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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 a nd autonomous
vehicles (CAVs), and yet itis 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 neg lected due to the uncertainty around the new and
unique requirements CAVs might have of the road environ ment .
However, there has been a chronic lack of fundin g for road
maintenance for many years and this presents risks to safe CAV
navigation where qu ality is lacking

In addition to the physical world humans are so used to navigating ,
CAVs will also have specific requirements of the digital environ ment .
This add s a brand new dimension to asset management strategies ,
and there is a pressing need to consider the road net work from the
unique perspective of a CAV. This project and its outputs bridge the
gap between our current understanding of infrastructure stand ards
and the requirements ofthe future. Italso highlight sthe need to bring
many traditionally separate stakeh olders closer together to ensure
that the transitionto autonomy is managed as safely as possible

This project would not have been possible without the incredible generosity of the many
experts we spoke to in the development of this methodology. We would also like to thank the

workshop participants and survey respondents for their valuable contributions. Final thanks
go to Dr Zia Wadud for inspiring the development of the idea.
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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 w e move around , where we choose to live an d what we
choose to do whilst we travel

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

intelligenc e.
42 40,000 40%
billion pounds jobs created of vehicles
Value of the UK CAM Domestic jobs created Vehicles sold in 2035
market by 2035 by the autonomous with autonomous

vehicle market capability

It is predicted that by 2035 %, 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 high ly automated funct ionality, enabling the driver to take
the back seat for the firsttim e and spend thei r in-vehicle time more productively

Aside from the economic benefits, there are significant opportunities for connected
and autonomous vehicles (CAVs) to bring about soci etal progress in the form  of an
equitable and high quality mode of tr anspo rt that can respond to user needs at a

much lower cost tha n was possible before , thanks to the removal of a human driver.
This will be especially beneficial to people with mental an d physical disabilities  who
find it impactical to use traditional means of  transport.

There are also pertinent benefits promised for road safety . Road tra vc accidents
account for 1.35 million deaths annually worldwide and they are the leading killer of

people aged 5 ©292. CAVs o er a potential solution because they help to remove a
common element of 94% of crashes 6 human error 3.

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 f6A } E sE ©°"E p feéotfectly}ifterpret
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://lwww.who.int/violence_injury_prevention/road_safety status/2018/en/

3 https://www.ntsh.gov/investigations/AccidentReports/Reports/HWY 19FH008-preliminary. pdf

Page 9



_ CAV Road Scoring Index

with unpredictable human agents in t he road environment make for a high ly
precarious world for CAVs to navigate

Yet, our expectations of CAVs are extrem ely high , and rightly so . A human might be
forgivenfor 4f 60U f6 6°AhhE°} AE°panickidg frothe 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 infrast ructure, both
physical and digital , over the coming years whi Ist CAVs proceed on their long journey

to technological maturity. They are still far from perfect , and the assurance
underpinning their operation always has t 0 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 cos tof £11.8
billion, not accounting for future deterioration that would occur elsewhere during the
maintenance period  “.

This project will bridge the gap between vehicle capability , infrastructure quality and
the resultant implications for CAV safety to ensu re that in this key transitional period
they are operating in optimally safe environments. CAVs have been on the futu re
mobility horizon for many years and trials are proving their efficacy, and weaknesses,

in an ever-expanding variety of environm ents. It is becoming clear that it is no longer

a question of when autonomous vehicles will arrive, but wher e, 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 connec ted 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 interact ion between the technology onboard the vehicle and the physical and

digital environments will be investigate d in order to design index parameters that
together produce an index score for a given road segment. The index score will
indicate whether aroad is highly suitable, through to less suitable for CAVs.

This score will then be mapped to provide an indicatio n of the readiness of the road
network to inform long term asset management strategies, but also to enable the
calculatio n of the safest, and theref ore 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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It is well understood how humans pe rceive their environment, but CAVs

do this in a uniquely different way through a combination of
Furthermore, whilst

high quality map s and telecommuni cations.

Sensaors,

*4f6p } 6 foar make complex moral judgements, CAVs can
only act using the data on whi  ch their artificial intelligence has been

trained through machine learning.

This presents new challenges for t he way in w hich we assess th e safety of road
environments . Whilst some CAV -infrastructure interactions can be derived from

similar applications al ready in use , other s will be very different. Where similarities in
requirements are apparent ,the way sinwhich they arei nterpreted and pr ocessed are

quite different.

This project will assess in detail the complexities of CAV sensors, artificial intelligen ce
technology and the subsequent infrastructural requirements of the road
environment. These requirements will be represe  nted by a series of m easurable

parameters, which together provide an overall indication of suitability for a

road for safe n avigation by a CAV .

