident 
that is present. Different locations displayed varying patterns of RTCs; as such so it has 



 

 
CAV Road Scoring Index 

 

| P a g e  116 
 

 

been necessary to provide a consistent measure of frequency that accounts for 
severity of the collision (Slight, Serious to Fatal).  

TAG data for the average values of prevention per reported casualty and per reported 
road accidents, has been used as a proxy for the relative severity of each RTC. It is 
recognised that a high number of slight incidents does not equate to the level of 
gravity and severity of a fatal collision. For the purposes of this exercise, however, the 
TAG values are used for the identification of hotspots in need of particular attention115. 

Table 0-8 - Road traffic collision risk scoring 

Score Description 

3 Slight / no RTCs on road segment 

2 Severe RTCs on road segment 

1 Fatal RTCs on road segment 

 

Road access 
Different roads have different permissions regarding what type of road user is able to 
access the road environment. Vulnerable road users such as pedestrians and cyclists 
typically travel much slower than motorised vehicles and do not have a metal cage 
around them to act as protection, placing them at greater risk of injury. The evidence 
is clear that traffic mix has a significant impact on the likelihood of road accidents, 
with most accidents happening in areas where all road users are permitted, 
predominantly urban areas and rural roads, and the least occurring in areas where 
only motor vehicles are permitted, for example  motorways.  

Figure 0-13 - Fatalities per billion miles by road user 

 

 
115 https://www.gov.uk/government/statistical-data-sets/ras60-average-value-of-preventing-road-accidents 
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The overrepresentation of VRUs in road casualty statistics necessitates special 
consideration to protect pedestrians and cyclists especially. It can be argued that as 
the weaker party, they do not opt into the road safety risk equation, but rather they 
are implicated by the faults of motorists who have opted in by using their vehicles 
and taking to the road. Prioritising these road users in the index helps to produce a 
more socially equitable road environment which is especially important during a 
period of relative uncertainty during CAV implementation.  

For the purposes of this index, the traffic mix will be divided into three broad 
categories to represent the interactions between road users in different road 
environments. The optimum traffic mix for CAVs is to share the road with other motor 
vehicles exclusively. In this scenario there is be little differentiation in speed between 
road users, to the degree that vehicle platooning is possible. This factor combined 
with the absence of VRUs makes such an environment very suitable for CAV 
implementation.  

As previously discussed, a domain in which all road users are present makes for a 
tricky environment for CAV navigation and increases the risk of a misreading or 
misjudgement by a CAV, potentially leading to an accident. Examples of this 
environment might include city centres, through villages or areas which see a lot of 
pedestrian footfall such as outside schools or around popular walking routes in rural 
areas. Outside of the aforementioned domains, much of the road network is likely to 
fall into an intermediate category where all road users are permitted but vulnerable 
road users are less common. 

Table 0-9 - Road access scoring 

Score Description 
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3 Only cars, trucks and motorcycles permitted 

2 Mixed traffic but with low frequency of VRUs 

1 Open access to all road users  

 

Surface water and cat’s eyes 
Independent of lane marking quality, the ability to read a road surface is also affected 
by the amount of water on the road. Sufficiently deep water could also cause damage 
to non-watertight electronics, so the detection of standing water and a CAV’s ability 
to read road markings in the wet should be considered.  

This dynamic parameter, along with visibility, is included in the index methodology 
to enable asset managers to understand how the quality of their infrastructure 
deteriorates when weather conditions change. Analysis using these parameters will 
expose network weaknesses in the infrastructure from a CAV perspective that would 
not come into consideration in better driving conditions.   

A CAV stands its best chance of successfully reading road markings when the road 
surface is dry and non-reflective. After periods of rainfall a road surface with poor 
drainage will experience standing water which is reflective and can occlude road 
markings. This is especially true at night when there is less ambient lighting and 
vehicle headlights can produce high intensity reflections from wet road surfaces. 
Passive visual sensors are particularly susceptible to experiencing issues with glare, 
which can mean that from an image processors perspective, light sources can bleed 
into each other. This effect is compounded in the wet and when faced with bring 
headlights of an oncoming vehicle. 

Figure 0-14 -  The impacts of a wet road surface and cat's eyes 

 
The presence of cat’s eyes (small reflective studs delineating the lane boundary) on a 
road can improve the readability of lane markings by providing a reference point with 
a much higher reflectance, and therefore contrast, than the surrounding road surface. 
This is especially useful if the surrounding road surface has a high reflectance because 
it has areas of standing water and a high reflectivity. 
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Table 0-10 - Surface water and cat's eyes scoring 

Score Description 

3 Dry road surface 

2 Wet road surface with cat’s eyes 

1 Wet road surface with no cat’s eyes 

 

Junction type116 
Inevitably, when navigating the road network, CAVs will encounter junctions. 
Junctions vary significantly in their complexity and each type presents a different set 
of challenges to a CAV. This parameter methodology assumes junctions to fit broadly 
into four categories: 

5. Signalised 

6. Priority controlled 

7. Roundabouts 

8. Shared spaces 

Signalised junctions are the most legible to CAVs because there is no need to 
negotiate priority with other road users or to predict their intentions. A CAV can 
therefore proceed with confidence and certainty that it is highly unlikely to 
encounter an obstacle in its path once it sees a green light.  