Each index parameter will have an associated grading metric which e

section of

nables a

guantitative assessment o f each aspect of road infrastructure that can be used to

produce a resultant index score. By consulting with experts from a range of

oriifé6 pf} A6p ¥} 6 } E TE"Ax f ¥E U } 60 ¥ "" 'E ehAA+<°EA UAh Ef
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 b e reached to produce an index which best depicts CAV road

-readiness.

Where a road scor es 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

on assessing the readiness of the road network for C
generally in terms of asset management strategies.

Below is a brief literature review of other studies

1. KMPG Autonomous Vehicles Readiness Index °

Whilst sounding extremely similar to the work done in this
document takes a much less granular approach to assessing

The field of connected and autonomous mobility is rapidly advancing
and there are a number of emergent studies which take various angles
AVs, and also more

relevant to this project.

project , the KPMG
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 use sa

5 https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html

Page 11



_ CAV Road Scoring Index

research -led m ethodology to assess countries against each of thes e criteria and

AE 6} sl Ehat 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 re quired for

CAV introduction but did not go into a very high level of detail to describe the
AE} AAA"AG° } *pEA }A ehAA<°E }p 16A 6ip °AB°Eh6 60 6Uhfp}he

did, however , place an emphasis on the need for well -developed digital

infrastruc ture, supporting other papers in highlighting connectivity as an important

dimension for consideration alongside traditional physical attributes.

2. Transport Systems Catapult - ye}ehE hAA&lIBfrastructure for
Connected and Autonomous Vehicles 6

The idea fo r 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 roa  d sign readability. It goes some way to begin

guantifying some aspe cts of infrastructure quality but in most cases only provides

qualitative descriptions of the 4ehAcE4E6}p 6EEAEAY EhE p6 } f UhEf
emphasis on safety as it concerns some of the m ore practical implications of CAVs
such as the impact on bridge s  tructures or the role of service stations. Nevertheless,
} p AA°<4E6} ehAcEA oEh° «pEU+" }JA AEG6} 0° } E ¥ AEh tE6ET}p AU
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 beg in 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 d E}f " fLA*} peE° f°

index parameters
3. TRL Route Risk Tool ’

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. Develo ped 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 veh icle 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 adistinct 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 Way B8

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 CAVSs.

Particularly useful in this paper , ¥fp } E f1*6Af6°E AU g+*A}Ep UhA4 6D-E6}
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
AEG6} TEp f "A} AU ehAtl'agd p,Xhi¥ @edEr served as a useful starting point
from which it was possible to read deeper into the technical challenges behind the
ehAl"E4p } f} ¥EhE AEG6) TEAY
5. Austroads - Assessment of Key Road Operator Actions to Support
Automated Vehicles °

This pap er p rovided an extremely useful bottom -up perspective which ¢ ontrasts 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 identi fy road signs using cameras and Al, for example, it was
possible to much more accurately calibrate the index parameters to the
technological capabilities of CAVSs.

Following on from the analysis of CAV capabilities and limitations, the document also

provide sso4E °A44E6}fh° A6 ¥ f} } E 16A 6iUp 4Ef6 UAhaje BfthehhEG6} p
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 p otential parameters as  some other papers, possibly becaus e it took

a sensor -centric approach rather than a wider road infrastructure perspective.

6. Bayless etal. - Connected vehicle insights: trends in roadway domain
active sensing 1°

This report analyses the merits and limits of active sensing technologies such a s 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
direct ion 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 c ontribution to the field

A review of extant | iterature and similar studies suggests that this projectis uniqu ein
offering a holistic assessment of road infrastructure quality with specific regard to
sensor performance. Furthermore, whilst many papers and projects have identified

the likely infrastr ucture requirements of CAVs, none have gone as far as quantifying
them , or bring ing together both physical and digital attributes into a single
assessment.

Whilst the TRL Route Risk Tool appears to perform a similar function, it c onsiders
safety only in rel ation 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 on ly
provides a high lev el, 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 vehic le m anufacturer
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.
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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 ,anditwill 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 C AV technology becomes mainstream.

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

x Indications: Early stage technologies which have started to receive funding to
produce a minimum viable product or proof of concept. The se are ty pically
many years away from maturity but have often received significantint erestand
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
fut ure mobility landscape. Some examples may include projects such as
Hyperloop, autonomo us aerial mobility and Magway delivery.

X Inclinations: These technologies are starting to become more developed and
are undergoing extensive trials to improve their effica  cy. In just a few years, they

will start to become mainstream and will attract signifi cant investment as
more people begin to spot the growth opportunities within the market. Such
examples include autonomous vehicles, hydrogen powered vehicles and

delivery droids

X Manifestations:  Following years of investment an  d 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 incl ude 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 resultina n overall more competent vehicle  th at 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. CAVsare AET6EA fp sE °"Ep
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that are capable of navigating the road environment without human intervention

throu gh the use of equipment such as cameras, radar, ultrasonic and infrared sensors

and LIDAR. Wireless connectivity also permits the vehicle to act more in telligently by
communicating with the environment, other vehicles or online severs containing
informatio n on traffi c, weather conditions ,upcoming hazards and routing options .

Vehicle automation has been used in the automotive industry for decades with
electronic cruise con troland anti -lock brakes being introduced in 1968 on a standard
production car. Today, these technologi es along with traction control and collision
avoidance systems are commonplace safety features in most modern cars. By
operating witho ut driver input, t hey allow for a more comfortable and safer driving
experience.

It has become standard practice to classi fy differing levels of vehicle autonomy in
accordance with the class ification developed by the Society of Automotive
Engineers . Levels 1and 2 have been commonplace for some years now with many

new vehicles increasingly  including collision avoidance system s 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 automa ted driving function.

Figure 2-1- Levels of automation **

e Oe e o o o
& Eob & (@ FA  FA

No Driver Partial Conditional High Full
Automation Assistance Automation Automation Automation Automation

Zero autonomy; the Vehicle is controlled by Vehicle has combined Driver is a necessity, but The vehicle is capable of The vehicle is capable of
driver performs all the driver, but some automated functions, is not required to monitor performing all driving performing all driving
driving tasks. driving assist features like acceleration and the environment. The functions under certain functions under all
may be included in the steering, but the driver driver must be ready to conditions. The driver conditions. The driver
vehicle design. must remain engaged take control of the may have the option to may have the option to
with the driving task and vehicle at all times control the vehicle. control the vehicle.
menitor the environment with notice.
at all times.

Hands off,

Hands off, eyes off
eyes on

Hands on, eyes on

Asof May WUWVx } E UAREhG64EG} fp hECPEG6}"° f66A<6°EA f41-} A6p }
UhEE Ah o 60 ¥ } fe<}A4KeehiAg tgrtr&l ling the position a nd 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 th E Ah asEh p fn}hedGn theory

11 https://www.nhtsa.gov/technology-innovation/automated-vehicles-safety
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would a llow 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  nec essarily
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
vehi cle 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 t ypologies, 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 , V21
technology or prior te sting in a similar environment

The focus of this project is Level 4 automation  as itis 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 likel y 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 zer 0 agenda.

Level 5 automation would allow a vehicle to tra vel anywher e that one might expect

a human to be able to drive, and in some cases, places where you ¥A+"A6 } h p
allowing a human to drive. At this level of automation, the vehicle would not need a
P}EEh 60 ¥ EE" Ah f AhCoiisaquenyEleyd 5 vehicles requir e extremely
advanced capabilit ies 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 encou nters 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

difficul t to keep up -to-date in sufficient detail for the entire road network.

2.3 Connecte dand auto nomo us 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 increasin g

role in improving vehicle safety and driver convenience (Figure 2-2). Recent
techno logical innovations in sensor design, artificial intelligence and MiCroprocessors
have enabled the development of systems that can fit inside a vehicle.

Itis only in the last decade that the higher ech elons 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 fe}A4f}Eriles through beta
applications of autonomous driv 60 PAU}I¥fhE pe° fp Ep'gt whichlige
included a s 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 c laims.
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Figure 2-2 - Autonomous technology timeline
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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 e merge due tot he 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 p :KY 4 :AA hEC°EG6}"®thm} fhpEldvelopment of a  full self-driving car
p } E 4Adof all Al p rojects Y p p hEU"E®myikd Aol complexities in

perf ecting the technology to be able to perform to an acceptable standard in almost

any situation. In order to be able to trust an Al with our lives when riding in a CAV,

vehicle man ufacturers 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 Al must a Iso be able to
predict its intentions. Cars, pedestrians, cyclists, dogs (or any other animal for that
matte r) all react differently to the same stimuli, and there are furth er differences
between the young and old |, the experienced vs inexperienced. For a h  uman driver,
this is mostly intuitive and our capacity for empathy a nd situational awarene ss is
innate.

This is not the case for autonomous vehicles 4 and they must also contend with the
issue of false positives. A plastic bag drifting across the road is e asily dismissed by a
humandriver ,1«} }JA f saE °"E p 4f° eaadimageipbocessing algorithms, this
is much less obvious and couldt  rigger an emergency braking response - potentially
endangering passengers and other road users.