By comparison, priority junctions are rather more complex because there is a far 
greater degree of judgement needed. To safely emerge from a junction, a CAV must 
be able to predict the trajectory and speed of other road users. Furthermore, where 
priority is less clear, for example at a crossroad, the CAV must appropriately exercise 
a degree of caution or assertiveness in order to ensure safety or satisfactory journey 
progress respectively.  

At roundabouts, this challenge is played out at a much greater level of complexity. 
Additional challenges in path prediction arise from tracking vehicles on a circulatory 
carriageway and having to contend with multiple lanes of traffic. Additionally, 
roundabouts generally present a greater number of objects to track than ordinary 
priority junctions due to their location on intersect ions of high-volume roads.  

Figure 0-15 - An extreme portrayal of the complexity of roundabouts 

 
116 Enabling “Automation-Ready” Transport Planning  https://www.h2020-coexist.eu/wp-content/uploads/2020/04/05815-POLIS-
CoExist-document-05.pdf 
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Shared spaces present similar challenges in that vehicles must constantly negotiate 
with other road users for priority. This is a distinctly human encounter, and it could 
be very challenging for a CAV to navigate given its dependence on rule-based 
operation. 

As with some other parameters, the complexity of junctions can be ameliorated by 
the addition of V2I technology. By communicating signal states directly to the vehicle 
rather than relying on visual detection of traffic lights, the vehicle can proceed with 
even more confidence. Furthermore, V2I would enable Green Light Optimised Speed 
Advisory (GLOSA) to help traffic flow more smoothly and avoid more extreme 
acceleration gradients. V2i can be deployed at other type of junctions too to provide 
more information about the number of vehicles on each arm and the speed at which 
they are travelling.  

For the purposes of this index, signalised and V2I-enabled junctions are assumed to 
be the ideal standards for safe navigation given their inherent intelligibility to CAVs. 
Roundabouts and shared spaces are considered the most complex for CAVs and 
priority junctions lie somewhere in between.  

Table 0-11 - Junction type scoring 

Score Description 

3 Signalised and/or V2I 

2 Priority controlled 

1 Roundabout or shared space 
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Appendix C – Knowledge 
Sharing Session Results 
The following are the indicator-wise result received from the knowledge sharing sessions and the 
online google form that was floated to record the importance of each of the indicators towards road 
scoring index for CAVs. 
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Previous work 
Previously Lawrence Penn, the project lead had also conducted a survey as part of 
this postgraduate thesis, the result of those surveys are included in the study. 

Parameter Weighting Certainty 

Road Marking quality 0.6 74.1% 

Road sign visibility 0.53 85.2% 

Cellular network coverage  0.64 79.2% 

Location accuracy 0.8 77.8% 

Visibility 0.89 77.8% 

Roadworks/traffic 
management  

0.71 81.5% 

Environment complexity 0.76 81.5% 
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Road accident rates 0.73 75.0% 

Road access 0.65 79.2% 

Road surface reflectance 0.53 70.8% 
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Appendix D – Project 
Mapping 

 

Website 

As part of the project, we developed a website hosted by GoDaddy that helped in 
wider dissemination of the project. The website includes the aim and objectives of 
the project, its methodology, list of parameters included in the road scoring index, 
about the team and the funding agency. The URL to the website is: 
www.autonomousvehicleindex.com  

 

Tools used 

GIS 
QGIS 3.4, an open source mapping software was used to conduct the spatial analysis 
for this project. In addition, Ordinance Survey’s Open Roads network shapefile was 
base as the network on which the additional parameters were added to create the 
road scoring index. The overall index score calculations and weightings were done 
using Microsoft excel, with the outputting imported into QGIS for data presentation 
and mapping.  

Miro 

http://www.autonomousvehicleindex.com/
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Miro was used extensively for all out internal meetings and sessions that involved structuring 
the project, planning the next stages and its delivery. Tasks such as stakeholder mapping, 
communications, literature review, developing project website and strategizing the 
knowledge sharing sessions were all planned and documented on Miro. 
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Google Meet/MS Teams 
All the internal meetings of the team, external interaction with industry experts was 
conducted using the platforms of google meet or MS Teams. These are easy to use online 
meeting platforms and were helpful for the continuous progress of the project. 



 

 
CAV Road Scoring Index 

 

| P a g e  130 
 

 

 

Menti 
Menti is an amazing tool that helped us get document the perspective of experts on the 
various index indicators. It helped in capturing the responses from the participants of the 
knowledge sharing session. 

 

Google Forms  
We used google form to collate the list of participants for the knowledge sharing sessions 
conducted as part of the project as well as for capturing the responses from the experts who 
were unable to attend the sessions on 11th and 13th of May 2021.  
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A new 
category of 
road user is 
coming. 
 

We need to be 
ready. 
 
 
 
 

 

 