Deep [machine] learni ng has distinct limits  *°that prevent it from making sense of the
world in the way humans do. Neural networks require huge amounts of training data

}JA ¥Ah hE" fi"°x f6A } E°thddadng flgxibHity orintuition ashumans when
facing a novel situati on not included in thei  r training data . A vehicle could be highly
capable ont he 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 in clude factors such as d riving on the opposite side of the
road, different weat her conditions such as  snow or different road traffic laws that do
6A} UAht A  f°¥fo'na®é but a few examples

2.5 Inclinations

At present, Level 3 autonomy is setto becom e mainstream in the coming years and
will s oon be popularised thanks in part to the aforementioned legisla  tive changes
which wil | allow automated lane keeping technology to pilot the vehicle without a

human driver needing to drive the vehicle directly. Wit hin 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 consid ered an Inclination  which will shortly develop into a
manifes tation as more and more vehicles are sold with the technology installed.

There are a number of supporting technologies which underpin this funct ionality
which are outlined below. Some technol ogies covered here willbe  described later in
this report in more  detail in the Sensor review chapter .

Solid state lidar 1©

Lidar is widely regarded as a key enabling t echnology for autonomous vehicles. The

full details of this sensor will be covered later i  n this report, but it is important in
producing 3D maps ofa  CAV s surroundings to provide an  accurate measurement of
distance that can be merged with the video feeds UhA4 } E oE ©°"E p °f4Ehf

However, LIDAR is expensive , costing many thousands of pound s, and this is a
signif icant barrier to wider adoption of autonomous vehicles.

CE¥ pA" A p}f}lE " Afh }E° 6 Argtd 8eliyerestyrificapt savings, reducing
the price from the thousands to the hundreds of pounds and making it commercially
viable to include in a greate  r variety of vehicles. The new technology has no moving
parts and will be small enough to fit more s eamlessly into the design of a car than its
bulky predecessor s.

Trajectory prediction *’

The long -term trajectory prediction of su rrounding vehicles is essent ial for CAVs.
Some paths are intuitive because generally, vehicles must obey road geometry  and
can only drive within the constraint s of the roa d edge . However, at junctions and
during more complex manoeuvres such as overtaking or swe rving to avoid obstacles,

a CAV must be able to predict the path of other vehicles to be able to take its own

evasive action. | t 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 propaga } 60 f6 A! E°} p p}f}E AmEhhjuddE } hA-«i
PEh Ep A0 Ohf4Ep °fe}ehEA 1° } E cE °"E p °f4EhfpY % Aoh&IcEhx }/
awareness, a CAV must b e able to anticipate the behaviour of other agents before

they start to react. A child in the road, for example would cause a vehicletos  werve

but an oncoming vehicle may not notice or act until the last second

A human drive r would perceive this hazard and could infer from the environment
(geometry or otherwise) what action surrounding vehicles might take, with some
consideration for pani c. For an atrtificial intelligence, this is a much more complex
issue as it is highly unli kely that a representative sc  enario will have been used to train
the vehicle, nor can it empathise to make a moral judgement on who to save, raising
deep ethical quest ions 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/fS0968090X15003447
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V2l / V2V [ V2X technology

V2l
Also known as dedicated short range comm unication (DSRC), this technology
enables the vehicle to communicate with roadside infrastructure including traffic

signals, traffic manag E4E6} 4EfpehEp i p4fhantiAdleprdadside beacons
that can be used to convey loca lly relevant information. Such solutions mu st be
reliable , low latency and high throughput as they are a safety -critical technology

Digitisation of traffic s ignals is an especially important use case as current
mechanisms require  a digital signal to be b  roadcast in analogue ( by the tra ffic 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 Al. This is highly inefficient , but in the coming years
V2I technology will be rolled out more wi dely to simplify and improve the process.

\Y/AY)

A similar tech nology 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 followin g vehicles of upcoming hazards
that they have experienced . This would allow approaching vehicles to slow dow n
more gradually and take preventative mea sures ahead of reaching the hazard.

V22X

Vehicle to everything technology goes beyond line -of-sight sensor s such as cameras,
radar and L iDAR, and covers V2V and V2| use cases such as collision warnings, speed
limit alerts, electronic parking and toll payme nts. 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 alr eady shares user -generated congestion data  to enable more efficient
routing. However, a pplications such as Waze are enabling usersto share  location data
on a publicly accessible online platform to warn other users of road closures,

congestion and potentia | hazards on the road network. If integrated into CAV s, it
would enable them to make appropriate routing adjustments and contribute data
themselves.

Possible applications include provi ding live feeds of road traffic collisions so that
emergency services ¢ an determine the appropriate and proportiona  te res ponse 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 tha t are approaching.

18 https://www.auto-talks.com/technology/dsrc-
technology/#:~:text=DSRC%20(Dedicated%20Short%2DRange%20Communications,involving%20cellular%200r%20other%?20infrastru
cture.
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Artificial intelligence a nd sensor fusion *°

The artificial intelligence used by CAVs is trained using machine learning that
iterativ ely improves itself by training on vast amounts of data  and historic scenarios
The exact operation of the vehicle a nd 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 co ncerned with fusing the outputs of
multiple sensors into a synthesised output that is fed into the decision -making p art
of the artificial intelligence.

Different sensors have different strengths and weaknesses and each su pply different
parts of the full p icture. For example, cameras provide a high level of det ail 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 we ather. Consequently,
cameras are usually supplemented by other  technologies such as radar and LiDAR ,
which des pite offering much lower resolutions, ar e more resilient to  atmospheric
influences and provide the necessary redundancy to ensure safety.

This tec hnology is still in development an d it is a k ey requirement for safe CAV
operation. Howeve r, Al is advancing incredibly rapidly and there are signifi cant year -
on-year improvements being made which are contributing to developing more
competent CAVSs.

More d etail on this technology will be provided in the Sensor review chapter.
5G applications

5G technology is rapidly advancinga  nd is already widely deployed in places such as
South Korea. Rollout has recently begun in major UK cities and it offers low latency,
high ba ndwidth 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 c ongestion, rain, or black ice. In combination
with apps for the driver and cloud systems, inf ormation for m aintenance 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 wa vy, and the network is not yet extensive enough to reali se 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 p roduced 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 envi  ronment, which is useful for lane keeping and performing
accurate manoeuvres.

Such maps can also be layered with locally relevant information suc h as speed limits,
road layouts, and traffic regulation orders. A continuous connection would allow a

vehicle to receive real -time updates as th e road environment evolves over time.
Where road geometry and layout has altered significantly, roadside beacons can
commun icate the new layout to approaching vehicles to enable them to tackle the
complex challenges presen ted by road works, contraflow syst ems and diversions.

Advanced driver assistance systems (ADAS)

Advanced driver -assistance systems help human drive rs perform driving tasks with

enhanced safety and efficiency, and also provide a safety function in the event of
human inattentiveness or failu  re to react to obstacles. When employed correctly,
these systems increase vehicle safety and use automated vehicl e technolo gy such as

sensors and cameras to detect obstacles and to intervene if necessary.

ADAS technologies come in a variety of forms and ca  n perform simple tasks such as
adjusting the vehicle s headlights when an oncoming vehicle is detected. More
advanced system s 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:

X upcoming legislation

X the range of sensors included by automot ive manufacturers in their vehicles
X adoption by companies such as Uber and Lyft

X the price of CAVs

x the quality oft he supporting infrastructure

By acting early to anticipate the causes of m arket failures, authorities and tech nology
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 prov ides
an overview of the prevailings  ervice models and use cases in development currentl y.
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Service models %

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 adva nced
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

th em 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 cheape r and more accessible to a greater number of people.

At present, the on Iy truly automated vehicles in opera tion take the form of
autonomous shuttle services operating within a set environment and with a high
degree of control. These trial services must al so have an operator in the vehicle or

acting remotely who is responsible for intervening in the event of a m alfunction or
potential collision. These vehicles rarely travel above 20kmph and are often
constrained to a small number of fixed routes where the p re-requisite HD mapping

and approvals are in place.

This would be of li ttle use to a private owner, however Elon Musk claims that his
vehicles are equipped w ith 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 a re being bought in large volumes, p otentially paving the way
for widespread private o wnership 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 genera te revenue and decrease the cost of ownership even
further.

The 25" hour

The averag e time spent commuting per day in the UK is just under an hour (58.4
minutes 2% and for many peop le, this time is spent sitting idly in traffic. Whilst it is
possible to | isten to the radio or podcasts durin g this time, for 2 in 5 people, their
commute is the worst part of their day 22 which suggests that there is latent demand
for more productive uses  of travel time. For some, commuting by public transport
offers this opport unity , but it is often crowded and th ere is no guarantee of having
space to work. A C AV, 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 bene fit could be a strong pull factor aw ay from public transport; however, it may
also entice existing car users who would be willing to use a shared mobility service
such as an auto nomous 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 e volving 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:

Austral ia

National Transport Commission (N TC) is responsible for the Australi an Road Rules
(ARRs) for nationwide implementation. Presently, the NTC is analysing options and
concerns re lated to future autonomous vehicle integration, with plans to change

driving | aws to support the technology.

New South Wales is trialling an automate d 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 con ducting similar bus
and shuttle trial s

Canada

Canada has regulations for  CAVs rolled out at all levels of government. The federal,
provincial, and local government are collective ly supporting the deployment of CAVs.
Currently, most regulatory activity is focused at the federal level, int  he provinces of

Ontario, British Co lumbia and Quebec, as well as in a few municipalities.

The City of Toronto, TTC and Metrolinx ~ put outa public  request for information, calling

on those in the tech industry working o n automated shuttles to share informat ion on
potential suppliers, related software, and solution providers so the city can
understand what is available on the market, and any limitati ons. Toronto would have
a vehicle that runs along a single route within t he city. 2 There will either be one or
two vehicles on the route, depending on what the request for information research

f6A f""A°f}YEA U*6A 60 f""A¥p Uit C¥undN has&d Ammitted to review the

potential of automated public transit within its mu nicipal 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 investiga tions into the role
that AVs will play within its transportation system a nd wider city planning. %

China

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

On the national level, the Mi  nistry of Industry and Information Tec hnology, 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.mondag.com/canada/x/705898/cycling+rail+road
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Administration of Road Testing of Au tonomous Vehicles. 2> These regulations are
helping to progress the transformation and innovat ion of transportation, as well as
regu late 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, w as launched in 2017. Not only has itg athered numerous partners,
but it is also leading the race on autonomous vehicle commercialization. One of
9f A« p °A44E sedfproducts is the Apolong L4 Autonomous Bus, developed in
collaboration with King Long. Th  ese small autonomous  shuttles are now ope rating
commercially in enclosed campuses across 24 Chinese cities. The first batch of 100
vehicles rolled off the production line in July of 2 018. As of July 2019, the shuttles have
already served more than 40,000 passeng ers.2®

Germany

Home to many large autom  otive 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

succes sful at the national level.?

North Rhin e Westphalia, which includes Cologne and Disseldorf, has established a
Zukunftsnetz Mobilitat (future of mobility) network to support muni  cipalities, many
with the promotion of AVs among its tasks.

Public transport pro viders in Berlin, Hamburg and Frankfur t, 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 wit h the testing of sem i and fully
autonomous vehicles but does not have any specific regulations associat ed with self -
driving transportation

Whil st regulation does not exist for autonomous vehicles, there aren't any laws
restricting the tes ting of this technology either. For t hese 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 a nd 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%20t0%?20set%20international, mobility%20data%20are%20clearly%20regul
ated.
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around the airport itself. The testing ap pears to be ongoing, and Christchurch Airport

has since purchased a 15 -person Ohmio Lift shuttle. The KPMG Autonomo us Vehicles
Readiness Index Report r E°AhAp } p fp } E ¥Ah"A p O hp} Ge""° Y
internation al airport. 28

United Kingdom

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

In 2018 the government pas sed the Automated and Electronic Vehicl es Act 2018

i KY WUV]d ¥ ° pEE p }A f" U6 6pshf6°E "f¥ }JA } E AEcE"Ae4E6}
led vehicles, and to provide a frame work that permits the growth of electric vehicles

or ultralow emission vehicles. In addition, there is a Code of Practice  ?° (first issued in

July 2015 and updated in February 2019) which isto be used by trialing organi sations

in additi on to complying with all relevant UK law. In addition to this specific

legislation and Code of Practic e, this is a converged area with many oth er applicable

laws depending on the use case, for example, existing road safety legislation and data

protection | aws.

United States of America

Current federal law has little to say about connected vehicles or other Internet of

things (IoT) devices, as ther e is no federal comprehensive AV legislation or regulations.

Whil st the existing Federal Trade Commission (FTC) Ac  t gives the Commiss ion the

eA¥Eh }A hEp}h °} <60f h f6A AE°Ee} sE }hfAE ehfyhotBgern } p f
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 ap ply to autonomous v  ehicles. *°

A self-driving EasyMile shuttle began serving passengers between a commut er 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 opent A } E e+" °Y Z} p 6}EG6AEA }A E"enahEG6oEh
Transportation District (RTD) and st  art-up company EasyMile learn how to effectively

deploy autonomous technology for public transportation. =

India

The Indian automotiv e industry is one of the largest  in the world. It contributes about
\YVP A0 Z6GRPfarm is a major contributor towards m anufacturing, job creation,
exports as well as foreign inflows. The government of India has taken a clear stand
against the introdu ction of driverless cars in India  citing job loss es as the primary
reason. Thegovernm E6} p fhiu+*4E6} p } f} },008,80 OhdEvafs 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 stak e due to the introduction of this technolo ay.
Further more , the government believes that the infrastructure required - complete
with organi sed driving conditions - for such a technology is still not available in the
country. 32

However, the premier technological inst itutes in India are testing autonomous
vehicles and they have also demonstrated the operation of autonomous vehicles in
the heterogeneous traffic of south Asian ci ties.®

Applicability of Road Scoring Inde x 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 citie s 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 interms of its mobility patterns and road infrastructure.
Therefore, for wider applicability it would be necessary review the list of parameters
for the est imation of the road scoring index with res pect to the availability of data,
type of traffic , road user behaviours and condition of other infrastruct ure in the city.

Many cities i nthe 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 w ay as in many western na tions . Consequently , it is
likely that this aspect as part of the parameter list  would need to be re -evaluate d.
Similarly, there will be various other parameters that could be critical in assessing the
overall road scoring index for ~ CAVs that are uni que to different geograph ies, however
they are beyond the scope of this study

32 https://www.dqgindia.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 re liance on a nimal and human -powered vehicles
to Internal combustion engine (ICE)vehicles, and now moving toward shared, electric
and auto nomous vehicles.

The dream of self -driving vehicles has been a long time coming 3 and w ith sustained
technology develop ment, increa sed investment and raising public awareness, there

is enormous interest in the imminent mainstream use of autonomous vehicles on the
streets .

Shared autonomous vehicles ( SAVSs) are a form of self -driving transpor tation that

provide s on-demand services and non -fixed routes for passengers. Intermediate

modes of transport, such as shared vehicles or ride sharing, are starting to in crease

their market share at the expense of traditi onal modes of car, public transport, and

taxi. However, SAVs are also considered a technology that can offer solutions to
}hf6peAh}f} A6 ©° f""EGUEp '° 4ehAn 60 efppE6UEhp pfuE}° f6

redu cing traffic congestion and pollution 3%

There are several benefits to the deployment of SAVs such as enhanc ing 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 i ndividual or group. Vacant taxis usua Ily cruise along urban roads
picking up cust omers ¥. This not only leads to heavy traffic, especially during peak
times, but is also an economic burden.

In contrast, SAV s are fleet services with dynamic ridesharing (DRS), which can
transport multiple custo  mers with the same pick  -up location and near ly the same
drop -off destination in the same vehicle. This can create cost efficiency (i.e.
operation al costs, fare reduction s and labour costs) and reduce th e number of
vehicles on the road, leading to reduced traffic congestion, fuel consumption and

pol lution reduction.

AEpe }E Yp UhEf} *E6EU }px } E h fAAe} A6 6 } E U+}ehE p *6°E
consumer concerns su ch as security, safety, legal iss ues and privacy. Additionally,

before the widespread  deployment of SAVSs, 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
vehicl e autonomy . Whilst CAVs are promising to del iver 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%200f%20Autonomous%20Vehicles%202020%20-%20Final%20LR. pdf

36 Ortlzar, 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 harm . There is a risk, that if not managed properly, CAVs could
perpetuate trends for car ownership at the expense of the great e fforts made over
recent years to reduce our dependence on cars . For the very same reasons that CAVs
can be a positive force for goo d, they ca n 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 , encoura ging urban
sprawl. Furt hermore, 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 c ar.

Consequently , the transition to autonomy must be manag ed carefully , with policies
in place to ensur e that the most sust ainable 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 i n order to be best -placed to maximise the
benefits of CAVs and shared mobility, it is first necessary to understand the existing
barrier s to implementation.  Assuring s afety is paramount in the introduction of any
new mode and therefore infrastructure quality is a core facto r to understand
before operators can confide ntly roll out a CAV mobility service.

3.3 The CAV decarbonisation paradox 39

Connected Places Catapult outline a series of future scenarios which are useful to
understand ing the potential CAV decarbonisation paradox.

X Scenario 1 : The Platooning Plateau , explorest he carbon impacts of introducing
limited automation features to a fleet dominated by pri vate ownership.

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

X Scenario 3 : My CAV is my Castle , explores the carbon impacts of ful I
automation operating along highways and in urban areas whil e private
ownership continues to dominate.

X Scenario 4 : Autonom y as a Service, explores the carbon impacts of full
automation operating along highways and in urban centres which facilitates a
par adigm shift to shared mobility services

As this project tar gets 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 scen arios.

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 scenarios *
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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. H ighly automated v  ehicles are widely

affordable, and the privat e 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 v ehicle miles
travelled but reduces the number of vehicles man ufactured. However , given that
efppE6UEhp AA 6A} 6EEA f Ah ©Ehcpr bwhErSHikis opdnea fip o new
demographics who  would not previously have considered it.

In Scenario 4 , MaaS up take is accelerated by fleets of Level 4 vehi  cles leading to CAVs
replacing the need for many to own a private vehicle . Level 4 CAVs are significantly
more expensive to purchase than conventio nal vehicles and compared with Level 3
and Level 2.Due to their comfort , convenience and availability, CAVs are widely used
and result in a decre ase in car ownership . Spaces in urban areas previously devoted

to the private car can be repurposed to create 15 minute neighbourhoods by locating
more hou sing in city centr es and reducing commuting distances .Fleet operators can
react quickly to userdemand ,and rightsizing of vehicles is common to cater for sing le
and dual occupancy journeys, as many users are unwilling to share vehicles with
strangers.

3.4 Current market indic ations

The high capital costs of CAVs curre  ntly in development are indicative of a shared use
case emerging over a private ownership model inthe early stages of CAV deployment.
Automated shut tles currently available to buy cost between £200,000 and £250,0 00,
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.

Page 33



_ CAV Road Scoring Index

However, Tesla is claiming that many of its vehicles are being shipped with  all the
hardwa re required for full self -driving capabilit y. Legislation permitting, this could
mean that CAVs could become a mass market product very quickly , risking a modal
shift away from more sustainabl e modes and an increasein  trips made by private car,
albeitin 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,
includin g cheaper sensors, 5G and more developed Al programmes , the balance
between the two scenarios will lik ely shift.

3.5 How the index can help

Whilst it is not possible to influence the direction of the market for CAVSs, it is possible

to be better informed of ou  r current state of preparedness  for their arriva 1. One of the
greatest unce rtainties is around the issue of safety  ,and by understanding which part s
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 suc h as Uber
who would be liab le for any incidents involving their vehicl es.

An earlier implementation is conducive to the prevalence of a shared use case ,rather
than private ownership , because it leverages t he higher capital costs of CAVs in the
earlier sta ges. This will enable share d 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 be °A4Elocked - 6 }A } E
urban form as a result of street space becomin g 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 p hases 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 ri de hailing servic e. This

would provide a degree of reassurance to operators and enable them to select
operating domains  which reduce the likelihood of costly collisions.

By understand ing where CAVs should first be implemented and which parts of the
road ne twork need improvin g to facilitate their introduction, we will be better pl aced
to manage the transition to autonomy app ropriately in pursuit of achiev ing net zero
carbon by 2050.
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4.1 Introduction

This chapter forms the foundation o f our research methodology as it provides an
assessment of the technologies which allow a vehicle to navigate autonomously. It is
thr ough these technologies and sensors that the vehicle interacts with the
infrastructure , and their capacity to sense their e  nvironment is directly linked to the
quality o froad infrastruct ure needed to ensure that CAVs are navigating in optimally
safe envir onments.

The sensor review has been split into three sections: physical environment sensors,
digital environment sensors an d artificial intelligence , Which synthesises t he data
and ultima tely translates sensor outputs into actions.

To make this report mor e digestible, the Sensor Review
The full version can be found in

chapter has been shortened
Appendix A @ensor review

4.2 Physica | environment

The physical environment is comprised of all the things that humans perc eive 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 ou r vision. Furthermore, we can only focus on one small part of
our view at once, known as o ur foveal vision, and yet we are highly prone to
distractions appearing in our peripheral vision.

Despite this, humans hav e excellent situational awareness and we ar e 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 pro cess itto carry out task s such as walking and driving with relativ e ease.

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

famil iar to humans.

This section will discuss each sensor in detail, outlining its strengths and weakn esses
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 sensors #°

40 Texas Instruments (2015), Advanced Driver Assistance (ADAS) Solutions Guide
[http://www.ti.com/Isds/ti/applications/automotive/adas/overview.page]
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LIDAR

Light Detection and Ranging uses lasers to determin e the distances of objects from
the sensor to produce a point cloud with range and reflectance values representative
ofthe @ E ©°"BDpurroundings .The light pulses are analysed when they reflect from
surfaces to detect obstacles, road geometry and rang es, 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
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The value in Lidar is that it can produce range data natively, which i s much better
suited to input into convolutional ne ural networks than derived data from syste ms
which may have been trained in an environment unlike the one a CAV is navigatin g
Radar

This technology is commonly deployed on many vehicles on sale today as part of
adaptive cruise control and automatic emer gency braking systems and , unlike in
more traditional applications , is not necessari ly 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 a pplications of radar technology
Figure 4-3 Automotive radar applications in CAVs

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

Due to their technological maturity, radar sensors are relatively cheap and moder n
units have been miniaturised to fit in the front bu mper 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 a nd
speed of an object rather thanits s hape or appearance.

Passive visual (cameras)

For most autonomous systems, cameras are the primary method of navigation an d
multiple cameras positioned around the vehicle enab le it to have a continuous 360
degree awar eness. They are used primarily to follo  w road markings, detect objects

and read traffic lights. Compared to other sensors, they provide the highest level of

deta " f6A fhE f E° °A4eA6EG6} UEEA 6U 6} ahdEenatfe Pt p

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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